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Preface
N

Spectrophotometry is the quantitative measurement of the optical properties of
materials over a wide wavelength range encompassing the ultraviolet, visible,
and infrared spectral regions. These spectral measurements include reflectance,
transmittance, absorptance/emittance, scattering, and fluorescence, and their
accurate measurement has an impact on a wide field of science and technology.
The design and performance of optical instruments, ranging from low cost cell-
phone cameras to high cost microlithography projection tools and satellite tele-
scopes, requires knowledge of the optical properties of the components, such as
their refractive index, roughness, subsurface scatter, and contamination. The
pharmaceutical and chemical industries use optical absorption and fluorescence
measurements to quantify concentration which is required for accurate dosing
and elimination of contaminants. Global climate change simulations require
accurate knowledge of the optical properties of materials, gases, and aerosols
to calculate the net energy balance of our planet. The properties of thin films,
even when they are not intended for optical applications, are often related to
their optical reflection, transmission, and scattering properties. Commercial
products are often selected by consumers based upon their appearance, a com-
plex attribute that encompasses more specific attributes, such as color, gloss,
and texture. Renewed interest in solar energy has driven the need to maximize
the light capture efficiency of solar collectors.

This book is intended to be a hands-on text for those seeking to perform
precise and accurate spectrophotometry of the optical properties of materials.
Based on teaching experiences at our respective institutes, it is our aim to
present material that helps the practitioner to set up and optimize the spectro-
photometer to perform these various measurements, validate the instrument
performance, and be aware of the various sources of errors that can impact
the results. A number of our students have been from institutes interested in
developing an independent capability for realizing spectrophotometric scales,
and it is our intention to also provide the researcher the necessary framework
for designing and characterizing reference instruments for traceable measure-
ments of these optical quantities.

Chapter 1 introduces the topic of spectrophotometry and a short history of
its development and present-day challenges. It includes a section outlining the
standard methods and terminology used for evaluating and expressing uncer-
tainty in any measurement. This will provide the reader the background
needed to follow the examples of uncertainty analysis that are given for spe-
cific spectrophotometric measurements in some of the following chapters.

XXi



Preface

Chapter 2 describes some theoretical concepts underlying spectrophotom-
etry and the optical properties of materials. It begins by defining the different
radiometric quantities of radiance, irradiance, and intensity. These quantities
are then related to the corresponding electromagnetic field quantities. This
theoretical foundation allows the definition of the spectrophotometric quanti-
ties: reflectance, transmittance, emittance, diffuse reflectance, diffuse trans-
mittance, and the bidirectional reflectance distribution function (BRDF).
Relationships between these quantities are derived and explained. A review
of the Fresnel relations is given, including expressions appropriate for thin
films and thick films. The Kirchhoff relationship between the reflectance
and emittance is derived. While the topic of BRDF modeling is beyond the
scope of this text, Chapter 2 describes the theory of Kubelka and Munk, which
is applicable to highly diffuse materials and used widely in color formulation
and for determining molecular optical properties (absorption and scattering
coefficients). Chapter 2 also describes two theories for scattering from rough
surfaces, one appropriate for very rough surfaces and one appropriate for very
smooth surfaces.

Chapters 3 and 4 discuss the means of obtaining wavelength separation
and spectral resolution in spectrophotometry. Chapter 3 provides an overview
of the use of grating and prism spectrometers in spectrophotometry, while
Chapter 4 discusses the use of Fourier transform interferometric methods.
Each of these methods has its advantages and disadvantages. Included in these
chapters are discussions of how measurement noise is propagated, how nonli-
nearities affect results, how stray light or interreflections produce artifacts,
and what determines the spectral resolution or bandpass of the measured spec-
trophotometric quantities. Methods to identify and alleviate these problems
are described.

Chapter 5 covers the topic of specular reflectance of nonscattering samples
such as mirrors and other samples with mirror-like reflection, and of regular
transmittance of transparent samples such as glass filters. The instrumentation
and procedures for measuring these properties via both absolute and relative
methods are discussed and practical methods are given for improving the
measurement accuracy. Sources of error are treated and representative uncer-
tainty budgets are given for various examples. As a special topic, methods for
accurate reflectance measurement at oblique incidence of very high reflec-
tance materials like reference mirrors and laser mirrors are discussed. Exam-
ples are given for both Fourier transform infrared (FTIR) and ultraviolet,
visible, and near-infrared (UV/Vis/NIR) spectrophotometry.

Chapter 6 describes the basic principles of diffuse reflectance and trans-
mission measurements. Unlike the measurement of specular reflection, where
the angle of incidence equals the angle of reflection, in the case of diffuse
reflection, the incoming radiation is spread over the half-space above the sur-
face, with a certain distribution specific to the surface or material under test.
The integrating sphere with its ability to collect all or the diffuse-only
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component of the radiation reflected and transmitted by the sphere wall
becomes important as a sampling device which can be configured to precisely
measure these various diffuse quantities. This chapter presents the theory of
integrating spheres and discusses both absolute and relative methods.

Chapter 7 covers the topic of spectral fluorescence measurements. These
fluorescence measurements offer significant advantages in terms of sensitivity
and selectivity, finding wide use in a range of applications in analytical and
color technologies. The accurate measurement of fluorescent optical quanti-
ties, such as spectral excitation and emission curves and quantum yields,
has become increasingly important because of the increasing use of fluores-
cent materials in manufacturing for enhancing appearance, for example,
whiteness, brightness, colorfulness, conspicuity, and for bioanalytical applica-
tions, for example, medical diagnostics. Conventional spectrophotometric
instrumentation and procedures may not give meaningful results because the
measured spectral fluorescence data will depend not only on the intrinsic opti-
cal properties of the fluorescent sample but are strongly influenced by the
instrument characteristics and its interaction with the sample and its environ-
ment. The extent of this distortion depends on the details of the instrument
design, including its spectral, geometric, polarization, and temporal character-
istics, and on the characteristics of the sample itself. This chapter discusses
these basic principles, specialized terminology and instrumentation, and
experimental calibration and measurement procedures that are used for reli-
able and accurate measurements of fluorescent materials. This chapter
includes a description of both one-monochromator and two-monochromator
methods.

The topic of BRDF measurements is covered in Chapter 8. These measure-
ments, like the diffuse reflectance and transmittance measurements described
in Chapter 6, cover the gamut from highly reflecting, diffuse materials to
highly specular, low scatter, materials. If performed incorrectly, BRDF mea-
surements can often be plagued with artifacts that make them notoriously
inaccurate. For example, detector linearity, stray light, and poor sample treat-
ment will contribute to errors. Chapter 8 discusses the various methods for
performing these measurements, including both laser-based and nonlaser-
based. A comparison is also made between methods that use a sphere source
and measure radiance and those that use a source that under-fills the sample
and measure power scattered per solid angle. A number of practical measure-
ment applications and examples are given.

Chapter 9 covers the measurement of emittance. This is perhaps the least
intuitive of all the spectrophotometric quantities. Anyone who has sensed
the surprisingly high temperature of a shiny plated object in the hot summer
sun may wonder how such a reflective surface gets so hot. The very low ther-
mal emittance these objects exhibit is not detectable by the human eye, but its
effects are detected with high sensitivity by infrared spectral reflectometers,
which will be described in detail in this chapter, along with related
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techniques. The factors that can complicate the proper evaluation of emit-
tance, notably scattering effects discussed in the previous chapter, are also
presented here.

Chapter 10 covers the measurement of color and appearance. These mea-
surements essentially constitute an example of the spectrophotometric measure-
ments described in previous chapters, where the spectral measurements are
limited to the wavelengths in the visible range which produce a sensation of
color in the human eye. Since this color stimulus also depends upon the spectral
properties of the illuminating source and the spectral sensitivity of the human
visual system, unambiguous color specification requires that these influencing
parameters be standardized. This standard system of color measurement or
CIE colorimetry will be described. Oddly, while most measurements with phys-
ical detectors far outperform human senses, the human eye is amazingly sensi-
tive to color differences and, coupled with color’s commercial impact, makes
this class of spectrophotometric measurement extremely important. Many mod-
ern commercial products are emblazoned with materials that change their
appearance depending upon illumination and viewing conditions, making mea-
surements of these materials particularly challenging. This chapter presents an
overview of the approaches that are taken to obtain accurate color measure-
ments. Other aspects of appearance, quantified by gloss, distinctness of image,
and orange peel, are also discussed and their measurements described.

Chapters 11-13 cover three specific applications where spectrophotometry
has, and will continue to have, significant impact. Chapter 11 covers the use
of spectrophotometry in the pharmaceutical industry. Much of the driving
force for accurate optical property measurements stems from the need to con-
trol the purity and dose of the drugs. Modern products are taking advantage of
new delivery methods so that many of the products are no longer simple solu-
tions or powders, but complex colloids. In many cases, the particle size and
distribution is critical to the functionality of the drugs, and a high degree of
quality control is necessary. Regulatory demands also place requirements on
the purity and stability of the pharmaceutical products and spectrophotometric
methods play an important role in ensuring compliance.

Chapter 12 covers the application of remote sensing, which is gaining sig-
nificantly more importance as we learn about the impact that we have on our
environment and seek to monitor and control that impact. This field spans
applications from satellite imaging (including the calibration of those sys-
tems) to ground-based open-path monitoring. This chapter discusses three
applications: the measurement of greenhouse gases, cloud radiative effects,
and volcano monitoring. It concludes with a brief discussion on the calibration
of a field spectrometer.

The final chapter, Chapter 13, deals with microspectrophotometry and its
applications. Measurements of the diffuse and spectral reflectance, transmit-
tance, and photoluminescence spectra of very small samples or samples with
spatial resolution in the micrometer range are required in a variety of
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applications, ranging from process control of thin film thickness, pattern fidel-
ity in the semiconductor industry, quality control in the ink, toner, and pig-
ments industries, forensic analysis of transferred or trace materials in patent,
tort, civil, or criminal cases, to more novel evaluations of protein crystals, sil-
ver and gold nanodispersions, graphene and carbon nanotubes to cellulosic
nanomaterials, and lignin chemistry.

This spectrophotometry book project has been an incredible collaborative
effort involving authors from around the world with both research and practi-
cal experience who are all experts in their field. We would like to thank all of
these authors for their participation and excellent contributions to this text.
We also would like to acknowledge the assistance and editorial support of
Michael Jacobson of Optical Data Associates in the early stages of this book
project and thank our families, friends, and colleagues for their encourage-
ment and enduring patience.

Thomas A. Germer
National Institute of Standards and Technology, USA

Joanne C. Zwinkels
National Research Council, Canada

Benjamin K. Tsai
National Institute of Standards and Technology, USA
March 2014
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Exper. 6. And as these Colours were not changeable by Refractions, so neither were they
by Reflexions. For all white, grey, red, yellow, green, blue, violet Bodies, as Paper, Ashes,
red Lead, Orpiment, Indico Bise, Gold, Silver, Copper, Grass, blue Flowers, Violets,
Bubbles of Water tinged with various Colours, Peacock’s Feathers, the Tincture of
Lignum Nephriticum, and such-like, in red homogeneal Light appeared totally red, in blue
Light totally blue, in green Light totally green, and so of other Colours. In the homogeneal
Light of any Colour they all appeared totally of that same Colour, with this only Difference,
that some of them reflected that Light more strongly, others more faintly. I never yet
found any Body, which by reflecting homogeneal Light could sensibly change its Colour.

Sir Isaac Newton [1]

1.1 OPENING REMARKS

Spectrophotometry is the quantitative measurement of the interaction of ultra-
violet (UV), visible, and infrared (IR) radiation with a material and has an
impact on a wide field of science and technology. The nature of this interaction
depends upon the physical properties of the material, for example, transparent
or opaque, smooth or rough, pure or contaminated, and thin or thick. Thus,
spectrophotometric measurements can be used to quantify, in turn, these impor-
tant physical properties of the material. The choices of spectrophotometric
measurements include spectral reflectance, transmittance, absorptance, emit-
tance, scattering, and fluorescence and can be classified as phenomenological
optical properties of the material. Spectrophotometric measurements can also

Experimental Methods in the Physical Sciences, Vol. 46. http://dx.doi.org/10.1016/B978-0-12-386022-4.00001-7
© 2014 Elsevier Inc. All rights reserved. 1
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be used to probe the intrinsic or internal physical nature of the material, such as
its refractive index and extinction coefficient.

The design and performance of optical instruments, ranging from low-cost
cell-phone cameras to high-cost microlithography projection tools and satel-
lite telescopes, require knowledge of the optical properties of the components,
such as their refractive index, roughness, subsurface scatter, and contamina-
tion. The pharmaceutical and chemical industries use optical absorption and
fluorescence measurements to quantify concentration, required for accurate
dosing and elimination of contaminants. Global climate change simulations
require accurate knowledge of the optical properties of materials, gases, and
aerosols to calculate the net energy balance of our planet. The properties of
thin films, even when they are not intended for optical applications, are often
related to their optical reflection, transmission, and scattering properties.
Commercial products are often selected by consumers based upon appearance,
a complex attribute that encompasses more specific terms, such as color,
gloss, and texture. Renewed interest in solar energy has driven the need to
maximize the light capture efficiency of solar collectors.

When we are asked to inspect a piece of material, it is our natural inclina-
tion to view it by holding it up to a light. The interaction of the light with the
material gives us an overall impression of its quality. Our vision is also inher-
ently multispectral, by providing color discrimination on a relatively high spa-
tial resolution. Binocular vision, by allowing us to view the object from
multiple directions simultaneously, gives us an ability to perform rudimentary
tomography. The spectral, spatial, and directional properties permit us to iden-
tify materials, characterize topography, and observe defects, without ever
coming into contact with the object. It is not surprising, then, that we seek
to make measurements of optical properties of materials in order to better
quantify what our own eyes sense qualitatively.

While certain aspects of optics, such as the laws governing refraction of
light and the ray nature of light, were well established by the mid-1600s, it
was Isaac Newton who discovered that white light was a mixture of colors
that could be separated into its components using a prism. It could be argued
that Newton performed the first spectrophotometric measurements of this
light interaction with a prismatic material. This chapter’s epigraph [1] gives
an account of his discovery that, in the absence of fluorescence, rays of one
color cannot be changed into rays of another, but that different materials sim-
ply reflect the colors in different amounts. Newton noted that the color purple
was not in the rainbow, but could be created by mixing violet and red rays. He
then proposed the basic structure of the color circle and noted that mixtures of
any two opposing colors yield a neutral gray.

Newton, of course, used his eyes as the detector. While he could be quite
quantitative in measuring angles of refraction, he had more difficulty in esti-
mating intensity or quantifying color. Furthermore, because of his reluctance
to accept the wave nature of light, he would never correlate the colors that he
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observed after dispersion through a prism with the corresponding wavelengths
of light. Through the years, however, acceptance of the wave properties took
hold, first through the double slit experiment of Young [2] and then through
the progressive works of Augustin Fresnel, Michael Faraday, James Clerk
Maxwell, and others. By the 1800s, the world was ready for precision mea-
surements of wavelength, and the birth of quantitative spectroscopy occurred.

In the early 1920s, it was recognized that it was important that the results
from spectrophotometric measurements not only provide qualitative informa-
tion but are also reliable and meaningful quantitatively. The Optical Society
of America convened a progress committee on spectrophotometry, which
issued a report in 1925 [3]. This report gives an amazing account of the status
of spectrophotometry at that time, and except for the obvious lack of automa-
tion, many of the issues that were covered in this report are still relevant today
to obtaining meaningful spectrophotometric results. These include establish-
ing a common terminology, spectral calibration, stray light exclusion, polari-
zation, differentiation between diffuse and specular components, and
precision and accuracy.

The first automated, recording spectrophotometer was developed between
1926 and 1928 by Hardy and his colleagues at the Massachusetts Institute of
Technology [4]. Before this time, spectrophotometers were extremely tedious
to use. In a retrospective written a decade later [5], Hardy pointed out that the
first months of operation of this instrument were very exciting, that they
measured everything within sight, and that it took less time to make a mea-
surement than it took to decide whether the measurement would be signifi-
cant. Their results brought hundreds of visitors to their laboratory, and they
soon realized that virtually every industry was in need of such measurements.
Soon, Hardy made arrangements with the General Electric Company [6] to
commercialize the instrument. In the intervening years, there have been sig-
nificant advances in the design of spectrophotometers including the emer-
gence of faster multi-wavelength designs in the 1970s and the introduction
of a commercially available diode array spectrophotometer in 1979. The vari-
ety of different types of spectrophotometers has also increased dramatically
over the years, including many specialized features for measuring any type
of sample and every type of optical property.

In its simplest form, a spectrophotometer contains three parts: a source, a
sample holder, and a detector. The source usually contains some sort of spec-
trometer so that the optical radiation is monochromatic, covering a range of
interest. The wavelength range for spectrophotometric measurements depends
upon the application and can cover the ultraviolet, visible, or various ranges in
the infrared. For example, for characterizing materials for use in solar energy
applications, spectrophotometric measurements extending from about 200 to
2500 nm (i.e., the region of the solar spectrum) are important. The detector
is designed to be sensitive over the range of interest, and an instrument might
employ multiple detectors so that it can cover a broader wavelength range
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than that covered by a single detector. Operated in this fashion, a spectrophoto-
metric curve for the sample can be obtained, by comparing at each wavelength
the signal collected after interaction of the monochromatic source with the
sample to the signal recorded without the sample in the measurement beam.

More complex measurements can be achieved on commercial instruments
through the use of specialized accessories that modify the beam path, move or
substitute the detector, or manipulate the sample orientation. In this manner,
specular, diffuse, or angle-resolved reflectance or transmittance measurements
can be performed over a wide range of wavelengths, making the commercial
spectrophotometer a very versatile tool. Accurate measurements of optical
properties of materials using spectrophotometric instrumentation remain a
challenge, and the wide variety of modern instruments and applications has
heightened this need for improved standardization and traceability. This book
aims to address this need by providing both the novice and the experienced
user of spectrophotometry an authoritative reference document with compre-
hensive terminology, guiding principles, and best measurement practices,
including examples of important applications. In this text, we do not limit our-
selves to measurements made on commercial instruments. In many cases, the
commercial instrument is designed to rely upon a reference standard, with
which a relative measurement is made. The reference standard, on the other
hand, often has its reference values certified using an absolute method that
does not rely upon a physical standard, but rather, upon methods used to real-
ize the definition of the quantity.

1.2  UNCERTAINTIES

The accuracy of spectrophotometric measurements, and the derived optical
properties of the material under test, depends upon the design and calibration
of the spectrophotometer, the choice of reference standard, and the interaction
of the sample with the measuring instrument. A discussion of high-accuracy
measurements is not complete without a discussion of measurement uncertain-
ties. That is, one cannot speak of “high accuracy” without asking the question,
“Just how accurate is the measurement?” Many of the chapters of this text
illustrate how such an estimate can be made for each measurement. In this
introduction, we present the basic principles of how such an uncertainty anal-
ysis is performed in accordance with methods described in the ISO Guide to
the Expression of Uncertainty in Measurements [7]. For a complete descrip-
tion, consult this reference or a suitably abridged version [8]. In the following,
we attempt to reduce a few hundred pages into just a few.

Accuracy and precision are two concepts that are important to understand
and differentiate in any field of metrology. When we perform any measurement,
we never know what is the actual value of the measurand. Precision is a term
that is used to loosely describe how close different measurements on the same
instrument are to one another and is relatively simple to assess. Accuracy, on
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the other hand, is the closeness that a measurement result is to its true value.
Unfortunately, accuracy is much harder to assess because it requires having a
much higher degree of understanding of all the possible sources of error and
their impact on the measurement. For absolute measurements, that is, those that
do not rely on a reference material for their scale, the determination of the
uncertainty can be quite complicated. For relative measurements, where the ref-
erence material comes with a stated uncertainty, the determination of the uncer-
tainty is usually quite a bit simpler.

In short, each measurement has a measurement equation, which can be
written as a functional relationship. For the general case, this is expressed as

y=f(x,x,...,xn), (1.1)

where y is the output quantity of interest, and the x; are all the input quantities
that are combined through a functional relationship fto yield y. The function f
is referred to as the measurement function. The quantities x; include every-
thing that affects the measurement result in any way. Often, we assume that
the measurement function is of the form

f(xl,xz,...,xN) :?(Xl,)q,...,XM)Cl(XM+1)C2(XM+2)...CN,M(XN), (12)

where f(xl,xz,...,xM) is the essential measurement function, which is that
part used to calculate the output value, and Cj(xys,) are correction factors,
which we assume are supposed to be unity, but which account for most of
the nonidealities in the measurement, including nonlinearity and stray light.
These correction factors are often not explicitly shown in the measurement
equation, but nonetheless, their contributions to the combined uncertainty will
appear in a measurement’s uncertainty budget. It is recommended, however,
that the measurement equation be written out in full, whenever possible.

For each of the identified input quantities x;, we need an estimate of its
standard uncertainty u(x;), which represents an estimate of the standard devi-
ation of x;. Furthermore, we need an estimate of the covariance, u(x;x),
between each x; and x;. The combined standard uncertainty, uc(y), is then
determined, using the law of propagation of uncertainty from

N
ug(y) :Z (gf) (%) +22 Z 88){ of x,,xj) (1.3)

i=1 i=1 j=i+1

The combined standard uncertainty represents the estimated standard devi-
ation of the final measurement result y. It is often assumed that there is little
or no correlation between the input quantities, that is, the covariance terms are
negligible and the combined standard uncertainty can be calculated as the
simple quadrature sum of the individual uncertainty components. However,
for designing a measurement for optimum accuracy or for careful uncertainty
analysis of any measurement result, it is important to have an eye out for
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covariance between terms, since, left unnoticed, they can significantly impact
the uncertainty. While the factors in the first term in Eq. (1.3) always increase
the uncertainty, those in the second term do not necessarily do so and in some
cases can reduce the combined standard uncertainty.

It is common practice to identify estimates of uncertainty, u(x;), as either
Type A or Type B. In a Type A evaluation, the input quantity is obtained using
a statistical analysis. In a Type B evaluation, the uncertainty is estimated from
other nonstatistical sources. Examples of Type A uncertainty estimates are
those obtained from the standard deviation of the mean of a series of indepen-
dent measurements, the estimated standard deviations of parameters obtained
using the method of least squares to fit a curve of data, or those obtained from
an analysis of variance (ANOVA). Examples of Type B uncertainty estimates
are those based on experience, previous measurement results, uncertainties
provided in calibration reports, and manufacturers’ specifications.

The partial derivative in the first term on the right of Eq. (1.3) is often
referred to as the sensitivity coefficient for the ith input quantity. This quan-
tity is determined analytically, numerically, or experimentally (i.e., by mea-
suring the change in y for a small intentional change in the value of x;
while keeping the other input quantities constant). In the absence of covari-
ance terms, we often express the uncertainty budget with a table, listing the
various contributions, their sensitivity coefficients ¢;= df/0x;, their respective
uncertainties u(x;), and their contributions cu(x;) to the combined standard
uncertainty. The combined standard uncertainty is then determined by adding
all the contributions in quadrature. As a result, one does not necessarily see
Eq. (1.3) written out explicitly.

When the measurement equation contains a moderate to large number
of independent inputs that each contribute to the uncertainty about equally
and the degrees of freedom in the measurement are large, the result y will
be normally distributed, and we will have 68% confidence that the true value
will lie between y —u.(y) and y+u.(y). Since this is a fairly low level of
confidence, it is standard practice to multiply the combined standard
uncertainty by a coverage factor k to obtain an expanded uncertainty U(y)=
ku.(y) so that in an interval between y — U(y) and y+ U(y), we have a signifi-
cantly higher level of confidence. For example, under the conditions given
above, k=2 corresponds to a 95% confidence, and k=3 corresponds to a
99.7% confidence. For a small to moderate number of degrees of freedom,
the interval of the Student’s -distribution that encompasses the fraction p of
the distribution should be considered. Table 1.1 gives appropriate coverage
factors for some representative degrees of freedom and some common confi-
dence levels.

To estimate the effective degrees of freedom in the measurement, when
the covariance terms can be ignored, one should use the Welch—Satterthwaite
formula
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TABLE 1.1 Appropriate Values of Coverage Factor k as a Function of the

Number of Degrees of Freedom, v, and the Confidence Level p
p

Y 68.27% 95.45% 99.73%

1 1.84 14 236

2 1.32 4.5 19

3 1.20 3.31 9.22

4 1.14 2.87 6.62

5 1.11 2.65 5.51

10 1.05 2.28 3.96

25 1.02 2.1 3.33

100 1.01 2.03 3.08

00 1 2 3

Mc4 (y)
N octut(x)’
Ziil Vi

where v; is the number of degrees of freedom of u(x;). For Type
A uncertainties, the number of degrees of freedom v; should be chosen by
the appropriate statistical method. For example, if the value is taken from
the average of n samples, and the standard uncertainty is taken as the standard
deviation of the mean, then v;=n—1. For Type B uncertainties, and in the
absence of any other guidance (e.g., that given on a calibration certificate),
it is common practice that one takes v;— oo, which eliminates its contribution
to the denominator of Eq. (1.4).

In many cases, the values are expected to be normally distributed and sta-
tistical analysis can estimate the standard deviation. For many Type
B estimates, we may only have a tolerance such that we know that x; lies in
an interval between x; —a and x;+a. In this case, we assume a probability dis-
tribution that quantifies the different possible values of the input value. Then,
the standard deviation of that probability distribution is taken to be the stan-
dard uncertainty of that input. For example, for a rectangular probability dis-
tribution, we find that the appropriate standard uncertainty is

Vet = (1.4

a

u(x;) :ﬁ. (1.5)
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Key contributions to the Type A uncertainty are the measurement repeatability
and reproducibility. Repeatability indicates the variation in the measurement
result if the measurement is performed multiple times under the same conditions.
This usually entails performing the measurement on the same instrument and by
the same operator. Generally, an assessment of the repeatability involves removal
of the sample under test and replacement, as if the measurement were being done
each time independently. Sometimes, one distinguishes between short-term
repeatability and long-term repeatability. These two cases are differentiated by
the time interval between the successive measurements. Short-term repeatability
tests may involve the operator removing the sample from the instrument and then
immediately repeating the procedure from the start, while long-term repeatability
tests may involve occasionally performing the same measurement over days,
weeks, or months. However, strictly speaking, this requires that no other condi-
tions that impact this sample measurement change over the course of the time
interval of the repeat run, for example, the environmental conditions, or this would
constitute an assessment of reproducibility due to this influence parameter.

Reproducibility indicates the variation in the measurement result when the
conditions of the measurement have changed significantly. This usually entails
different instruments, possibly even using different measurement methods or
principles, or in different laboratories. When reporting reproducibility, it is
important to describe the conditions that changed between the measurements.

1.3 OVERVIEW

This textbook is organized as follows. Chapter 2 describes a number of theoreti-
cal concepts important for the field of spectrophotometry, including defining
radiometric quantities, expressing their relationships to the electromagnetic
fields, defining the spectrophotometric quantities, and providing a mathematical
foundation for describing reflection, transmission, absorption, emission, and
scattering from materials. Chapters 3 and 4 are dedicated to describing the
two primary methods, dispersive and interferometric, by which spectroscopic
measurements are performed. Chapters 5-8 then discuss the measurements of
reflection, transmission, fluorescence, and scattering, which are common to
spectrophotometry over its wide range of application. Chapters 9 and 10 discuss
two spectrophotometric measurements that are specific to the IR and visible
ranges. These are emissivity and color, respectively, which, while being related
to those discussed in Chapters 5-8, have their own specific measurement issues.
Each of these core chapters provides detailed information on the considerations
and approaches needed for precise and accurate measurements of optical prop-
erties using their particular spectrophotometric method. Finally, we devote three
chapters, Chapters 11-13, to overviews of three specific industries or important
users that illustrate the diverse applications of spectrophotometric measure-
ments. We hope that this book will become the handbook of choice for those
intending to make accurate spectrophotometric measurements.
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2.1 INTRODUCTION

Spectrophotometry deals with the measurement of the interaction of light with
materials. Light can be reflected, transmitted, scattered, or absorbed, and a
material can emit light, either because it has absorbed some light and reemits
it, because it has gained energy in some other way (e.g., electroluminescence),
or because it emits light due to its temperature (incandescence). The measure-
ment of these spectrophotometric properties will be covered in various chapters
in this book. To begin, however, we need to lay some groundwork. Precision
measurements rely heavily on precise definitions of the quantities involved.
In many cases, the lack of well-defined quantities has caused confusion and dis-
crepancies between measurements. So, one important bit of knowledge you
should take away from this book is that, when you make a measurement, you
should know precisely what you are measuring, that what you are measuring
is what you intended to measure, and that, if you are providing that measure-
ment result to others, you communicate that information to them unambigu-
ously. Reflectance, for example, is a relatively vague term. Do you mean the
specular reflectance? Do you mean the total fraction of light that reflects into
a backward hemisphere? Is the light to be incident unidirectionally along the
surface normal, or are you diffusely illuminating the sample? If you are measur-
ing the reflected, scattered radiation, and excluding the specular reflection, how
close to the specular direction do you include? There are a myriad of answers to
each of these questions, and nuances in between. There are many standard mea-
surement configurations, but those standard configurations are often chosen
more out of convenience than optimization for a specific application. Each
chapter in this book will discuss these issues.

In this chapter, we will outline the framework by which we can precisely
define our measurement by defining the terms and geometries used in spectro-
photometry. Depending on the specific application and the particular mea-
surement, many common geometries are employed; however, this chapter
will attempt to discuss these geometric configurations in the most general
sense, and subsequent chapters will provide more specific information.

We will describe the theoretical background needed to understand a
large variety of spectrophotometric phenomena. This chapter is intended to
be a reference to provide the reader the theory needed to interpret spectropho-
tometric measurements or to predict basic optical property quantities, and not
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a replacement for a full electromagnetics or optics textbook. In particular, we
will outline the theory of reflectance and transmittance, and include the
effects of thin and thick films. We will present the Kirchhoff relationship
between reflectance and thermal emittance. Finally, we will discuss a number
of basic scattering models that can be used to interpret and understand scatter
measurements.

2.2 RADIOMETRIC QUANTITIES

In this section, we describe the different terms that are used for quantifying
the radiation incident on or exiting a material per unit area, time, solid angle,
bandwidth, or combination of the above. Most of the spectrophotometric
quantities, described later in Section 2.4, are coefficients relating radiometric
quantities described in this section. Each of these terms is defined because
each has an associated ideal measurement or measurement condition that
makes it useful in some application.

Figure 2.1 provides a basis for defining the measurement geometry.
The symbols used for each of these quantities will be kept relatively consis-
tent throughout this text. We are attempting to maintain consistency with
the International Lighting Vocabulary (ILV), published by the Commission
Internationale de 1’Eclairage (CIE, International Commission on Illumination)
[1]. However, because of the broad range of applications discussed in this
book and the need to further distinguish quantities within those applications
and between them, we have slightly modified these symbols, usually by altering
or adding additional subscripts. Furthermore, we denote polar and azimuthal
angles for directions with the symbols 0 and ¢, respectively, since the ILV
symbols are not conducive to more general, nonplanar directions.

2.2.1 Nonspectral Quantities

Radiant power @ is the amount of energy passing through, emitted from, or
received by a surface per unit time, expressed in watts [W]. It is often referred
to as radiant flux, although this term can be confusing, since many fields use
the term flux to indicate the amount of something (energy, electrons, particles,
water, etc.) passing through a unit area per unit time. The measurement of
radiant power is generally performed using some sort of detector, which is
under-filled by the light, so that it captures all of the light in the beam and
is relatively insensitive to alignment and positioning. Highly accurate mea-
surements of radiant power can be performed with electrical substitution
radiometers [2], which capture all of the light incident upon them, and com-
pare the heat load to that achieved by electrical, ohmic heating.

Radiant energy Q is the amount of energy in a light beam during a speci-
fied period of time, At, or within some sort of pulse. Expressed in joules [J], it
is given by the time integral of the radiant power over a time interval Az,
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FIGURE 2.1 The geometry for a generalized description of reflection and transmission. The
lower, transmission part of the figure shows the sample from below.
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Measurements of radiant energy are generally restricted to pulsed light
sources. In that case, Az is longer than the pulse duration, so that the detector
integration time captures the entire energy in the pulse. One example of such
a detector is an absorbing material, well insulated from the environment,
which is under-filled by the light, and whose peak temperature rise is
recorded. Another example is an under-filled photovoltaic detector, which is
connected to a charge accumulator.

Irradiance E is the amount of radiant power passing through a surface per
unit area on the surface:

E=dd/dA, 2.2)
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expressed in W m 2. It is common to express the various radiometric quanti-
ties in terms of what appear to be derivatives. They are, however, not deriva-
tives in the formal sense, but borrow the notation of an infinitesimal amount
of some quantity per an infinitesimal amount of some other quantity. Thus,
the notation used in Eq. (2.2) is really shorthand for

. @
E= }‘111’(1) 1 2.3)
A measurement of irradiance is generally performed by a detector of known
area (possibly with an aperture defining that area) exposed at the location of
interest and in a manner in which the light overfills that area.

It is important for us to indicate, either directly or by context, the element
of surface that we are considering when we use the term irradiance, because
light that is diverging will have an irradiance which falls off as a function
of distance from the source, and the surface may not be perpendicular to the
direction of propagation. The term can be used either to quantify light propa-
gating in a well-defined direction or in many directions at once.

We will often be concerned with optical power that is converging onto or
diverging from a surface. Thus, we need to consider the amount of power
contained in a solid angle. Just as a planar angle 6 is defined by the length of
a section of a unit circle subtended by an angle, a solid angle Q2 is defined by
the area of a unit sphere subtended by a spread of directions. While there are
2nrad (radians) in a circle (the unit circle having circumference 2r), there are
4msr (steradians) in a sphere (the unit sphere having area 4x). The differential
solid angle can be expressed in spherical coordinates as dQ2=sin 6d0d¢ (see
Fig. 2.2). Thus, a right circular cone with a half angle « subtends the solid angle

21 o
Q= J J sin0d0d¢ =2n(1 — cosa). 2.4)
0 Jo

d2=sind d¢'do

FIGURE 2.2 The projected differential solid angle. The surface element shown is oriented with
a polar angle 0, and azimuthal angle ¢,. The projected solid angle onto the surface element is
dQy05=cos 0dQ.

proj



Spectrophotometry

The total solid angle for a hemisphere (¢« =m/2) is thus 2z sr. Note that sr,
like rad, is a special unit with value unity. Being the ratio of two areas (like
two lengths, as in a radian), it is dimensionless. Despite its lack of dimension,
though, it should always be included with other units of a measurement quan-
tity to avoid confusion. Carrying it as a unit reminds one that it may need to
be canceled out by another corresponding solid angle.

A quantity related to the solid angle is the projected solid angle, given by

dQp5 = cos 0dQ, 2.5)

where 6 is the angle the surface makes with respect to the direction of the
solid angle. From Fig. 2.2 and some spherical trigonometry, we have

cos 0 = cos Oycos 0’ +sinOysin0'cos (¢ — ¢,), (2.6)

where 6 and ¢ are the polar and azimuthal angles of the surface orientation.
We can then find the projected solid angle for a right circular cone centered
on the vertical direction in Fig. 2.2 by integration,

21 o
Qproj :J J sin®cos0dd’ d¢’ = msinacos by, .7
0 Jo
where o is the maximum half-cone angle collected. The total projected solid
angle for a hemisphere (¢« =m/2) onto the surface perpendicular to it is thus
7. An aperture of radius a whose center is a distance r from a given point sub-
tends the angle o =tan"'(a/r). Therefore, the solid angle subtended is
Vit+a —r

while the projected solid angle is

na*cos by

—_— 2.
2 +a? (2.9)

Qproj =
We will find dQ2 or the combination cos 6dQ in a number of the following
radiometric definitions. In practice, we must measure those quantities using
finite-sized apertures. If the quantities are uniform over the apertures,
Egs. (2.8) and (2.9) can be used in the respective measurement equations.
Radiance L quantifies the amount of energy passing through a unit area,
considered perpendicular to the direction of propagation, per unit solid angle.
That is, if one considers a surface that is emitting or collecting the radiant
power @, the radiance is given by

L do
" cos0dAdQ’

where dA is the unit area and dQ2 is a solid angle. Radiance, expressed in
W m 2 st !, can also be expressed in terms of the irradiance,

(2.10)
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dE
L=————.
cos0dQ
The most common instrument that senses radiance is a camera. The focal
plane senses irradiance E and the solid angle d€2 is determined by the aperture.

Consider Fig. 2.3, which shows a simple optical system with focal lengths f; and
/> and aperture area dA,.,s. From the magnification of the system, we see that

dA1/fT=dA2/f3 (2.12)

@2.11)

and
f14Q, =f3dQ;. (2.13)

Therefore, if radiant power d® leaving dA; is incident upon dA,, the radiance
L; leaving dA, is the same as the radiance L, incident upon dA,. Thus, in the
absence of reflection or absorption losses, radiance is conserved through an
optical system.

When the extent of a radiation source is limited, the irradiance decays
according to the inverse square law at large distances. Radiant intensity is
defined as the radiant power in a given direction per unit solid angle contain-
ing the given direction

1=do/dQ, (2.14)

expressed in W st~ L. Since dQ=dA/r?, an irradiance E measured a distance r
from the source will indicate a radiant intensity of

I=rE. (2.15)

Consider a circular source of radius a, with area A :naz, radiating with a
constant radiance L. At a distance r perpendicular to the source, the irradiance
is given by combining Egs. (2.11) and (2.9) (letting 67=0),

na’ A a’

FIGURE 2.3 Illustration of the geometric extent.
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Thus, the fractional deviation from inverse square behavior is approximately
given by a’/r. From Eqs. (2.15) and (2.16), we see that the intensity asso-
ciated with the source is

I1=AL (2.17)

at large distances.

2.2.2  Spectral Quantities

There are two sets of quantities that are derived from the above quantities
(radiant energy, radiant power, irradiance, radiance, and radiant intensity),
but which add the spectral dimension to the mix. The first of these are the
spectral quantities, which express the former quantities per unit wavelength
range. The second are spectrally integrated quantities that incorporate a spe-
cific spectral weighting, for example, the photometric response of the human
eye, solar spectral irradiance, erythemal action spectrum, etc. We will begin
by discussing the spectral quantities. Each of the radiometric quantities
described above can be expressed with its spectral counterpart. The spectral
power is the amount of radiant power per unit spectral bandwidth

@, =dd/dJ, (2.18)

and while it can be expressed in W m ™", it is usually expressed in W nm ™" or

W pm ', The spectral irradiance is the irradiance per unit wavelength
_dE do

~dl didA’

which is best expressed in W m 2 nm ™' or Wm 2 um'. Similarly, the spec-
tral radiance is

2 (2.19)

dL do

d)l~ cos0didAdQ’

. R -2 -1 -
expressed in Wm™ “sr nm = or Wm™ “sr pm

intensity is

L,= (2.20)

!, Lastly, the spectral

L_m_d¢
ST d) T dade’

expressed in Wsr ' nm ' or Wsr ' pm™ .

A blackbody, at an absolute temperature T radiates according to Planck’s
law, with a spectral radiance given by

(2.21)

2hc? 1
Le;(2,T)==%° ,
(4 T) 52 exp(hco/AkT) —1

(2.22)

where # is the Planck constant, ¢ is the speed of light in vacuum, and £ is the
Boltzmann constant. All of the above spectral quantities can also be expressed
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in terms of frequency bands dv instead of wavelength bands. So, for example,
we can define spectral radiant power as

do
Since dv=—cod 2di=— (V*/co)dA,
12
o, = i—gqxh ==, (2.24)

Thus, for example, Planck’s law can be written

2hv3 1

Loy(v.T) = .
(1) c exp(hv/kT)—1

(2.25)

It is worth noting that the spectral quantities are often not measured for
monochromatic sources, such as lasers, because the bandwidth, d4 or dv, is
very small and for many purposes is zero. Thus, one should not simply substi-
tute the spectral quantities for the nonspectral quantities, in the belief that add-
ing the spectral information will expand the information contained in the
measurement. For example, consider regular reflectance, discussed later as
being the ratio of reflected radiant power to incident radiant power. If one
were to define the reflectance in terms of the spectral powers, one would be
required to also measure the bandwidth of the light before and after reflection.
Thus, the measurement quantity would depend on the coherence properties of
the laser, in a manner, which may be completely unexpected or undesired.

2.2.3 Spectrally Weighted Quantities

Another set of quantities are defined with spectral weightings that account for
spectral responses in specific applications. The most common one is the spectral
response of the human eye, which has been standardized by the International
Commission on [llumination (CIE). In this case, the luminous flux is the amount
of visually perceived “power” and is the integral over wavelength of the
measured spectral power weighted by the spectral response of the human eye:

o, = KmJV(l) @, dA. (2.26)
[Note: the subscript here is the letter vee for “visual”, rather than the
previous section, which used the Greek letter nu for “frequency”.] The
function V(4), shown in Fig. 2.4, is called the spectral luminous efficiency
function for photopic (light-adapted) vision, and the normalization factor
K. =683.0021m W', The normalization factor is chosen so that the spectral
luminous efficiency V(1) has a maximum value of one. Likewise, there is
the illuminance,
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FIGURE 2.4 The CIE 1924 photopic spectral luminous efficiency function V() for a 2° observer
(solid curve) and the CIE 1951 scotopic spectral luminous efficiency function V'(1)
(dashed curve).

E,=K,,|V(A)E;dA, (2.27)
the luminance,

Ly=Kn | V(A)L,d2, (2.28)
and the luminous intensity

I, =Ky | V(A)I;dA. (2.29)

The candela (cd) is the SI base unit for luminous intensity and is defined
as luminous intensity, in a given direction, of a source that emits monochro-
matic radiation of frequency 540 x 10'? Hz (that is, a wavelength of about
555nm) and that has a radiant intensity in that direction of 1/683 W sr .
Thus, the unit of luminous flux is cd sr, which is defined as the lumen (Im).
Likewise, the units for illuminance and luminance are Imm 2 and cd m 2,
respectively. Figure 2.4 shows the photopic spectral luminous efficiency func-

tion V(A), as well as the scotopic (dark-adapted) function V'(1).

2.3 RELATIONSHIP BETWEEN RADIOMETRIC
AND ELECTROMAGNETIC QUANTITIES

The previous section described the radiometric quantities in terms of energy
transport. It should be borne in mind, however, that the fundamental properties



Theoretical Concepts in Spectrophotometric Measurements

of optical radiation are governed by the laws of electromagnetics, and that
beams of light are in fact waves in the electromagnetic field. In many appli-
cations, it is sufficient to think of optical radiation only in terms of energy
transport, but doing so ignores such phenomena as diffraction and interfer-
ence. Optical polarization can be treated with appropriate extensions of the
energy transport theory (see Section 2.5, below), but it is ultimately an elec-
tromagnetic phenomenon caused by the vector nature of the electromagnetic
field. Furthermore, the optical behavior of a material is determined by the
spectral dependence of two parameters, which describe the speed and attenu-
ation, respectively, of a plane electromagnetic wave propagating through the
material. These two parameters are the optical or constitutive constants
(e.g., real and imaginary parts of the refractive index) and can be derived
from the spectral dependence of the measured spectrophotometric quantities
(reflectance, transmittance, etc.). Interpretation of experimental spectrophoto-
metric measurements in terms of the optical constants of the material requires
a knowledge of Maxwell’s equations, the nature of the interaction between
electromagnetic fields and matter, and an understanding of the dependence
of the optical constants on the wavelength or frequency and, in the case
of anisotropic materials, the vibration directions of the propagating wave.
Accurate theoretical predictive treatments of the optical properties of materi-
als, such as scattering, diffraction, reflection, or transmittance, are ultimately
based upon solving the associated electromagnetic problems. Relating the
results of the electromagnetic simulations to the measured spectrophotometric
quantities requires an understanding of how the electromagnetic quantities
relate to the radiometric ones. This section will provide this necessary theoret-
ical background. In particular, we will point out the relationships between
irradiance and the plane-wave amplitude (Section 2.3.1), intensity and the
spherical wave amplitude (Section 2.3.2), and radiance and the Fourier expan-
sion of plane waves (Section 2.3.3). Later in this chapter, we will use these
findings to calculate the reflectance, transmittance, and scattering properties
in a number of examples (see Sections 2.6 and 2.7).

The properties of light in a medium are described by the time-dependent
Maxwell equations [3-5]:

OB
E=-—
VX ot’
VXH:J+88—]?, (2.30)
V-D=p,
V-B=0,

where a bold-faced character denotes a vector quantity and E is the electric
field, H is the magnetic field, D is the electric displacement field, B is the
magnetic induction field, J is the current density, and p is the charge density.
These quantities are a function of location r and time ¢. If we assume that we
have monochromatic light and the material responses are linear, each of these
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fields is given by E=Eexp(—iwr), H=Hexp(—iwr), etc., where o is the
angular frequency, related to the natural frequency v=w/(27). We use the
complex number notation because it often makes the mathematics easier. If
a complex field satisfies Maxwell’s equations, so does its complex conjugate.
The sum of any two fields that satisfy Egs. (2.30) is also a solution. Thus, it is
implicit that, when we use the complex notation, we are referring to the real
part of the expression. Note that our choice of the exp(—iw?) time dependence
with the real part of a quantity being the physical value [as opposed to assign-
ing the actual field to the sum of the quantity and its complex conjugate, and
as opposed to using exp(iwt)] will have consequences on the behavior of
other quantities, which will be mentioned as they are introduced. In the
absence of time-dependent currents and charges, the frequency dependent
Maxwell equations are thus

VxlA:Z:iwIA},A
VxH=—-iowD
- ’ 2.31
V-B=0.

The relationships between E and D and between H and B can be quite
complicated in the most general case. However, for most media and for fields
within the linear regime, we have the constitutive relations:

f) =€ Z -E,

R (2.32)
B =y p-H,

where € is the relative electric permittivity tensor, W is the relative magnetic
permeability tensor, and ¢y and g are the electric and magnetic constants,
respectively. In the case of an anisotropic material, the magnitude of the
induced conduction and polarization varies with the direction of the applied
electric field, and, consequently, € and j must be expressed as tensor quan-
tities. That is, the electric field E and the displacement field D are not neces-
sarily in the same direction. In cases where the materials are isotropic, though,
we can treat these tensors as scalars, ¢ and pu, respectively. In a homogeneous
and isotropic material, Egs. (2.31) and (2.32) reduce to the Helmholtz
equation

V x (V x E) = 0ccoupoE. (2.33)

1/2

The speed of light in vacuum is co=(€éollg)” '~, while the phase velocity in an
12,

isotropic material is c¢=(eu)” "“co. The complex index of refraction is

n= (e,u)l/ 2 Note, because of our exp(—iwt) convention, ¢, i, and 7 are chosen
so that their imaginary parts are nonnegative. Lastly, ¢ is often referred to as
the dielectric constant (which is actually not a constant, but nearly always a
function of frequency), and for nonmagnetic materials, u=1.
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2.3.1 Plane Waves and Irradiance

Plane-wave, monochromatic radiation is defined by a field of infinite extent in
space, traveling in a specific direction, having a time dependence that is sinu-
soidal for all of time, and having a phase front that is planar. Real optical
fields are never this ideal. At best, the field coming out of many lasers has
a finite extent and only has sinusoidal time dependence for a relatively short
period of time. Natural light, such as that coming from the sun, has light com-
ing from many different directions (albeit centered about a small cone from
the direction of the sun) and has many different wavelengths. While the
monochromatic plane-wave field is a relatively abstract quantity, it neverthe-
less is a very useful concept from which much of electromagnetism, and thus
optics, is based.

Consider light propagating in a direction given by a unit vector k. It is
convenient to define a propagation vector k = kk, where k=2n/)=w/c. The
wavelength associated with this wave is 1 =c/v.The wave consists of an elec-
tric and magnetic field, perpendicular to each other and perpendicular to the
direction of propagation. In this case, the electric field and magnetic fields
are given by the real parts of the complex functions

E = Egexp(ik-r), 234
H =Hgexp(ik-r) 2.34)
Here, Eo is a constant vector, perpendicular to Kk, and is often referred to as the
amplitude of the wave. From the first of Eq. (2.31) and the second of
Eq. (2.32), Hy is also a constant vector, given by

1 . .
kx Bo= [ % x . (2.35)
Ritow Rito

By defining 7= (¢/ ,u)l/ *=7/u and the impedance of free space Zo=/(co/
1o)'?, we can simplify Eq. (2.35) and save a little typographical effort in
the future,

Hy=

Hy=nZy k x Eo. (2.36)
The Poynting vector,
S =ReE xReH 2.37)

is useful for calculating the instantaneous energy flow across a surface
per unit time per unit area. The radiant power crossing a surface element
dA is d®=S-dA. Thus, the instantaneous irradiance is E=ISlcos 0, where 0
is the angle between the direction of propagation and the surface element
dA. When we calculate the intensities, it must be borne in mind that we are
interested in the time average of the Poynting vector, not necessarily the
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instantaneous Poynting vector. For the conventions that we chose above, the
time average of the Poynting vector is

(S) = Re (1?:0 x ﬁ;;) . (2.38)

The irradiance onto a surface tilted at an angle 6 with respect to the direction
of propagation is thus

cosf

E=(S)cos0=-——nZo(|Eo[*). (2.39)

Since, for most materials in the optical regime, u=1, the quantities 72 and
7 are essentially the same and treated as the same. The latter is the complex
index of refraction, which determines the refractive properties of the medium,
while the quantity 7 is important for determining other optical properties that
are introduced later, such as the reflection coefficients.

2.3.2 Spherical Waves and Intensity

A second form of wave that is useful to discuss is a spherical wave diverging
from or converging onto a point in space. While plane waves form a complete
set of functions that span all the propagating solutions to Maxwell’s equations
in free space, they form only one particular set and, as a set, are not unique.
They are convenient for applications where the solutions to Maxwell’s equa-
tions are best described in Cartesian coordinates, such as the reflection from a
planar surface, or when describing the local properties of a wave, far the
source. However, in some applications, such as the scattering by small parti-
cles, it is more convenient to express the solutions in spherical coordinates.
A spherical, monochromatic wave radiating from the origin has a form far
from the origin

(2.40)

where r=Irl is the distance from the origin. That is, the fields have the oscil-
latory radial dependence, but the amplitudes decay inversely with distance
from the origin. The functions E; (#) and H; (F) are not constants, but depend
only upon the direction t=r/r. Nonetheless, it is still informative to deter-
mine the radiometric properties of these waves. The irradiance associated with
this wave is, from Eq. (2.39),

1 ~
E=——hZo|E,(®)* 241
52,2 2ol B (F)] (241)

Thus, the radiant intensity for such a field, from Eq. (2.15), is
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For theoretical calculations of the interaction of electromagnetic radiation
with small (at maximum, smaller than several wavelengths) particles, the
electric and magnetic fields are often expanded in each material region in
terms of vector spherical harmonics. A very nice discussion of vector spheri-
cal harmonics, their numerous properties, and how they are used to calculate
the scattering by a homogeneous sphere (Mie scattering) is given in [6]. For
large r, the vector spherical harmonics behave like Eqgs. (2.40).

1(B)% (2.42)

2.3.3 Fourier Expansion and Radiance

In this section, we will describe the connection between the radiance and its
corresponding electromagnetic description for light radiating from a surface.
This relationship is useful when one wishes to calculate the diffuse scattering
properties of materials where the quantities of fundamental importance in the
calculation (which involves solving Maxwell’s equations) are given in terms
of the field quantities. In a homogeneous half space, for z >0, with no sources
(J=0 and p =0), the electric and magnetic fields can be expanded as integrals
of plane waves, in what is often called the Fourier expansion:

N 1 .
E=_— zjdzke(k)exp(lkr),
| (2.43)
X 5 ,
H= @Jd kh(k)exp(ik-r),

, . /
where the vector k is constrained to have k, = (e,uwz /co® — kf - ki) , and

h(k) =7iZok x e(k). (2.44)

In order that the fields propagate or decay evanescently in the positive z-direc-
tion, the sign of k. is chosen so that Rek,+Imk, > 0. The e(k) can be obtained
by integration over the z=0 plane,

e(k)= JE(r)exp(—ik-r)d%: (2.45)

The irradiance onto the z=0 plane is the component of the Poynting vec-
tor in the z-direction and is
=(Sz)

I’lZo ~ A\ 12
=37 (Re{e*(k) x [k x e(k)] }-z)d°k
o nZ()J
8 kf+k}2,<e,uwz/c(2)

(2.46)
cos0{le(k)[*)d*%,
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where we use the vector identity a x (b xc¢)=(a-c)b—(a-b)c and the fact

e(k)-k=0. The bounds on the final integral in Eq. (2.46) simply limit the
integral to propagating waves; evanescent waves do not transport energy,

since Rek-z=0. The angle 0 =cos ! (ﬁi) is the angle of propagation from
z-direction. With the change of variables

d’k = k*cos 0sin 0d0d¢p = k*cos 0dQ, (2.47)
the irradiance can be written
Kz,
T 8n2

J00529<|e(k)|2>d52. (2.48)

It is straightforward then to identify the radiance as

K*hZ,
L:#cow(m(k)m (2.49)
The integral in Eq. (2.45) can be performed at any value of vertical height z.
Say we evaluate the spectrum at z=z; and obtain the spectrum of plane waves
e;(k) and then evaluate the spectrum at z=z, and obtain the spectrum of plane

waves e,(k). Then, it is not too difficult to show that
€] (k) = EQ(k)eXp[ikZ(ZQ — I )] (250)

That is, the two spectra only differ in phase. Thus, when we evaluate the radi-
ance using Eq. (2.49), we obtain the same result. This is another approach
towards demonstrating that the radiance is a conserved quantity along a
beam path.

2.4 THE SPECTROPHOTOMETRIC QUANTITIES

In spectrophotometry, we are concerned with the linear optical properties of
materials, how light incident upon a material is reflected, transmitted,
absorbed, and scattered by a medium. There are a number of other optical
properties that usually do not fall under the purview of spectrophotometry:
inelastic scattering, such as Raman or Brillouin scattering, and nonlinear pro-
cesses, such as harmonic generation, four-wave mixing, self-focusing, and
Kerr effects. These effects tend to be weak, as in the case of inelastic scatter-
ing, or require extremely high fields, in the case of nonlinear processes. Thus,
we are primarily concerned with processes that are shown in Fig. 2.1. We
choose a coordinate system in which the origin is at the middle of the face
of the material, with the x and y axes being in the plane of the material and
the z axis being along the center surface normal. Light of wavelength /; is
shown incident with a polar angle 6;, measured from the surface normal,
and an azimuthal angle ¢;, measured from the projection of the incident direc-
tion onto the xy plane and measured from the x direction. A portion of the
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incident light may be incident upon a surface element of area dA; at location
with coordinates (x;,y;) and come from a solid angle d€;.

2.4.1 Generalized Scattering Functions

We begin by describing the most general case [7]. We define a scattering
function S, that relates the spectral energy dQ;, emitted into a solid angle
dQ, about direction (0,,¢,), by a surface element dA, located at position
(X, yr), in a wavelength band d4 about wavelength 4, and in some time inter-
val dt, about time ¢, after some energy dQ; is incident upon it from direction
(6, ¢y), onto position (x;,y;), with wavelength p, at time #;:

dQ;, = S,,(0i, i, xis is s i3 Ory Py Xey Yy, A, £:)dQ;c0s 0,dA, dQ, dAdt.  (2.51)

A similar function can be defined in transmission, and we will use the sub-
script t instead of r for all the quantities to distinguish them from reflective
quantities. The only assumption made in Eq. (2.51) is that the material
behaves in a linear fashion to the amount of incident light. There are materials
for which the absorption saturates under sufficient illumination power or
whose emittance properties depend upon the illumination power. These mate-
rials have a nonlinear dependence upon the illumination power and do not fol-
low Eq. (2.51). Furthermore, the response of these materials often depend
upon the coherence aspects of the light, which make it difficult to assume a
simple intensity relationship like that found in Eq. (2.51). Fortunately, a vast
majority of materials, under relatively low levels of light, follow Eq. (2.51) to
a high degree.

Optical phenomena occur over various time scales. For visible light, the
period of oscillation of the electromagnetic field is roughly 2 fs. The time it
takes for light to transmit through a material of, for example 1 cm, is tens
of picoseconds. When light diffuses, it follows a longer path than when it
would transmit or reflect directly, and the light emitted by a highly diffuse
and nonabsorbing material can be in the material several nanoseconds. Fluo-
rescence occurs usually nanoseconds to microseconds after initial excitation,
and phosphorescence can continue to emit light for seconds, minutes, or even
hours after excitation. In most cases of interest in spectrophotometry, the scat-
tering function only depends upon on the time difference . — ;.. This may not
be the case if measurements are being performed while the sample is being
degraded somehow or otherwise dynamically modified. Furthermore, in many
cases, we may either continuously illuminate the sample or have a sensor that
integrates over a relatively long period of time. Then, we can make the substi-
tution dQ;=d®;ds;, integrate over df;, and divide by df, to yield a time-
independent scattering function, defined by the relationship between the
incident power d&;=d®;(0;, $;,x;,y;, ) and a scattered spectral power
do,, = dgp/l(erv (;br’ Xt Yrs ;L):
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d®;,. =S,(6:, i, xi, ¥, 15 O, by Xp, ¥y, A)cos 0,dD;dA, AR, dA, (2.52)

or, by dividing by cos 0,dA,dQ,d/, the spectral radiance dL;,=dL,.(0,, ¢, x;,
Yoo /)

dL), = Sl(gb d)j’ Xi, yia /J,; 61‘7 d)r’ Xrs yr’ /l) d¢i7 (2'53)

where

Sﬂ(ely (l’)iaxi’ yi’ ,u; Br’ (br?-xl" yr, /’L) = JS2t<01’ ¢i’xi9 yis ,u'3 tl; 91‘3 ¢rsxr’ yp )", tr)dtr-
(2.54)

In many cases, our scattering function is elastic, so that the scattered wave-
length is the same as the incident wavelength. (This is not the case for fluores-
cent or phosphorescent materials.) For elastic scattering, we can further
integrate over reflected wavelength to obtain a relationship between the
reflected radiance dL,=dL.(0,,¢.,x;,y;) and the incident radiant power
d®;=dPi(6;, i, xi, i, 1),

dLr = S(Qis ¢i7 Xis yi’ s Hr's ¢r’ Xrs yr)dq)is (255)

where

S(()l’ ¢i7-xi7 yi9 H.; 0r7 d)r,-xr’ yr) - JS/L(OI’ ¢i9xi’ yi7 ,u; Or, (br’ —XI" yr7 ;L)di (2'56)

The function S has been called the bidirectional scattering-surface reflec-
tance distribution function (BSSRDF) [7, 8]. For a homogeneous and isotropic
material, the function only depends on the distance between (x;,y;) and (x,y,),

1/2
[ =5+ =) 2.57)

It is very rare that one can make a similar assumption about the angular
dependence.

2.4.2 Bidirectional Reflectance Distribution Function

Consider the situation where we illuminate a static, nonfluorescent material
uniformly, from the direction (6;,¢;) with irradiance E; [8, 9]. Then,
d®;=E;dA; is also uniform, and u=/. The reflected radiance L, is then given
by integrating Eq. (2.55),

L= JS(Gi, ;s Xis Vis 4 Ors &y Xe, ¥, )EidA;. (2.58)

Since E; is uniform, that is, not a function of x; or y;, it can be taken out of the
integral, and we find that

Lr :fr(0i7 ¢ia A'; 9[‘7 d)r’ -xr’ yr)Ei’ (2'59)
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where we introduce the bidirectional reflectance distribution function
(BRDF),

f]-(gia ¢i7 A; Hr, d)w xl‘a yr) = JS(HU ¢i7-xi7yi7 /l; 91‘7 ¢r5 -xr» yr)dAi' (2'60)

Equation (2.59) is usually used as the definition of the BRDF. Bear in
mind, however, that this definition assumes that the illumination is uniform.
Many measurements of the BRDF use an illumination that is not uniform
and has finite extent. In this case, one tends to not measure the radiance,
but rather the radiant intensity. Eq. (2.55) can be written as

d®, =S(0;, ¢y, xi, i, 4 Or, by, Xp, ¥, )c0s 0, dD; Q. dA,. (2.61)
Integrating over dA,, we have
do, =1.(0:, ¢, xi, yi5 A; br, P, )cos B, dD;dQ,, (2.62)

where
fr(9i7 (/)i»xh yi, )“; 0]‘7 (/)r) = JS(HH ¢i»xi7 yi, A'; 0]‘7 d)raxra yr)dAr- (2'63)

Equations (2.60) and (2.63) appear similar, and indeed are equivalent,
provided the sample is uniform. Eq. (2.60) is integrated over incident position
and is a function of reflected position, while Eq. (2.63) is integrated over
reflected position and is a function of incident position; this is a result of
the former determining the radiance as a function of position, while the latter
obtains its spatial resolution using the spatial profile of the incident beam. If
the illumination spot is small, then we have

 do,
© Picos0,dQ,’

From Eq. (2.64), it can be seen that the BRDF is the power scattered per unit
projected solid angle. The BRDF can be thought of as a function of the incident
direction and a distribution in the reflected direction. The value of the BRDF is
always positive, has units of st ', and can have arbitrarily large values.

In the above, we discussed everything in terms of the light being reflected
back into the same hemisphere as the incident light. The various definitions
given also apply when discussing transmitted light, and we use the subscript
t to indicate that we are measuring in a transmitted geometry. For example,
we can define the bidirectional transmittance distribution function (BTDF)
in a manner analogous to the BRDF, Eq. (2.59):

Le=f (0, ¢;, 4; 0r, ¢y, xi, ¥, Ei, (2.65)

where L, is the diffusely scattered transmitted radiance. The BTDF and the
BRDF, taken together, is sometimes referred to as the bidirectional scattering
distribution function (BSDF).

fr (2.64)
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Helmholtz reciprocity states that, if a uniform material is illuminated with
a irradiance from a direction (0;, ¢;) with a collimated source and the radiance
is measured in a direction (0,, ¢;), one would obtain the same result if the inci-
dent and viewing directions are interchanged. This is equivalent to saying that

f:(65, 03, 0r, &) =11 (6r, b1, 605, i) (2.66)

This rule applies if the material obeys time-reversal symmetry. The only
materials that do not follow time-reversal symmetry are those that exhibit a
magneto-optical response or those that are photorefractive (that is, the light
is modifying the material) [10]. In the transmitted geometry (provided you
could measure radiance inside a material), the relationship must account for
the different indices of refraction in the incident and transmitting region. Con-
sider the case where the light is scattered by the first surface of a transparent
optic. If one considers the external BTDF, we have

Li(0. ¢) =1 (6:. ¢i. 0. ¢ Ei(0:. @), (2.67)

where f; follows Helmholtz reciprocity, and the radiance L, and irradiance E;
are evaluated outside the material. We can define the internal BTDF by

L (0i, ) =1/ (0i, §i. 0u, §)Ei(0:, b1), (2.68)

where L, is the radiance inside the material. Using Snell’s law (especially
Eq. (2.142), discussed later in Section 2.6.1), we can show that

wf ! (0, i Or, ) =Tf (Or, by i ). (2.69)

Reciprocity is particularly useful for checking the validity of measurement
and models. If a measurement or a model does not follow the reciprocity rela-
tionships, then it must be incorrect, unless the material is not time-reversal
symmetric or the model is attempting to account for that. Care must be taken
when the material modifies the polarization state of the light so that the appro-
priate reciprocal measurement is performed. The polarimetric generalization
to Eq. (2.66) is given in Section 2.5, below.

2.4.3 Reflectance and Transmittance

Reflectance is defined as the ratio of collected reflected radiant power to inci-
dent radiant power. Due to conservation of energy, reflectance can have any
value in the interval O to 1. The incident radiant power may be from a single
direction, a range of directions, or from the entire hemisphere. Furthermore, if
there are multiple directions, the incident radiant power may or may not be
uniform in direction. Similarly, the collected light may be restricted to a small
range of directions, a wide range of directions, or the full hemisphere, and the
collection efficiency may or may not be uniform. Thus, the geometry of one
reflectance measurement may differ significantly from another, and reflec-
tance measurements can only be compared if they have identical conditions.
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Suppose we have a radiance incident upon a surface that is a function of
position (x;,y;) and direction (6;, ¢;),

Li :Li(Gi, qﬁi,xi,yi). (270)

The radiant power coming from the solid angle dQ2; and incident on the area
element dA; is

d@i(Oi, (/)i,x,y) :Li(Oi, qbi,x, y)COS 01 d.Ql dAi. (271)
From Egs. (2.55) and (2.71), the radiance emitted by the surface from d®; is

dLr(Hr, (br, Xrs yr) :S(0i5 d)j’xi’ yl’ 91’9 (l’)pxr’ yr)Li(ei, d)i’xi’ yi)COS Qi dS21 dAi~
(2.72)

The radiant power of reflected light emitted into the solid angle d(2, from the
area element dA, is then

d®, =cos0,dL.(6;, p,, x;, y,)dA, dQ;
:S(Ol’ (bi? Xi, yl; 01”7 d)p Xrs yr)L1(01,¢1J1,y1)C05 OrCOS 01 erdArdQIdAl'
(2.73)

The reflectance is the ratio of the radiant power collected from the surface
to the radiant power incident onto the surface. The incident directions span a
total solid angle, represented by £2;, and an area, represented by A;. The col-
lected directions span a total solid angle, represented by €2, and an area A,.
The total incident radiant power is thus given by

(pi(Qi,Ai; Li) = J J COS HiLi(Gi, (bi,x,y)dAiin, (274)
Qi JA;

i

while the collected radiant power is

(pr(inAi’-Qr,Ar;Li)
=J J J J cos 0,cos 0;S(0:, ¢;, xi, yis Or, by, e, yo)Li(0i, 3, xi, ;)
AJ QLA )

dQ;dA;dQ,dA,. (2.75)

Thus, the reflectance for this given geometry and illumination condition is
given by

djr(gi’ Aia Qﬁ Al‘; Ll)
®;(2;, Ais Li)

Equation (2.76), with Egs. (2.74) and (2.75), is a very general statement,
probably too general for any reasonable application. However, it stresses the
importance of carefully defining the geometric conditions under which the
reflectance measurement is made. We will make a number of approximations
that simplify this expression significantly. In the first step, we will assume
that the sample is uniform. In that case, integration of Eq. (2.75) over dA;,
together with Eq. (2.60), yields

p(Qi’ Ai? Qr’ Ar’ Ll) -

(2.76)
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or(Qi, O Li, Ay) =

J J J cos O;cos 0if (05, ¢i; Or, O, )Li (05, s, x5, y;)dQ; dA; dQ;. 2.77)
o Jalde;

Thus, the reflectance is
p(Qi, A, Qi Li) =
J J J cosB;cos0if . (0i, pi; 0r, ¢, )Li(0i, ¢y, xi, y;,)d€2;dA; dQ;
e Jale . (2.78)
J J COSGiLi(Qi, ¢iaxiayi)dAid~Qi
Qi Ai

If the radiance is uniform in space, but not necessarily isotropic, so that
Li(6;, §i, x5, v;) = Li(0;, ¢y), then integration of dA; in the numerator and denom-
inator of Eq. (2.78) will cancel, so that

J J cos 0,cos 0if . (0i, b;; Or, P, )Li(0;, d;)d2;d€Q;
oo,

(2, Qi L) = 2.79)

J cosO; Li(0;, ¢;)dQ;
Q.

Finally, if the radiance is uniform and isotropic, so that L;(6;, ¢;)=L;, a con-
stant within d€;, then integration over d€2; will cancel, leading to

J J cosO.cos0;f.(0;, d;; 0, p,)dQ;dQ;
(2, Q) = =22

(2.80)

J cos 0;dQ;

Q
Furthermore, if the incident light is collimated, integration over d€; in the

numerator will cancel the denominator, so that the directional-hemispherical

reflectance is

o(6i, ¢p; Qr) = J cosO.f,(6i, ¢y, 0;, ¢,)dQ:. (2.81)
Q

Again, we have discussed everything with respect to reflectance towards
the backward hemisphere. The transmission equivalent of the reflectance p
is the transmittance 7. All of the above expressions for reflectance can be
expressed as transmittance t, with the substitution r—t. Thus, the direc-
tional-hemispherical transmittance is 7(6;, ¢;; 27), given by

7(0;, ;s Q) = L? cosO0if (0i, b;, Oy, ¢ )dQ;. (2.82)

2.4.4 Two ldeal Bidirectional Reflectance Distribution Functions

There are two ideal cases for the BRDF. The first is the specular reflector,
with reflectance pg,. For such a surface, the radiance reflected from the
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surface, L.(0;, ¢,), is equal to the product of py, and the radiance onto the sur-
face in the specular direction, L;(0;, ¢; £ n); that is,

Li(0r, ) = popLi(0:,00; £ 7). (2.83)

Applying the definition of the BRDF, Eq. (2.59), with Eq. (2.11), and inte-
grating, we find ourselves looking for a function that satisfies

pspLi<6i7¢i :|:77.7) = JCOS giLi(ei’ ¢1) r(ei’ ¢i’ gr’ ¢r)in (2.84)

for any incident radiance L;(0;, ¢;). This need is precisely what is defined by
the Dirac delta-function, d(x), which is defined, in one dimension, as the func-
tion (technically, a distribution) that satisfies

Jé(x—xo)f(x)dx:f(xo) (2.85)

for all f{x). The function d(x) can be thought of as being zero everywhere,
except at x=0, where it has a large enough value that its integral satisfies
Eq. (2.85). It can be approximated as the limit of a Gaussian or sinc function
normalized to unity as the width of that function approaches zero. For a purely
specular surface, we find that the BRDF is

0(0i —0:)6(¢; — ¢, £m)
sin 0;cos 6;

fr,sp(ai’ (rbi’ 01”’ (rbr) = psp

. (2.86)

Such a specular reflecting surface is never perfectly realized. Real surfaces,
owing to their imperfect flatness, always exhibit some width to their BRDF.
Furthermore, because there is always some residual roughness, if only at the
atomic level, BRDF at directions far from the specular direction is
always nonzero.

A perfectly diffuse, or Lambertian, surface is one in which the radiance is
uniform for all directions, for any illumination. In that case, the BRDF is also
uniform. Considering Eq. (2.81), we have, for a unit-reflectance Lambertian
surface,

p(0i,0;:27) :frJ cos6,dQ, =f .=, (2.87)
2n

where p(6;, ¢;; 27) is the diffuse hemispherical reflectance for incident direc-
tion (6;, ¢;). Because of Helmholtz reciprocity, the BRDF cannot depend upon
incident direction, if it is uniform in the scattering direction. Thus, the BRDF
for this surface is

2n
fr,Lambert = % . (2.88)

where p(2m) is the hemispherical reflectance. Thus, a perfectly reflecting
Lambertian surface will have a BRDF of f, | ymbert = 1/1~0.3183 st~ 1. No real
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surfaces exhibit perfect Lambertian character. Often, for example, the BRDF
is somewhat higher in directions normal to the surface or in the specular
direction and decay below the mean value at directions close to the surface
horizon.

2.4.5 Absorptance

When light is incident upon a medium, it is either reflected [characterized by
its directional-hemispherical reflectance p(0;, ¢;; 27)], transmitted [character-
ized by its directional-hemispherical transmittance ©(0;, ¢;; 27)], or absorbed.
Thus, we define the absorptance as the fraction of the incident light that is
absorbed by

a(0;, p;) =1—p(6;, ¢;;2n) — (05, $;;27), (2.89)
which must, like the reflectance and transmittance, be in the range 0<a
0, ) <1.

When light is transmitted through a material, some of it is lost to absorp-

tion. For a plane-wave incident and simple homogeneous materials, we see
that there is a spatial dependence

E =Egexp(ikr) = Eq exp [i(k.x + kyy +k.2) . (2.90)
Since k, = (w/co)(ep — sin29i)1/ 2, for normal incidence,
T
g, =2t 2.91)
Co /1(]

(Ao is the vacuum wavelength) the imaginary part contributes to a z depen-
dence to the amplitude of exp(—2nIm(7)z/2g), so that the irradiance decays
as exp(—a,z). Thus, we have a Naperian, natural absorption coefficient a,
given by

_ 4nlmn

h=—"7 - 292
a 7 (2.92)

The imaginary part of the refractive index, also known as the extinction
coefficient, defines the absorptive capacity of the material. In practical appli-
cations, we often use expressions based upon exponential decay in the com-
mon basis. That is, we express the irradiance decay behavior as 10~ rather
than exp(—a, z). In this case, the common absorption coefficient a is related
to the Naperian absorption coefficient a, by

a=ay/log.(10) ~0.4343a,. (2.93)

It is important that one not confuse these two absorptions coefficients, and the
best practice is to always specify which basis we are working in, rather than
rely on nomenclature alone. The net absorption can also be expressed by
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the Naperian absorbance, A,,=a,, z or by the common absorbance, A =az. The
internal transmittance, not accounting for reflection losses, is then

t=exp(—A4,) = 10" (2.94)

The optical theorem describes the connection between a scattering func-
tion and the extinction coefficient. Consider an incident plane wave on an
object, which then scatters with a spherical wave, as in Eq. (2.40), where
the spherical wave amplitude is proportional to the amplitude of the incident
plane wave,

>

E () =X (¢)-E;. (2.95)

The matrix X (F) is the amplitude scattering matrix. If we let the incident
plane wave be propagating in the z-direction, the total field is

E = Eiexp(ikz) + =X (t)-Eiexp(ikr). (2.96)
r

Near the forward scattering direction, x and y are much smaller than z, so
that

rz+ (x2 +y2)/22. 2.97)

The irradiance in these forward directions is then

2

Zo| - 1o .
E="22|E; exp(ikz) + 1 X (F) E;exp(ikz)exp [ik (22 +y?) /2z]
T

(2.98)

Performing the magnitude-square and keeping the lowest order terms, we can
show that the irradiance is
nZO

E=-—""I|E;

<1 + éRe (X (2)-& explik(x* +5?) /27] > : (2.99)

where the & = E; /|E;] is the direction of the incident electric field. If we inte-
grate over an area A, which is large enough that the integral converges,

2
J explik (2 +)?) /22]dxdy—>$ (2.100)
A
we obtain the radiant power in the forward direction,
Z 2 o
%0 [A%Im(x( )éi)} (2.101)

Thus, the scatterer reduces the radiant power in the beam as if it had a cross
sectional area given by

2n <.
Oext = TIm (X (z)~ei), (2.102)
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which we call the extinction cross section. Eq. (2.102) is an expression of the
optical theorem, which relates the extinction cross section of a scatterer to the
imaginary part of the scattering function, evaluated in the forward scattering
direction. Suppose we have N/V such scatterers per unit volume. Upon passing
through a length dz through the medium, the total number of scatterers
encountered per unit area will be N dz/V, and the effective area lost to the
beam per unit area will be N g, dz/V. Thus, the irradiance will follow

dE — _NEO_ext

dz. (2.103)
The solution to Eq. (2.103) is E(z) =E(0)exp(—ayexz), Where the Naperian
extinction coefficient is

Noex
next = Tt (2.104)

We see that the extinction coefficient is directly proportional to the con-
centration of absorbing or scattering entities. This is often referred to as the
Beer—Lambert law of absorption. In the absence of scattering, the extinction
coefficient is entirely due to absorption. The Beer—Lambert law can also be
expressed in terms of the intrinsic molecular property, the specific absor-
bance, ¢, which is the absorbance per unit path length and unit concentration.
That is, the absorbance is given by

A=¢Cl, (2.105)

where [ is the path length, and C=N/V is the concentration. It should also be
noted that for many chemical applications of spectrophotometry, the specific
absorbance ¢ is also known as the molar absorption coefficient or the molar
extinction coefficient.

The optical density D, after correction for reflection losses, is identical to
the absorbance A and is related to the internal or bulk transmittance 7 by

D, =—log o1, (2.106)

where 7 needs to be specified with a geometry. The absorbance A, not to be
confused with the absorptance o, defined in Eq. (2.89), is often used in chem-
ical absorption applications or in colored or neutral-density filters.

2.4.6 Fluorescence: Bispectral Luminescent Radiance Factor

Consider the situation where the light emitted (luminesced) by the material
has a different wavelength A from the incident wavelength p. Eq. (2.53),
above, describes the spectral radiance as a function of the radiant power inci-
dent upon the surface at a specific location, and from a specific direction. In a
manner nearly identical to how we developed the BRDF, we can develop a
bispectral BRDF (BBRDF), which for uniform illumination is the ratio of
the spectral luminescent radiance to the incident irradiance,
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f== (2.107)

or, for a small spot illumination, is

do;,

APk 21
12= grcos 0,400 (2.108)

where d®,, is the reflected spectral radiant power in solid angle dQ,.
Egs. (2.107) or (2.108) can be used for describing the angular and spectral dis-
tribution of light emitted by a material due to fluorescence. If the scattering
properties are entirely elastic, that is, with no fluorescence, the BBRDF is
related to the BRDF as

Fi=f6(A—p). (2.109)

The term BBRDF has not found its way into the standard nomenclature
and there may be other descriptive names for it. For a more complicated illu-
mination L, ;(6;, ¢;, 1), the spectral radiance is given by integration of the
BBRDF over the incident illumination,

L;L,I(Qi’ Li’ M; 01’9 ¢r7 }")

= J J Cos Grcos eif}L(Gi’ ¢i» ,Ll, Gr’ d)r’ j')L).,i(ei’ (Z)i’ lu)dQl d:u’
MJQ;

i

(2.110)

where M represents the spectral bandwidth of the incident light. The term
defined in the ILV, which is the common term in the standards literature to
describe luminescence, is the bispectral luminescent radiance factor, fi ,
defined as the spectral radiance, normalized by the radiance of a perfectly
reflecting Lambertian diffuser identically irradiated and viewed. For unidirec-
tional illumination,

fi(ei’ (bi’ s 0r3 ¢r’ ;L)

f r,Lambert

P (0, i s Or, ¢y, 2) = =af (05, d;, 15 Or, ¢y, 2).

2.111)

In the fluorescence community, there is often a distinction between radiant
properties and quantum properties. The radiant energy associated with a sin-
gle photon of frequency v or wavelength A is given by

h
0, =hv="=2C. (2.112)
A
Thus, the quantum equivalent to the radiant power is given by
b DA
Qq hCO ’

which represents the number of photons per unit time (photon flux). For elas-
tic properties of light, such as reflectance, BRDF, or absorptance, there need

D, (2.113)
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not be any distinction between the radiant quantities and the quantum quanti-
ties, since, being ratios of quantities with identical wavelength, the quantity in
Eq. (2.111) and (2.112) is a common constant. However, for fluorescence, the
quantum properties will differ from the radiant properties. For example, a
quantum BBRDF f,,; can be defined as

dd,,

_— 2.114
Ppicos0,dQ2dA ( )

f pL—
where d®,,;, is the emitted spectral photon flux at wavelength A and ®,,; is the

incident photon flux at excitation wavelength, u. Combining Eqgs. (2.113) and
(2.114), we see that the quantum BBRDF is related to the BBRDF by

!
Fo =fg;~ (2.115)

Similarly, a quantum bispectral luminescent radiance factor, ﬁLp,A, can be
defined, which is related to fi; by

)\.
ﬁLp,)~ =P, ﬁ (2.116)

2.4.7 Emittance and the Kirchhoff Relationship

Figure 2.5 shows an object inside a cavity. The material surrounding the cav-
ity is held at a temperature T,. It radiates according to Planck’s law with a
spectral radiance given by &(4,0, ¢)L. ;(4,T,) where ¢,(4,0, ) is its emissiv-
ity and L. ,(4,T,) is given by Eq. (2.22). Similarly, the object inside the cavity
is at temperature 7, and emits a spectral radiance &(4,0, )L ;(4,T>). The
inward and outward spectral radiances are each the sum of that thermally
radiated by the respective material and that reflected and transmitted by it.
Thus, we have, for each wavelength £,

L;‘\,m((),;ﬁ)\ / L,,.(8.9)
% 4

FIGURE 2.5 An object at temperature 7, inside a cavity at temperature 7T}.
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L out(0, ¢) = e2(A,0,)Le 1 (2, T2)

+ |20, ¢, 0", §")Lin (0", ¢')cos 0 A

+ [fn(0,0,0, ¢"L; (0, ¢ )cosd A2,

y 2.117
LLm(H, ¢) :El(i,e,d))Le,/{(i, T]) ( )

+ /1100, 0,0,¢" )L ou (0, §")cos 0 dQ

+ ftl(e’ (]5’ 6/’ (pb/)L/l,out(e/, d)/)COS B/dQ’.

In equilibrium, there is no net transfer of energy, so that L, j, =L, o In this
condition, it follows that

e1(4,0,¢)=1-— Jfrl 0,¢,0, ¢ )cos0'dQ’ —J 1(0,0,0, ¢ )cos' A,

e(4,0,0)=1— J (0,0,0, ¢ )cos0' A — thz(Q, ¢, 0, ¢ )cost d?,

T, =T,.
(2.118)

The first two conditions must be met for all directions, wavelengths, and
polarizations. From Eq. (2.81), it can be seen that the integrals in
Eq. (2.118) are simply the reflectances and transmittances of the two materi-
als. Furthermore, from Eq. (2.89), it can be seen that

e1(4,0,¢)=01(0,9),
&(2,0, ) =02(0, ). (2.119)

The Eq. (2.119) is often referred to as the Kirchhoff law of radiation, that the
emissivity of a material is given by its absorptance at each wavelength. It also
holds that the inward and outward spectral radiances are given by

L;in(0,9) =Ljou(0, ) =Le;(4,T). (2.120)

Thus, the spectral radiance inside a closed cavity is given by the Planck spec-
tral radiance, regardless of the emissivity of the walls. This statement, in
effect, says that the radiation field is in thermal equilibrium with the walls.

2.5 POLARIZATION

The radiometric quantities, defined in Section 2.2, and the spectrophotometric
quantities, given in Section 2.4, were all given without regard to the polariza-
tion state of the light. However, as we know from Section 2.3, the electric and
magnetic fields, E and H, are vector quantities. Both of these amplitudes,
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being transverse to the direction of propagation (at least in nonabsorbing
media), can be characterized by the projections of one of the fields onto two
orthogonal directions. The field chosen to represent the polarization is usually
the electric field, but the reader should be aware that history has not been con-
sistent in this choice. Thus, statements like, “The polarization is chosen to be in
the direction of the electric field,” are not superfluous. This section is a very
brief introduction to polarization. Further reading can be found in [11, 12].

Next, we must choose a basis set for defining the polarization. Here, again,
there can be numerous choices. In some applications, a basis set that is spe-
cific to the source and detector is most convenient. For example, if the source,
sample, and detector define a plane, then the basis set for both the incident
and exiting light can be chosen such that one vector is perpendicular to this
plane and the other vectors, specific to each direction, are in the plane.

For spectrophotometric measurements, however, this is not the most con-
venient basis. Instead, we will use a basis set defined by the plane of inci-
dence, which contains the incident direction and the surface normal, and the
plane of exitance, which contains the exiting direction and the surface normal.
Light having an electric field perpendicular to the respective plane will be
considered s-polarized (s being from the German senkrecht), while that paral-
lel to this plane will be p-polarized (p being from the German parallel). These
polarization states are also alternatively referred to as transverse electric (TE)
and transverse magnetic (TM), respectively.

Then comes the question of the handedness between these vectors. We
choose, somewhat arbitrarily, for s, p, and k to form a right-handed basis set,
where s and p are unit vectors in the directions of the electric field for s- and
p-polarized light, respectively. If the electric field amplitude is E, the compo-

nents along the s and p directions are E; = s-E and E,= p'I:l, respectively.
The Stokes formalism is often used to characterize the intensity and polar-
ization of a light beam. The Stokes vector is defined as

CIE?) + (B )
(IEsP) = (IEp )
S= Re<EsE;> : (2.121)

Im<ESE;>

These four elements have a fundamental connection to the complex Hermitian
coherency matrix,

(EE?) <ESE;;>
(L) (Epky)
which contains all of the information in the electric field. That is, the sum

and difference between the diagonal coherency matrix elements make up
the first two elements of the Stokes vector, while the sum and difference of

(2.122)
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the off-diagonal elements make up the second two elements. The Stokes
vector has the property that

[S],” > [S],° +[S];* +[S],”. (2.123)

The averages in Eq. (2.122) can be either temporal or spatial averages,
depending upon the application. For totally polarized light, the left and right
sides of Eq. (2.123) are equal.

The Stokes vector given in Eq. (2.121) can be shown to be equivalent to

(EP) + (|E,?)

| GEPY - (B

| |Esso ) = (|E_ase ) | (2.124)
(Ep?) = (|Eicp?)

where light polarized at 45° is along the (s+p)/2'/ % direction and light polar-
ized at —45° is along the (s — p)/2"/* direction. Light that is right circularly
polarized (rcp) is polarized along (s—ip)/21/2, while that of left circularly
polarized (Icp) is polarized along (s+ip)/2"/%. Light that is right circularly
polarized has its fields at a given point in space rotating in a clockwise fashion
when viewing into the beam. Equivalently, the fields a right-hand circularly
polarized light trace out a right-handed screw in space.

The conventions mentioned above depend upon the time dependence used
in the complex notation. Furthermore, one can consider the handedness from
the perspective of the source (looking down the beam) or from the perspective
of the detector (looking up the beam). Different fields have been known to use
different conventions.

Any radiant quantity can be generalized as a Stokes vector. Thus, we have

0—Q,
o—Q,
L—L,
E—E,

(2.125)

for the radiant energy, power, radiance, and irradiance, respectively. The first
element of a Stokes vector is the unpolarized quantity.

The relationship between ingoing and outgoing Stokes vectors [assuming it
is a linear function, such as Eq. (2.51)] can be characterized by a linear transfor-
mation, referred to as a Mueller Matrix. The 4 x 4 Mueller matrix can be used to
generalize any of the intensity-transforming quantities. For example, the scat-
tering function S, given in Eq. (2.51), is a relationship between the radiant
energy and the spectral radiance. Thus, Eq. (2.51) can be rewritten

dQ;; =S,,c0s60,dQ;dA,dQ.dAdt,, (2.126)

where dQ;; is the reflected Stokes vector spectral radiant energy, S;; is the
Mueller matrix scattering function, and dQ; is the incident Stokes vector spec-
tral radiant energy. Similarly, the BRDF is also a Mueller matrix,
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fi— (2.127)

In general, the reflectances and transmittances are slightly more compli-
cated to describe, because they require specifying the geometry of the incident
and collected light. For example, the specular reflectance and regular trans-
mittance are both, like the BRDF, Mueller matrices, because they are relation-
ships between two Stokes vectors:

Psp = Psp: (2.128)
Tsp = Tsp-

The diffuse reflectance and the absorptance, however, are more complicated.
Consider trying to generalize Eq. (2.79). Because there is an integral over the
incident radiance and the BRDF, there is not necessarily a unique way to general-
ize Eq. (2.79). However, one can characterize the diffuse-directional reflectance
for unpolarized diffuse illumination, in which case it would be appropriate to
characterize it simply by a Stokes vector. Because of the relationship between
emittance and absorptance, emittance would also be a Stokes vector.

Let us now consider how the Stokes parameters change upon time rever-
sal. In the conventions we are using, where we have defined s, p, and k to
form a right-handed basis set, the first and second Stokes parameters clearly
do not change sign upon time reversal. The directions of 45° and —45° polar-
izations, however, switch in space. Thus, the third Stokes parameter changes
sign upon time reversal. For the circularly polarized states, the direction of
rotation of the polarization reverses, as well as the direction of propagation.
Thus, circularly polarized light does not change its handedness upon time
reversal, and the fourth Stokes parameter does not change sign. The forward
and backwards Stokes vectors, S and STX, respectively, are related by

S™R— S. (2.129)

Since a Mueller matrix relates two Stokes vectors, a Mueller matrix upon time
reversal will obey

(2.130)

Thus, Helmholtz reciprocity for the Mueller matrix BRDF, using the polariza-
tion convention described here, can be expressed as:

_ _[fr(er’ ¢ra 0i7 4)1)] /' fOI“]:]./ = 31’ 32’ 34’ 13’ 23’43
[f:(0i, ¢3. 0r, &,)] { (£, (0, ¢, 0, ¢1)]//U otherwise

(2.131)
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2.6 REFLECTION AND TRANSMISSION FROM FLAT SURFACES
2.6.1 Snell’s Law of Refraction

A plane wave that is incident upon the flat interface between two materials,
1 and 2, will refract so that its direction of propagation changes. The propaga-
tion vector in medium 1 is

ki =k;sin0;cos ¢ X+ kisin0;sing,y — kicos0,Z, (2.132)
while that in medium 2 is
Ky = kasin 0,08 ¢, X + kasin 028in ¢, § — kacos 0,7. (2.133)

The magnitudes of the vectors k; and k, are constrained to be (w/co)7; and
(w/co)ny respectively. If the interface is along the xy plane, then in order
for the phase to be consistent across the interface at every point on it, the x
and y components of the propagation vectors must match. Thus

rsinGcin e — rinsingy @134
As a result,
n1sinf; =n,sin 0, (2.135)
and ¢; =¢,. Eq. (2.135) is usually referred to as Snell’s law. The z compo-
nents of the propagation vectors then follow
ki 2= (i fco)* =k — kT )12,

Z (2.136)
koo = [(ia /o) — K3, — K3, ]V/2.

Suppose that we have a bundle of rays, contained in a solid angle dQ; inci-
dent upon that interface. If we differentiate Eq. (2.135), we have

nycos01d0; =nycos0,do,. (2.137)
The solid angle is
1 1n2c08 0, 7i2cos 0,
dQ; =sin0;d0;d¢; =="sin0,= dordp, =—2—=dQ,.  (2.138)
n nicost, nycos 0,
Thus, Snell’s law for solid angles is
frcos 0, dQ; = 5cos 0, dQ,. (2.139)
The quantity
G:J J cos0dQdA (2.140)
Alo

is often called the geometric extent of a beam of rays. Using Eq. (2.139), we
see that the quantity 7*G is an invariant in a beam. Consider the definition of
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radiance, given in Eq. (2.10). If we consider a radiance incident on a boundary
between two materials, having indices 72; on one side and 7, on the other, and
assume there is no reflectance or absorption (such as when the interface con-
tains an antireflection coating), then the radiant powers on the two sides are
equal:

L1C0801dAdQl :L2C0562dAdQ2. (2141)
Combining Egs. (2.139) and (2.141), we have
Ly L
= (2.142)
nom

Thus, the quantity L/”ﬁ2 is also an invariant, provided there are no losses.

2.6.2 Fresnel Reflection

Boundary conditions require that the components of both the electric field E
and magnetic field H transverse to the surface be continuous across the
boundary [3-5]. In addition, the components of the electric displacement D
and magnetic induction B normal to the surface must be continuous. Consider
a plane-wave incident from a medium of complex refractive index 7; to a
medium of complex refractive index 7, (see Fig. 2.6). If we consider
s-polarization, the in-surface boundary conditions can be written

E +E.=E,

—Hicos0; + Hicos0; = —Hcos 0, (2.143)

where we use the nonbold-faced symbols, E and H, to represent the magni-
tudes of E and H, respectively, and not the irradiance. From Eq. (2.36), the
relationship between the electric and magnetic fields is

FIGURE 2.6 Electric and magnetic fields for reflection of plane waves from the interface
between two media for (left) p-polarization and (right) for s-polarization.
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Hi=nZyE;,
H.=n2ZyE;, (2.144)
H, = iinZ,E,.
If we make the substitutions
E. =rE;,
E —1.E. (2.145)

we can solve Eqgs. (2.143), (2.144), and (2.145) for the coefficients rg and f,

n11cos 01 — nacos 0,

Ir's =7 =
fiicos 0y + ipcos By’

2n;cos 0, (2.146)

ty=— . }
ni1cos 01 + npcos 0,

[Note that u=1 and thus 7=n for all but the most exotic optical materials
(magnetic materials being the exception). Furthermore, 7 is used to calculate
the cosine of the angle 0, and 0, from Eq. (2.135), while 7 is then used to
match the boundary conditions.] In a similar fashion, we consider
p-polarization. The in-surface boundary conditions can be written

E;cos0; —E.cos0; =Ecosls,

H.+H.—H,. (2.147)
If we make the substitutions
E,— = VpEi .
E=t,E;, (2.148)

we can solve Egs. (2.144), (2.147), and (2.148) for the coefficients r,, and #,,

fipcos 01 — nycos b,

F'p == =
P 080, +iycosOy

2.149
2n1cos 04 ( )

th= .
P hhcos 0y + iy cos O,

The coefficients in Egs. (2.146) and (2.149) are often referred to as the
Fresnel reflection coefficients. Using Eq. (2.39), the ratio of the irradiances
in reflection is the regular, or specular, reflectance

E?
p:<| | >=|rs,p|2, (2.150)

(IEi?)

while that in transmission is the regular transmittance

<y 2.151)
ity

cos 0,
cos

It can be shown that 1+ p =1. At normal incidence, the reflectance is given by
letting 8; =60,=0 in either Egs. (2.146) or (2.149)
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flz —np
0°)= 2.152
p( Py (2.152)
and the transmittance is given by
dini
(0°) = — 2" (2.153)
(Rp+1y)

Figure 2.7 shows the reflectance as a function of incident angle for four
different materials at a wavelength of 633 nm: glass (7=1.5), silicon
(n=3.874+0.015i), tungsten (n=3.640+2.915i), and gold
(n=0.181+3.074i). Near normal incidence, s- and p-polarization yield the
same values and are relatively flat. At grazing incidence, the reflectance
approaches 1. For s-polarization, the transition from its value at normal inci-
dence to that at grazing incidence is gradual and monotonic, increasing most
quickly at large angles. For p-polarization, the reflectance always decreases
until some angle and then increases to 1. When the materials are nonabsorbing
and nonmagnetic (ny=n; and np,=i, are real), the reflectance for
p-polarization vanishes at the Brewster angle given by

0p =tan "' (1, /71;). (2.154)

When the index of the transmitting medium is below that of the incident
medium, the behavior is different. Figure 2.8 shows the reflectance as a func-
tion of angle for a number of different internal reflection configurations, with

 Vacuum/gold

0° 30° 60° 90°

FIGURE 2.7 The reflectance as a function of angle and polarization for four different materials
at A=633nm.
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FIGURE 2.8 The internal reflection from four different interfaces at 2 =633 nm.

glass being the incident medium. In the case of the glass to vacuum interface,
the reflectances for the two polarizations are the same at normal incidence.
The s-polarized reflectance gradually increased to 1, reaching that value at
what is referred to as the critical angle 0., after which the interface is totally
reflecting. This condition exists when the waves do not propagate in the trans-
mitting medium. When the indices are real, the critical angle is given from
Snell’s law, Eq. (2.135) with 0,=90° by

0. =sin "' (71y /71). (2.155)

Like the previous case, the two polarizations give different results, with
the reflectance of p-polarization always being lower than that of
s-polarization and exhibiting a Brewster angle, where the reflectance is zero.

Past the critical angle, there exists a field on the other side of the boundary
that is evanescent. That is, it decays exponentially with a decay constant given
by the imaginary part of the z-component of the k vector. For weakly absorb-
ing materials, this exponential tail extends into the material and results in
some absorption. The curves for the glass/silicon reflectance in Fig. 2.8
appear similar to those for the glass/vacuum reflectance, in that there exists
a quasi-Brewster angle and a critical angle. However, the transition at the crit-
ical angle is not as abrupt and the reflectance only gradually reaches 1. For the
glass/tungsten reflectance, the features are washed out even more, and for the
glass/gold reflectance, structure in the internal reflectance is completely
washed out.
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2.6.3 Thin Films

Figure 2.9 shows the electric and magnetic fields in the presence of a thin
film. In each film, there is an upward propagating wave and a downward pro-
pagating wave. At each boundary, we have to match the conditions that the
tangential components of the electric and magnetic fields must be continuous.

Consider a thin film shown in s-polarization shown in Fig. 2.9 (right). At
the top interface, we have the boundary conditions

E1+Er :Eu +Ed,

—H;cos0; +Hcost; = H,cos O, — Hycos0,. (2.156)
At the lower interface, the boundary conditions are
E,exp(—iklcos ;) + Eq exp(ikicos0,) = Ej, (2.157)

Hexp(—iklcos6,)cos O, — Hq exp(ikicos 0, )cos 8, = —H,cos 03.

By eliminating the fields inside the layer (E,, H,, E4, and H,), and using
Eq. (2.145), we can write the boundary condition expressions in a matrix form as

1 1
+ T
(n1c0301> (—nlcosel)

i 2.158
cos (kicost,) — Lsin (kicos ;) < 1 > . ( )
p' S»

—ipgsin (kicos0,)  cos(klcos0,) n3cos 03
where p,=n, cos 0,. Similarly, for p-polarization, shown in Fig. 2.9 (left), the

top interface boundary conditions are

E;cos0; —E.cosl; = —E,cos0, + E4cos 05,
Hi +Hr :Hu +Hd,

(2.159)

FIGURE 2.9 Electric and magnetic fields for reflection of plane waves from a dielectric film for
(left) p-polarization and (right) for s-polarization.
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while those at the lower interface are

—E,exp(—iklcos 0,)cos 0, + Eq exp(ikicos 0, )cos 0, = E,cos 03,

Hexp(—ikicos0,) + Hq exp(ikicos0,) = H,. (2.160)

Again, by eliminating the fields inside the layer and using Eq. (2.148), we can
write the boundary condition expressions in a matrix form as

cos0; —cos b, cos (klcos0,) ~Lsin (klcos0,)
n * n i'p - Pp
—ip,sin (kicos0p)  cos (klcos0y)
cos s
( " )tp, (2.161)

where p,=n,/cos 0,. The reason we wrote Egs. (2.158) and (2.161) as matrix
expressions is to facilitate the calculation of the reflectance and transmission
properties of multilayer films. The matrices in Egs. (2.158) and (2.161) are
referred to as the transfer matrices. If we write the transfer matrix as

i
_(Asp Bsp\ cos(kicos,)  ———sin(kicost,)
Ms,p_< el pt)= Pep , (2.162)

—ip; ,sin (klcos 0) cos (klcosb,)

the reflection and transmission coefficients can be determined from

~ AgnicosO; +Bsnynzcos 0cos 03 — Cs — Dgnzcos 03
5 Agnicos b + Bgninzcos0ycos 0z + Cs + DynscosOs

(2.163)

2n1cos 6y

[— s 2.164
* 7 Agncos 0 + Bynynzcos0,cos 05 + Cs + Dgnzcos 0 ( )

Apnicos 0z +Byninz — Cpcos 01cos 03 — Dynzcos 6 (2.165)
ry= , .
P Apnicos s+ Bynins + Cycos 0y cos 03 + Dpnzcos 0

2nycos 0y (2.166)

th= .
P Apnicos 3 +Bpnins + Cpeos 0cos 03 + Dpnzcos 0

The advantage of taking the extra steps to create the transfer matrix is that
the reflection and transmission from multiple layers can be solved by multi-
plying respective matrices, for example,

M=M,My-....My_i-M,, (2.167)

where M is the transfer matrix for the topmost layer, etc.

2.6.4 Thick Films

The description of the reflectance and transmittance, given in the previous
section assumed that the films are thin enough that the light is coherent
between the interfaces. When the films are sufficiently thick and the light is
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suitably polychromatic, then the fields do not interfere, and our arguments
need to be based upon intensities. The characteristic length at which this
occurs is the temporal coherence length of the light source. If the frequency
bandwidth is Av, the coherence time At is approximately given by 1/Av, being
affected to some degree by the band shape. The distance over which the light
is coherent in a material having an index of refraction of 7 is thus

leoh = o/ (RAV), (2.168)
or, in terms of spectral bandwidth A4,
loon = 2%/ (IA2). (2.169)

For A=550nm, AA=5nm, and n=1.5, the coherence length is about
40 pum. For films thicker than this distance, the fields directly impinging on
an interface will not be coherent with the reflected field. In that case, the dis-
cussion in the preceding section does not apply. Instead, we need to think in
terms of irradiances, rather than fields.

Suppose we have a layer, which is significantly thicker than the coherence
length of the light, as shown in Fig. 2.10. Each interface j has a reflectance for
upward propagating incidence, p;,, a reflectance for downward propagating
incidence, p;q4, and a transmittance 7; that are calculated from Egs. (2.150)
and (2.151), respectively, for the appropriate polarization. At the top interface,
we have conservation of irradiance, which can be written as

b‘ 5

E,
L4 Prafiy 7 Ez,uciw
Medium
Interface
£,

1
! E:.ue_:‘Mi
TIES.u

ad
nk PE

—ad
PraEs g0 “

—ad)

10

’U
2 A

FIGURE 2.10 Reflection and transmission from a thick film.
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Eiq—E1y=Ey exp(—ad)—E,g4, (2.170)

where a is the absorption coefficient for medium 2. The irradiances in
medium 2 are evaluated at their interface of origin, the lower interface for
the upward propagating irradiance and the upper interface for the downward
propagating irradiance. Letting E; , be the irradiance in medium i propagating
in the upward (u) or downward (d) direction,
Eiuy=p14E1a+T1E20exp(—ad),
E2,d = T]Elgd + pl,uE2,ll exp(—ad),
(2.171)
Eyu = pygErgexp(—ad) + 12E3,,
E3 4= 12E) gexp(—ad) + py \E3 4.

We can solve the system of equations Eq. (2.171) for E; , and E5 4, elim-
inating E, , and E, 4,

Eiw=ppgEra+ti2Es3,.,

Esg=11pE1q+ Plz,uES,u, (2.172)
where
P 7p1d+p2d(1 _plupld)exp( 2ad)
e = PruP2q4XP(—2ad) ’
2
plz’uzpz,u+P1,u( P2dp2u)exp( ad)’ 217
P1uP2,4€Xp(—2ad)
T172exp(—ad)
T12=

1 _pl,up2,dexp(_2ad)‘

Thus, p124 is the combined reflectance for downward propagating light, p12,
is the combined reflectance for upward propagating light, and 7, is the com-
bined transmittance (which is reciprocal). For a thick transparent plate of
index 1.5, the normal incidence reflectance and reflectance at each interface,
from Eqgs. (2.152) and (2.153), are 0.04 and 0.96, respectively. The net reflec-
tance and transmittance, from Eq. (2.173), is about 0.077 and 0.923, and differ
from the single-pass values (0.08 and 0.92) by about 0.003. For a plate of
index 4.0, the reflectance and transmittance from each interface is 0.36 and
0.64, respectively. In this case, use of Eq. (2.173) is significantly more impor-
tant, and yields 0.529 and 0.470, respectively.

Multiple layers can be treated with successive application of Eq. (2.173).
For example, with three interfaces, we can first calculate pi24, P12.u5 T12.ds
and ty,,, then substitute them for p; 4, py 4, 714, and 7y, respectively, and
substitute p3 4, P3.u T3.d- and 73, for ps 4, P2.4, 72,4, and 15, respectively. Note
that for the first application of Eq. (2.173), the upward and downward reflec-
tances are the same. However, for subsequent layers, this does not hold true.
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2.7 DIFFUSE SCATTERING

We will discuss three models for light scattering. The first model, discussed in
Section 2.7.1, applies to volume scattering and is based on a diffuse scattering
model, that of Kubelka and Munk [13], which describes a solution to the one-
dimensional radiative transfer equation and was originally developed to pre-
dict the color of paints, given the pigment scattering and absorption proper-
ties. The second model, described in Section 2.7.2, is applicable to very
rough surfaces and assumes that the light is specularly reflected from a distri-
bution of microfacets on the surface. Finally, the third model, discussed in
Section 7.3, applies to rough surfaces in the smooth surface limit.

2.7.1 Volume Scattering: Theory of Kubelka and Munk

Volume diffuse scatterers occur everywhere from paint layers to atmospheric
clouds. The scattering by pigments in a paint layer was studied by Kubelka
and Munk in 1931 [13]. Although their approach is in many ways oversimpli-
fied, in that it does not account for the angular dependence to the scattering
function, it nonetheless is an important step in understanding how pigments
behave in diffuse layers. In some respects, it represents the first attempt at
solving what is referred to as the radiative transfer equation. The approach
is to only consider two irradiances, one propagating upward and one propagat-
ing downward. A more general approach would include the angular depen-
dence of the scattering, often encapsulated in what is called a phase
function, together with the angular distribution of the light, for example, the
radiance function [14]. That problem can become significantly complicated,
especially when one considers anisotropic, aligned scatterers, or includes
polarization. Thus, we forego a discussion of more complex, accurate
approaches, which is better suited for more specialized texts.

Consider a downward propagating irradiance E4(z) and an upward propa-
gating irradiance E,(z) (see Fig. 2.11). Within each infinitesimal layer of
thickness dz at depth z, there is an absorbed irradiance given by aFEj(z)dz
and an irradiance sEj(z)dz scattering into the opposing direction (j=u,d).
The total loss of irradiance to Ej(z) in that infinitesimal layer is the sum of
the absorption and scattering losses, (a+s)E;(z)dz. Thus, considering only
these two directions, we can write down a pair of coupled differential

equations

d (Eq(z)\ _ [a+s —s E4(2)

& (Eu(z) Uy —+9)) B ) 2.174)
There are standard methods for solving first-order coupled linear differential

equations like this. If we let e=a+s be the extinction coefficient and
n:(ez—sz)l/z, we can write the solution to Eq. (2.174) as
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E(0) E (0)

E\(2) ‘ *d:

E,(z) T T

Ey(-I)

FIGURE 2.11 Volume scattering within a layer of paint.

(50 = (™™ com ooz (£40))

(2.175)

We then solve Eq. (2.175) with the boundary condition that the substrate
reflectance is po, so that the upward irradiance at that interface is related to
the downward irradiance at that interface by E (—L)=poE4q(—L). We also
express the total reflectance of the combination of the layer with the substrate
as p=E,(0)/E4(0), while the fraction of incidence irradiance that reaches the
substrate is T=FE4(—L)/E4(0) . We then solve for p and t and arrive at a gen-
eral expression for the reflectance and transmittance of the layer with the
substrate:

__ poncoshnL +(—ep, +s)sinhnL
~ ncoshnL + (e — pys) sinhnL

2.176
ncosh?nL — nsinh?yL ( )

~ ncoshnL+ (e — pos) sinhnL’

There are a number of limiting cases to Eq. (2.176) that are of interest. If
there is no absorption, o =0, the expressions simplify significantly

_ po+sL(1—py)
Pa=0= 7T 71—\

C1+sL(1—pg) @177
J— 1 '
0T +sL(1—py)

Regardless of the substrate reflectance, the reflectance of the combined sys-
tem approaches unit reflectance as the thickness increases, while its transmit-
tance goes to zero. That is, thick clouds are white viewed from above and
black when viewed from below. Furthermore, if the substrate reflectance
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po=0 (i.e., it is black), we have particularly simple expressions for the reflec-
tance and transmittance:

sL
Pa=0,py=0 = T+sL
2.178
1 ( )
B0 =0 = g

If there is no scattering, s =0, then we find that Eq. (2.176) reduces to

Po=0= PoeXP(_zaL)’ (2.179)

Ty—0 =exp(—al). ’
That is, we get the Beer—Lambert law for the transmittance, and the reflec-
tance shows the Beer—Lambert law applied twice with the additional reflec-
tance of the substrate. For an infinitely thick layer, L — oo, and provided
there is at least some scattering, that is, s#0, we have

2
a a a
poo = l + —— > + 2},

V5 (2.180)

TOO:()»

where p is often referred to as the intrinsic reflectance. In this case, the sub-
strate reflectance does not appear in the result, and the reflectance of the sys-
tem only depends upon the ratio of the absorption to the scattering
coefficients, a/s. Eq. (2.180) can be solved for a/s, in what is called the remit-
tance function,

2
a_(1-p) 2.181)

s 2py
That is, the ratio of the absorption to scattering coefficients, a/s, can be deter-
mined from the reflectance of a thick sample, using Eq. (2.181). Note that for
many color applications of spectrophotometry for textiles and paints, the light
absorption and scattering coefficients in Kubelka—Munk analysis are also
often denoted by the symbols K=a and S=s, respectively.

2.7.2 Roughness: Facet Scattering Model

Scattering from a rough interface can be challenging to predict in the most
general case. Electromagnetic models, based upon the Maxwell equations,
can become extremely complicated, and there is no single solution that works
for all conditions. The most general approaches invariably become numeri-
cally intensive, and their solutions neither provide much physical insight nor
allow the roughness to be determined from scattering measurements. In two
regimes, however, theoretical approaches can be taken that have relatively
simple interpretations and allow for roughness information to be extracted
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from data. In this section, we will discuss a ray tracing approach that is valid
for large scale roughness, where the radius of curvature of the surface is
always much greater than the wavelength of the light and the correlation
lengths are small. In the next section, we will describe a first-order perturba-
tion approach that is valid for small levels of roughness.

In the approach taken for large scale roughness, we are going to assume
that a ray tracing, or facet, approach can be used. Rays of light are incident
upon the surface, and the directions they scatter are dependent upon the orien-
tation of facets that they strike [15, 16]. Figure 2.12 illustrates the specular
reflection from a surface whose surface is slowly modulating in space. Rays
are incident onto the surface with an incident angle 6; onto a surface whose
local surface normal is given by the unit vector n (having a polar angle 6,
and azimuthal angle ¢,). The local incident angle is given by the angle 1.
The direction of propagation of the incident light is given by the unit vector

k; = xsin0; — zcos 0;, (2.182)

where X and 7 are unit vectors along the x and z directions, respectively. The
direction reflected by the local surface is given by the unit vector

K, = Xsin 0,cos ¢, + ysin ,sin ¢, +zcos by, (2.183)

FIGURE 2.12 The facet scattering model.
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where ¥ is a unit vector along the y direction. A facet that reflects from ki
toward l:ir is aligned with its surface normal along the unit vector
= (ke — i)/l — K|
_ X(cos ¢,sin0, —sin0;) — ysin ¢ sin 0, + z(cos 0; +cos 0;) (2.184)
\/2 +2cos 0;cos 0, — 2cos ¢, sin 0;sin 0, '

The cosine of the local incident angle is determined by the scalar product k-,
which is found to be

cost = /(1 +cosbicos0; — cos ¢,sinO;sin ;) /2. (2.185)

The cosine of the polar orientation of this facet is the z-component of n,

cos0; +cos 0,

cost,=nz= (2.186)

2cos 1

while the tangent of the azimuthal orientation can be determined from the
ratio of the y to the x components of n:

—sin ¢,sin 0,

tan ¢, = (2.187)

cos¢,sinf; —sinf;’

The projected area of the surface covered with facets having this orientation
within a solid angle dQ, =sin 0,,d0,d¢, is related to an orientation probabil-
ity distribution function P(0,,¢,) by

dA, = P(0,, ¢,)dQ,dA, (2.188)

where dA is an element of area on the mean, flat surface. We can make a
change of variables from facet orientation (6, ¢,) to scattering angle (0., ¢,)
by evaluating the Jacobian, which, with a bit of algebra, is

O(6n, ¢,) sin 0,

- ~ 2.189
d(0:, ¢,)  4cosisin0, ( )
Hence,
Q
d€2, = ° (2.190)
4cos1

From Fig. 2.13, the radiant power incident onto the facets is given by

E
dd; =—— ! ga,., (2.191)
cos0;cos 0,

where E is the incident irradiance. The radiant power scattered into d€2, is the
product of d®; and the reflectance of the facet, p, which, by combining
Egs. (2.188) and (2.191), is given by

_EPPOn $1) 46 4a. (2.192)

@i - T
d 4cos 0;cos 0,
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costdd,
PR cos 0, cosd,

cosrdd,
cosd,

FIGURE 2.13 The projection of the incident beam striking a facet onto the surface.

Thus, from Eq. (2.10), the radiance is
EpP(Hn’ ()bn)

~ 4cos 0icos0,cos0,’ (2.193)
and, from its definition Eq. (2.59), the BRDF is
P(6,,

4cosB;cosO.cos0,

The distribution of facet orientations can be defined as above in
Eq. (2.188) as a distribution in angles, or it can be defined in terms of slopes

{,=tan0O,cos ¢,

{y =tan0,sin¢,. (2:199)
In that case, we could have written Eq. (2.188) as
dA, =P((,, {;)dL, dE, dA. (2.196)
Since, from Egs. (2.195),
= ) —secs, @.197)
we have
dA, =P (L, () sec?0,dQ, dA. (2.198)

The probability distribution functions are thus related by
P (L., L)) =P(0n, ¢,)cos’0,. (2.199)

Therefore, combining Eqgs. (2.194) and (2.199), the BRDF can also be
written as
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pP(Cx’ Z})

4cos O;cos 0.cos40,,

fi= (2.200)

The slope ({,,{,) is given by the facet orientation tangents, which in turn is
found from {, = [n],/[n], and {, = [n] /[n].. Thus, from Eq. (2.184), the facet

slopes reflecting from ki to k, are related to the scattering geometry by

sin0,cos ¢, — sin0;

b=

cos 0, +cos b,
2.201
sin 0,sin ¢, ( )

b= cos0, +cosb;’

At this point, we have not discussed the reflectance p of the facets, which
will be dependent upon the local incident angle on the facet and the polariza-
tion. Given a specific scattering geometry, the local angle of incidence is
given by 1, determined from Eq. (2.185). In a coordinate system in which
the scattering plane, containing the incident and scattering directions, defines
our polarizations, the reflectance coefficients are given by (1) and (1),
which for a single interface are given by Eqgs. (2.146) and (2.149), respec-
tively, evaluated with 0; =1. In that local coordinate system, our reflectance
coefficients would form a reflection matrix

("S(()’) rp(gl) ) . (2.202)

However, such a coordinate system is not always convenient, and it is not the
coordinate system that we have chosen to use in other parts of this chapter.
We need then, to appropriately rotate the matrix given in Eq. (2.202) to the
global coordinate system. To accomplish this task, we first write down unit
vectors describing the polarization bases for the local and global coordinate
systems. For the local coordinates, we have

§i,lo(:al == §r,local == ki X kr/”kl X kl‘||7

Pi tocal = (2.203)
Prlocal = k, x sr,local/ Hkr X Sr,local” .
For the global coordinates, we have
Si.global = ¥
=cosfix+sinb;z,
pl ,global (2204)
St global = —Sin P X +cos .y,
P global = —€0s0icos ¢, X — cos Oisin ¢,y +sin0,z.

The polarization matrix can be transformed according to

(Sr ,global * Sr local Sr .global* pr local ) < (l) 0 ) <Si Jocal Si,global Si Jocal* p1 global>

P: global Sl’ local pr ,global * pr local 0 rp( ) Pilocal® sl ,global p1 local * pl global
(2.205)
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After a bit of algebra, we obtain the reflection matrix in the global

coordinates
Tss T'sp
s 2.206
(rps ”pp> ( )
where
r'es = [rp(1)sinO;sin 0;sin’ ¢, + arazry(1)]/ay,
I'ps = sin@, [azry(1)sin0; — arrg(1)sin 6] /ay, (2.207)
rep =sing, [arry(1)sin0; — asry(1)sinb;]/ay, ’
rop = [@2asry(1) +14(1)sinO;sinO,sin’¢,] /ay,
and
a;, =sin?21,
ay =cos 0;sin 0, + sin 0;cos Orcos ¢, (2.208)

az = sinb;cos 0; + cos 0;sin ;cos ¢,.

The average, unpolarized reflectance of the surface facet, p, is given by
p= % (|rss|2 + |rsp|2 + |rsp|2 + |rpp|2), (2.209)
which, after significant simplification, is given by
p :% (175> + [rp[?)- (2.210)

The reflectance is sometimes treated as being further reduced by a shadow
and obscuration function [16, 17].

2.7.3 Roughness: First-Order Vector Perturbation Theory

The theory of scattering by a slightly rough surface was originally considered
by Rayleigh [18] in 1907 and extended by Rice [19] in 1951 and Barrick and
Peake [20] in 1968. The approach takes a first-order vector perturbation the-
ory approach to the vector fields and is often referred to as Rayleigh—Rice the-
ory. The results apply when the surface is essentially mirror-like. In this
section, we will derive expressions that relate the BRDF to the power spectral
density (PSD) function of the surface profile.

Suppose we have an interface between two media, that rather than being
planar, as was done previously in Section 2.6.2, deviates from planar by a
height function Az(x,y). In the following, we assume that Az(x,y) is much
smaller than the wavelength of the light. We will use this assumption and
the Maxwell equations (in particular, the boundary conditions imposed by
them) to derive the BRDF for this surface. We begin by writing down an
approximation to the unit surface normal vector:
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P (GAZ(x, y))i 3 <8Az(x, y)>y+i’ 2211

ox dy

where X and y are perpendicular unit vectors in the mean plane of the sample,
and 7 is a unit vector in the mean surface normal. Eq. (2.211) is an approxi-
mation, in that the component along Z needs to be reduced to keep the vector
normalized. Thus, in addition to Az(x,y) being much smaller than the wave-
length, we will assume that the surface slopes are small.

We will consider the electric and magnetic fields to be the sum of zero-
order electric and magnetic fields (E(O),H(O),E(O), and H(ZO) in media 1 and 2,
respectively) , given by the solution to the electromagnetic problem for the
flat surface (see Fresnel theory in Section 2.6.2, above), and first-order elec-
tric and magnetic fields (E{”,H{" ES", and HY" in media 1 and 2, respec-
tively). Figure 2.14 shows the basis vectors and symbols used for the
waves and angles in this section. Subscripts include the region the field or
angle applies (1 or 2), the polarization (s or p), and for the zero-order incident
field, an additional subscript (i). Superscripts indicate whether a symbol
applies to the zero-order (0) or first-order (1) fields. Medium 1 will be treated
as vacuum (7; =7n; = 1), and medium 2 will be treated as nonmagnetic (1= 1
and 7, =ny). For the first-order fields, there are additional out-of-plane
angles (,b_f]) that are not shown in Fig. 2.14. We let the zero-order fields be
given by

E<-0> X,y,2)= go)k,zex ikox),

FIGURE 2.14 Scattering from a rough surface. Only the in-plane geometry is shown, but for
most of the scattered directions, there are also angles describing the azimuthal orientation of
the propagation direction. The diagrams show the electric and magnetic fields for (left)
p-polarized and (right) s-polarized incident light. The solid rays indicate the specular and regu-
larly transmitting rays, while the dashed rays indicate scattered rays.
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where ko:ksin91<°> is the projection of the incident wavevector onto
the mean surface, and ej(-o) and hj(-o) contain the respective z-dependences of
the fields. The incident wavevector is assumed to be contained in the x—z
plane. For the first-order fields, we assume that we can use a Fourier
expansion

1
B =05 [ (k explikp)ah
(2.213)
g — 1 [h0 g ik-p)d*k
i 47'52 J (,Z)CXP(I p) ’

where p=(x,y,0) is the projection of the position vector onto the mean
surface plane. The sign of the z-component of the wavevector,

1)2
kz,j:(ﬁjza)z/cz—kﬁ—ki) , must be chosen so that Rek,;+Imk,; >0,

since reflected waves must be upward propagating, and Rek,,+Imk,, <0,
since transmitted waves must be downward propagating. The Fourier expan-
sion is rigorously only valid in a half-space, so it is strictly only valid in the
region that is above the highest point on the surface in the reflected region
and below the lowest point of the surface in the transmitted region. How-
ever, for very small amounts of roughness, we are going to assume that
we can extend the fields into the valleys in the reflected region or into the
peaks in the transmitted region and match the boundary conditions that exist
between them. The total electric and magnetic fields at the boundary
between the two media can be expanded in a Taylor series to first order in
Az(x,y),

By Az(r,y)] =B (63.0) + BV (2.0) + 2B (v.3.2)|_ Az(xy),
H;[x,y,Az(x,y)] = H;O) (x,y,0) + Hj(])(x,y,O) + %HEO) (x,y,2) _:OAZ(x,y).
(2.214)

At this point, we are left with the relatively straightforward, but tedious,
process of matching the boundary conditions at the surface Az(x,y). The
reader who does not want to wade through the details can skip to the point
after Eq. (2.224). Continuity of the electric and magnetic fields across the sur-

face requires that
n x {E[x,y,Az(x,y)] — Es2[x,y,Az(x, =0,
A {Ei[xy.Az(x, y)] — E2[x,y,Az(x, y)]} 2215)
n x {H; [x,y,Az(x, y)] — Ha[x,y,Az(x, )]} =0.

Using Egs. (2.211) and (2.214) in Eq. (2.215) yields continuity relation-
ships for the x and y components of E;(V[x, y, 0] and H;"[x, y, 0],
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8B, 0=~ |2 B0 1.0) - (18 | 4B (13,0)|
AE,V[x,y,0] = — _Mza(;’y)_ AEO) (x,y,0) — Az(x,y)A %AE@ (x, y, 0)} ,
3,0 = | P2 A 10 - 8t L8O (1,3,0) |
AH,V[x, y,0] = — %;,y) AH (x,9,0) — Az(x,y)A -%AHS)) (x, v, O)] ,

(2.216)

where A applied to the fields indicate the difference between region 1 and 2.
Inserting Eqgs. (2.212) and (2.213) into (2.216), we find that

AelV (k) = —ik,Ae®) (ko)AZ (ko — K),
Al (k) = —ik,Ael® (ko) AZ (ko — K),
(2.217)
AR (k) =i(w/co)AdY) (ko) AZ (ko — K),
ARV (k) = —i(w/c)Ad) (ko) AZ (ko — K),
where
Ad© = &% (ko) — 7in%e” (ko) (2.218)
and
AZ(ky— k)= JAz(x, y)expli(ko — k)-p]d’p. (2.219)

The zero-order electric fields for s and p polarizations in region 1, evalu-
ated at z=0, are
(0)

el :—5’61,5(0)(1+I‘S),

z=0

b= xe1p® (1—rp)cos 0, +ze1 50 (1+7,)sin0,?,

(2.220)
e<205> 0 = _yel,s(o)fs,

e, = f(el,pm) t,cos 02(0> +Zeip © tpsin 02(0) ,

z=0

where the r,;, and ¢, are the reflection and transmission coefficients, given by
Eqs. (2.146) and (2.149), evaluated at 0, =0 and 0,=0%. Combining
Eqgs. (2.217) and (2.220) we have
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Ael! (k) = ~i(e/ o) AZ (Ko~ K)e{ly | (1+7)sin0) ) ysin ;)] sin0y,cos.,
Aeﬁl)(k) =—i(w/co)AZ(ko — k)eg?g [(1 +rp)sin91 ©_ tpsin02(0)} sinfy,sin ¢,
AR () = —i(o/co)AZ(Ko —K)e\) (147, — ing15),
AR (k) :—i(w/co)AZ(ko_k)egog{(l —ry)cos6, € _ﬁzztpcosgﬁ}_
(2.221)
The first-order electric fields, evaluated at z=0, can be expressed as
efg 0=€1 g(1)<xsmqf>1 —ycos¢1(1)>’
e(fg —elp ( —%cos 0! cosqﬁl —ycosOl Sm¢1 +isin01“)),
e<2}s> —ezs ( sing, ) — ycos p, “)),
eﬁfg —ezp(l)( cos0,! cos¢2 )+ §cos 6, sm¢2 +isin02“)),
(2.222)

Likewise, using Eq. (2.35), the first-order magnetic fields are

!

Poz(eo/,uo)l/zelys(l)(icos@l(l)cosqﬁl( +ycos6; ! s1nq5l fisin91(1>>,
hi)| = (co/uo) 2er, ) (ssings, V) —eos g, (1),

1
hgq) z=0

ﬁ2(€0/y0)1/2€2’5<1> (—icos@z(l)cosqbz(l) —y00592<1>sinq§2<1> — isiné)z(l)),
hﬁz L:O =iz €0/ p) ez p) (fiSinQ—"z(l) —ycos ¢2(1))-

(2.223)

For Eq. (2.221), we need discontinuities in the first-order electric and mag-

netic fields in the mean surface plane, which, from Egs. (2.222), and
(2.223), are

Aeﬁl)() smd) felpcos()l cos¢ ( sin¢(21)feggcosﬂz(l)cosqﬁgl),

Aey)(k):—eglscosd)l —e<1 >cos01 singb1 +eés)cos¢)§1)—e%cos@él)sinqb(ll),

AR (K) = (e0/ o )1/2(61 cosH cos¢ +e1psm¢ +ﬁgegs)cos@§l)cos¢gl)
—fzzegg sin qﬁg)) ,

Ah§,1)(k):(eo/u )1/2(e1500592 squ elpcosqﬁ +n262300502 sm(]ﬁ2

+inel)cosgl). (2.224)
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Finally, combining Eqgs. (2.221) and (2.224), solving for the first-order

terms, using Eqgs. (2.135), (2.146), and (2.149), and wading through a lot of
algebra, we arrive at

9(12 =2ikAZ (ko —k)cos 0, ((qupeé,()),

(0)

Lgpep

(2.225)
eg(; =2ikAZ(ko —k)cos 6, ©

where we identify 0,=60. The scattering reflection coefficients are
(7 —1)cos ¢,
Iss =
(cos 0; + /71, — sin2 ) (cos@ v/ 1" —sin20 )
(ﬁz 1)V 7* — sin20,sin ¢,
I'ps = s
(cos 0+ /7> — sinzﬁi) (ﬁzcos 0, + /> — sin29r)
(2.226)
(ﬁz -1)V 7 — sin20;sin ¢,
Fep = ,
i (ﬁzcos 0+ /1> — sinzﬂi) (cos 0, + /> — sinZGr)
(%2 — 1) (ﬁzsin 0;sin0, — \/71'2 —sin20; \/71'2 —sin20,cos q’)r)
(ﬁzcos 0+ /7> — sinZOi) ('ﬁzcos 0, +\/ 7> — sin20r>

where we let 71=7, and identify 0,=6{", and ¢,=¢{". The scattering trans-
mission coefficients are

Tpp =

) (7* —1)cos ¢,
= (cos@ V/7? — sin2 ) (ncos 0++1 —ﬁ2sin29t) ,
—(ﬁz -1)V1 — 7’sin20;sin ¢,
ps = ( s —
cos0; + /7> —sin 0)(00501+n\/1—n sin 92r>

o (%2 —1)V/i* —sin20;sin¢

* (n cos 0; + /71> — sin20; ) (cos@l+ Val —ﬁzsinzﬁt) ’
(ﬁz -1) (\/ﬁz —sin20;v/1 — 7i%sin20,cos ¢ + 7isin 0 sin 9[)

(ﬁzcos 0+ /1> — sinzﬁi) (cos 0, +nv1 —h’zsinzet)

where we identify 0,=05" and ¢,= 5" The radiance associated with the
roughness is

(2.227)

Ipp =
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L, :2k—7:220(|2(k0 —k)|*)cos?0;cos 0r|rqp|2<|el(,0> 1),
4 (2.228)
Ly=5—n Zo(|Z (ko — k) |*)cos0;cos Oy |tg,[* (|e”)[?).
while the incident irradiance is
E= %Seizo<|e[§0> |2>. (2.229)
Thus, the BRDF, given by f,=L,/E is given by
Jz
fr=—3cosbicos 0:lrpg [ {|1Z(ko — k) |*), (2.230)
and the BTDF, given by f,=L,/E is given by
K 2 2
I =3h c0s 0;cos 0| t,q|* (|Z(ko —K)|*). (2.231)

The quantity (IZ(ko —k)I?) is often referred to as the power spectral density
(PSD) of the surface height function. It describes the power (the square of the
amplitude) contained, per unit bandwidth in spatial frequency space, in the
roughness function. The spatial angular frequency of the roughness, ko —Kk,
can be evaluated from the incident and scattering angles,

(ko —k), = (2n/A)(sin0; —sinO;cos ¢, ),

(ko —k), = (27/2)(—sinO;sing,). (2.232)

Total diffuse reflectance and total diffuse transmittance can be obtained by
integration of Eq. (2.230) or (2.231), respectively. For large period roughness,
0; =20, for most scattering angles that contribute to significant scatter. Further-
more, 221, so that

2

k
s :FC05261|I”S|2622, (2.233)

where o, is the root-mean-square roughness, given by

0. = J<|Z(k) *)d’k. (2.234)
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3.1 INTRODUCTION

A key feature of spectrophotometric measurements is that the measurements
of reflection, transmission, absorption, scattering, fluorescence, and emittance
are performed as a function of wavelength and, in some cases, are spectral
concentrations. These concepts are discussed in detail in Chapter 2. For exam-
ple, reflectance p is a function of wavelength, for example, p = p(4). Fluores-
cence is not only a function of the excitation and emission wavelengths, u and
4, respectively, but also a spectral concentration in the emission wavelength.
That is, the radiance L emitted by an illuminated surface is spread out over
wavelength, so that the spectral radiance is given by

_dL
S dA
Thus, it is important that one not only be able to measure quantities as func-
tions of wavelength but also be able to measure spectral concentrations.
There are two primary methods for obtaining spectral information in opti-
cal measurements: one can disperse the different wavelengths in different

L,

3.1)
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directions or locations, or one can perform an interferometric measurement.
In this chapter, we concentrate on the former method, while Chapter 4 will
discuss the interferometric methods.

The spectral analyzer is often buried as a “black box” within the body of
the spectrophotometer. Nevertheless, the characteristics of this black box will
have a significant influence upon the type and accuracy of the spectral infor-
mation obtained by the spectrophotometer. The spectral analyzer may be used
for either, or both, of two purposes in the spectrophotometer. In the mono-
chromatic mode, the spectral analyzer is placed in the radiation path before
the sample, thus being used for the purpose of providing a known, narrow
spectral bandwidth of radiation that is then used to measure sample properties.
In the polychromatic mode, the sample is first irradiated with polychromatic
radiation and the radiation that exits the sample is then spectrally analyzed.
Figure 3.1 graphically illustrates these two principal methods.

In many cases, it is not critical which of the two different sample illumi-
nation modes is used. However, there are several special circumstances where
the choice is critical. Thermochromic or heat-sensitive samples, for example,
should be measured in the monochromatic mode, since the large amount of
radiation that is incident upon the sample in polychromatic mode may impact
the measurement. Fluorescent samples are often measured using a combina-
tion of both modes, where two spectral analyzers are used, one for monochro-
matic irradiation and one for spectral analysis of the emitted radiation.
Fluorescent color measurements are often performed in the polychromatic
mode, where the polychromatic radiation source is filtered to simulate one
of the standard illuminants.

In this chapter, we describe the fundamental operation of a spectral ana-
lyzer, which can either be a monochromator or a polychromator (sometimes
referred to as a multichannel spectrometer). Features common to all of these
devices will be first discussed, including spectral issues associated with

Polychromatic

radiation
source
Polychromatic
radiation
source
Spectral
analyzer Detector
Detector
Sample Sample
Monochromatic mode Polychromatic mode

FIGURE 3.1 Spectral analyzer modes.
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resolution and bandwidth, and characteristics of focal length and aperture. The
two specific types of dispersive elements, gratings and prisms, which are used
in these devices, and their characteristics will be described. Methods for
wavelength calibration of these systems will be given. Nonideal aspects of
these systems, including stray light and the effects of image aberrations, are
then discussed. Finally, we discuss some of the light sources and detectors
that are commonly used in these systems. Other useful texts on these topics
can be found in Refs. [1-7].

3.2 GENERAL DESCRIPTION

Figure 3.2 shows a general schematic of a spectral analyzer. The principal ele-
ment in a spectral analyzer is the dispersive element, which is usually either a
grating or a prism. This element serves to take collimated radiation and redirect
that radiation into directions that depend upon the wavelength. Thus, we gen-
erally have a relationship that the deviation angle 0 is a function of the wave-
length 2: 0 =0(2). It is not important from where 0 is measured. Gratings, both
reflective and transmissive, and prisms each have coordinate systems unique to
their application. However, what is important is the dispersion, df/d/, which
indicates how that angle depends upon the wavelength.

The input optic of a spectral analyzer, be it a monochromator or a poly-
chromator, usually serves to take an image of an input aperture, or a slit,

N s
N

Focusing
optic

Entrance Collimating Dispersive
slit optic element

FIGURE 3.2 A general schematic of a spectral analyzer, showing the entrance slit, a collimating
optic, a dispersive element, a focusing optic, and an exit slit. The dispersive element serves to
change the direction of the light by an angle 0, which is a function of wavelength /. The collimat-
ing and focusing optics are usually curved mirrors instead of lenses.
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and focus it at infinity, so that the light is approximately collimated. Some
spectral analyzers use the dispersive element as part of the focusing optics,
but we will limit our discussion right now to the simpler case. A second optic
placed after the dispersive element then takes a point at infinity and focuses
it on either an exit aperture, or a slit, in the case of a monochromator, or onto
a position-sensitive detector, in the case of a polychromator. Assuming that
the focal lengths of the two optics are the same and given by f, the linear
dispersion of the focus point is related to the angle dispersion by

dx _df

=—=7] —. .2
di 7 di (32)
One also sometimes refers to the reciprocal linear dispersion D', which is
d2 fdx\"! 1
D'="=(2) =———. 33
dx (di) f(da/dr) (3-3)

The details of the relationship given in Eq. (3.2) depend upon the type of dis-
persive element and how it is used.

3.2.1 Bandpass Function

A monochromator images the entrance slit onto the exit slit, when the wave-
length Z is the center wavelength /. For wavelengths near A, the image of
the entrance slit is shifted on the exit slit by the distance DAA, where
AL= 12—y is the shift in wavelength. That is, for every wavelength 4, a point
on the entrance slit, (Xenters Yenter), 15 imaged onto a point on the exit slit,
(xexit’yexit), according to

Xexit = Xenter + DA, (3.4)

Yexit = Yenter+

Illuminating the entrance slit, there is a spectral radiance L;(/), which we
assume is uniform in position and direction. We further assume that the trans-
mittance of the entrance slit is given by a function Teper(Xenters Yenter), Which is
unity inside the slit and zero outside it. The spectral emittance that is captured
by the imaging system is then

E).,enter (xemen Yenter» /1) = Tenter (xenten YVenter )L) ()~)Qproj, (35)

where the projected solid angle (see Eq. 2.9) collected by the monochromator is

[1 +4(f/d)2} '

The quantity f/d, where d is the diameter of the collection optic, is the f-number of
the system. From a point on the entrance slit having area dxepee;dVencer, the radiant
power passing through the exit slit is

Qproj = (3.6)
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=e (’1) Texit (xexit > Yexit )E/Lemer (xenter >Yenter ’l) dxemerdyemerdi
—=e (,1) Texit (Xexit »Vexit ) Tenter (xemer »yenter)
L,(%) QprojdxenterdYenterd4s

d©exit (xexilv Yexit» /“)

(3.7)

where e(1) denotes the combined efficiency (including reflectance of the mir-
rors and the absolute efficiency of the dispersive element) of the internal
monochromator components, and Teyj(Xexi, Yexit) 1S the transmittance of the
exit slit, which is unity inside the slit and zero outside it. Making the change
in variables given in Eq. (3.4), Eq. (3.7) can be rewritten as

d(pexit (Xexila Yexits /b) =e ()L)Texit (xexit’ yexit)femer (xexi[ - DA/L yexit)

) 3.8)
L)L ()v) Qproj dxexildyexitd/h'

The radiant power passing through the exit slit is then obtained by integrating
over the spatial variables,

dQexit ()“) = e(i)L; (/’L)mej

A (3.9)
[ijexit (-xexit’ yexit)remer (xexit - DA/L’ yexi[>dxexitdyexit d)"
The quantity in the brackets can be seen to be a convolution between the
entrance slit function 7., and the exit slit function 7. and is referred to
as the spectral bandpass function,

W(A/l) = J J Texit (xexilv yexjt)femer (xexit - DA}V’ yexit)dxexitdyexn 5 (3 . 10)

which has units of area. Thus, the total power passing through the monochro-
mator is

Pt = Pore J VLA ()W (ALY G.11)

In most cases, the combined efficiency of the monochromator is a rela-
tively slowly varying function and can be evaluated at 4y and taken out of
the integral. However, some dispersive elements can have sharp spectral fea-
tures, which necessitate keeping e(4) in the integral or at least including its
effects in an analysis of uncertainties.

The bandpass function can be calculated either by directly evaluating
Eq. (3.10) or by recognizing that the convolution is simply the overlap area
between the two slit functions as illustrated in Fig. 3.3. For a rectangular
entrance slit of width Axepe, and height Ay.,.. and rectangular exit slit
of width Ax,,; and height Ay.,;, the spectral bandpass function W(A/L) has
a trapezoidal shape with a peak value of (see Fig. 3.3, left)

Wmax = min (Axenter» Axexit) min (Ayemer, Ayexi[)s (3.12)
a top width of
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}k DA ’k DAL
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AVee

SN\

Ax,

!\"-r nter

FIGURE 3.3 Calculation of the spectral bandpass function. On the left are two rectangular aper-
tures, and on the right are two circular apertures. The spectral bandpass function is the overlap
(hatched areas) as a function of AA.

AXen er Axexi
Sop :“.%", (3.13)

a full base width of

AXemer + Axexit

O dbase = — b5 (3.14)
and a full width at half maximum (FWHM) of
O Abase + 04

Py — :mid (3.15)

The integral of the bandpass function is
JW(A&)di = WmaxOArwaM- (3.16)

Equation (3.16) is useful for calculating the total power passing through the
monochromator, given a known radiance at the entrance slit. If the spectral
dependence of e(4) and L;(1) are slowly varying, the total radiant power exiting
the monochromator is

B ~ Qprage ()L (1) J W (ALY 3.17)

When the two slits are of the same width, the bandpass function is triangular.
For two circular apertures of diameter dg;,, the function W(A4) is given by
(see Fig. 3.3, right)

d>. AAD AAD
W(AL) :% [cos1 (dl) | dz‘ i — (DA&)Z} . (3.18)

slit
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The bandpass function given by Eq. (3.18) is close to, but not actually,
triangular. The peak value of the bandwidth function is Wonax = nd2/4, the
area of the slit. The full base width is

~ 2dgie

5/lbase - D ’ (319)
the FWHM is
0.808dy;
OAFWHM = TS“, (3.20)

and the integral of the bandwidth function is

| md,
JW(A)V)d/L RETT R (3.21)

Consider the case of a monochromator with rectangular slits of equal width
Ax. If one considers Eq. (3.8), one can see that at one edge of the exit slit, say
Xexit= — Ax/2, only wavelengths from A1=— Ax/D to AA=0 contribute to the
radiant power, while at the opposite edge of the exit slit, say xexj = Ax/2, only
wavelengths from AA=0 to AA=Ax/D contribute to the radiant power. This
can sometimes be a problem, because there is dispersion in the wavelengths
across the aperture. One way to remove this effect is to use two monochroma-
tors in subtractive mode. The two monochromators are configured so that the
dispersion in one of them is the opposite of the other. Such a monochromator
would have a spectral bandwidth function that would be determined by the first
monochromator, but the second monochromator would remove the spatial dis-
persion across the slit. In addition, the use of two monochromators substantially
lowers the effects of stray light, so that stray radiant energy (SRE), discussed
later, is significantly reduced.

A second monochromator can also be used in additive mode. In that case,
the second monochromator serves to further reduce the bandwidth, as if the dis-
persion term in Eq. (3.4) were doubled. In addition, as for the monochromator
being used in subtractive mode, there is a substantial reduction in the SRE.

The analysis above for the spectral line width relies upon the monochro-
mator performing in an ideal fashion. Since the source is generally focused
onto the entrance slit of the monochromator, the radiance at the entrance slit
is rarely uniform. The collimating and focusing optics in the monochromator
are usually operated in an off-axis geometry, so aberrations will alter the
imaging of the entrance slit on the exit slit. Thus, as the slit width increases,
the instrument spectral function deviates from the ideal shape defined by the
above analysis. For these reasons, it is important in critical applications to
measure this lineshape function. This can generally be accomplished using a
second monochromator. The output of the monochromator under test is best
collected by an integrating sphere before being sampled by the second mono-
chromator. One can also use narrow-band laser sources to measure the
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spectral bandwidth function. Again, one should use integrating spheres on
both the illumination and collection sides of the monochromator. The laser
method, however, will only account for the internal aspects of the monochro-
mator and not for the source spatial distribution on the entrance slit.

3.2.2 Gratings

When optical radiation is incident upon a repetitive structure with a period 4,
such as that shown in Fig. 3.4, diffraction from the structure can occur
[1,2,5,6]. Gratings are usually specified by their inverse period G =1/, usu-
ally in units of lines or grooves per millimeter. If radiation is collimated and
incident upon the grating at an angle 1, the grating will diffract radiation into
specific angles 0, that satisfy the diffraction equation

mAG =sin1 — sin0,,. (3.22)

The integer m is the diffraction order. When the diffraction order is m = 0, the effect
is the same as the specular reflection, where 1 =0,. We can rewrite Eq. (3.22) in
terms of the half angle between the incident and diffraction directions,

140,
=
and the orientation of the grating normal with respect to the centerline
between the incident and diffraction directions,

o (3.23)

1—0,,
= . 3.24
p=—3 (3.24)
Equation (3.22) can then be written in terms of o and f§ as
2
A=—=sinficosa. (3.25)
mG

The form of Eq. (3.25) is useful, because monochromators are usually
designed so that there is a fixed, small angle 2o between the entrance optics

-]
FIGURE 3.4 Plane reflection grating variables.



Dispersive Methods

and the exit optics, and the grating is rotated to tune the monochromator to
a specific wavelength. When =0, the grating is said to be operated in the
Littrow geometry. The angular dispersion is found by differentiating
Eq. (3.22), yielding

do,, Gm
— = . 3.26
dA cosf,, ( )
Since 0,,=o — f, we can write Eq. (3.26) as
do,, G
___om (3.27)

d2 cos(a—p)
When « is small, which is often the case, the dispersion is approximately

do,, 2
~ _& (3.28)

G amcim

If one considers all of the expressions, Eqgs. (3.22)—(3.28), one finds that
the wavelength / is always combined with the diffraction order m as the prod-
uct mA. For this reason, when a diffractive spectral analyzer is configured for
wavelength A and order m=1, the wavelengths 1/2, 1/3, etc., will also be
passed through the analyzer. It is usually necessary that one remove these
extraneous orders in a process referred to as order sorting. Order sorting is
usually accomplished by including one or more, possibly interchangeable
longpass filters into the entrance or exit of the device. For example, a diffrac-
tive spectral analyzer intended to be operated from 200 to 2500 nm needs
interchangeable filters that block wavelengths shorter than 1250, 625, and
313 nm. These filters are usually contained in a filter wheel just outside the
device, usually on the side where their presence would have the least negative
impact on any imaging optics: the source side of a monochromator or the
detector side of a polychromator. A prism predisperser, which does not pass
higher orders, can be also be used for order sorting.

Gratings can be characterized by their grating efficiency, which is a mea-
sure of the power radiated in a diffraction order compared to the radiant
power incident upon it. The absolute grating efficiency for the mth order is
given by

n=—" (3.29)

where @,, is the radiant power in the mth order and @; is the incident radiant
power. The term relative grating efficiency is also used and represents the
absolute grating efficiency compared to the specular reflectance p of a smooth
flat surface with the same coating,

n
et = (3.30)
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It should be recognized that the grating efficiency is dependent upon
wavelength, polarization, and incident angle. For many wavelength regions,
the dependence on wavelength may be relatively smooth. However, in the
presence of Wood’s anomalies [8], one of the diffraction orders, usually not
the one being used, propagates along the surface, that is, with angle
0,,==+90°. In that case, there can be considerable structure in the grating effi-
ciency spectrum, especially for the polarization state where the magnetic field
is parallel to the lines of the grating (transverse magnetic, TM). When the
electric field is parallel to the lines of the grating (transverse electric, TE),
the grating efficiency spectrum is usually smoother. Grating efficiency curves
are often quoted for the Littrow condition. Figure 3.5 shows example diffrac-
tion efficiency curves for two aluminum gratings. Sharp features are observed
at the long wavelength side of each of the Wood’s anomalies. Since the
Wood’s anomalies are observed primarily in the TM polarization and not
the TE polarization, large changes in the relative polarization behavior of
the spectral analyzer can occur at these wavelengths. As an aside, the conven-
tion used for polarization on gratings is the opposite of that used in reflection
from surfaces, as described in Chapter 2. For gratings, it is often said that
p-polarization is TM and s-polarization is TE. That is, the parallel (p) and per-
pendicular (s) directions refer to the lines of the grating, not the plane of
incidence.
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FIGURE 3.5 Absolute first-order diffraction efficiencies in the Littrow geometry for two
600 lines mm ! blazed aluminum gratings, one blazed for 300 nm, and one blazed for 1000 nm.
The efficiencies for the two polarizations are shown. Also shown near the top are vertical marks
showing the expected locations of Wood’s anomalies.
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There are a number of types of gratings to consider. A common style of
reflective grating is the mechanically ruled blazed grating, an example of
which is shown in Fig. 3.6. The angle of the steps is chosen to optimize spec-
ular reflection into a specific order, usually m =1, for a specific wavelength.
In the Littrow geometry, 8,,=— 1, and we see from Eq. (3.22) that the surfaces
need to be tilted by the angle

Oplaze = sin " (WTG) . (3.31)

The blazing tends to approximately maximize the efficiency of the grating
at the design wavelength. One can see this in Fig. 3.5, which shows the dif-
fraction efficiency for gratings blazed for 300 and 1000 nm. Notice that if
the grating blazed for 1000 nm were operated at 300 nm, there would be very
little throughput of the spectral analyzer. A general rule of thumb is that a
blazed grating will have a useful range from about 2/3 the blaze wavelength
to 3/2 the blaze wavelength. For example, the grating blazed at 300 nm will
be useful from 200 to 450 nm, while the grating blazed for 1000 nm will be
useful from about 700 to 1500 nm. Spectral analyzers are often constructed
to house multiple gratings on a turret, so that the diffraction efficiency can
be optimized for each wavelength.

Blazed gratings are usually constructed by mechanical ruling. For that rea-
son, they are subject to higher levels of scattered light, which result from
errors in the ruling process, including chatter in the tool. Gratings can also
be constructed using holographic processes. Two carefully tailored plane
waves are allowed to interfere on a substrate coated with a photoresist.
The nascent grating is then chemically processed to yield a relatively smooth,
nearly sinusoidal profile. They are often then coated with a metallic layer.
Holographic gratings tend to have significantly lower levels of scattered
light, but they suffer from not necessarily having the optimum profile for
maximizing diffraction efficiency. Since the amount of scatter from a
surface is roughly inversely proportional to the square of the wavelength

Mechanically ruled grating

Holographic grating

FIGURE 3.6 Groove profile for ruled and holographic gratings.
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(e.g., see Chapter 2, Eq. 2.232), achieving low levels of scatter is particularly
important for ultraviolet optics. Furthermore, it is easier with holographic
gratings to achieve the higher groove densities needed for ultraviolet applica-
tions. While it is possible to blaze holographic gratings, it is not common. The
curvature of the grooves in holographic gratings can be adjusted to improve
the spectral imaging required for flat-field spectrographs, such as those using
flat detector arrays where many wavelengths are measured simultaneously.

The properties of holographic diffraction gratings are often discussed with
reference to the modulation u=h/A=hG, where h is the modulation height of
the grating. These vary from very low modulation, p<0.05, to very high
modulation, u>0.4. When used in reflection with a metallic overcoat, they
show similar polarization effects to those noted above for plane ruled gratings.
There is no simple difference between the efficiency curves for holographic
gratings compared with ruled gratings, and the user is recommended to study
the data available from the manufacturer for the gratings considered.

Diffraction gratings can also be designed as part of the focusing elements
in the spectral analyzer. Focusing can be accomplished either by ruling the
lines onto a curved surface or by having a line spacing that varies across
the grating. These types of gratings are significantly more expensive, but
can offer significant advantages in some applications. Fewer optical elements
are needed, for example, in a spectral analyzer that combines the focusing and
the dispersion in the same optic.

There are many variations of the above themes available for both ruled
and holographic gratings. There are reflection gratings, transmission gratings,
concave gratings, and even grisms, a combination of grating and prism in one
piece. Echelle gratings are coarse gratings that are optimized for high incident
angle and high diffraction orders and are used in conjunction with a second
grating to disperse wavelengths along two dimensions. It should also be noted
that most gratings in use are replicas of original master gratings that are ruled
or made from photoresist (holographic).

Many monochromators are configured such that the wavelength 7 is
changed by rotating the grating about an axis coincident with its central rul-
ing. In this case, the directions of the incident and the diffracted radiation
beams remain constant in the monochromator and define the angle o in
Eq. (3.25). For a high-resolution monochromator with focal length approxi-
mately 1 m, the angle between these directions, 2, for one manufacturer is
approximately 15°. This small angle causes the angle dispersion to vary
slowly with wavelength. The small variation in the dispersion is one of the
main advantages of a grating disperser system over a prism disperser system.

3.2.3 Prisms

Operation of a prism is based upon the refraction of light, governed by Snell’s
law, and the dispersion of the index of refraction n(1) with wavelength.
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Snell’s law, introduced in Section 2.6.1 of Chapter 2, relates the angles of
propagation inside and outside a material,
nairsin Hair = I’l()»)

mM@ (3.32)

prism prism:| 2

where n,;, is the index of refraction of the air, which is close to unity, 0, is
the angle of propagation in air, 7(4)pism is the wavelength-dependent index
of refraction of the prism, and 0(4)pism is the wavelength-dependent angle
of propagation in the prism. The wavelength dispersing properties of prism-
based monochromators depend upon the material dispersion of the prism:
the variation in the refractive index of the prism material with wavelength.
In transparent media, the index of refraction is usually very smooth, following
the Cauchy relationship

A A
n(l)=Ai+—+=3, (3.33)
A A

where A, A,, and Aj are constants specific to each material. Another common
expression for the dispersion of materials is the Sellmeier equation
2 2

%y;+§ﬁ< (3.34)
1°=C 1 A —C2
where, again, A, By, Cy, B,, and C, are constants specific to the material.
Figure 3.7 shows the dispersion of silica glass along with its derivative,
dn/dA [9].

Figure 3.8 shows rays passing through a prism with an apex angle of «.
The angle of incidence on the left face is . Applying Snell’s law to the
two interfaces, we can derive an expression for the deviation angle 0,

nz(i) =A+

n@)
(,wu  0}) vpup

1.40 1 1 1 1 1

200 500 1000 1500 2000 2500 3000
A (nm)

FIGURE 3.7 The refractive index and the index dispersion of fused silica.
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FIGURE 3.8 Optical rays passing through a prism. The angle of incidence on the left face is f,
the apex angle of the prism is o, and the deviation angle is 0.

Hﬂoc+sin1{nsin [ocsin1 (#)] } (3.35)

Equation (3.35) is the prism equivalent of Eq. (3.22) for gratings. We can dif-
ferentiate this expression with respect to the index of refraction,

do nsina dn
- . (3.36)

. . ., (sinf da
/n?—sin?B, /1 —n2sin? | —sin~! | —=
n

Although Egs. (3.35) and (3.36) are not the most elegant expressions, they
form the basis for the prism spectral analyzer. The minimum deviation angle
Opmin 1 often used for measuring the index of refraction of a transparent mate-
rial and occurs when the rays are symmetric and satisfies

0.
nsin % =sin (%) . (3.37)

In this configuration, the incident angle is § = (a+ 0p;,)/2. Prism spectral ana-
lyzers are often configured so that they operate near this angle for one of the
wavelengths in the spectral range of interest. Near this angle, the dispersion
can be approximated by

d_OZEd_n:2sm(oc/2)d_n’ (3.38)
dA wdi cosfi di

where b is the base width of the prism and w is the projection of the outgoing
side in the outgoing direction (see Fig. 3.8).

Figure 3.9 shows the angular dispersion of a prism spectrometer config-
ured to be in the minimum deviation angle for 4=250 nm. It can be seen that
the angular dispersion is a strong function of wavelength and has dispersion
near or above 1 mrad nm ™! in the ultraviolet. In the visible range, however,
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FIGURE 3.9 The angle dispersion of a prism spectrometer using a fused silica prism with apex
angle o =60° and configured to be in the minimum deviation angle 2=250 nm. The minimum
deviation angle is 0, =37.83°, and the incident angle is f=48.91°.

the dispersion and thus the resolution and bandwidth are significantly poorer.
The strong dispersion in the ultraviolet is what makes prism-based spectral
analyzers ideal for that wavelength range.

A prism can also be operated in the reflection mode. In this case, the prism
has half the apex angle o, and one face of the prism has a metallic coating.
This is akin to folding the diagram shown in Fig. 3.8 in half, with the devia-
tion angles and angular dispersion continuing to be given by Egs. (3.35) and
(3.36), respectively.

Another useful application of prism spectral analyzers is as a premono-
chromator for a grating monochromator. Using this combination can remove
the need to have order sorting filters, while also decreasing the stray light
common with grating monochromators.

3.2.4 Resolving Power

The resolution of a spectral analyzer does not approach zero when the slits
are infinitesimally small. This is due to diffraction and the finite size of either
the grating or the prism. Consider the transverse extent w of the grating or
prism as observed from the outgoing direction (see Fig. 3.8 for the case of
the prism). In either case, we can consider waves emanating from the extreme
sides of the beam. When one side has a path length that is longer by a single
wavelength, there will be, over the extent of the beam, destructive
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interference. At this angle, given by A6 =//w, the first minimum in the dif-
fraction from the entire beam will occur. Thus, we have an inherent angle dis-
persion of

— . (3.39)

Equating Eq. (3.39) with Eq. (3.26) and recognizing that the length of the
grating is L=wj/cos 0,,, we find that

A
AL mGL. (3.40)
The expression in Eq. (3.40) is referred to as the resolving power. A similar
argument applies to the prism. Combining Eq. (3.39) with Eq. (3.38), we have
A dn
AL di
Given spectral analyzers with similar dimensions, so that L for the grating is
comparable to b of the prism, and letting m=1 in Eq. (3.40), we are left com-
paring G of the grating with dn/dA of the prism material. Viewing the prism
dispersion in Fig. 3.9 and comparing it to a 600 lines mm ™" (6 x 10~ nm™"
grating, it can be seen that the grating will have better resolving power, except
in the ultraviolet.

In practice, the theoretical resolving power is rarely achieved. Any wave-
front error encountered by the radiation tends to reduce the resolving power.
Furthermore, in spectrophotometric measurements, one is often balancing
resolving power with instrument throughput. The limiting resolution of the
instrument is only achieved when the slits are small and the throughput
is small.

(3.41)

3.3 SPECTRAL ANALYZER DESIGN
3.3.1 Monochromator Design

The basic design concepts for prism-based and grating-based spectral analy-
zers are very similar. Unless the dispersive element is acting as a focusing ele-
ment, it is usually irradiated with collimated radiation. Since the input and
output slits are usually fixed in position, the selection of the desired wave-
length at the output slit is usually performed by rotation of the dispersive ele-
ment. There are many configurations for the arrangement of the collimating
and focusing optics with respect to the dispersive element. In the case of grat-
ings, the grating itself can be constructed to be concave, so that it serves as
both the dispersive and the focusing functions in the monochromator.

The common mount types of monochromator are the Czerny—Turner
design, the Ebert—Fastie design, and the Littrow design. These types are
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FIGURE 3.10 The Czerny—Turner, Ebert—Fastie, and Littrow monochromator designs.

illustrated in Fig. 3.10 with planar reflective grating dispersive elements. Sim-
ilar designs can be used for prism and transmission grating monochromators.

The Czerny—Turner mount uses two separate focusing mirrors for collimat-
ing the radiation from the entrance slit and focusing the radiation from the dis-
persive element onto the output slit. The typical design schematic using a plane
grating is shown in Fig. 3.10. The Ebert—Fastie mount is a modification of
the Czerny—Turner mount with a single large concave mirror performing both
the collimating and focusing functions. This feature reduces the number of
components in the monochromator, but the cost of one large optic may be
larger than two smaller optics. In addition, stray light and aberrations are more
difficult to control in the Ebert—Fastie design. The Littrow mount is also called
an autocollimation mount, since the dispersed radiation is reflected back in the
same direction as the incident light. The input and output beams for the Littrow
mount are shown displaced in Fig. 3.10 for illustration. In general, however, the
two slits will be displaced in the third dimension, perpendicular to the page, one
above the optical plane and the other below it. Reflections may pose more of a
problem in the Littrow mount since the input and output beams pass through the
same space in the housing. The Littrow mount also places the entrance and exit
slits close to one another, not leaving much room for order sorting filter wheels
and source optics. Many more details concerning mount types, design, and con-
struction may be found in Refs. [2,4,7].

Reflective mirrors are almost always used in monochromators, because
they do not exhibit chromatic aberration. However, all of the designs shown
in Fig. 3.10 use reflective optics in an off-axis geometry. While spherical
optics are generally used in low-cost monochromators, they have focal lengths
that differ in the spectral direction (the tangential focus) than in the transverse
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direction (the sagittal focus). The slits should be placed at the tangential
focus, in order to maintain the spectral resolution of the instrument. There will
be a loss of power, however, if the slit is not very large in the vertical direc-
tion. Improved designs will have toroidal mirrors instead of spherical mirrors.
In that case, the tangential and sagittal foci can coincide.

3.3.2 Polychromator Design

Polychromators, commonly referred to as array spectrometers, capture a large
part of the spectrum simultaneously. Rather than have a fixed output slit and a
rotating dispersive element, they place an array detector where the output slit
would normally be. Due to the use of a multichannel detector, they can signif-
icantly improve the speed of many spectrophotometric measurements. Their
dynamic range can be limited by their need to capture the entire spectrum.
Figure 3.11 shows polychromators of the crossed Czerny-Turner and
uncrossed Czerny—Turner designs. These devices can be quite compact. The
gratings are often curved (not shown in Fig. 3.11) and designed to be a part
of the focusing system, which can either further reduce their size or allow
for improved imaging. Array spectrometers can be more susceptible to stray
light, but the numerical processing methods described in Zong have proved
successful in reducing these effects [10].

3.4 WAVELENGTH CALIBRATION

Since, from Eq. (3.25), the wavelength tuned by the monochromator is pro-
portional to the sine of the grating angle, it is common for monochromators
to use a sine bar mechanism, which translates linear motion into the sine of
the rotation angle. Nominally, the wavelength in such a monochromator is lin-
early related to the motion of the lead screw. It is important to calibrate the

Sensor
array

FIGURE 3.11 Two styles of polychromator design: (left) the crossed Czerny—Turner and (right)
the uncrossed Czerny—Turner designs. Solid rays indicate polychromatic radiation, short dashed
lines indicate the shortest wavelength, and long dashed lines indicate the longest wavelength.
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wavelength scale, at least insofar as obtaining the slope and intercept from the
graph of wavelength versus linear position. It is best to calibrate the scale
using one of a number of reference methods. Low-pressure elemental emis-
sion lamps, such as Hg, Ar, Kr, Ne, and D,, can be used as intrinsic sources
with uncertainties of 1.0 pm [11,12]. These lamps should be placed in inte-
grating spheres so that the radiation from the sphere fills the input optics
and the internal optics of the monochromator. If the signals are not intense
enough, then the lamps can be directly imaged onto the entrance slit. How-
ever, this latter technique can lead to higher uncertainties, since the output
of the lamps will not be Lambertian and the method relies upon correct align-
ment of the source. The exit aperture of the integrating sphere should be
placed at the exact position of the broadband source used in the monochroma-
tor; otherwise, the wavelength scale may be shifted. The peaks used for the
calibrations should be well-separated spectral lines and have the expected
shape, that is, triangular for two equal-sized entrance and exit rectangular
slits, as discussed above in Section 3.2.1. If they are not, then the user should
suspect that something is wrong and correct it: either the monochromator is
not well focused or the method used to illuminate the input slit is poor. The
wavelength positions can be determined by using the centroid method. If
the signal S(x;) is measured over the entire bandpass for a spectral line as a
function of the linear translator coordinate x,, the centroid can be found from

stS(xs)dxs

[ steax,

Alternatively, the peak position is often found by fitting the four topmost data
points to a quadratic function,

Xg =

(3.42)

S(xs) = a+bxs +cx’. (3.43)

The peak value of Eq. (3.43) is x2** =—pb/(2¢). The centroid values X
(or the peak values x2°**) for all of the spectral lines are then graphed, as illu-
strated in Fig. 3.12. A simple straight line fit to the data shown in Fig. 3.12
yielded a standard deviation of 0.14 nm, but showed a significant systematic
trend across the wavelength range. Therefore, the data were fit to successively
higher-order polynomials until no significant systematic trend was observed.
The residuals shown in Fig. 3.12, using a fifth-order polynomial, have a
standard deviation of 0.023 nm, which is significantly below the nominal
bandwidth of the monochromator, which was set to 3 nm.

For spectrophotometers where the atomic emission lamps cannot be placed
at the same positions as the lamp sources, material wavelength standards can
be used [13]. These include didymium [14] and holmium oxide [15] glass fil-
ters and the McCrone wavelength standard [16], as well as rare-earth doped
glasses containing mixtures of Ho,O3, Sm;03, and Yb,O3 [17,18]. Cuvettes
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FIGURE 3.12 Results from a wavelength calibration of a grating monochromator. The top
graph shows the (symbols) centroid of the linear position for each of the spectral lines as a func-
tion of the standard wavelengths and (curve) a fit to a fifth-order polynomial. The lower graph
shows the wavelength residual of the predicted values.

containing holmium oxide solutions can also be used [19]. The visible and the
infrared transmittances of the NIST SRM 2035a are shown in Fig. 3.13. The
wavelengths at which the absorption features occur in these materials have
been carefully measured and are traceable to the International System of
Units. The doped-glass standard is placed into the sample compartment of
the spectrophotometer and the wavelengths can be scanned for calibrating
wavelengths, as was done above with the much narrower atomic spectral
lines. However, rather than using the centroid method for determining the
peak position, the data near each peak should be fit to a smooth function
and the maximum or minimum values, as appropriate, used [20]. The posi-
tions of these transmission minima (reflection maxima) depend critically upon
the instrument bandpass. Complementary wavelength scale calibration data
can be obtained from the inflection points of these material standards, which
are less dependent on instrument bandpass. These positions are calculated
from the zero crossings of the second-derivative spectrum.
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FIGURE 3.13 The transmittance (left) and the absorbance (right) measured for the NIST SRM®
2035a rare-earth doped standard reference material. Twenty-numbered features have assigned
wavelengths with uncertainties. From Refs. [17,18].

Due to the complicated relationship between deflection angle and wave-
length (e.g., see Eqgs. 3.33 and 3.35), it is particularly important to perform
wavelength calibrations of prism-based spectral analyzers. Furthermore, since
the wavelength dependence of the index of refraction can follow the Cauchy
relationship, Eq. (3.33), it is common to make fits to polynomials in 1/42 rather
than 4.

3.5 STRAY LIGHT

Stray light is undesired or spurious signal that contributes to the measured sig-
nal. The SRE is the ratio of the measured spurious radiation to the detected
primary radiation. Its effects are generally greatest when there is significant
scattering in the instrument or at wavelengths of decreased primary signal,
for example, near the source energy and detector response limits, as well as
when the grating efficiency is low.

Stray light can be particularly problematic with polychromators that use
charge-coupled devices (CCDs) or photodiode arrays (PDAs), because they
detect all wavelengths simultaneously. A small percentage of stray light origi-
nating in the red portion of the spectrum, where silicon detector sensitivity is
usually high, will have a very large impact at the shorter wavelengths in the
ultraviolet and blue region, where the primary radiation level is low. This sit-
uation also exists in spectrophotometers which use broadband photomultiplier
tubes (PMTs) or Si photodiodes as the sensor. Methods have been developed
by Zong et al. to correct for such stray light errors in CCD-based instru-
ments [10]. This method involves using monochromatic radiation, from either
a tunable laser source or a monochromator, at discrete wavelengths across the
range of interest, and measuring the system response to obtain a spectral stray
light correlation matrix. These matrix methods have since been incorporated
in several commercial array-based spectroradiometers to reduce their spectral
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stray light error. However, it should be noted that these methods are essen-
tially deconvolutions, which can increase the noise level in the spectrum.

For a conventional spectrophotometer, SRE can be described as either iso-
chromatic or heterochromatic in origin. Isochromatic SRE is radiation of the
same wavelengths as incident on the sample, that is, within the instrument
bandpass, but which reaches the detector without actually interacting with
the sample. Heterochromatic SRE is radiation of wavelengths outside the
instrument bandpass setting.

The heterochromatic stray radiant energy (HSRE) is primarily caused by
scattering from inside the monochromator from the grating and the optics
and also higher orders in a grating instrument. This can be reduced by match-
ing the f-number of the input optics to the internal optics of the spectropho-
tometer, thus reducing the amount of extraneous radiation inside the
spectrophotometer.

A second source of HSRE is reentry spectra. This phenomenon is some-
times called double refraction and occurs when light diffracts back to the col-
limator, and returns to the grating and diffracts again, eventually emerging
from the exit slit at constant offset with respect to the set wavelength of the
monochromator. Since the zeroth order specular reflection is especially
intense, spectrophotometers must be well designed to suppress this source
of reentry spectra. If the precise wavelength difference of this double refracted
light is known, it is possible to reduce this directional stray light by inserting
additional bandpass filters in the optical path of the instrument.

The measurement of stray light can be performed using broadband radia-
tion with a cut-on filter, in a method described in Ref. [21]. The filter is
placed between the monochromator and the source, and the monochromator
is scanned in the wavelength region where the cut-on filter should be suppres-
sing any radiation from being transmitted. The ratio of the signal in the wave-
length region that is blocked to that in the wavelength region that is
transmitted is the stray light suppression ratio. It should be noted that the het-
erochromatic stray light so determined is a function of the particular absorber
used. For this reason, specifications for spectrophotometer performance
always report the relevant wavelength and the particular absorber that was
used for this stray light measurement (e.g., stray light <0.00008% at
370 nm (50 mg L! NaNO,)). An intense laser source can also be used to
determine the stray light. Single-grating monochromators and spectrographs
typically have SREs of 10~ or 10™*, while double monochromators can
decrease the SRE to 1077 to 10~%,

3.6 OPTICAL RADIATION SOURCES

Accurate spectrophotometry poses a few requirements on the light sources
that are used. Generally, one needs to have light sources available that cover
the spectral range of interest. As discussed above in Section 3.4, the center
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wavelength accuracy of a monochromator can be calibrated to be significantly
better than its bandwidth. Thus, the spectral radiance should be relatively
smooth over the intended spectral range, so that the spectral shape does not
impart wavelength shifts that can be as large as the spectral bandwidth. In
addition, the light source must have sufficient radiant output to meet the par-
ticular measurement needs. In this case, it is usually the radiance of the source
that is most important, since, from Chapter 2, Section 2.2.1, we saw that radi-
ance is conserved in an imaging system, and from Section 3.2.1, we find that
the radiance L;(/1) at the entrance slit ultimately determines the output of the
monochromator. Finally, stability of the radiation source is also important for
accurate spectrophotometric measurements.

Figure 3.14 shows the radiance for four different sources commonly used in
spectrophotometry applications. Quartz tungsten halogen (QTH) lamps are
essentially blackbody radiators operating at a temperature near 3300 K. The
spectrum is very smooth, but because of its limited temperature, it cuts off in
the ultraviolet. Their peak radiance is near 880 nm and is approximately
0.6 mW mm 2 nm~"' sr~'. Xenon arc lamps reach temperatures 5000-7000 K,
which allow them to provide significant radiance in the ultraviolet.
Their radiance through the visible region is significantly higher, around
10 mW mm 2 nm ' sr', than QTH lamps. Unfortunately, they suffer from
having significant atomic line structure in the infrared wavelengths, which
makes their use difficult for the highest accuracy measurements in that spectral
region. Furthermore, the arc tends to wander about the electrodes, creating
problems with stability. Because the arc is imaged onto the entrance slit of the
monochromator, any motion of the arc will cause variations in the spectral
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FIGURE 3.14 The spectral radiance for four sources: a D, lamp, a Xe arc lamp, a QTH lamp,
and a 1273 K (1000 °C) blackbody.
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content within the bandpass function, which are difficult to eliminate by simply
monitoring the total output power. Deuterium lamps have significantly lower
radiance (about 0.05 mW mm > nm ™' s~ ' at 200 nm) but are one of the few
compact broadband sources available in the deep ultraviolet. Because deuterium
lamps tend to be extended sources (extending a few millimeters in size), and
because their radiance is low, they are often used in conjunction with QTH
lamps in a pass-through configuration. That is, they are placed close to the
entrance slit to the monochromator, transmitting the radiation from the QTH
lamp through it. Figure 3.14 also shows a 1273 K blackbody source, which is
common in infrared applications and is known for its stability and spatial unifor-
mity. In the infrared, it is also common to use glow bars or Nernst glowers.
These devices are ceramic-coated tungsten wires which are electrically heated.
The temporal stability of cavity blackbody sources is much better than the other
sources due to the thermal mass of the blackbody as compared to the Nernst
glower. Furthermore, the cavity blackbody is spectrally smoother and has a
higher emissivity.

Finally, there are some novel light sources that may find applications in
spectrophotometry in the future. The maximum operating temperature of a
Xe arc lamp is limited by the ability for the electrodes to withstand the arc con-
ditions. New Xe plasma sources, pumped by a high power laser, have the
advantage that they can reach much higher temperatures (10,000-20,000 K),
not have issues with electrode degradation, and have plasma sizes close to the
focused spot size of the pump laser [22]. The laser-pumped Xe plasma sources,
however, have the same spectral issues in the ultraviolet as their arc lamp cou-
sins. Supercontinuum fiber sources use self-phase modulation to convert short-
pulse, high-repetition rate laser pulses into broadband radiation [23]. They will
often have a spectral peak from the pump laser, often at 1064 nm, and have
moderate structure elsewhere. However, their spectral range has a sharp cutoff
between 400 and 500 nm at one end of the spectrum, but extends to about
2400 nm. Both of these novel sources are not extended sources, like the QTH,
Xe arc, or deuterium lamps, but rather are for uses in spectrophotometry that
need point sources.

3.7 OPTICAL RADIATION DETECTORS

The types of detectors used in spectrophotometers can range from PMTs to var-
ious semiconductor photovoltaic or photoconductive devices. PMTs have very
high sensitivity and rely upon the photoelectric effect, followed by cascaded
secondary electron amplification by a dynode structure. The spectral range of
PMTs is dependent upon the photocathode material, and extends from the deep
ultraviolet to the near infrared. Their responsivity depends upon the details of
their construction (size and shape) and operating parameters (e.g., temperature
and voltages applied to the photocathode and dynode elements). They can be
operated in a single photon counting mode or as a conventional continuous
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detector. Of the photovoltaic or photoconductive detectors, silicon is the most
popular, since it has high sensitivity, large area, and uniformity, and for some
types can have very high linearity, but it is limited in its spectral response to
wavelengths less than 1100 nm. For longer wavelengths, it is common to
use InGaAs detectors, which operate between 800 and 1700 nm, and extended
InGaAs detectors, which operate between 800 and 2500 nm. PbS detectors,
which are photoconductive devices and used from 900 to 3000 nm, and germa-
nium detectors, which operate from 800 to 1800 nm, are still used in commer-
cial spectrophotometers but are falling out of favor, since their performance is
generally superseded by regular and extended InGaAs detectors. Beyond this
spectral region, thermal detectors such as pyroelectric and thermopile detectors
are used. The infrared sensors generally need to be cooled or temperature stabi-
lized, either thermoelectrically or with a cryogen. The infrared sensors are usu-
ally used with chopped radiation sources, due to their sensitivity to background
radiation, and because many are inherently ac devices.

One- and two-dimensional array detectors are commonly constructed
from the semiconductor materials. CCDs, PDAs, and complementary metal
oxide semiconductor (CMOS) arrays fabricated from silicon find themselves
used in a wide variety of consumer applications, including digital cameras
and flat-bed scanners. As a result, they are relatively inexpensive. All of
these detectors share the fundamental absorption properties of silicon, but dif-
fer in how they are addressed and read out. CCDs and CMOS sensors inte-
grate charge that has accumulated at a junction, while PDAs are
addressable photodiodes and measure photocurrent. For this reason, CCDs
and CMOS sensors can have an extremely wide dynamic range, since the
integration time can be varied accurately from milliseconds to many minutes.
Array detectors using the other semiconducting materials are usually in the
form of PDAs.

Detectors are often classified according to their noise equivalent power
(NEP), with units of W Hz ", When multiplied by the measurement band-
width, the NEP indicates the radiant power level at which the signal-to-noise
ratio would be unity. Because a detector has a responsivity that is wavelength
dependent, the NEP also depends upon wavelength, but is usually quoted at a
single wavelength. There are two dominant noise sources in solid-state detec-
tors: Johnson noise and shot noise. Johnson noise results from the thermal
motion of electrons in a resistor and is proportional to the square root of the
device’s resistance. Shot noise is due to the Poisson statistics associated with
the random arrival time of the discrete electrons in the detector. For most
solid-state detectors, the NEP is dominated by Johnson noise and thus is pro-
portional to the square root of the area A of the detector. Thus, it is common to
characterize detectors by a specific detectivity, given by

A
D*\/_
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The higher a detector’s D, generally, the more sensitive it is. For further
information, the reader should consult with the technical literature from spe-
cific manufacturers.

There are a few important considerations for detectors used in spectropho-
tometry. Spatial and angle of illumination uniformity is important if the detec-
tor is used directly behind or at the image of the exit slit of a monochromator.
PMTs usually have a wire grid in front of the photocathode, which imparts
strong spatial variations across its sensitive area. The use of a diffuser in front
of the detector can improve the effects of nonuniformity. Even better, but usu-
ally at the loss of some signal, an integrating sphere can be used with a detec-
tor to give very good uniformity.

A very important consideration in all detector applications is linearity.
That is, the signal recorded should be proportional to the radiant quantity inci-
dent upon the detector. It is important to verify the linearity of the detectors
being used in spectrophotometry. Linearity should be considered with the
detector and its associated electronics taken together as a package or detection
system. The radiant quantity is radiant power if the beam underfills the detec-
tor aperture and is irradiance if the beam overfills this aperture. Usually, with
modern electronics design, the low power end of detector responsivity can be
extremely linear. However, all detectors have a level at which they saturate,
usually due to the space charge that accumulates in its active region. As a
result, detectors often exhibit nonlinearity that can either be a function of local
irradiance (power density) rather than total radiant power. In cases where it is
shown that the detection system nonlinearity is reproducible, the effects of
this nonlinearity can be corrected [24].

There are a number of ways of checking for linearity. These methods can
be divided into dependent methods and independent methods. The dependent
methods are based upon performing spectrophotometric measurements on a
set of known samples, such as a solution of different concentrations of an
absorbing compound in a solvent or a set of independently calibrated optical
filters, and testing for linearity in the measured result. For the method that
uses absorbance measurements on different solutions, which is based on the
Beer—Lambert law discussed in Chapter 2, it does not detect nonlinearity
due to absorbance readings being off by a common factor; thus, it needs to
be used in combination with a separate check for linearity [25].

The independent methods assess the linearity of the system, without the
use of a standard. These can be broadly classified into three different meth-
ods: superposition, attenuation, and differential, which are described below.

The superposition method relies on exposing the detector to two indepen-
dent sources of radiation [26-29]. One measures each of the two signals, S
and S,, and then both at the same time Sq,,. If the detector is linear, then
S1+S,=_514. This test is performed over a range of S;,, to assess the range
over which this condition holds true. The measurements from the superposi-
tion method that sums light over two paths can be combined with a technique
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where each path has more than one attenuation setting. Such a device can be
used to determine the nonlinearity function using a least-squares fit to a model
nonlinearity [26,28,29].

A variant of this method, the flux doubling method, uses two apertures in
the beam, opening and closing one or both of them to read the three signal
levels. Figure 3.15 shows a schematic of a device that can be placed in the
sample position of a spectrophotometer. Although the flux doubling method
produces sparse, exponentially spaced data with cumulating uncertainties, it
is a recommended method for checking the linearity of a spectrophotometer.

The attenuation method uses a set of unknown absorbing filters [29]. If the
transmittances are 7q,7,,...,Ty, then combinations of filters, say 7, and 15,
should yield the product 7;7,. By performing a sufficient number of these
measurements, using not just two, but every combination of the filters, one
can determine the values of each of the transmittances and the linearity in
the system over a wide signal range. This method is fairly easy to perform
in a spectrophotometer, since it uses the established setup for which it is
designed. However, one should be careful to avoid interreflections between
the filters, which can cause the total transmittance to not follow the simple
product rule. One way to minimize interreflections is to slightly tilt these fil-
ters in opposite directions.

The differential method applies a small, constant ac fluctuation to the lamp
power and measures the ac fluctuation of the detected signal [30]. If the detector
is linear, the ratio of the ac fluctuation to the dc value will remain constant.
Different filters can be placed in the beam to change the overall power level.
It may seem logical to perform this with a single sample having spectral
features covering a wide range of transmittances (see, e.g., Fig. 3.13). However,
the ac modulation of the lamp radiance will depend upon wavelength. This
method is more difficult to perform in a standard spectrophotometer, because
one does not necessarily have direct access to the lamp power.

FIGURE 3.15 Schematic of a device used for measuring the linearity of a spectrophotometer or
a detector. The beam passes through the two apertures in the back plate. In (a), both apertures are
open, in (b) the bottom aperture is open, in (c) the top aperture is open, and in (d) neither aperture
is open. Position (d) is not necessary for linearity testing, but it is useful for isochromatic SRE
measurement.



Spectrophotometry

REFERENCES

[1] M. Born, E. Wolf, Principles of Optics, Pergamon, Oxford, 1980.

[2] S.P. Davis, Diffraction Grating Spectrographs, Holt Rinehart and Winston, New York, 1970.

[3] F. Grum, R.J. Becherer, Radiometry, Academic Press, New York, 1979.

[4] J.F. James, R.S. Sternberg, The Design of Optical Spectrometers, Chapman and Hall,
London, 1969.

[5] F.A.Jenkins, H.E. White, Fundamentals of Optics, second ed., McGraw Hill, New York, 1950.

[6] C. Palmer, E. Loewen, Diffraction Grating Handbook, sixth ed., Richardson Grating Labora-
tory, Rochester, New York, 2005.

[7] R.A. Sawyer, Experimental Spectroscopy, Dover, New York, 1963.

[8] R.W. Wood, On a remarkable case of uneven distribution of light in a diffraction grating
spectrum, Philos. Mag. 4 (1902) 396—402.

[9] R. Kitamura, L. Pilon, M. Jonasz, Optical constants of silica glass from extreme ultraviolet
to far infrared at near room temperature, Appl. Optics 46 (2007) 8118-8133.

[10] Y. Zong, S.W. Brown, B.C. Johnson, K.R. Lykke, Y. Ohno, Simple spectral stray light cor-
rection method for array spectroradiometers, Appl. Optics 45 (2006) 1111-1119.

[11] CJ. Sansonetti, M.L. Salit, J. Reader, Wavelengths of spectral lines in mercury pencil lamps,
Appl. Optics 35 (1996) 74-717.

[12] J.E. Sonsonetti, W.C. Martin, Handbook of basic spectroscopic data, J. Phys. Chem. Ref.
Data 34 (2005) 1559-2259.

[13] C. Burgess, J. Hammond, Wavelength standards for the near-infrared spectral region,
Spectroscopy 22 (2007) 40-47.

[14] W.H. Venable Jr., K.L. Eckerle, Didymium glass filters for calibrating the wavelength scale
of spectrophotometers—SRM 2009, 2010, 2013, and 2014, National Bureau of Standards,
Washington, DC, 1979, Special Publication 260-266.

[15] D.W. Allen, Holmium oxide glass wavelength standards, J. Res. Natl. Stand. Technol.
112 (2007) 303-306.

[16] O.D.D. Soares, J.L.C. Costa, Spectrophotometer spectral bandwidth calibration with absorp-
tion bands crystal standard, Appl. Optics 38 (1999) 2007-2013.

[17] S.J. Choquette, J.C. Travis, L.E. O’Neal, C. Zhu, D.L. Duewer, A rare earth oxide glass for
the wavelength calibration of near infrared dispersive and Fourier transform spectrometers,
Spectroscopy 16 (2001) 14-19.

[18] S.J. Choquette, J.C. Travis, D.L. Duewer, SRM 2035: a rare earth oxide glass for the wave-
length calibration of near infrared dispersive and Fourier transform spectrometers, Proc.
SPIE 3425 (1998) 94-102.

[19] J.C. Travis, J.C. Acosta, G. Andor, J. Bastie, P. Blattner, C.J. Chunnilall, S.C. Crosson, D.
L. Duewer, E.A. Early, F. Hengstberger, C.-S. Kim, L. Liedquist, F. Manoocheri,
F. Marcader, L.A.G. Monard, S. Nevas, A. Mito, M. Nilsson, M. Noél, A.C. Rodriguez,
A. Ruiz, A. Schirmacher, M.V. Smith, G. Valencia, N. van Tonder, J. Zwinkels, Intrinsic
wavelength standard absorption bands in holmium oxide solution for UV/visible molecular
absorption spectrophotometry, J. Phys. Chem. Ref. Data 34 (2005) 41-56.

[20] J.C. Travis, J.C. Zwinkels, F. Mercader, A. Ruiz, E.A. Early, M.V. Smith, M. Nogl,
M. Maley, G.W. Kramer, K.L. Eckerle, D.L. Duewer, An international evaluation of hol-
mium oxide solution reference materials for wavelength calibration in molecular absorption
spectrophotometry, Anal. Chem. 74 (2002) 3408-3415.

[21] ASTM E387-04, Standard test method for estimating stray radiant power ratio of dispersive
spectrophotometers by the opaque filter method, ASTM, West Conshohocken, PA, 2009.


http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0005
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0010
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0015
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0020
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0020
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0025
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0030
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0030
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0035
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0040
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0040
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0045
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0045
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0050
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0050
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0055
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0055
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0060
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0060
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0065
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0065
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0070
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0070
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0070
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0075
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0075
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0080
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0080
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0085
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0085
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0085
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0090
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0090
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0090
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0095
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0095
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0095
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0095
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0095
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0095
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0100
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0100
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0100
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0100

Chapter | 3 Dispersive Methods

[22] H. Zhu, P. Blackborow, LDLS sheds light on analytical-sciences applications, Laser Focus
World 47 (12) (2011) 53.

[23] R.R. Alfano, The Supercontinuum Laser Source, second ed., Springer, New York, 2006.

[24] J. Zwinkels, D. Gignac, Automated high precision variable aperture for spectrophotometer
linearity testing, Appl. Optics 30 (1991) 1678-1687.

[25] A. Reule, Testing spectrophotometer linearity, Appl. Optics 7 (1968) 1023-1028.

[26] A. Thompson, H.-M. Chen, Beamcon III, a linearity measurement instrument for optical
detectors, J. Res. Natl. Inst. Stand. Technol. 99 (1994) 751.

[27] K.D. Mielenz, K.L. Eckerle, Spectrophotometer linearity testing using the double-aperture
method, Appl. Optics 11 (1972) 2294-2303.

[28] R.D. Saunders, J.B. Shumaker, Automated radiometric linearity tester, Appl. Optics
23 (1984) 3504-3506.

[29] L. Coslovi, F. Righini, Fast determination of the nonlinearity of photodetectors, Appl. Optics
19 (1980) 3200-3203.

[30] R.G. Frehlich, Estimation of the nonlinearity of a photodetector, Appl. Optics 31 (1992)
5926-5929.


http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0105
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0105
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0110
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0115
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0115
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0120
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0125
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0125
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0130
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0130
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0135
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0135
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0140
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0140
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0145
http://refhub.elsevier.com/B978-0-12-386022-4.00003-0/rf0145

This page intentionally left blank



S Chapter 4

Fourier Transform Methods

Simon G. Kaplan* and Manuel A. Quijada’
*National Institute of Standards and Technology, Gaithersburg, Maryland, USA
NASA Goddard Space Flight Center, Code 551, Greenbelt, Maryland, USA

&

4.1

4.2

4.3

o

hapter Outline

Introduction: Ideal
Michelson Interferometer 98
Real Fourier Transform
Spectrometers 101
4.2.1 Finite Scan Length

and Source Size:

Spectral Resolution 101
4.2.2 Sampling the

Interferogram:

Spectral Bandwidth 106
4.2.3 Phase Error and

Phase Correction 107
4.2.4 FTS Versus Dispersive

Instruments 110
4.2.5 FTS Design

Considerations 114
4.2.6 Instrument Design

Examples 121
Sources of Uncertainty and
Their Reduction 123
4.3.1 Noise 124
4.3.2 Interferometer

Alignment Drift 124
4.3.3 Phase Error 125
4.3.4 Detector

Nonlinearity 126
4.3.5 Interreflections 129
4.3.6 Nonsource

Emission 130

4.4

4.5

4.3.7 Beam Geometry
Errors 132
4.3.8 Polarization Effects 133

4.3.9 Stray Light 134

4.3.10 Atmospheric
Absorption 134

4.3.11 Wavenumber
Uncertainty 135

Measurement Applications 136

4.4.1 Measurement of
Transmittance and
Reflectance

4.4.2 Measurement of
Refractive Index

4.4.3 Assessment of the
Accuracy of FTS
Measurements

Recommendations for

Accurate FTS

Measurements

4.5.1 Matching Instrument
to Measurement

136

137

137

138

Requirements 138
4.5.2 Instrument Software
and Data Handling 139
4.5.3 Maintenance of
Measurement
Traceability 139
References

Experimental Methods in the Physical Sciences, Vol. 46. http://dx.doi.org/10.1016/B978-0-12-386022-4.00004-2
© 2014 Elsevier Inc. All rights reserved.

140
_/

97

~



http://dx.doi.org/10.1016/B978-0-12-386022-4.00004-2

Spectrophotometry

4.1 INTRODUCTION: IDEAL MICHELSON INTERFEROMETER

A stable source of spectrally defined optical radiation is a primary require-
ment for spectrophotometry. Major advances have been made in recent years
in tunable lasers and other compact solid-state light generating devices, but
most laboratory work in spectrophotometry is still done using broadband ther-
mal sources and some type of opto-mechanical apparatus for spectral defini-
tion. The previous chapter described the use of dispersive spectrometers
which separate the source light spatially into spectral bins. In this chapter,
we describe a complementary method that uses scanning interferometry
to generate the Fourier transform of the source spectrum. With a FTS, the
light is not spatially dispersed, so the entire spectrum is observed simulta-
neously. This approach has advantages, but also leads to a somewhat different
set of concerns in making accurate spectrophotometric measurements, as we
discuss below.

While there are many different FTS designs used for spectrophotometry,
most commercially available instruments operate on the principle of the
Michelson interferometer. The concept of Michelson’s original design [1] is
shown in Fig. 4.1. Consider a source of monochromatic plane waves of wave-
length / incident from the right. The basic idea of the instrument is to split the
incident wave into two nominally equal components, introduce a precisely
measured phase difference between them, and then send the recombined out-
put beam (bottom) to the detector. For simplicity, we consider an infinitesi-
mally thin, nonabsorbing beamsplitter with Fresnel reflection and
transmission coefficients r and ¢, respectively, assume perfectly reflecting
mirrors, and also ignore polarization for the time being.

The time-dependent electric field at the input side of the beamsplitter can
be represented in complex notation as Eoe’®, where E represents the electric

Fixed mirror
]
d
Moving mirror rEq reflected
Input
i X2 —— 1 =

d Eoeimt
€, Beamsplitter
transmitted

Output

\/ Detector

FIGURE 4.1 Optical layout of a Michelson interferometer, showing the input and output ports,
the fixed and moving mirrors, and beamsplitter. Plane wave radiation incident from the input port
is split into two components which are recombined and sent to either port.
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field amplitude and w =2mnc/A is the radial frequency of the wave. One com-
ponent of the split wave is first reflected upward, bounces off of the fixed mir-
ror, and then is transmitted through the beamsplitter. Another component is
first transmitted, reflects from the moving mirror, and then is reflected from
the beamsplitter toward the detector. The sum of these two amplitudes, Eg.,
is given by:

Eget = Eret + Erans = t(rEOei(wt—Zerd)) +r (IEoei((ut—2n0(2d+x)))

— rtEoei((0172n62d) + trEoei((01727m'(2d +X)) , (4 1)

where o0 =1/4 is the wavenumber of the incident light, d is the distance from
the center of the beam splitter to either of the mirrors in “zero-path-
difference” (ZPD) configuration, and x is the optical path difference (OPD)
introduced by displacing the moving mirror by x/2. The additional terms in
the exponentials represent the phase change in the transmitted and reflected
components upon making their round trips back to the beamsplitter. We can
apply Eq. (2.39) for the time-averaged Poynting vector to derive the irradi-
ance at the detector plane of the recombined plane wave as

E= lZO < |rtEge =272 4 gy Eqe! (@12 (24 ) |2> 4.2)
2 ’ '

where Z, is the impedance of free space as defined in Chapter 2. We have
taken the refractive index of the propagation medium to be 1. Equation (4.2)
then reduces to

1 o .
E :EZOPT|EO|2(2+672mm +62mm\)

:%nso(l +cos (2nox)), (4.3)

where p = Ir?, T =1If>, =4p1 is the beamsplitter efficiency, and Sy = (1/2)Zo/Eol*
is the incident beam irradiance [2,3].

The irradiance at the detector plane thus shows a sinusoidal dependence
upon x, as shown below in Fig. 4.2. At x=0, the two components of the split
wave add up in phase and if n=1 then all the incident light is transmitted
through to the detector port. This also occurs where x is any integer multiple
of the source wavelength, while destructive interference leads to zero transmit-
ted light at half-integer multiples of 4. At these points, the light is completely
returned to the input port. In general, we are not concerned with this back-
reflected radiation unless some of it comes through again to eventually reach
the detector and lead to measurement error, as discussed in Section 4.3.

It is clear from Eq. (4.3) and Fig. 4.2 that a Michelson interferometer is an
excellent device for measuring the wavelength of light with high precision. In
fact, its original application was to determine whether the wavelength of light
varied (and thus, the speed of light varied) relative to the uniform motion of
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FIGURE 4.2 Modulation of collimated monochromatic light by an ideal Michelson interferom-
eter as a function of OPD. Measurement of the modulated signal versus x leads to a precise
determination of 4.

the earth through space. It did not and therefore the hypothesis of stationary
ether was shown to be incorrect [4]. Eventually, interferometric measurements
of the wavelength of lasers tied to atomic frequency standards became so pre-
cise that the meter itself was redefined in terms of the speed of light in vac-
uum and the second [5]. Interferometers with various designs are routinely
used today for high-accuracy measurements of laser or atomic emission line
wavelengths. However, the real utility of interferometers in spectrophotome-
try comes with broadband input sources (a point that was apparently realized
by Michelson very early on Ref. [6]). Equation (4.3) can be extended to apply
to a broadband input source as

1 o0
E(x) :EWJ S+ (1+cos(2nox))do, (4.4)
0
where we have replaced the Poynting flux/unit area of the monochromatic
input wave with an integral over the input spectral irradiance denoted by S,,.
Equation (4.4) can then be rewritten as
1 I (™
I(x)=E(x) —577|So| :EUJ Sscos(2nox)da. 4.5)
0
With the x-independent term subtracted from both sides, the right-hand side
can be recognized as the cosine Fourier transform of the source spectral irra-
diance. In practice, the quantity on the left hand side of Eq. (4.5) is called the
interferogram, and S, is referred to simply as the spectrum. In most working
FTS instruments, the detector output is ac-coupled as the moving mirror is
scanned to produce audio-frequency modulation of the signal. Any residual
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dc signal from the input amplifier is subtracted before processing the interfer-
ogram, /(x). However, it should be remembered that for a broadband source,
on average, approximately half of the incident radiation is present as a dc
background on the detector. This can have an important effect on the linearity
of the measurements, as discussed in Section 4.3.

In order to recover the spectrum from the recorded interferogram, one
performs an inverse cosine transform

Se= %Jm I(x)cos (2nox)dx, (4.6)

—00

where now the integral is over all values of x. The relationship between the
interferogram and spectrum is illustrated in Fig. 4.3, which shows the spectra
and the central portion of the respective interferograms of a hypothetical
source centered near 2000 cm ™' of irradiance 47 mW/cm? with lorentzian line
shape and three different line widths. The narrow band source shown in
Fig. 4.3a produces a nearly sinusoidal modulated signal in the interferometer,
while the broader sources in (b) and (c) produce interferograms which are pro-
gressively more peaked near x=0. In each case, constructive interference
yields a maximum signal at x=0, but the phase differences in the different
spectral components of the broader sources yield destructive interference
and rapidly diminishing modulation as the path difference is increased.
In general, it can be seen that the central part of the interferogram contains
information about the overall shape of the spectrum, while the outlying parts
contain the high-resolution information.

Equations (4.5) and (4.6) represent the mathematical description of an
ideal FTS instrument that features a perfectly collimated light beam, infinite
extent for the mirror drive, and infinitesimal spatial resolution in sampling
the modulated signal. Any real spectrometer of course uses a finite-sized
source (and hence has nonzero beam divergence) and has limits on the mirror
motion and fineness of the sampling grid. We see in the next section how
these physical constraints determine the resolution and spectral bandwidth
of the instrument.

4.2 REAL FOURIER TRANSFORM SPECTROMETERS
4.2.1 Finite Scan Length and Source Size: Spectral Resolution

Most modern FTS instruments are designed to scan the moving mirror sym-
metrically about the ZPD point, at least over part of their full range of motion.
In this case, the OPD covers the range —L <x < L. Thus, the interferogram is
only measured over a finite range of values for x, and the inverse cosine trans-
form integral in Eq. (4.6) must be truncated at +L. Another way of looking at
the truncated integral makes use of the fact that the Fourier transform of the
product of two functions is equal to the convolution of their individual Fourier
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FIGURE 4.3 Spectral irradiance (left) and modulated interferogram irradiance (right) of a hypo-
thetical source with a Lorentzian line shape centered near 2000 cm ™! with a line width of (a)
2cem™Y, (b) 150 cm ™!, or (c) 1500 cm L.

transforms. We may consider the ideal interferogram in Eq. (4.6) to be multi-
plied by the rectangular function II(x/L), where II(y)=1 if Iyl<1 and
0 otherwise:

Tops (x) = I(x)TT (%) . 4.7)
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The observed spectrum S, Will therefore be the convolution of the ideal S,

from Eq. (4.6) and the Fourier transform of the IT function [2], which is just
a sinc function

* sin(2nLa”)

Sobs () :J SJ—J’ZLW

—00

do’. 4.8)

The results of Eqs. (4.7) and (4.8) are illustrated for a monochromatic
source in Fig. 4.4. The infinitely extending cosine interferogram would produce
a delta function spectrum through Eq. (4.6). Upon truncation with the rectangu-
lar function in Eq. (4.7), we see the spectral response changing to a sinc
function (right frame). The width of the central lobe of this curve is given by

0 ! 4.9

o=r 4.9)

which is therefore the spectral resolution of an FT'S with maximum OPD of L.
The form of Eq. (4.8) may be recognized as the general expression that
defines the instrument line shape (ILS) of a spectrometer. In the case of an
FTS with an abruptly truncated interferogram, the ILS is thus a sinc function.

While there is nothing intrinsically “wrong” with this ILS, the strong
ringing and even negative ordinate values that are seen in the vicinity of
sharp, incompletely resolved spectral features can be a cause of concern in
practice. One could take a model expression for the sample optical property
(say, transmittance) that one is measuring and run it through Eq. (4.8) before
comparing to the FTS data. Then, line width or absorption cross-section data
could be extracted without loss of spectral information. Often such a model

— I(x)
— Unapodized
----- Triangular apodization

1(%)

-L +L o
X
FIGURE 4.4 Effect on the recorded spectrum (right frame) of truncating the interferogram of a
monochromatic source (left frame) in an FTS instrument. The thin curves show the response of an
ideal FTS, while the thick and dashed curves show the results of rectangular truncation or trian-
gular apodization of the interferogram, respectively.
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expression is not readily available or would have too many parameters to be
of practical use. It therefore is common practice to multiply the recorded
interferogram by a smooth function equal to one at x=0 that goes to zero
at x==xL before applying Eq. (4.6) to retrieve the spectrum, and thereby
reduce the amplitude of the spectral side lobes to an acceptable level. This
procedure is called apodization (from Latin for “remove the foot”) and is
equivalent to replacing the sinc function ILS in Eq. (4.8) with the Fourier
transform of the apodization function.

The simplest apodization function is the triangular form shown as the
dashed line in Fig. 4.4 which yields a sinc? ILS, the same as a monochromator
with rectangular slits and diffraction-limited resolution. The apodization pro-
cedure can be seen to significantly reduce the amplitude of the side lobes and
produce a strictly nonnegative theoretical spectrum so any negative values can
then be attributed to noise or some other error source. However, this smooth-
ing comes at the cost of about 50% degradation in spectral resolution. Spec-
troscopists have come up with many different apodization functions, and the
reader is referred to literature on the subject [3] for further information. There
is a trade-off between side lobe suppression, resolution degradation, and dis-
tortion of the spectral line shape. Popular general-purpose functions include
Happ-Ganzel and variations of Norton-Beer and are typically included with
the software packages that come with commercial FTS instruments. As a gen-
eral rule, it is a good idea to use one of these apodization functions if the spec-
tral data in question contain features that are not completely resolved, but if
everything is well-resolved then simple rectangular truncation of the interfer-
ogram in Eq. (4.7) (sometimes called “boxcar” apodization) is fine. If you
find yourself in a situation where you cannot decide if a spectral feature is
real or not, and its behavior depends strongly on the choice of apodization
function, the best course may be to simply increase the resolving power oL
if possible and average longer.

A second limitation on the resolving power of a real FTS comes from the
finite source size and consequent lack of perfect beam collimation in the
interferometer. Typically, the input radiation for an FTS originates from a
blackbody or lamp irradiated aperture at the focal point of a collimating
mirror. The combination of aperture size and collimator focal length deter-
mines the range of angles relative to the central optical axis that are present
in the interferometer beam. Imagine a bundle of rays that pass through the
interferometer at an angle o, and bounce off the moving mirror as shown in
Fig. 4.5. Considering the distance between the perpendicular phase fronts,
we can see that the OPD on the round trip between the beamsplitter and the
moving mirror will be shorter than the on-axis rays and in fact is given by
x cos(o) instead of x. Thus, the mirror will have to move farther to produce
the same phase difference as the on-axis rays, and the off-axis light will be
recorded at a longer wavelength in the spectrum, leading to an error that needs
to be corrected for.
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FIGURE 4.5 Rays that strike the moving mirror of an FTS at an angle o experience an OPD of
x cos(x) as opposed to x for on-axis rays.

Extending this argument to a range of off-axis angles, it is clear that there
will be a spread of wavelengths recorded for a given input wavelength, and
thus a loss in spectral resolving power in addition to a net wavelength bias
in the instrument. In fact, for an azimuthally symmetric beam the modulation
efficiency of the interferometer is directly dependent upon the beam diver-
gence. Assuming a uniform distribution of « from 0 to (Qm/n)” 2 where Qn
is the solid angle of the beam extent, it can be shown [2] that Eq. (4.5) is
generalized to:

1 o Qn Qn
I(x)= E”L Qnsinc (ov;n ) Sycos(2nox (1 - E) )do. (4.10)
Comparing Egs. (4.10) and (4.5), we can see there are two modifications due
to the integration over off-axis rays. First, there is the prefactor “envelope
function” Q,sinc(ox€2,,/2m) before the spectrum. For a maximum OPD of
L, the first zero of the sinc function will occur at 6L =27/, and the ampli-
tude of the side lobes will decrease after that. Therefore, from Eq. (4.9), to
retain the full resolving power of the instrument, it is necessary to impose a
limit on the maximum solid angle of the beam:
2ndo

Q< . (4.11)
o

Any rays beyond this maximum angular extent will experience reduced or
even reversed phase modulation. As the mirror is scanned to longer OPD, the
ideal cosine variation in irradiance for a given wavenumber component of the
spectrum will be diminished by the envelope function in Eq. (4.10) and thus
the effective spectral resolution will be decreased. This effect is sometimes
called “‘self-apodization” of the interferogram and determines the degree of
beam collimation required for a given resolving power in an FTS instrument.
The second difference between Eqgs. (4.5) and (4.10) is the factor of 1 — (2,,/47)
inside the cosine function in Eq. (4.10). This can be thought of as a scale factor
on the wavenumber o, and produces a relative wavenumber shift

d—0 Qn 1

__"m_ 4.12
o 4n 2R, .12)
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where Ry, = (27/Qy,) is the maximum resolving power of the instrument.
This wavenumber error is half the maximum resolution for a given instrument
solid angle or f-stop. It is a straightforward matter to correct for it, as some
commercial instrument software does automatically. In general, one has to
keep careful track of the optical setup when using an FTS for a spectrophoto-
metric measurement in order to know what actually limits the instrument
beam divergence and make the appropriate wavenumber correction, as well
as to report the correct spectral resolution. In practice, this information can
be obtained by measuring atomic discharge lamps, or narrow atmospheric
absorption lines, similar to what one would do to calibrate the wavelength
scale and resolving power of a dispersive spectrometer.

4.2.2 Sampling the Interferogram: Spectral Bandwidth

The OPD of an FTS may be scanned continuously or in finite steps. In either
case, the interferogram must be sampled with fine enough spatial resolution that
the inverse cosine transform of Eq. (4.6) may be performed to retrieve the spec-
trum. Typically for a continuously scanning system, this is done using a single-
mode HeNe laser in parallel with the source beam of the FTS to track the OPD
from the recorded cosine interferogram of the laser and trigger the collection of
source beam data at regular spatial intervals. In newer designs, the laser metrol-
ogy beam and source beam may be sampled asynchronously at very high rates,
and the x-positions in the source interferogram interpolated from the laser
signal. This helps to correct for changes in mirror speed during the scan.

However, after the data are collected and processed, in the end one has a
discretely sampled signal in the spatial domain that will be transformed to a
spectrum in the wavenumber domain using a discrete form of Eq. (4.6). This
usually makes use of the inverse fast Fourier transform (iFFT) algorithm,
which assumes a regular sampling grid. Thus, for an interferogram sampled
at intervals of Ax, from —L to +L, the iFFT will yield a spectrum of values
at regular intervals of 1/(2L) from O to 1/(2Ax). From Nyquist’s theorem,
any signal present at wavenumbers larger than on=1/(2Ax) will be “folded”
back into the recorded spectrum at the wrong wavenumber. For most spectro-
photometry applications in the visible through infrared spectral regions at
moderate resolutions of >0.1 cmfl, it is better to err on the side of caution
and decrease the sampling interval Ax so that this folding frequency is com-
fortably above the spectral region of interest. Even over sampling by a factor
of two or more is usually not a strain on the storage capacity or processing
power of contemporary microcomputers.

It is a good idea to limit the actual electrical and optical bandwidths of the
instrument as much as possible to only record data in the desired wavenumber
region, with the use of electrical and optical low-pass filters. In this way, any
high-frequency signals that are under sampled will not end up contributing
noise in the spectral region of interest. Continuously scanning systems have
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a direct relationship between the modulation frequency f of the detected signal
and the wavenumber of corresponding spectral component: f=gv, where v is
the rate of change in OPD. The minimum sampling interval is thus limited by
v for a given analog-to-digital conversion system bandwidth. The optimum
scan rate is usually constrained by 1/f noise and mechanical stability on the
slow end, and by mirror inertia and driving force on the fast end. For typical
bench top FTS instruments, it is in the 0.1-5 cm/s range. Thus, an analog-to-
digital converter (ADC) with 1 MHz bandwidth will probably be adequate.
The scan rate and sampling interval can be adjusted to optimize stability
and signal-to-noise ratio (SNR), as discussed in Section 4.3.

4.2.3 Phase Error and Phase Correction

The model of FTS response represented in Eqgs. (4.5) and (4.10) will always
produce a symmetric interferogram, with /(x)=I(—x) and a maximum at
x=0. This simply reflects the setup from Fig. 4.1, where the phase difference
between the two split wave components is entirely due to the difference in
geometrical path length in the two arms of the interferometer. In practice,
there are other possible sources of phase shift.

Most beamsplitters for the mid- to near-infrared spectral region are con-
structed from thin film coatings on crystalline substrates, where the coating
is designed to give close to 50% reflectance and transmittance values over
the wavenumber range where the substrate is transparent. Generally, the sub-
strate needs to have a thickness on the order of a centimeter to achieve flat-
ness to within a small fraction of a wavelength across the beam.
Considering again the optical layout in Fig. 4.1, if the reflective coating is
on the input side of the beamsplitter, one can see that the component reflected
from the fixed mirror will be transmitted only once through the substrate,
while the moving mirror component will go through three times. The extra
optical path length for the moving mirror component would result in a phase
shift, so that the ZPD point for a given input wavenumber will not generally
occur at x=0. In fact, dispersion in the dielectric substrate material will pro-
duce a wavenumber-dependent phase shift, and the resulting interferogram for
a broadband source will be “chirped” as well as shifted in x. This effect is usu-
ally minimized by including on the reflective side of the beamsplitter a
“compensator” plate of the same thickness and material as the substrate. How-
ever, small errors in manufacture and alignment will leave behind some resid-
ual uncompensated phase shift between the two arms of the interferometer.

Another source of wavenumber-dependent phase shift for continuously
scanning FTS systems comes from the frequency-dependent response of the
detector/amplifier. In addition to the natural roll-off and phase shift of a typi-
cal current or voltage amplifier at higher frequency, one usually adds a low-
pass filter to reduce the effect of inadequately sampled high-frequency noise,
as discussed in the previous section. Thus, each wavenumber component of
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the spectrum will produce a sinusoidal signal with a different phase shift,
producing a similar effect to beamsplitter dispersion. There is a trade-off
between aggressively filtering out high-frequency noise, and introducing large
phase shifts into the higher wavenumber components of the spectrum.
Finally, as discussed in the previous section, the sampling of the interfer-
ogram cannot be continuous, so one will not in general end up with a set of
data points that is symmetrically distributed about x=0. While this may seem
to be a trivial issue, in practice, it is often the largest contributor to phase
error, especially at longer wavelengths where the dispersion and electrical
bandwidth effects are smaller. The net result of these effects is that the
recorded interferogram will in general be asymmetric, and an inverse Fourier
transform analysis will yield a spectrum with both real and imaginary compo-
nents. Since the actual optical power spectrum recorded by the detector must
be a real quantity, one needs to somehow account for the extraneous phase
shifts before using the data to derive spectrophotometric quantities.
Mathematically, the most efficient way to describe the wavenumber-
dependent phase shift in an FTS is to first rewrite Eq. (4.5) in complex form:

|
I(x):inJ' S,e™*dg, (4.13)

—00

where now the integral runs over negative as well as positive wavenumbers,
so the imaginary component cancels out. It is then a simple matter to include
a wavenumber-dependent phase factor ¢ (o) as

|
Iobs(x):gnj S,e/2m+2l9) 4. (4.14)

—00

Except in the vicinity of very strong spectral features in the beamsplitter or
instrument electronics, ¢(g) should be a smooth, slowly varying function of
wavenumber. It can therefore generally be derived from a low-resolution
interferogram that is sampled over roughly equal intervals on both sides of
the peak signal.

The basic outline of one method of phase correction can be seen in
Fig. 4.6. The recorded interferogram /,,s(x) in frame (a) is shifted so that a
point near the maximum signal becomes x =0. Then, the interferogram is apo-
dized with a smooth function that goes to zero after a relatively small number
of sample intervals (often +128 or +256 points). An inverse FFT is applied to
yield the low-resolution complex spectrum S’'(¢) shown in frame (b). The
phase shift ¢(o) is then calculated as

@(o) =tan ™! [In;(s/(g))] , (4.15)

as shown in frame (c). This function is smoothly interpolated to the same fre-
quency grid as the high-resolution complex spectrum §’(¢) (which could be
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FIGURE 4.6 Phase correction of an asymmetric interferogram to yield a real spectrum. Frame
(a) shows the central portion of the interferogram, (b) the real (solid line) and imaginary (dashed
line) parts of the low-resolution complex spectrum, (c) the phase function, and (d) the final phase
corrected spectrum.

effected by simply leaving zeroes in the feet of the apodized interferogram
from step (a)) and used to “rotate” the complex spectrum back to the real axis
as shown in frame (d)

S, =e 98 (g). (4.16)

At this point, one can examine the resulting spectrum to see if it makes
sense. In the case illustrated in Fig. 4.6, the results in frame (d) look reason-
able. The spectrum goes to zero at wavenumbers lower than about 600 cm ™",
consistent with the band gap of the photoconductive HgCdTe detector that
was used to collect these data. The spectrum is nonnegative and has the cor-
rect general shape based on the roughly Planckian output of the approximately
1200 K source and known absorption features in the optics such as OH™ near
3500 cm™'. The phase function shown in frame (c) does vary smoothly as a
function of wavenumber and stays within the range of +nr/2. If ¢(o) goes
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through many windings of =, this indicates that the x=0 point was chosen
poorly and the analysis should be repeated with a new starting point, or
possibly there is an alignment issue with the FTS which needs to be
addressed.

In general, one may not have roughly equal sampling of the interferogram
on both sides of ZPD. If the interferogram is mostly one sided, then the
weighting of the FFT must be done appropriately; the analysis is either per-
formed in interferogram or spectrum space. Popular methods incorporated
into commercial FTS software include those of Mertz [7] and Forman et al.
[8]. For spectrophotometric applications, it is important that the FT'S phase
function be properly handled for both the “sample” and “reference” spectra
used to derive spectral transmittance, for instance. This means either that
the phase does not change appreciably between these two measurements or
that any drift in the FTS phase is accounted for. Some of the ways in which
this can go wrong are discussed below in Section 4.3.

One may ask why it is necessary to go through the process described in
Egs. (4.14)—(4.16) at all in the case of spectrophotometry. One could simply
use the modulus of §’'(¢) and ignore the phase completely in calculating spec-
tral ratios. There are several problems with this approach. First of all, the
modulus spectrum includes extra noise from the imaginary component and
is “rectified” such that the spectrum will not average to zero as it should in
wavenumber ranges where the sample is black. This can produce large rela-
tive errors where the transmittance or reflectance of the sample is small. Also,
in practice it is often necessary to account for detected signal which does not
originate from the source, but from other components such as the sample or
optics. These signals will in general have different phase shifts that need to
be kept in the calculation up to the last step. Correcting the phase in FTS mea-
surements is somewhat analogous to doing proper phase sensitive detection
with a lock-in amplifier.

4.2.4 FTS Versus Dispersive Instruments

4.2.4.1 Spectral Multiplexing

Consider an FTS instrument using a source with spectral radiance L,
(W/em?/st/em™") and optical throughput ma®Q, where a is the beam radius
and Q is the solid angle of accepted rays in the interferometer, and interferom-
eter modulation efficiency 7. Typically, in the mid-infrared spectral region,
the SNR of an FTS instrument using a moderate temperature (approximately
1200 K) thermal source is limited by noise in the detector rather than in the
source. In this case, the SNR for a given spectral interval ¢ and averaging
time At is given by

Lo (na*Q)(n)(80) (at!/?)
NEP ’

SNR = “4.17)
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where NEP is the noise equivalent power of the detector (W/Hz'"?). The key
feature of this otherwise generic expression is that for an FTS, all of the spec-
tral bins are averaged for time Az simultaneously, as opposed to a dispersive
instrument where the averaging is done sequentially, and each interval is only
observed for time A#/N, where N is the number of spectral bins. Thus, the FTS
in principle has a SNR advantage compared to a dispersive instrument given
by the square root of the number of spectral bins in the measurement. This is
sometimes called the multiplexing advantage or Fellgett’s advantage [9].

Equation (4.17) assumes that the beam solid angle is small enough that
self-apodization effects can be ignored and the spectral resolution is only lim-
ited by the OPD in the FTS. This is often true in practice as the limiting aper-
ture for the source is typically set to smaller than required for a given
resolution because of the need to limit the flux on the detector or because
of sample or detector size limitations. If the FTS is operated at the limit of
its spectral resolving power, then we can use Eq. (4.11) to substitute for Q
in Eq. (4.17) and arrive at

L,(2n%a*)(n)(30)* (at)'/?

SNR = )
(o)NEP

(4.18)

where the SNR is now seen to be proportional to resolution squared, as in the
case of a dispersive instrument where both the entrance and exit slits are
reduced in width to achieve finer spectral resolution. This expression also
indicates the importance of using largest possible value for da, which does
not cause significant spectral errors due to convolution of the sample or refer-
ence spectra with the ILS. A typical rule of thumb is that 3¢ should be equal
to 1/5 of the smallest line width of interest in the spectrum [3].

The multiplexing advantage of an FTS relative to a dispersive spectrome-
ter of similar wavenumber coverage and resolution assumes that both instru-
ments are using single-element detectors. Some dispersive spectrometers
make use of one-dimensional array detectors configured to average over mul-
tiple spectral bins at the same time, thus achieving the same advantage as a
single-detector FTS. Of course, FTS instruments can also use multiple detec-
tors, in particular two-dimensional arrays to achieve imaging capability, or
enhanced spectral resolution. Many different designs have been realized for
both types of instruments that trade-off spectral and spatial degrees of free-
dom for various applications.

In general, there are other significant sources of noise in addition to ther-
mally induced electrical fluctuations in the detector. In particular, in the near-
infrared, visible, and near-ultraviolet spectral region, where low-noise Si or
InGaAs photoconductive detectors are available, photon shot noise in the
source may be the dominant contributor. The denominator of Eq. (4.17) would
then be proportional to (L,)"? for an FTS instrument but only (L,/N)? for a
dispersive instrument. The factors of 1/N'/? in the numerator and denominator
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would cancel for the dispersive case, and there would be no difference in SNR
between the FTS and dispersive spectrometers. In this case, a dispersive
instrument with an array detector used for spectral averaging would have a
SNR advantage of N 172 compared to the single-element FTS.

Another limiting case occurs when the noise in the system is dominated by
fluctuations in overall source output. This can be caused for instance by insta-
bility in the source power supply or mechanical vibrations. In this case, the
noise per spectral bin is proportional to L, for an FTS but only L,/N for a dis-
persive spectrometer, and the dispersive design SNR wins by a factor of N'/?
even for a single-detector element. These SNR considerations, in addition to
the difficulty and expense of making an interferometer work well at very short
wavelengths, explain the predominance of dispersive spectrometers over FT'S
instruments in use for the 250-2500 nm spectral region. However, at longer
infrared wavelengths for spectrophotometry over a wide spectral range, the
FTS advantage from Eq. (4.17) does apply and is realized in superior perfor-
mance in practice as long as other sources of error (Section 4.3) are kept
under control.

4.2.4.2 Throughput and Instrument Size

Another advantage of FTS over dispersive designs is related to the instrument
geometry. Dispersive instruments based on prisms or linear diffraction grat-
ings typically use rectangular slits at the input and output to define the spec-
tral resolution. The optics can be expanded in one spatial direction to collect
more light, but in the other direction are restricted by the desired resolving
power. In the FTS case, both spatial dimensions perpendicular to the beam
can be expanded without affecting the resolving power up to the self-
apodization limit of Eq. (4.11). For a given beam diameter, the FT'S will have
a higher optical throughput. This is sometimes called Jacquinot's
advantage [3].

From Eq. (4.11), we can see that for circular optics with beam radius a the
maximum optical throughput of an FTS is given by

2ndo

Oprs = (na®). (4.19)
This expression can be compared to the throughput for a grating-based
dispersive spectrometer which in first order is given by Ref. [3]

hoo

@D:W

(Ag), (4.20)
where 4 is the slit height, f is the focal length of the collimating mirror, « is
the grating constant, and A is the illuminated area of the grating. For equiv-
alent beam areas, it can be seen that the resolution-limited throughput of the
FTS relative to the grating instrument will tend to increase at larger
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wavenumbers. Putting in values for typical mid-IR dispersive instruments
with spectral coverage from 400 to 5000 cm ™' and 2 cm™' resolution, the
FTS throughput is higher by a factor of 10-300.

In practice, the multiplexing and throughput advantages of infrared FTS rel-
ative to dispersive instruments are somewhat offset by other factors such as the
interferometric modulation efficiency, losses in the beamsplitter, the need to
block part of the beam for a metrology laser path, and frequency dependence
of the detectors used in continuously scanning systems. However, with typical
designs for 2 cm™! resolution in the mid-infrared spectral region, it is fairly
common to have approximately 100 mW of modulated optical power incident
on the detector in an FTS system versus <1 mW for a dispersive system. This
in turn can lead to issues with nonlinearity of the detector response which can
be dealt with in various ways, but most simply by attenuating the beam with fil-
ters or stops, negating some of these advantages. Strategies for making optimal
use of the dynamic range of an FTS are discussed in Section 4.3.

Despite the loss of the multiplexing advantage of the FTS at shorter wave-
lengths, the throughput advantage is sometimes exploited to build instruments
of very high spectral resolution (less than 0.03 cm™ ') of much smaller size
than the equivalent dispersive instrument would be. Such instruments have
been used for measurement of atomic discharge spectra in the visible and
UV [10] as well as for measurement of refractive index of materials [11].

4.2.4.3 Wavelength Scale

Another difference between FTS and dispersive instruments that is worth not-
ing is how they derive the wavelength scale of the spectrum. In an FTS, the
wavelength scale comes naturally from the Fourier transform of the interfero-
gram which is sampled over a grid of OPDs x. These values of x are determined
by reference to the cosine interferogram generated by a collinear single-mode
laser beam. Differences in the average value of x between the metrology laser
and infrared beams due to beam divergence (Eq. 4.12) or misalignment produce
errors in the wavelength scale which are typically less than 0.03% for reason-
ably well-constructed instruments. Moreover, the correction factor is indepen-
dent of wavenumber and thus can be determined by measurement of
relatively few atmospheric absorption lines at high resolution. Higher order
errors due to dispersion of the gas within the FTS optical path (for nonvacuum
systems), diffraction, and laser wavelength drift tend to be small, and the first-
order correction is usually good enough to reduce the residual wavelength error
to about 0.0003% for mid-infrared through ultraviolet spectrophotometry.

In a grating instrument, the wavelength scale is nominally derived from the
physical dimensions of the grating, focal length of the collimating mirror, and
gear ratios of the grating drive mechanism. Atomic discharge lamps are
measured over a number of orders to derive correction factors which depend
upon wavelength due to imperfections in the grating drive. With considerable
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work, it is possible to achieve the same level of wavelength accuracy as an FTS,
but this procedure must be repeated for different gratings, filters, and slit assem-
blies. One final note which is occasionally overlooked is that FTS instruments
inherently measure vacuum wavelength (except for the small atmospheric dis-
persion effect) whether operated under purge or vacuum conditions, whereas
dispersive instruments measure wavelength in the instrument atmosphere.

4.2.5 FTS Design Considerations

Figure 4.7 shows a schematic optical layout for a generic two-beam Michelson-
type FTS. Here, we discuss the major components of an FTS system and how
their design choices reflect the trade-offs of wavelength coverage, spectral res-
olution, throughput, sensitivity, speed, stability, radiometric accuracy, and cost.
In many commercial FTS instruments, some of these elements are designed to
be interchangeable to cover different spectral regions or radiometric power
ranges. Most “research-grade” instruments also provide ports and reposition-
able mirrors to enable users to add their own external sources or detectors.

4.2.5.1 Source

The ideal source for most applications in the mid-infrared spectral region
would be a blackbody cavity, for its high emissivity, stability, and Lambertian
output quality. However, the bulk, expense, and power requirements of such a
source lead most manufacturers of FTS systems for spectrophotometry to opt

Purge/vacuum
Source enclosure

Fixed mirror/wavefront

alignment
\— Variable iris or

-> aperture wheel
[womamnsr | — N1/
| Laser detector(s) |—.—— —Fl

/ .</ Metrology laser
IR detector

FIGURE 4.7 Schematic optical layout of a Michelson-type FTS showing the major components
of the system.
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for a small ceramic-coated heater coil element “globar” source instead. Typi-
cally, these sources are approximately 1cm in diameter, with emissivity
approximately 0.8. They are run in constant current mode with a temperature
of about 1300 K and peak power output near 2500 cm ™', with a usable range
of 200-6000 cm™'. Temperatures much higher than this require either vac-
uum or purge with a high-purity inert gas such as Ar. The lifetime of most
globar sources is 5-10 years.

For larger wavenumbers in the near-infrared spectral region, the most
common spectral source is the simple quartz tungsten halogen (QTH) light
bulb (in fact, most manufacturers use commonly available automotive head-
lamp bulbs). The effective blackbody temperature of the tungsten element is
approximately 3000 K, giving peak output near 6000 cm ™', with usable range
from about 2900 cm ™' (below which the quartz envelope is opaque) to
20,000 cm™'. QTH bulbs typically last approximately 1 year of fairly constant
use but are inexpensive and easy to replace. For FTS instruments operating
into the ultraviolet spectrum, some manufacturers provide deuterium arc
lamps, which provide some continuum coverage up to 50,000 cm ™.

Far-infrared spectra below 200 cm ™' are usually acquired with the use of a
high-pressure HgXe arc lamp source. The quartz envelope of the lamp is
transparent below 150 cm ™' so that the plasma inside, with effective temper-
ature of approximately 3000 K and reasonably high emissivity (at least com-
pared to tungsten wire) can be viewed. At these low wavenumbers, the output
of any Planckian source is only linearly dependent upon temperature, so even
Ar arc sources with an effective temperature of about 5000 K are hardly worth
the considerable effort to make them work. All of the thermal sources that
have been mentioned are typically 50—-100 W and are usually enclosed in
water-cooled jackets to prevent overheating of the electrical contacts as well
as to shield the rest of the instrument from all but the desired angular output
range of the source.

Nontraditional sources for FTS could include free-electron or super-
continuum lasers which can provide coherent broadband output with high radi-
ance. Synchrotron light sources are also used, with several facilities around the
world having been set up with FTS systems spanning the far-infrared to vacuum
ultraviolet spectral regions [10,12]. By tuning the synchrotron beam energys, it is
possible to produce a broadband source that exceeds the radiance of a 3000 K
blackbody by several orders of magnitude. The high brightness of these sources
makes them ideally suited to applications in microscopy, which requires the
smallest possible focus spot on the sample, or refractometry and ellipsometry,
which require highly collimated sample beams for the best accuracy.

4.2.5.2 Entrance Aperture

Most research-grade FTS instruments that are designed for spectral resolution
less than 2 cm ™! include fore-optics that collect light from the source, focus it
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onto a variable sized field stop, and then recollimate the beam going into the
interferometer. Typically, the source and field stop are located at the foci of
an ellipsoidal mirror, and a paraboloidal mirror is used to recollimate the
beam. The entrance aperture, commonly called the Jacquinot stop, limits
the angular range of rays entering the interferometer and thus the minimum
spectral resolution that can be achieved through Eq. (4.11). For a Jacquinot
stop of diameter dj and collimating mirror focal length f;, the maximum solid
angle Q,, of rays entering the interferometer is given approximately by ndjz/
4f2, corresponding to a minimum spectral resolution of
2
8o = “1—]2. “.21)
8f.

Putting in numbers for a typical mid-IR FTS, we can see that for 0.5 cm™
resolution at 4000 cm™' (a resolving power of 8000) Eq. (4.12) gives
Q,=7.85x% 107 sr, or an f~-number of 31.6 for the collimated beam. For a
I-mm entrance aperture, the required collimator focal length from
Eq. (4.21) is 3.16 cm. A system designed with 5 cm diameter optics for the
interferometer would then have an optical throughput of 1.54 x 1072 cm? sr.
The Jacquinot stop mechanism is usually either a variable iris or a wheel with
several different precision apertures that can be rotated into position. In either
case, the area of the aperture must be known well enough that Eq. (4.12) can
be used to make the proper wavenumber correction, assuming the entrance
aperture actually defines the solid angle limit of the whole optical system,
and not the sampling or detector optics.

1

4.2.5.3 Beamsplitter

The chief design considerations for the beamsplitter are that it is as close as
possible to 50% reflecting and 50% transmitting over the spectral range of
interest, and that it is optically flat to within approximately 1/10 of a wave
for the highest wavenumber light it will be used with. For the mid-infrared
through UV spectral regions, the flatness requirement necessitates the use of
fairly thick (approximately 1 cm) substrates of transparent crystalline materi-
als like KBr, SiO,, or CaF,, that can be polished to the required degree. These
low index materials are usually given a thin optical coating to enhance the
reflectivity. The spectral range is limited by lattice vibration (phonon) absorp-
tion at the low wavenumber end, and either the coating properties or optical
nonflatness at the high wavenumber end.

As discussed in Section 4.2.3, it is usually necessary to add an uncoated
compensator plate of the same material and thickness as the beamsplitter sub-
strate in order to produce the same path length difference for rays in either
arm of the interferometer. The two plates are wedged slightly to eliminate
standing-wave interference in the substrate and carefully aligned to minimize
deviation of the beam through the interferometer. Typically, there are no
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antireflection coatings on the back of the beamsplitter or either side of the
compensator, so other reflected beams are present within the FTS. If you look
at the refocused source image in the sample compartment of a commercial
FTS setup for the near-infrared, you will usually see a bright central spot with
satellite spots on either side from the outside surfaces of each plate. These
extra beams are not interferometrically aligned so do not contribute to the
modulated FTS response, but do add a dc component to the detector signal.

For wavenumbers below 600 cmfl, pellicle beamsplitters made from
mylar or coated mylar are typically used. In uncoated designs, the efficiency
7 is peaked at the wavenumber determined by the first-order maximum reflec-
tance due to interference within the thin film, with additional higher order
peaks at larger wavenumber. Coatings such as Si or Ge have been used to
enhance the reflectance and cover a wider spectral range without regions
where 7 goes to zero [3]. These kinds of beamsplitters are thin enough (less
than 100 pm) that a compensator plate is not necessary.

Most FTS designs allow beamsplitters to be interchanged for different
spectral regions, usually by manual swapping, although there are examples
of automated beamsplitter wheels that allow change at the push of a button.
The beamsplitters are held in kinematic mounts to facilitate the change, but
either manual or automatic alignment tweaking is usually needed when
changing from one to another. Some part of the beamsplitter (usually the cen-
ter) is used by the collinear metrology laser for mirror position and tilt track-
ing. For most spectral ranges, this will mean the center part of the
beamsplitter has a different coating from the part used for the signal beam.
For far-infrared pellicle beamsplitters, there is usually a hole in the middle
filled with a small visible splitter that must be carefully aligned parallel to
the outer annular portion. Some instruments provide storage within the purge
enclosure for extra beamsplitters, but otherwise any hygroscopic materials
like KBr or CsI must be stored in a dry box when not in use.

4.2.5.4 Moving Mirror Mechanism

Both flat mirrors in a conventional Michelson FTS must meet the same strict
1/10 wave flatness specification as the beamsplitter for optimum performance.
In addition, they must be maintained perpendicular to the incident beam over
the range of motion of the moving mirror to a similar tolerance. The motion
must be highly uniform to avoid adding noise to the modulated optical signal.
An instrument with 0.1 cm ™" spectral resolution requires 10 cm OPD, or 5 cm
travel on each side of ZPD, 10 cm total travel for a symmetric design best
suited for high radiometric accuracy. In order to operate in the near-infrared
at a wavelength of 1 um (¢ =10,000 cmfl), 1/10 of a wave of OPD over a
beam with diameter D=5cm corresponds to a tilt angle

2
oped to support smooth motion with the required alignment over such a range.

0=tan"! (Ué)ﬁ> = lprad. A few mechanical approaches have been devel-
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These include air-bearing and porch-swing designs. This kind of performance
can also be achieved by using corner-cube or cats-eye reflectors in place of
the plane mirrors. Such a design greatly reduces the wavefront tilt error in
the interferometer at the expense of adding shear between the two beams.
An air-bearing translation control system can easily keep the shear under sev-
eral micrometers in amplitude, which will produce no appreciable loss in
modulation for a 5-cm diameter beam.

The drive for the moving mirror can be provided by a voice-coil, a motor-
belt system, or even a linear motor. In any case, the motion must be tracked
with an uncertainty of a tiny fraction of a wavelength (less than 1 nm for
mid-infrared) to not add appreciable sampling noise to the interferogram
and must be smoothly reversible without losing track of the position.

4.2.5.5 Fixed Mirror/Wavefront Alignment Mechanism

In order to relax the requirements on tilt control of the moving mirror (and
hence the size, weight, and cost of the motion control system), many FTS
designs incorporate a compensating tilt adjustment mechanism on the fixed
mirror, or sometimes on an additional folding mitror in the moving arm of
the interferometer in order that the fixed mirror truly does not move. The idea
is to effectively tilt the fixed mirror during the scan through the same angular
trajectory as the moving mirror, thus keeping the two beams parallel to each
other. Most often this is done using either piezoelectric transducers or small
voice coils configured to tilt the mirror around two axes perpendicular to
the beam direction. Thus, it becomes possible to allow approximately
30-100 prad tilt on the moving mirror and still keep the two beams parallel.
Tracking of the moving mirror tilt trajectory is done using the metrology laser
system as discussed below.

4.2.5.6 Metrology Laser System

Nearly all commercial FTS designs use a single-mode polarization selected
and thermally stabilized HeNe gas laser operating at 632.8 nm wavelength
(15,800 cm_l) to track the moving mirror position. Usually, the center of
the beamsplitter is reserved for this laser beam, which is made collinear with
the main signal beam using small pickoff mirrors or folding prisms. The
cosine interferogram is recorded using a Si photodiode detector, and the digi-
tized signal is processed to determine the average OPD versus time. In older
designs, this was done using zero-crossings of the interferogram, which occur
twice per laser wavelength, limiting the Nyquist frequency to 15,800 cm ™'
although this could be extended with interpolation schemes based on tracking
the mirror velocity over time. This signal would be used to trigger an acqui-
sition of the main signal interferogram. In some newer designs, the entire digi-
tized signal is used to produce a position trajectory with less than 1/1000
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wave precision that can be synchronized to the main signal interferogram in
postprocessing.

In addition to tracking the change of OPD during a mirror scan, the
metrology system must also produce a stable absolute reference point near
the center burst of the signal interferogram that can be used as the ZPD point
input to the phase-correction algorithms discussed in Section 4.2.3. In some
systems, this is done by performing several short scans near the ZPD position
and picking the point where maximum amplitude is seen in the signal interfer-
ogram as the ZPD point. As long as the system continues to scan and track the
OPD, this point can remain stable over thousands of scans, so the signal inter-
ferograms can be coadded to improve the SNR. An alternative system uses a
small collimated white light source fed through the interferometer right next
to the laser beam, which produces a centerburst interferogram independent
of the main signal beam. The maximum of this interferogram can then be used
as a ZPD reference point, which can be sampled on each scan or just during a
short prescan alignment routine as above.

A problem arises when the moving mirror reaches the end of its scan range
and turns around. The OPD velocity must go briefly through zero and
mechanical vibrations may produce a fringe shift that looks like motion of
the mirror; in general, it is not possible using one metrology signal to deter-
mine which direction the mirror is moving. The common solution is to insert
a quarter-wave retarder plate into half of the metrology beam, producing two
simultaneous cosine interferograms sampled by two detectors, which differ by
90° in phase. The leading signal becomes the lagging signal when the OPD
velocity changes sign.

Finally, it is also common to expand the metrology laser beam and sample
it at several points with detectors near the center of the beam as well as near
the edge in two perpendicular directions to track the tilt of moving mirror as
discussed above. Typically, a servo control loop is set up to keep the phase of
the center and two offset detector signals constant during the scan by using an
error voltage generated from each phase difference to produce a corrective
offset in the wavefront alignment drive. Contemporary commercial bench
top infrared FTS instruments incorporating air-bearing or porch-swing
moving mirror drives along with such a “dynamic alignment” tilt compensa-
tion system are capable of producing spectral output in the signal beam which
is stable to less than 0.1% variation over several hours of observation time.

4.2.5.7 Detector

Optical detectors used with FTS systems fall generally into two classes: (a)
thermal detectors, in which the absorbed radiation produces a change in tem-
perature of the detector element that is recorded by electrical transduction, or
(b) photon detectors, which directly produce a current or voltage signal due to
a change in the electronic quantum state of the detector material upon
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absorbing a photon [13]. To be useful with a continuously scanning FTS in
the mid- to near-infrared spectral range, a detector must have an electrical
bandwidth of at least 1 kHz. Thus, thermocouple or thermopile detectors com-
monly used in older monochromator instruments are not applicable. Step-scan
instruments can make use of slower detectors.

The most commonly used thermal detectors for mid-infrared are ambient
temperature deuterated triglycine sulfate (DTGS) pyroelectric elements with
1 or 2mm diameter. These have NEP of approximately 2 x 10~° W/Hz"?
but produce a fairly linear response at the flux levels typically present in an
FTS instrument. For wavenumbers below 300 cmfl, where the available flux
from thermal sources is very low, it is common to use liquid He cooled com-
posite bolometer detectors of 2 mm diameter with NEP of 10~ W/Hz'? or
less. These detectors can exhibit some nonlinearity at higher flux levels and
also need to have cold long-pass filters to limit the view of ambient tempera-
ture background flux.

Commonly used photon detectors include liquid N, cooled HgCdTe and
InSb for mid- and near-infrared up to 10,000 cm ™! and ambient or thermoelec-
trically cooled Si, Ge, or InGaAs for higher wavenumbers. The Johnson noise-
limited NEP of photon detectors is generally proportional to the square root of
the detector area, so most FTS manufacturers use detectors as small as possible,
often 1 mm or less in diameter. The peak NEP of a 1 mm diameter HgCdTe
detector designed for mid-infrared use is approximately 3 x 10~'* W/Hz'2.
The responsivity of any photon detector drops off roughly linearly with increas-
ing wavenumber above the band gap and goes to zero exponentially for wave-
numbers approaching the band gap from above. Clearly, this kind of detector
can be used to expand the dynamic range of an FTS by several orders of mag-
nitude below the pyroelectric noise limit. However, they are generally nonlin-
ear at flux levels above approximately 1 mW, so it is usually necessary to
somehow attenuate the FTS beam to make use of them. Generally, one needs
to underfill the detector element for accurate spectrophotometry measurements
to reduce the sensitivity to sample alignment issues. Thus, for some applica-
tions it may be wise to trade-off an increase in NEP for larger detector area.

An FTS instrument must digitize the sampled interferogram signal
recorded by the detector with high fidelity to avoid introducing spectral arti-
facts. Many manufacturers use an ADC with 18 or even 20 bits of dynamic
range to accommodate the SNR at the centerburst of the interferogram, which
can be as high as 10° for an optimized system. Many systems incorporate
gain-ranging to avoid saturating the ADC near the ZPD point and boost the
gain to avoid digital noise in the lower signal wings of the interferogram. In
general, the amplifier, band pass filter, and ADC electronics produce a fre-
quency (and hence wavenumber) dependent phase shift in the signal. This
means that the phase characterization of the interferogram described in
Section 4.2.3 must be redone for different scan velocities and in some cases,
change in amplifier gain.
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4.2.5.8 Optical Bench and Purge/Vacuum Enclosure

For accurate spectrophotometry measurements in the laboratory, an FTS gen-
erally needs to be kept in a thermally stable, mechanically and electrically
quiet environment. A commercial bench top instrument that is usually stable
to less than 0.1% over a 1 h scan can drift by several percent if the room tem-
perature changes by more than about 2 °C. Generally, the FTS components
are mounted to an optical plate of about 2 cm thickness to provide mechanical
rigidity and stability to the interferometer. Although not shown in Fig. 4.7,
most laboratory instruments include a compartment with an intermediate focal
point for holding samples to be measured.

For work in the infrared, atmospheric carbon dioxide and water vapor are
strong absorbers, whereas oxygen becomes a limiting factor in the ultraviolet
above 50,000 cm™'. The best solution would be to operate the FTS under
purge with dry nitrogen gas boiled off from a liquid N, dewar. This is not
practicable in most laboratories (including ours) so it is common to use a
compressed air source and a cleaner unit that removes dust, oil, carbon diox-
ide, and water vapor. Water vapor in particular is continuously evolved from
surfaces that have been exposed to the ambient laboratory air unless they are
baked under vacuum. However, for most bench top FTS systems, a dry air
purge of 20 min to 1 h is enough to reduce the residual atmospheric absorp-
tion to a low, stable level, which is sufficient for the spectral features to divide
out in spectrophotometric ratio measurements. High-resolution (less than
0.1 cmfl) or far-infrared (less than 300 cmfl) measurements are usually best
carried out under vacuum conditions. Several commercial manufacturers build
instruments with heavy-duty enclosures that can be evacuated to less than
30 Pa, which is sufficient for most measurements of solid samples.

4.2.6 Instrument Design Examples

One common variation of the conventional Michelson FTS is a four-beam
design that uses corner-cube reflecting mirrors and includes two input ports
and two output ports as shown in Fig. 4.8. Such an instrument is often used
in radiometric applications because it provides a direct method to compare
the output of two sources placed say at ports 1 and 4 by using a detector at
port 2 or port 3. Conversely, the responsivity of two detectors placed at ports
2 and 3 can be directly compared by observing a source at port 1 or port 4.
Advantages for applications in spectrophotometry include the ability to easily
subtract ambient background flux contributions originating from the sample
or detector (one of the two source inputs can just be a room temperature
plate). In addition, this design eliminates first-order interreflections between
a sample or detector in one of the output paths and the interferometer, sending
the reflected beam back to the input ports. Also, two detectors can be used to
simultaneously collect spectra over different spectral regions or to collect
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FIGURE 4.8 Schematic optical layout of a four-beam interferometer design featuring two input
and two output ports as described in the text.
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FIGURE 4.9 Schematic optical layout of a Genzel interferometer design showing the input and
output ports as well as the scanning mirror as described in the text.

sample and reference spectra. The trade off is a reduction of throughput com-
pared to a conventional design with the same size optics.

A second variation of the conventional Michelson FTS that has been used
in far-infrared applications is based on a Genzel interferometer [14] as shown
in the schematic diagram of Fig. 4.9. Contrary to a standard Michelson inter-
ferometer where the light is collimated at the beamsplitter and is never
focused until it emerges, the Genzel interferometer has the light focused onto
the beamsplitter. The transmitted and reflected components pass to two
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collimating mirrors and then to a double-sided moving mirror. As the mirror
moves, the path in one arm increases and the path in the other arm decreases.
Another characteristic of Genzel interferometer is that beamsplitters can have
a small size (=2 cm in diameter). This allows for several beamsplitters to be
mounted on a wheel and easily interchanged without breaking the instrument
vacuum. The reduction in size significantly reduces the amplitude of the
drum-head vibrations commonly associated with large-diameter thin dielectric
beamsplitters.

Another feature of the Genzel interferometer is that the angle of incidence
at the beamsplitter (15°) is much smaller than a standard Michelson interfer-
ometer. This has the advantage of reducing the difference in efficiency
between the s- and p-polarized beam components. For a displacement, x, of
the moving mirror, an OPD of 4x is generated by the Genzel interferometer.
Although this has been claimed as an advantage for the Genzel over the
Michelson interferometer, any tilt introduced on moving the mirror leads to
a doubling of the error in comparison to the error introduced in a standard
Michelson interferometer with the same tilt. There is also a consideration to
maintain a very stable temperature in the optical bench to obtain a stable
alignment. Thus, these are not considered to be major advantages. Nonethe-
less, the Genzel interferometer does have several significant advantages for
far-infrared spectrophotometry in terms of a compact design that yields an
instrument with a relatively high spectral resolution (0.03 cm ™).

Other methods can be used to achieve the wavefront division that is done
with a conventional beamsplitter in a Michelson or Genzel FTS design. In the
far-IR spectral region, the efficiency of thin dielectric beamsplitters falls off at
very low wavenumbers (below 30 cm™ ') and splitter designs based on lamel-
lar gratings or polarizers are sometimes used [3]. It is also possible to build
FTS systems which produce a range of OPDs without any moving parts, for
instance by passing the two polarization components of the input beam
through a prism and onto a linear detector array [15].

4.3 SOURCES OF UNCERTAINTY AND THEIR REDUCTION

There are a large number of potential sources of uncertainty in spectrophoto-
metric measurements performed with an FTS [16,17]. While many of the
effects discussed below are common to measurements made with any type
of spectrometer, their magnitudes and the ways in which they manifest them-
selves can be quite different in FTS spectrophotometry. We try to provide
guidance in detecting the presence of various systematic errors, ways to
reduce them, and estimate the residual uncertainties. The reduction of one
error may lead to an increase in another (e.g., detector nonlinearity vs. noise),
so some judgment must be applied in deciding the optimum instrument
configuration for a given measurement requirement.
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4.3.1 Noise

It is straightforward to estimate the uncertainty due to random noise from the
standard uncertainty of the mean of repeated instrument scans. In the ideal
case in the infrared, the only significant contributor to noise in an FT'S mea-
surement would be the Johnson noise in the detector/amplifier system, and
the multiplexing advantage would be fully realized. Of course random noise
from the source due to fluctuations or photon shot noise will decrease this
advantage, but still can be evaluated in a simple way. As discussed in
Section 4.2.2, it is important to filter out any electrical noise above the
Nyquist frequency determined by the sampling interval of the interferogram.
In practice, however, there are other sources of noise, which may not be
completely random in nature.

Coherent noise sources such as electrical pickup from the 60 Hz power
line or electronics, or mechanical vibrations, will not usually be synchronized
with the FTS scan cycle. Their contribution will therefore tend to average out
over time and decrease in amplitude as 1/NY2, where N, is the number of
coadded scans. However, they can be fairly large in amplitude. A noise source
with frequency f will show up in the processed spectrum as a peak at wave-
number ¢ =f/v (where v is the OPD scan speed in cm/s) with a half-width
probably equal to the spectral resolution dg. These features could be confused
as originating from the sample. If they cannot be sufficiently reduced by elec-
trical shielding or vibration isolation systems, then they may be minimized or
least identified as spurious by changing the scan velocity of the FTS. Increas-
ing v may push the noise peak to a wavenumber below the spectral region of
interest.

Noise may also be introduced by errors in the positions at which the inter-
ferogram is sampled. If these errors are random, it will look like detector
noise and will limit the SNR to 4/(érmsOTmax), Where erms is the root mean
square error in OPD and 0., is the maximum wavenumber present in the
spectrum [18]. For a SNR of 10° in the mid-infrared region, this means the
positional error must be less than 1 nm, which is actually accomplished by
commercial FTS instruments. Nonrandom errors in the mirror motion, partic-
ularly sinusoidal errors in position or velocity, will give rise to sidebands on
sharp spectral features, but fortunately these effects are very small in most
modern FTS systems.

4.3.2 Interferometer Alignment Drift

Misalignment of the interferometer reduces the spectral modulation effi-
ciency. Variations in alignment on a time scale longer than one scan show
up as drift in the baseline spectral response of the FTS. Variations that occur
between the sample and reference scans directly lead to errors in the spectro-
photometric measurement. The change in optical phase difference for a given
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mechanical misalignment of the interferometer scales linearly with wavenum-
ber, so baseline errors due to this effect increase with wavenumber.
A common way of evaluating the size of these errors is to perform repeated
sets of spectral scans at regular time intervals, usually several minutes at a
time. The ratios of these spectra are colloquially known as “100% lines”
and give a statistical measure of the stability of the instrument that includes
other effects (like source temperature stability and atmospheric absorption)
as well. The component of baseline variation that varies linearly with wave-
number is most likely due to alignment changes in the interferometer.

Many bench top FTS systems achieve baseline variations of less than 0.1%
at 4000 cm ' over a period of hours, but some may show up to several per-
cent drift over a few minutes. For a less stable instrument, it may be necessary
to decrease N, and perform many groups of scans switching between sample
and reference to reduce the uncertainty from alignment drift.

4.3.3 Phase Error

There are a number of ways in which the phase-correction process discussed
in Section 4.2.3 can go wrong. Generally, the phase function ¢(o) is calcu-
lated from a smoothly truncated low-resolution version of the sample interfer-
ogram. However, this can be problematic if the signal in a given spectral
region is close to the noise level. In this case, the phase corrected spectrum
can change sign rapidly and exhibit the rectified noise effects that phase cor-
rection is supposed to eliminate. One solution to this problem is to calculate
¢(o) from a reference configuration of the instrument (e.g., the empty beam
with no sample in place) and then use this function to correct the sample spec-
trum. An example of this procedure is shown below in Fig. 4.10. The phase
function (a) derived from the noisy sample interferogram becomes undefined
above 2200 cm ™', leading to excess noise and negative signal in the phase
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FIGURE 4.10 FTS phase correction of a noisy spectrum using the recorded sample signal (“self-
phase,” dashed lines) or a reference measurement with five times higher signal (solid line). Frame
(a) shows the phase functions computed from the reference spectrum and sample spectrum, while
(b) shows the phase corrected sample spectrum using the two different phase functions.
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corrected spectrum (b). Using the phase function derived from the reference
measurement eliminates this excess noise.

In order for the reference phase function to be used to correct the sample
spectrum, the phase of the FT'S must not change significantly between the two
measurements. This may not always be true for less stable instruments. In par-
ticular, the method used by some FTS systems to find the nominal ZPD posi-
tion may not be reproducible from one scan to the next. This can also lead to
large radiometric errors if interferograms with offset sampling grids are acci-
dentally averaged together. It may be possible to recenter the interferograms
with a fitting procedure, or individually phase correct each one if the SNR
is large enough. Comparing the results of self-phase correction and reference
phase correction may help to determine whether this kind of error is occur-
ring, but it may be difficult to fix without addressing the underlying stability
issue with the FTS system.

4.3.4 Detector Nonlinearity

If the modulated signal recorded by the detector in an FTS is not strictly pro-
portional to the change in received optical power with OPD, then the distor-
tion of the interferogram will be distributed throughout the spectrum by
Eq. (4.6). The resulting spectral errors will vary depending on the nature
and magnitude of the nonlinear response variation [19]. As an exaggerated
example, consider the effect upon the hypothetical spectra shown in Fig. 4.3
of a detector whose responsivity is proportional to /(x)®°. These results are
illustrated in Fig. 4.11. The effect of the nonlinear response is most pro-
nounced near the peak of the interferogram, producing an error whose Fourier
transform yields a roughly constant background for the broadband spectrum in
(c). The distortion of the cosine modulation from the spectral peak at
2000 cm ™! produces harmonics at integer multiples of the true wavenumber,
of either sign, whose amplitude decrease with increasing wavenumber.

While this is a somewhat artificial case, it demonstrates several character-
istic signatures of nonlinear detector response in an FTS system: false appar-
ent signal in spectral regions where there should be none (especially at
wavenumbers below the cutoff of the detector or beamsplitter), harmonics
of strong spectral lines, and the possibility of negative response for strong
spectral features. In practice, it is quite easy to drive cooled photon detectors
like HgCdTe and InSb into their nonlinear regime with the unattenuated
modulated flux from a moderate-resolution (2 cm ') infrared FTS and gener-
ate relative errors of more than 10%. Attenuating screens, neutral density fil-
ters, or beam-waist reducing apertures can be used to reduce the incident flux
on the detector and yield a linear response. An estimate of the residual nonlin-
earity uncertainty for a transmittance or reflectance measurement can be made
by repeating the reference and sample scans with varying levels of beam
attenuation and looking at the change in their ratios.
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It is also possible to correct for reasonably small levels of nonlinearity
using a model for the detector responsivity versus incident power, and a fit-
ting routine to vary the nonlinear parameter(s) and minimize the below-cutoff
spectral response. Variations of this approach are sometimes used in commer-
cial instruments, and detector amplifiers can even be modified to linearize the
output to the ADC. It is important to record the dc voltage due to unmodu-
lated flux on the detector from the background or less than ideal FT'S modu-
lation, as this affects the response linearity.

Pyroelectric detectors generally have a small nonlinearity (less than 0.3%)
at the power levels encountered in an infrared FTS. However, their responsiv-
ity does depend upon their base operating temperature. The change in average
flux reaching the detector between the sample and reference measurements
can change the base temperature of the detector and hence its responsivity.
This effect is sometimes called detector nonequivalence [20]. An example
for a transmittance measurement of Si in the mid-infrared is shown in
Fig. 4.12. Here, a series of measurements of the sample and reference are
made, with the incident flux level successively reduced with filters and
screens by a factor of 10 below the original output of the FTS. The detector
voltage level recorded at the peak of the interferogram of the empty reference
beam is noted in the legend. In the initial configuration, the measured trans-
mittance is low compared to the curve calculated from handbook values [21]
of n and k of Si by about 0.02. As the beam is attenuated, the difference in
detector responsivity between the sample and reference measurements is
reduced, and the measured values approach the expected level to within
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FIGURE 4.12 Measured transmittance of a 0.25-mm thick Si wafer using a mid-infrared FTS
with a DTGS detector. The flux entering the sample compartment of the instrument is attenuated
with filters and screens to reduce the detector voltage signal at ZPD to the indicated levels.
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0.002. The overall effect of detector nonequivalence is to introduce a relative
error in the transmittance that is roughly a constant multiplicative factor, inde-
pendent of wavenumber, but not to distort spectral features.

4.3.5 Interreflections

Interreflections between the sample and the detector, spectrometer, or other
optical elements in a spectrophotometric measurement system introduce addi-
tive error terms to the measurand. In particular, light that is reflected back to
an FTS by the sample or other optical element can pass through the beamsplit-
ter back to the interferometer mirrors, be modulated a second time by the
scanning mirror, recombine, and then pass through the sample again to the
detector. For a given wavenumber o, any part of the optical power that is
modulated twice by the FTS will experience twice the path length change
and thus be recorded at 2¢. Successive interreflections can generate higher
harmonics in the spectrum [22]. Other interreflections not involving the FTS
directly will still add an error to the measurement that can include spectral
features of other components in the system. This situation is illustrated for a
transmittance measurement in Fig. 4.13.

In a focused sample geometry, one way to eliminate interreflections is to
insert semicircular beam blocks before and after the sample, as shown in
Fig. 4.13. The reflection of the half-cone beam incident on the sample will
thus be blocked from reentering the FTS, and similarly any light reflected
from the detector will not return to the sample or to the spectrometer. An
example of the effects of interreflections on a transmittance measurement
(normal incidence, f/3 focusing geometry) of a 0.25-mm thick Si wafer is
shown in Fig. 4.14.
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FIGURE 4.13 Schematic layout of a sample transmittance measurement with an FTS showing
possible interreflections and their elimination through the use of semicircular beam blocks.
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FIGURE 4.14 Effects of interreflections on a normal incidence transmittance measurement of a
0.25 mm Si wafer. The lettered curves show the results of inserting half-blocks illustrated in
Fig. 4.13 compared to the expected transmittance (solid curve).

Without any half-blocks in the beam, curve A shows large deviations from
the expected transmittance curve. These include both wavenumber-doubled
spectral features originating from the spectral irradiance of the incident FTS
beam and high-frequency fringes due to doubling of the etalon spectrum of
the Si wafer sample. Inserting a half-block between the sample and detector
(curve B) lowers the error at low wavenumbers, but does not get rid of the
interreflections with the FTS. Curve C with the half-block before the sample
eliminates the sample-FTS interreflection, while curve D with both half-
blocks gives a result close to the expected transmittance spectrum.

The use of half-beam blocks, or half-field stops, can effectively eliminate
interreflection errors at the cost of 50% reduction in signal, and some increase
in sensitivity to beam geometry errors as discussed below. Other options
include filters between the sample and FTS, or simply tilting the sample,
which may be the simplest approach if knowledge of the precise incident
beam geometry is not critical to the measurement. Si represents close to the
worst case, being approximately 50% transmitting; lower index materials will
have less uncertainty. Finally, one may also consider interreflections on the
source side of the FTS. These in principle can lead to errors in the reference
spectrum that can propagate to the measured transmittance.

4.3.6 Nonsource Emission

Spectrophotometric measurements in the infrared may be affected by ambient
thermal emission from the spectrometer, sample, detector, or other optics in
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the system. A typical way in which these errors are avoided is to modulate the
source with a mechanical chopper and use synchronous lock-in detection of
the transmitted or reflected light. However, this is not practical with standard
continuously scanning FTS instruments which already modulate the source
radiation at audio frequencies with the time-varying OPD in the interferome-
ter. The source would have to be modulated at very high frequency (approxi-
mately 100 kHz) and the detector signal then demodulated before performing
the Fourier transform, which is difficult to do reliably over a wide spectral
range. A source chopper can be used with step-scan FTS systems.

As a result, infrared FTS spectrophotometric measurements are often sub-
ject to background thermal emission errors that need to be corrected for [23].
If we again consider a simple transmittance measurement, we can see that the
spectra recorded by the detector, S; for the reference measurement and S, for
the sample measurement, will contain contributions from the detector itself
and from the sample as well as from the source:

81 = Ssource = Sdets (422)
82 = tSsource — TSsample - TZSdet’ (423)

where 7 is the sample transmittance. Note that the signals that originate from the
output side of the interferometer are negative since their modulation is out of
phase by m with the interferogram originating from the source. The extra terms
in Eqgs. (4.22) and (4.23) will cause an error if the transmittance is calculated
simply as S,/S;. However, they can be subtracted out by performing an addi-
tional measurement for both the sample and reference with the source off, or
blocked, assuming that this does not affect the temperature of the sample or
detector. The background corrected transmittance can then be derived from

_ Sy(sourceon) — S (sourceblocked)
~ S (sourceon) — S (sourceblocked)

(4.24)

For an FTS instrument working at room temperature, the error terms in
Egs. (4.22) and (4.23) will be significant for wavenumbers below
1500 cm ™" if either the sample or detector is far from room temperature.
An example of this effect is shown in Fig. 4.15 which displays the measured
transmittance of a metallic neutral density filter at 77 K before and after cor-
rection using Eq. (4.24). In this case, a room temperature DTGS pyroelectric
detector was used, whose black coating makes it an emitter with peak output
near 700 cm ™', The emission of the 77 K sample is very small in this spectral
region. One can see that the extra factor of t in the last term of Eq. (4.23) will
cause a positive error relative to Eq. (4.22) in the ratio S,/S;, in agreement
with the observed data. After correction, the transmittance spectrum shows
the flat behavior expected for this filter from 800 to 2000 cm ™. The relative
error due to background thermal emission for an infrared FT'S measurement

can be as large as 20% at wavenumbers below 700 cm ™'
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FIGURE 4.15 Measured transmittance of a metal-coated neutral density filter at 77 K using an
infrared FTS before (dashed line) and after (solid line) correction for background thermal

emission error.

The entrance aperture of an FTS as shown in Fig. 4.7 can also act as a sec-
ondary source of radiation, especially if heated significantly above ambient by
the source beam that is focused onto it. The effective source diameter at lower
wavenumbers can thus be much larger than the opening of the entrance aper-
ture. This can cause errors due to overfilling of the sample, which normally is
placed at an intermediate image plane of the source. It also can produce wave-
number errors since now the angular range of the beam in the interferometer
is wavenumber dependent and the limiting resolution (Eq. 4.11) and wave-
number correction (Eq. 4.12) may become poorly defined. For these reasons,
it is common practice to place a field stop at a convenient intermediate source
image plane somewhere after the exit of the FTS to block radiation from the

heated aperture.

4.3.7 Beam Geometry Errors

Changes in beam geometry at the detector plane between the sample and ref-
erence configurations are a common cause of errors in spectrophotometry
whether using an FTS or other type of wavelength selective source. Displace-
ment, deviation, or focus-shifting of the beam is produced by thick or wedged
samples in a transmittance measurement, or by misalignment of the sample
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plane in a reflectance measurement. The resulting motion or change in shape
or size of the irradiated spot on the detector can cause significant errors in the
sample/reference ratio. In the worst case, the beam may start to move off the
detector. While not specific to FTS systems, this error source is exacerbated
by the tendency of instrument manufacturers to use the smallest possible
detector element in order to optimize speed, SNR, and cost. Some detectors
(such as Si, InSb, and some pyroelectrics) have good spatial uniformity across
their active areas, showing less than 1% variation in responsivity. HgCdTe
detectors on the other hand, can have as much as 80% spatial variation, with
the maximum in responsivity unfortunately occurring near the edge on some
detectors.

Transmittance measurements performed in the sample compartment of
commercial FTS instruments will often show relative errors of several percent
or more for sample thicknesses of greater than 2 mm due to beam geometry
effects. Errors in specular reflectance measurements can be larger than this.
Although this type of uncertainty is conceptually simple, it can be the most
difficult and costly to reduce to the tenths of a percent level. Strategies used
to reduce beam geometry-related errors include (1) larger, more spatially
uniform detectors (carbon nanotube-coated pyroelectrics are a promising con-
temporary candidate), (2) adjusting the detector position between sample and
reference measurements, (3) use of a spatial averaging device such as a dif-
fuser or integrating sphere on the detector, (4) use of a nonuniformity cor-
rected array detector to spatially average the beam as it moves between
sample and reference measurements, and (5) better handling of sample align-
ment for reflectance, often with precision motorized stages and the use of
laser/quadrant detector setups. Of course, improvements in source uniformity
help as well. And the lowest possible uncertainty can end up being limited by
the spatial uniformity of the sample itself.

A related type of spectrophotometric error arises from imprecise knowl-
edge of the incident or exiting beam geometries for samples which are very
sensitive to these parameters. For FTS systems, the uncertainty in beam
geometry is increased by the use of off-axis focusing mirrors as well as by
the annular beam shape due to the central portion of the optics being used
for the metrology laser. Measurements of multilayer coated samples such as
filters and dielectric mirrors in the infrared can be limited in accuracy by these
factors.

4.3.8 Polarization Effects

Measurements of isotropic materials at off-normal incidence, or of anisotropic
materials in general, are sensitive to beam polarization. If knowledge of the
polarization state is critical, then polarizing optics are used to define the inci-
dent and/or exit beam states. Polarizing optics should have broadband cover-
age to be most useful with an FTS; it is not practical to tune a retarder to
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different wavelengths within the spectral region of interest and acquire multi-
ple spectra. For many spectrophotometric measurements, polarization is not
critical but can be a minor contributor to uncertainty.

While FTS instruments do not generally exhibit the strongly wavelength-
dependent polarization that is seen with diffraction gratings, the multiple
45° mirror reflections and especially the coated beamsplitter typically result
in 10-15% degree of linear polarization in the output of the spectrometer.
This will usually result in less than 0.1% error for near-normal measurements
of isotropic samples if it were assumed that the incident light was unpolarized.
For measurements at greater than about 15° incidence, one should measure
with two perpendicular polarizations and average the resultant spectra if the
desired result is specified for unpolarized incident light.

4.3.9 Stray Light

Modulated radiation that is scattered or diffracted outside of the FTS and
reaches the detector without having interacted with the sample in the proper
way leads to spectrophotometric error. This generally results in a nonzero
spectral baseline the same as would be seen with any type of spectrometer.
However, light from the source that is scattered such that it does not pass
properly through the interferometer is not modulated by the scanning mirror.
It therefore just shows up as an increase in the dc background signal of the
detector and does not produce an error in the spectral measurement.

This is in contrast to the situation with dispersive spectrometers, where
source light diffusely scattered by the grating or other optics is recorded as
signal at the wrong wavelength. It is thus generally easier to make high optical
density measurements as low as 10~° transmittance with an FTS system as
long as nonlinearity and other error sources are well controlled. Such low-
level measurements must however be checked against a configuration that
should yield zero spectral signal (for instance an opaque reference sample)
in order to assess and possibly correct for stray light contributions.

4.3.10 Atmospheric Absorption

As discussed in Section 4.2.5, atmospheric absorption lines do not usually
cause significant spectrophotometric errors (>0.1%) in well-purged or evacu-
ated FTS instruments in the mid- to near-infrared spectral regions. The varia-
tion in spectral baseline over time can be evaluated in the neighborhood of the
strong CO, and H,O absorption lines in order to assess their contribution to
the overall uncertainty of the measurement. Some reduction in SNR and spec-
tral distortions can occur over these wavenumbers. Measurement of sample
spectral lines of similar width to strong atmospheric lines in the same spectral
region should performed under vacuum conditions.
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Stable residual carbon dioxide or water vapor absorption can produce a
bias in the results if there is a significant difference in average optical path
length between the sample and reference measurements, as for samples with
large optical thickness. For setups where there is a large mechanical motion
of optical elements between the sample and reference measurements, it is
important that the atmosphere within the purge enclosure be well mixed and
uniform.

4.3.11 Wavenumber Uncertainty

The wavenumber scale of an FTS measurement needs to be corrected for
beam divergence and difference in alignment between the metrology laser
and the signal beam. For measurements where the wavenumber uncertainty
must be less than or equal to the limiting resolution from Eq. (4.11), it is wise
to check the scale for both the sample and reference configurations by mea-
suring residual atmospheric absorption lines within the instrument beam path.
In principle, this should probe the same beam path as used in the spectropho-
tometric measurement and provide a valid wavenumber correction. An exam-
ple of this procedure is shown in Fig. 4.16 for measurement of carbon dioxide
absorption lines near 2350 cm ™' at 0.25cm™' spectral resolution. The
observed positions are seen to vary linearly with the expected positions from
handbook data [24] with a correction factor of 0.99987 and residuals of less
than 0.01 cm ™', It is thus fairly easy to establish that the wavenumber scale
of an instrument is sufficiently accurate in principle for most spectrophotom-
etry of solid materials.

However, the wavenumber uncertainty for a given sample spectral feature
in FTS spectrophotometry is usually dominated not by the intrinsic scale of
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FIGURE 4.16 Measurement of CO, absorption lines in the mid-infrared (left frame) using an
FTS at 0.25 cm ™" spectral resolution. A linear fit of the observed line positions to handbook
values (right frame) yields a wavenumber correction factor of 0.99987 with residuals of less than
0.0l cm™ .
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the instrument but by other things such as spectral distortion due to detector
nonlinearity, phase error, noise, alignment drift, Fabry—Perot effects, other
nearby spectral features, or sensitivity of the sampled quantity to beam geom-
etry, temperature, or other physical factors. Considerable work has been done
in assessing the accuracy of spectral definition that can be achieved in prac-
tice. A general conclusion [25] is that the wavenumber accuracy for a given
measurement should be checked using a reference sample with similar width
features in the same spectral region as the sample under test. A very popular
reference material for the mid-infrared is polystyrene film, which can be
obtained as a calibrated reference standard [26] designed to fit the sample
compartment of most commercial FTS systems.

4.4 MEASUREMENT APPLICATIONS
4.4.1 Measurement of Transmittance and Reflectance

Many commercially available accessories fit into the sample compartment of
an FTS to enable the user to make transmittance or reflectance measurements
in various regular or diffuse geometries. Reflectance accessories can be
designed for either relative measurements, using a reference mirror in substi-
tution mode, or absolute measurements, with a mirror that moves between two
configurations for the sample and reference spectra. Some manufacturers have
also modified microscopes with all-reflective optics to enable sampling areas
of less than 100 um, and even have options for adding focal plane array
HgCdTe or other multi-element detectors to enable hyperspectral imaging of
samples in the infrared. While the less expensive (<$5K) of these assemblies
are useful for qualitative spectroscopic work, they tend to lack the precise,
repeatable control of sample and reference positioning that is needed to avoid
large beam geometry errors as discussed in the previous section. Relative
uncertainties due to beam geometry error with these devices are often several
percent or more.

One option for high-accuracy infrared transmittance and reflectance mea-
surements with an FTS is the use of integrating spheres, even for specular
sample geometries. The low throughput of the sphere (less than 0.5% for
many designs in the infrared) does reduce the available dynamic range. How-
ever, this attenuation of the input flux enables a 77 K HgCdTe detector to be
used in its linear response regime. The spatial averaging characteristics of the
sphere greatly reduce beam geometry errors between the sample and reference
measurements. A side-mount 150 mm diameter sphere is used at NIST [27]
for transmittance and reflectance measurements with less than 0.3% expanded
uncertainty. Variable-angle infrared reflectance measurements using a
goniometric instrument may not be able to afford the throughput loss of a
sphere on the detector and can be limited in accuracy by the spatial uniformity
of available detectors [28]. A key element of these high-accuracy instruments
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is precise alignment of the sample and other optics using motorized transla-
tion stages with less than 25 pm uncertainty and rotation stages with less than
0.005° uncertainty. Such setups are expensive ($50K or more) and usually too
big to fit inside a typical FTS sample compartment.

Measurements of low-level infrared 7 or p (<0.0001) at moderate spectral
resolution with an FTS, making use of the multiplexing advantage, are also
possible as long as the detector nonlinearity error is controlled. One way to
do this is with neutral density filters whose transmittance can be measured
accurately with a linear, low sensitivity detection system, and then used as ref-
erence samples for higher optical density measurements with a cooled photon
detector. Out-of-band filter infrared transmittance can then be measured over
six decades of dynamic range with appropriate blocking filters in place [29].

4.4.2 Measurement of Refractive Index

The refractive index of a transparent material can be determined from a high-
resolution transmittance measurement of an etalon sample, which exhibits
Fabry—Perot fringes with interference maxima at wavenumbers

m

Om = 2dn(oy)’ (4.25)
where m is the fringe order, d is the sample thickness, and n(g,,) is the refrac-
tive index at the fringe maximum. High-resolution measurements over a wide
spectral range such as this are good applications of the FTS advantages
described in Section 4.2.4, and there is a long history of FTS refractive index
measurements from the far-infrared through the vacuum ultraviolet. With
samples of d~5 mm, it is possible to combine precision thickness measure-
ments with high-resolution spectral measurements in a well-collimated beam
to obtain uncertainties in n of order 0.00001 [11,30].

The drawbacks of this method compared to traditional prism refractometry
include the need for 4/10 sample flatness, correction for thermal expansion, and
determination of the integer fringe order m. Various methods for determining m
from spectral fitting work for some materials, especially in the far-infrared
where n approaches a constant at wavenumbers below the lattice vibrations
and clearly m=0 at ¢,,=0. However, in general, it is necessary to know n at
least for one value of ¢, in the spectral range of interest to determine m2, which
often means using data from an absolute prism refractometry measurement at
this wavenumber. Industry continues to favor the more direct approach of
minimum-deviation prism refractometry for the most critical work.

4.4.3 Assessment of the Accuracy of FTS Measurements

Despite the plethora of sources of uncertainty described above, it is possible
to perform infrared spectrophotometric measurements with an FTS that
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FIGURE 4.17 Comparison of regular transmittance measurements of a 2-mm thick absorbing
glass filter made with an FTS/integrating sphere system and a monochromator-based system.
The monochromator data are shown as the open circles in frame (a) and the FTS data as the solid
line. The solid lines in frame (b) show the combined expanded uncertainties (k=2) of the two
measurements, and the symbols the difference between the two measurements.

approach the uncertainty level that has traditionally been claimed by National
Metrology Institutes (NMIs) using dispersive instruments, that is, about 0.1%.
An example of an intercomparison of regular transmittance measurements in
the 1-2.5 pm spectral region performed with both an FTS/integrating sphere
system and a grating monochromator system at NIST [31] is shown in
Fig. 4.17. The sample is a 2-mm thick absorbing glass filter designed for
10% transmittance in the visible. Most of the data points in the difference
graph shown in Fig. 4.17b fall within the combined expanded uncertainties
of the two measurements. Similar results have been obtained for both trans-
mittance and reflectance of other specular samples in the 0.99-0.01 range.
Comparisons have also been made with other laboratories that tend to confirm
the FTS system uncertainty [32].

4.5 RECOMMENDATIONS FOR ACCURATE FTS
MEASUREMENTS

4.5.1 Matching Instrument to Measurement Requirements

The chief criteria in selecting an FTS system are spectral range, spectral res-
olution, stability, and flexibility of input/output options. If vacuum is needed
for far-infrared or very high-resolution measurements, then this will necessar-
ily drive the user to select a “research-grade” instrument. However, for lower
resolution measurements over the mid-infrared spectral region, the main
deciding factors may be stability, ability to use an external sample and detec-
tor setup, and cost. A number of available systems are capable of meeting
these basic requirements and the final uncertainty that can be achieved will
depend upon how the measurements are configured. Below is a brief list of
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recommendations for making accurate FTS spectrophotometry measurements
that summarizes many of the points discussed above.

1. Select a detector for appropriate wavelength coverage and dynamic range.
Pyroelectrics are good for general use, when tau or rho are in the range
1-99%. Infrared photoconductors are generally nonlinear with standard
FTS configuration, but can be used to expand the dynamic range with
appropriate beam attenuation or nonlinearity correction. Consider detector
size and spatial uniformity relative to the expected variations in incident
beam geometry that need to be accommodated.

2. Eliminate interreflections among the sample and other instrument
components.

3. Test for thermal background effects, especially when sample or detector is
far from ambient temperature.

4. Always correct and check the phase. Use double-sided interferograms
when possible. Avoid unnecessary apodization of the interferogram—this
leads to distorted line shapes and loss of resolution.

5. Find the best measurement scheme to optimize SNR with given system
stability. Sometimes, this means lots of repeated scans, sample-reference-
sample, etc.

6. Test linearity and overall system accuracy with appropriate reference
samples—for example, glass, Si, Ge, gold mirror, etc.

7. Check the wavenumber scale with atmospheric absorption lines, if resolu-
tion is sufficient. Otherwise, polystyrene, rare-earth-doped glass or other
artifact wavelength standards are useful.

4.5.2 Instrument Software and Data Handling

Commercially available FTS systems typically come with a microcomputer and
proprietary software for automating the spectrometer, setting spectral scan
parameters, and collecting the data. Various options for processing and display-
ing the data are also usually included. While many software packages are fairly
comprehensive, some users may want to export the data and use their own anal-
ysis routines. For this reason, it is important to have access to the raw, unpro-
cessed interferograms. It is also helpful if the software keeps a good record of
all the instrument settings for a given measurement, and what processing was
done to the data. Finally, most programs allow some kind of real-time display
of the interferogram or spectrum as the instrument is scanning. This is very
helpful for alignment and general troubleshooting of a measurement.

4.5.3 Maintenance of Measurement Traceability

Like any piece of precision laboratory equipment, FTS systems need periodic
maintenance including alignment of the optics and occasional replacement of
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sources, the metrology laser, beamsplitter, or electronics. Mid-infrared beams-
plitters are usually made of soft, hygroscopic materials like KBr or Csl.
Repeated removal and reinsertion of these optical elements can eventually
cause stress damage and even delamination of the coatings. Also, the material
will become foggy over years of use unless kept in an extremely dry purge
environment or vacuum at all times.

Although accurate spectrophotometry does not rely on stability of the
absolute radiometric response of an instrument over a time scale of years,
changes in FTS system responsivity can indicate alignment problems or other
issues that need to be resolved so they do not add additional uncertainty to the
measurements. It is a good idea to keep records of the detector ZPD voltages
for all relevant settings of entrance aperture, scan speed, source, beamsplitter,
and detector to have a baseline to compare against if problems are found.
Spectra should be collected and archived whenever a beamsplitter is replaced
with a new or refurbished one. The performance of an alkali halide beamsplit-
ter at high wavenumbers (above 1500 cm™') will usually degrade over a
period of years, and if it drops by more than 50% it may be time to replace it.

It is a good idea to keep a small set of reference samples on hand for peri-
odic checking of the instrument performance, especially before and after
important sets of measurements which require uncertainties close to the best
that can be achieved with that instrument.
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5.1 INTRODUCTION

Reflectance and transmittance measurements of non-scattering samples are
probably the most common measurements in optical spectroscopy. Applica-
tions are found in the glass and coating industry [1,2], as well as in character-
ization of optical elements, like filters and mirrors [3,4], and optical materials
for display technology, solar cells, and optical solar collectors. Regular reflec-
tance and transmittance measured near-normal incidence form a basis for
many standardized procedures for calculating solar energy and daylight
properties [5,6].

In recent years, the need for reliable measurement techniques for direc-
tional optical properties is growing. Fortunately, in the past two decades, con-
siderable progress has been made in identifying and overcoming the sources
of error in measurement of transmittance and reflectance as a function of
the angle of incidence, wavelength, and polarization. Variable angle spectro-
photometry provides a means for analysis that yields the thickness and optical
constants of the individual layers in multilayer coatings, as well as other para-
meters that can be related to optical material properties [7,8].

This chapter offers a state-of-the-art overview and discusses the various
methods and associated measurement problems and commercially available
solutions in detail. A topic that is given special attention is the overview of
the relatively new methods that have been developed for the calibration of ref-
erence mirrors and characterization of laser mirrors at oblique incidence.

5.2 RELEVANT BACKGROUND INFORMATION
5.2.1 Measurement Geometry

Generally speaking, the regular, specular reflectance of a sample refers to the
mirror-like surface reflection of light from a single incoming direction into a
single outgoing direction in which both these directions are under the same
angle with respect to the surface normal of the sample. The regular transmit-
tance refers to the transmission of rays from a single incoming direction into a
single outgoing direction in accordance with Snell’s law of refraction. In case
of a plan-parallel sample, the outgoing and incoming directions are the same,
although the optical path of the transmitted beam is shifted due to refraction in
the sample.

In a commercial spectrophotometer, the beam that interacts with the sam-
ple is usually not very well collimated, and a beam divergence on the order of
2-3° is not uncommon. The area illuminated by the beam lies on the order of
50 mm” and may vary depending on wavelength and instrument settings.
Under these conditions, the angle of incidence is the average of incident direc-
tions spanning a total solid angle and the illuminated area on the sample. So,
if we say that we are measuring the transmittance at 0° incidence, we actually
obtain the transmittance for an average angle of incidence that is probably
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around 1-2°, depending on how the energy in the beam is distributed over the
various directions in the beam. Fortunately, this small deviation from zero
angle of incidence generally results in a negligible difference in the normal
transmittance of specular samples. For example, the difference between the
unpolarized transmittances at 0° and 2° of a transparent sample with a refrac-
tive index of 1.5, typical for window glass, is less than 0.001%.

The geometry of the reflected and transmitted beams in terms of detected
solid angle and sample area corresponding to the reflectance and transmit-
tance is generally not the same as the geometry of the incident beam. The
detected solid angle is only exactly the same if the sample surface is perfectly
flat and, in case of transparent samples, if both back and front surfaces are
perfectly flat and parallel. If the sample is transparent, the interreflections
increase the area on the sample from which the reflected and transmittance
beams emerge.

The biconical configuration with small solid angles according to the
generalized statement given by Eq. (2.76) in Chapter 2 is accurate for all cases
and can be simplified only for flat plan-parallel samples. The practical impor-
tance of such a statement lies in its usefulness to help us to understand the
outcome of a measurement and, more importantly, the differences that typi-
cally occur when measuring with different instruments (with different shape
and size of the beam and detector properties) or even with different detectors
in the same instrument.

5.2.2 Measurement Equation

The measurement equation is a function describing the measurement process
in terms of all quantities that can contribute a significant uncertainty to the
measurement result [9]. It forms the basis for the evaluation of measurement
uncertainty as we discuss in Section 5.2.2.

To determine the transmittance t of a sample with a spectrophotometer,
three different instrument readings are combined and corrected according to
the measurement equation

(A1) = Ca(A)CN(A)T(A), 6.1
where

_ Ms(2) —Mo(4)

() "~ Migo(2) —Mo(2)

5.2)
is the measured sample transmittance, C, and Cy are correction factors
related to alignment and detector nonlinearity, respectively, My is the instru-
ment reading obtained with the sample placed in the beam, Mg is the reading
without the sample (100% transmittance), and M, is the reading measured
with the sample beam blocked (0% transmittance) to determine the stray
radiation level.
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The misalignment correction factor C, accounts for the difference in the
geometry of the detected beam with and without the presence of the sample.
In practice, the multipliers C5 and Cy are assumed to have a best estimated
value of one with a given standard uncertainty (#, and uy, respectively),
and T (or an average of a number of measurements of T) provides the best
estimate of the sample transmittance. The readings Moo and M, are often
taken only once or twice a day to determine the so-called instrument back-
ground or baseline correction. Sample measurements are automatically cor-
rected after each reading of Mg by the software controlling the instrument
to obtain the transmittance. To complete the measurement equation, other
multipliers (“correction factors”) can be added to represent other influences
that may apply, for example, the uncertainties in wavelength and polarization.

A similar procedure is used for reflectance measurements. In the case of a
relative measurement, M is replaced by an instrument reading My obtained
on a reference mirror and the measurement equation becomes

p(2) =CA(L)Cx(2R(2), (5.3)

where
R(2) =%pmm (5.4)

is the measured sample reflectance, and prer(4) is the reflectance spectrum of
the reference mirror, which has been obtained by calibration.

5.2.3 Evaluation of Measurement Uncertainty

The most commonly used procedure for determining measurement uncertainty
is described in the ISO document “Guide to the Expression of Uncertainty in
Measurement” (GUM) [9]. This procedure starts with determining the contri-
butions of the various corrections and instrument readings to the uncertainty
of the measured property. The measurement equation plays a key role in this
and is only complete if it contains all variables that contribute to the measure-
ment result. It is for this reason that correction factors like Co and Cy are
introduced. Even though an expectation value equal to one is assumed for
these factors, which does not affect the outcome of the measurement, the
uncertainty in this value does contribute to the measurement uncertainty.

In the evaluation of the measurement uncertainty, each contribution is
represented by a standard uncertainty, which can be considered to be an esti-
mate of its standard deviation. Similarly, the square of a standard uncertainty
can be considered as an estimate of its variance. By propagating the variances
of the components through the measurement equation, the combined measure-
ment uncertainty uc is given as the square root of the resulting variance,

e =/ (i) + (ua)>+ () ... (5.5)
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In Eq. (5.5), um, ua, and uy are the standard uncertainties related to the instru-
ment readings, misalignment, and detector nonlinearity, respectively. More
contributions related to other effects, such as wavelength uncertainty, angular
uncertainty, polarization uncertainty, and reference mirror calibration uncer-
tainty, can be added when applicable.

For the standard uncertainty related to the instrument readings, generally
the best estimate of the standard deviation of the mean is taken, which is cal-
culated from the standard deviation s(x) of N readings of the measured prop-
erty x (in our case to be replaced with T or R) using

uM:tP(N—n@ (5.6)

N
where 1,(N — 1) is the Student-# factor for N — 1 degrees of freedom and a con-
fidence level of 68.27%.

Detector nonlinearity produces a systematic uncertainty component that, in
principle, can be corrected [3,10]. This correction requires a thorough investi-
gation of the instrument in use. Investigation of high-end commercial spectro-
photometers has shown that, when a measurement is made with a proper
baseline correction, to obtain a scale with values between 0% and 100%,
the nonlinearity error in a measured property m with values between 0 and
1 (like T or p) depends on the value of m and can be approximated by the par-
abolic equation [3]

uN(m) :41’)’1(1 7m)MPH, (57)

where upy is equal to half the photometric accuracy as specified by the instru-
ment manufacturer.

The combined standard uncertainty of Eq. (5.5) is multiplied by a coverage
factor k to obtain the expanded uncertainty U. The expanded uncertainty pro-
vides an interval T — U to 1+ U about the result 7, within which the value of 7
can be asserted with a high level of confidence. The value k=2, corresponding
to a confidence level of approximately 95%, is commonly used.

5.2.4 The Role of Integrating Spheres

Integrating spheres are typically intended to measure diffuse samples and are
therefore discussed in detail in Chapter 6. However, it is also common to use
an integrating sphere to measure coated and uncoated glass samples that do
not have diffusing properties. Putting a glass sample into the beam of a spec-
trophotometer changes the optical geometry of the beam after interaction with
the sample. As a result, the spatial energy distribution and shape of the image
on the detector are also changed. This is also true for perfectly flat samples
with perfectly parallel surfaces under normal incidence where the change in
the beam after the sample is created mostly by the change in optical path
length, caused by the refractive index of the glass being higher than that of air.
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FIGURE 5.1 Effect of the choice of the type of detector on the measurement of transmittance.
(a) Using a standard detector, secondary beams (dashed) are usually only partially measured.
(b) Using an integrating sphere, all beams are properly collected.

Furthermore, secondary beams occur due to multiple reflections in the sample
between the front and back surface. These secondary beams project progres-
sively enlarged multiple images on the detector surface, which can cause sys-
tematic errors [11,12]. This is illustrated in Fig. 5.1. In reflection, these
multiple images are progressively shifted, thereby increasing the error.

In the case of uncoated glass with a refractive index close to 1.5, these sec-
ondary beams represent only about 0.2% of the total signal, but their contribu-
tion for coated glass can be in the order of 1% for single-sided coated glass and
several percent for double-sided coated glass. In the case of drawn sheet glass
and curved samples, additional systematic errors occur by beam distortion and
deflection as a result of non-flatness, surface topology (non-smoothness), and
the opposite surfaces not being parallel. By using an integrating sphere, almost
all transmitted (or reflected) radiation is collected and measured, and the
remaining error due to these effects can become negligible.

Although specular samples can be positioned directly against the reflection or
transmission port of an integrating sphere in the same way as diffusing samples,
they are often placed in a separate sample compartment with additional optics
between the sample and the integrating sphere, so that the sphere is only used
as a uniform underfilled detector to capture the beam after sample interaction.

5.2.5 Avoiding Spectral Artifacts

Spectral artifacts are features in the measured spectrum that are not related to
the measured sample property but mostly due to the instrument settings,
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instrument properties, and measurement geometry. In this section, we discuss
some of the most common spectral artifacts and how to avoid them.

5.2.5.1 Changeover Points

In dispersive spectrophotometers, a scan over a wide wavelength range typi-
cally contains several wavelength points at which the instrument exchanges
one or more components, such as filters, gratings, or detectors. If a step or
jump occurs in a measured spectrum that cannot be contributed to the proper-
ties of the sample, the first thing, we have to check is whether the wavelength
at which this step or jump occurs coincides with a changeover point.

A well-known changeover point in an ultraviolet/visible/near-infrared
(UV/Vis/NIR) spectrophotometer is the wavelength at which the instrument
switches from a NIR detector, typically a PbS or InGaAs photodetector, to a
UV/Vis detector, typically a Si photodetector or photomultiplier tube
(PMT). The detector changeover point is often at a wavelength for which both
detectors are at the end of their usable wavelength range and have low sensi-
tivity. For a PbS/PMT combination, the changeover point is typically set
around 860 nm. For an InGaAs/PMT combination, it can be set to shorter
wavelengths.

A typical problem is a jump at the detector changeover point due to the
poor sensitivity of the PMT for longer wavelengths. This can be caused by
a high gain setting of the detector electronics needed to cope with the lower
signal but also amplifies stray-light. The same amount of stray-light should
be measured when the beam is blocked (0% transmittance). Therefore, a
proper baseline correction should include the 0% transmittance or reflectance
measurement to avoid this jump.

Another important changeover point is the grating changeover wavelength,
which for a UV/Vis/NIR spectrophotometer is usually chosen to coincide with
the detector change. A grating change can lead to a large change in the beam
polarization, as well as wavelength resolution. Both can have an impact on the
response of the sample to the beam and lead to spectral artifacts. This effect
we discuss in more detail in Sections 5.2.5.2 and 5.2.5.3.

5.2.5.2 Slit and Aperture Settings

Both Fourier transform infrared (FTIR) and dispersive spectrophotometers
have apertures that determine the amount of radiant flux in the beam, the
spectral resolution, or the shape of the area of the beam projected on the sam-
ple. Typically, the groove density of a UV/Vis grating is four times higher
than a NIR grating. In that case, a wavelength bandwidth of 5 nm in the
UV/Vis region corresponds to the same physical slit width as a wavelength
bandwidth of 20 nm in the NIR region. Since the slit is optically imaged onto
the sample, the ratio of the bandwidth in the UV/Vis and NIR regions should
be 1:4 in order to keep the spot size constant during the measurement.
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FIGURE 5.2 Degree of polarization (@, — ®,)/(®,+ ®,), where @, and @, are the radiant flux in
p- and s-polarization, respectively, as function of the wavelength for a typical double monochro-
mator UV/Vis/NIR spectrophotometer.

This means that if the requirement for maximum wavelength bandwidth is, for
instance, 10 nm over the whole region, the resolution in the NIR should be set
at 10 nm and the UV/Vis resolution to 2.5 nm to keep the spot size constant
over the entire wavelength range.

5.2.5.3 Polarization

Without precautions, the light incident upon the sample in a dispersive spec-
trophotometer may be strongly polarized, with the degree of polarization
dependent upon wavelength. This behavior is illustrated in Fig. 5.2, which
shows the degree of polarization for a typical instrument as a function of
wavelength. For most wavelengths, p-polarization is dominant, except at the
low end of the NIR region where there seems to be a larger degree of
s-polarization. What is clear from Fig. 5.2 is that, during the grating change-
over, there is a large jump in polarization. If samples are measured that are
polarization sensitive, we can therefore expect a jump in the spectrum and sig-
nificant measurement errors, if the beam is not depolarized first.

5.3 MEASUREMENTS NEAR-NORMAL INCIDENCE

There is a wide range of spectrophotometer accessories available for the mea-
surement of reflectance near-normal incidence. In this section, we discuss var-
ious applications and the accessories that are available to measure reflectance
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and transmittance near-normal incidence. Near-normal incidence, we assume
that the angle of incidence is small enough that we can neglect the effect of
polarization. Generally, angles of incidence up to 10° are regarded as near-
normal. For FTIR spectrophotometers, the beam tends to be much less polar-
ized than that of dispersive instruments, and angles of incidence up to 15° are
often regarded as near normal for them.

5.3.1 Typical Configurations for Near-Normal Reflection
Measurements

Figure 5.3 shows an overview of typical configurations for the measurement
of specular reflectance at near-normal incidence. The most basic tool for this
purpose is a small accessory that uses a mirror to redirect the sample beam of
the spectrophotometer toward the sample and a second mirror to direct the
reflected beam back into the original direction toward the detector of the
instrument. This tool, schematically depicted in Fig. 5.3a, has no moving parts
and it provides a relative measurement using a calibrated mirror as reference.
Ideally, such a device should have a three-point sample support to make sure
that both sample and reference have their front surfaces in exactly the same
plane during measurement to eliminate alignment errors. If properly designed,
this tool is often the most reliable and accurate, with practically zero align-
ment error, and its accuracy is mostly dependent on the calibration uncertainty
of the reference mirror.

Although integrating spheres, schematically depicted in Fig. 5.3b, are orig-
inally developed as a tool for reflectance measurements of diffuse samples,
they are widely used for specular samples as well. This is also a relative mea-
surement for which a reference mirror has to be used for calibrating the
ordinate scale.

The configuration shown in Fig. 5.3c uses a moving detector to provide for
an absolute measurement. Ideally, the detector is an integrating sphere to
compensate for the difference in spatial radiant flux distribution on the detec-
tor between the reference and sample measurement. This difference is caused
by the fact that the beam during the sample measurement is flipped over with
respect to that during the reference measurement, thereby providing a mir-
rored image on the detector. Since the beam of a commercial spectrophotom-
eter is far from uniform, a uniform detector is crucial for obtaining accurate
results. The same configuration can be used for directional reflectance and
transmittance measurements, which we discuss later in this chapter.

The last configuration in Fig. 5.3d is known as the VN configuration,
named after the typical V and N shapes of the optical path during reference
and sample measurements. This accessory also provides an absolute measure-
ment with a mirrored image on the detector during the sample measurement
with respect to that during the reference measurement. To switch from refer-
ence to sample mode, one mirror is rotated and another mirror moved to a
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FIGURE 5.3 Typical configurations for the measurement of specular reflectance at near-normal
incidence: (a) relative reflectance accessory, (b) integrating sphere, (c) absolute reflectance acces-
sory with moving detector, and (d) VN-type absolute reflectance accessory.
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position that ensures the same path length in the two configurations. Since
this configuration has two moving parts, it is usually more sensitive to
misalignment.

Other configurations for absolute reflectance measurements, known as
VW and IV configurations, measure the square of the reflectance. They are
used for determining the specular reflectance of highly reflecting samples
and discussed in Section 5.5.

5.3.2 Measuring the Transmittance and Reflectance
of Coated Substrates

In the glass industry, it is common practice to use an integrating sphere for
measuring the transmittance and reflectance of coated glass [13,14]. Interla-
boratory comparison has demonstrated that spectral transmittance measure-
ments performed on the same samples by different industrial laboratories
using spectrophotometers equipped with an integrating sphere are in good
agreement [15]. A similar result is obtained with reflectance measurements
when a standardized procedure is used and a calibrated reflectance standard
having optical characteristics similar to the samples [15]. When measuring
specular samples, one should use a specular reference for calibration and
not the diffuse reference that is commonly supplied with an integrating
sphere. If a diffuse reflectance standard is used instead, the substitution error
alone can be as high as 0.5% for a 150 mm sphere and even 6% for a 60 mm
sphere with the same port size!

5.3.3 Measuring Very Low Reflectance Materials

The main difficulty in measuring the reflectance of transparent samples with
very low reflection, like glass substrates with antireflection coatings, lies in
avoiding the influence of stray-light. Measuring these samples against an inte-
grating sphere, as shown in Fig. 5.3b, is generally not a good idea, because the
stray-light produced by the cover behind the sample can contribute signifi-
cantly to the signal. The best approach to minimize the influence of stray-light
is illustrated in Fig. 5.4. A specular reflectance accessory is separated from
the detector, allowing the detector to see only the radiation reflected directly
by the sample.

A calibrated mirror can be used as a reference sample, in spite of the large
difference in reflectance, provided the spectrophotometer has a large dynamic
range covering several decades in reflectance and with sufficient linearity.
If not, reference samples that have a reflectance closer to that of the sample
(but preferably not lower!") can be used, for example, a thin fused silica plate.

1. Reflectance values higher than the reference require extrapolation of the calibrated scale which
results in higher uncertainty.
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FIGURE 5.4 Reflection setup with a fixed angle specular reflectance accessory.

An opaque glass plate like a glass neutral density filter with less than 1%
transmittance has a negligible contribution from the back reflectance and after
calibration provides a suitable reference sample with reflectance around 0.04.

5.3.4 Measuring Specular Reflectance with an FTIR

Spectral reflectance measurements in the infrared are widely used in deter-
mining the emissivity of coated glazing to establish the energy-saving capa-
bility of the coating. Traditionally, these measurements where made using a
dispersive (grating) spectrophotometer equipped with a specular reflectance
accessory. Manufacture of dispersive IR spectrophotometers ceased in the
1990s and has been replaced by more modern and less expensive FTIR spec-
trophotometers, which have many advantages over the dispersive IR spectro-
photometers. Since FTIR spectrometers are single beam instruments, a proper
measurement procedure should take into account for the effect of drift [16].

This procedure should involve multiple measurements according to a spe-
cified sequence of reference mirror and sample(s) and correction of measured
curves according to a time-weighted average of the reflectance measured for
the reference mirrors. That is, we assume that the incident radiant flux varies
linearly between measurements of the reference mirror. The measurement
sequence must be completed in its entirety without interruption. The recom-
mended measurement procedure consists of a number of scans that contains
reference scans as a first and last scan, as well as intermediate reference scans
that allow samples measured in between to restrict the effect of drift. The ref-
erence scans are used to compensate for drift in the source signal.

Table 5.1 gives an overview of a recommended measurement sequence for
different numbers of samples. Each sample Sn (where n=1,...,N enumerates
each of the N samples) is measured twice. This allows for checking of the
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TABLE 5.1 Recommended Scan Sequence [16] Depending on the Number
of Samples to be Measured (R, Reference Mirror)

Scan Number of Samples
Nr 1 2 3 4 5 6 7 8 9 10 11 12
1 R R R R R R R R R R R R
2 S1 S1 S1 S1 S1 S1 S1 S1 S1 S1 S1 S1
3 R S2 82 S2 S2 82 S2 82 S2 S2 S2 S2
4 S1 R S3 S3 S3 S3 S3 S3 S3 S3 S3 S3
5 R S1 R S4 S4 S4 S4 S4  S4  S4 S4 S4
6 S2 Sl R S5 S5 R R S5 S5 S5 S5
7 R S2 S1 R S6 S5 S5 R R S6 S6
8 S3  S2 S R S6 S6 S6  S6 R R
9 R S3 S2 S s7 S7 S7S7 S7 S7
10 S4 S§3 S22 R S4 S8 S8 S8 S8
11 R S4 S3 S1 R S9 S9 S9 S9
12 S5 S4  S2 S1 R S10  S10  S10
13 R S5 S3 S2 S R S11 S11
14 S6 S4 S3  S2 S1 R S12
15 R R S4 S3 S2 S1 R
16 S5 R S4 S3 S2 S1
17 S6 S5 S5 54 S3 S2
18 S7  S6 R S5 S4 S3
19 R S7  S6 R S5 S4
20 S4 S7  S6 S6 S5
21 R S8 §7 R S6
22 S9 S8 S7 R
23 R S9 S8 S7
24 S10 S9 S8
25 R S10 S9
26 S11 S10
27 R S11
28 S12
29 R
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reliability of the measurements and for obtaining an estimate of the reproduc-
ibility that can be used in the evaluation of the measurement uncertainty. If
we assume that the appropriate reference value can be determined by linear
interpolation between the measured reference measurements from the time the
measurement was taken and assume that the measurements are equally spaced
in time, two reflectance values are calculated for each sample according to

(N+ I)MSn()“)
(N+ 1 —n)MRl(/l) +nMg>

Rsy(4) = B Pr(4), (5.8)
where My; and My, are the reference measurements before and after the
respective sample measurement Mg, respectively, and pr(4) is the reflectance
of the reference mirror. The best estimate of the sample reflectance at each
wavelength 1 (or, alternatively, at each wavenumber v) is given by the aver-
age of the two independent reflectances Rg, ; and Rs,, 5,

R n, +R n,
Ps, :¥_ (5.9)

The standard uncertainty associated with this average is the estimated stan-
dard deviation of the mean using Eq. (5.6),

Rsy1 —Rsn
us = 184M= 1~30|RS11,1 _RSn,2|- (5.10)

V2
The factor of 1.84 is the Student-t factor for one degree of freedom and a
68.27% confidence level.
The combined standard calibration uncertainty in the sample reflectance is
obtained by summing the variances,

Uuc = \/(us)2 +(ur)” + (ua)” + (u0)?, (5.11)

where ug is the standard uncertainty of the reflectance of the reference mirror
(usually half the reported expanded calibration uncertainty), u, accounts for
differences in alignment between substituting samples and reference mirror,
and ug represents the combined uncertainty due to ordinate errors caused by
detector nonlinearity, double modulation, and digitization errors.

The angle of incidence for IR reflectance accessories usually lies around
10-12°, to take into account the beam divergence. At these angles, polariza-
tion effects in the measurement with a FTIR spectrophotometer can usually
be neglected.

5.3.5 Tools for Absolute Reflectance and Transmittance
Measurements

An accessory capable of performing absolute reflection and transmittance
measurements is shown in Fig. 5.5. This accessory is designed for a FTIR
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Detector

FIGURE 5.5 Absolute 10° reflectance/transmittance accessory [2] for an FTIR spectrophotom-
eter. The schematic shows the beam path in the (a) reference mode, (b) transmittance mode, and
(c) reflectance mode.

spectrophotometer and uses a deuterated triglycine sulfate detector in combi-
nation with a 25-mm rough-gold-coated integrating sphere to reduce the sen-
sitivity to misalignment. The sample placement is horizontal and the
measurement principle is based on the configuration of Fig. 5.3b. Special fea-
tures of this tool are (a) the sample is placed horizontally, (b) the position and
size of the measurement spot is the same for transmittance and reflectance,
and (c) the angle of incidence is the same for transmittance and reflectance.
These features make this tool ideal for analyzing the properties of thin films
and determining absorption based on «=1—1—p, which is generally only
valid for the same measured sample area and the same angle of incidence
for reflectance and transmittance. For high accuracy, a measurement sequence
similar to that given in Table 5.1 should be applied for both transmittance and
reflectance. This tool was tested by measuring the reflectance of a certified
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FIGURE 5.6 Absolute 8° reflectance/transmittance accessory [2] for a UV/Vis/NIR spectropho-
tometer. The optical path of the beam between sample and detector sphere is shown below in
transmittance (left) and reflectance (right).

°

gold mirror with calibration uncertainty of 0.3%. The tests demonstrated an
agreement with the certified values within 0.2% for the investigated wave-
length range of 2.5-20 um [2].

A similar tool developed for a UV/Vis/NIR spectrophotometer is shown in
Fig. 5.6. Here, a 60 mm pressed polytetrafluoroethylene integrating sphere is
used in combination with a PMT and InGaAs detector to cover the wave-
length range of 200-2500 nm. The accuracy was proven to be 0.2% T in trans-
mittance mode and 0.5% R in reflectance mode [2].

5.4 MEASUREMENTS AT OBLIQUE INCIDENCE

Performing directional optical measurements is not a simple task. A laboratory
intercomparison organized in the early 1990s clearly demonstrated the lack of
understanding and capability of the industry in performing such measurements
at that time [17]. Since then, much work has been done to obtain a better under-
standing of the problems involved. A new laboratory intercomparison on mea-
surements at oblique incidence was organized in 1999 and the results
published in 2001 already showed significant improvement [18].
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Research into the measurement problems encountered with commercial
spectrophotometers has resulted in a new generation of commercial spectro-
photometer accessories that are capable of performing accurate measurements
at oblique incidence. The results of a recent laboratory intercomparison,
which was organized to investigate the state-of-the-art, showed [19] that the
total measurement uncertainty obtained on coated glass samples now typically
lies in the range of 0.2—-1% depending on the wavelength, angle of incidence,
and polarization.

5.4.1 Relevant Issues

5.4.1.1 Polarization

An issue we must deal with when measuring at oblique incidence is polariza-
tion. At oblique incidence, the optical properties of a specular sample depend
on polarization, as shown in Fig. 5.7 for a sample of clear window glass. The
so-called p- and s-polarization states represent two extremes.

Natural daylight consists of rays of electromagnetic radiation and each of
these rays has a different state of polarization (direction of the electric field).
Since the effect is random, the combination of all these rays gives the average,
which represents unpolarized radiation. The curves R, and T, in Fig. 5.7 are
the averages that represent natural (unpolarized) daylight. For measurements
at oblique incidence, we use a polarizer and measure at p- and s-polarization
separately. For a dispersive spectrophotometer, which produces predominantly
p-polarized radiation, a depolarizer can be used to produce equal amounts of
s- and p-polarized radiation before the beam enters the polarizer, improving
the noise level at s-polarization. Using only the depolarizer to directly mea-
sure, the reflectance or transmittance for unpolarized radiation is generally

1.0
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FIGURE 5.7 Directional reflectance (R) and transmittance (T') of a 4 mm clear float glass at a
wavelength of 500 nm. The subscripts s, p, and u refer to the polarization state.



160 Spectrophotometry

not a good idea, unless no other optical elements are positioned in the beam
between the depolarizer and the sample, and the beam is also depolarized
directly behind the sample.

A simple technique for measuring the transmittance for unpolarized radia-
tion at oblique incidence without the use of polarizing elements is to take the
average of the transmittance obtained from two orientations of the plane of
incidence. This requires a tool that maintains the angle of incidence while
the plane of incidence formed by the direction of the beam and the normal
of the sample surface can be rotated 90° about the axis of the beam. Thus,
we obtain two orientations in which the direction of s-polarization in one ori-
entation is the same as the direction of p-polarization in the other orientation
and vice versa.

A polarizer is an optical element that ideally passes radiation of only one
polarization. Measurement errors associated with the use of a polarizer are
due to the unwanted radiation that is passed from polarization states other than
the one selected. Two types of error have to be considered, one type is asso-
ciated with the extinction ratio of the polarizer, which is the ratio of unwanted
and wanted transmitted radiation. The extinction ratio e is typically 10—
10~ for wire grid polarizers and 10~ *~10° for Glan-Thompson prism polar-
izers. The standard uncertainty related to the systematic error caused by a
nonzero value of e can be estimated by

4 e|ms—mp’
PE=""""7=
2V3

where m, and m,, are the values of the optical property (t or p) for s- and
p-polarization, respectively, and we assume a rectangular probability distribu-
tion for e.

Another error is associated with the polarizer angle ¢ that controls the
polarization by determining the orientation of the polarizer with respect to
the plane of incidence and optical axis. A deviation in this angle results in a
systematic error in the measured property. The standard uncertainty in the
measured property, upg, related to this error is given by

(5.12)

Upgy = Ug|ms —my|, (5.13)

where uy is the standard uncertainty in the polarizer angle in radians. The

total standard uncertainty related to the polarizer errors is then given by

up =/ (upg)” + (ttpg) . (5.14)

5.4.1.2 Multiple Reflections

Another issue that complicates measurements under oblique incidence is due
to the secondary shifted beams resulting from multiple reflections inside the
sample. This effect is illustrated in Fig. 5.8. The lateral distance, x, between
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Beam shift for glass samples (n =1.52)
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FIGURE 5.8 Multiple shifted beams at oblique incidence. The photograph demonstrates multi-
ple beams projected on a paper target in front of a rectangular integrating sphere port, by a 7 mm
glass sample with coating on the back side, illuminated at 60° with s-polarized light.

the secondary beams depends on the angle of incidence 6, the sample thick-
ness d, and its refractive index n according to

x=2dcos0tan {sin ' [sin (0)/n]}. (5.15)

A graph of x/d versus 0 for a sample with a refractive index of 1.52 (regular
window glass) is also shown in Fig. 5.8. The maximum occurs at about 50°.
At this angle, x becomes approximately 75% of the sample thickness. The
detector should be large enough to capture not only the primary reflected or
transmitted beam but also a sufficient number of the secondary beams.

For example, assume that the beam width at the sample is 4 mm, the sam-
ple thickness is 8 mm, and that the illuminated area at the sample position
is imaged on the detector. In this case, the total width of the light spot at
the detector, taking into account only the primary beam and the first two
secondary beams has a worst-case value (at 50° incidence) of 4mm+
2x0.75 x 8mm=20mm. In practice, the best and simplest solution is to
use an integrating sphere detector with a large enough entrance port.

5.4.1.3 Angular Accuracy

An important requirement for accurate directional measurements is that the
setting of the angle of incidence has to be accurate. Especially for angles of
incidence 0 >45°, where the angular dependence of the optical properties is
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FIGURE 5.9 The spectral transmittance of a 2 mm fused silica sample for oblique incidence as
measured around 75° (p-polarization) [25].

usually much greater than at normal incidence, inaccuracy in the angle of inci-
dence can lead to significant measurement errors. This is demonstrated by the
example in Fig. 5.9, showing that a change of 1° in 0 causes the transmittance
to change by 3%.

Apart from scale inaccuracies in the angle of the sample rotation stage, we
can identify two additional sources of error in the angle of incidence. One
source of error is caused by the direction of the average energy of a grating
spectrophotometer’s light beam being slightly wavelength dependent.
Although the geometrical direction of the center of the beam may be constant,
a spectrophotometer’s beam is never perfectly collimated and the angular dis-
tribution of energy within the beam is generally not uniform. As a result, even
with a perfectly accurate sample rotation stage, measurements performed
under a positive angle +60 and a negative angle —0 do not generally give the
same results at all wavelengths [1,20].

The second source of error is the offset in the zero angle of the rotation stage.
If the angle of incidence 0’ indicated by the scale of the rotation stage deviates
from the true angle of incidence 0 by a systematic error of A0, the positive and
negative angles in this situation are 0, =0’ + A0 and 0_ = — 0’ + A0, respectively.

Both types of systematic error can be compensated by performing two
scans at positive and negative angles, respectively and taking the average.
For example, if the positive and negative angular settings are, respectively,
+45° and —45° and the systematic error is —1.3°, the true angles of incidence
will be, respectively, +43.7° and —46.3°. As a result, different values for the
transmittance are obtained. However, if the systematic error is not too large,
and if the optical property being measured is linear, the average of the two
measurements will yield the transmittance at 45.0°.
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5.4.1.4 Recommendations for Variable Angle Spectroscopy

The discussion in the previous sections leads to the following recommenda-
tions for accurate measurements of regular reflectance and transmittance at
oblique incidence:

e Use polarizing elements and perform the measurements for p- and
s-polarization separately.

e Use a large enough uniform detector to capture not only the direct but also
sufficient secondary beams from interreflections and back reflection.

e Use accurate rotation states to obtain the angle of incidence with an accu-
racy of at least 0.1°.

e Average over positive and negative directions for the angle of incidence to
compensate for systematic errors.

5.4.2 Directional Transmittance Measurements

A simple setup for accurate measurement of directional transmittance is shown
in Fig. 5.10. The most time efficient procedure for measuring directional
transmittance with this setup uses a sequence of scans with alternating
p- and s-polarization, starting with the stray-light scans (Mg, and Myg s,
for p- and s-polarization, respectively). These are followed by the sample
scans at all positive angles (Mg, and My, respectively). Then, 100% trans-
mittance reference scans (Mjoo%,, and Migoss, respectively) without the
sample are performed. Finally, all of the sample scans at negative angles
are performed so that the opposing angle is equal distance in time from
the 100% transmittance measurement. In this way, the 100% transmittance
measurement is performed half way in time between the positive and

Reference beam

Polarizer K_/

Rotation stage

FIGURE 5.10 Setup for measuring directional transmittance with a double beam UV/Vis/NIR
spectrophotometer [25].
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negative angles, compensating for any linear drift in the system. An example
of a measurement sequence for 30°, 60°, and 75° would thus be measured in
the following sequence:

Mog,p» Mo, s, M50 p, M750.5, Moe py Moo, M3osp, M3pe s,

M i00%.0» M100%,s» M —30°p> M 3005, M _60° p» M 60,5, M 750 p, M _750 5.

If the transmittance at 0° needs to be included, two extra p and s scans can
be added at the end of the procedure. Although the transmittance at 0° is the
same for p and s, it is better for the operator to stick with the alternating p and
s scans in order to avoid mistakes. Alternatively, the 0° scans can be included
in the middle of the sequence, replacing the 100% reference scans which
are then put at the end instead. To save time, the 0% and 100% scans can
be omitted assuming the instrument produces results that are already properly
corrected. Nevertheless, including them in the measurement procedure gener-
ally improves the baseline correction, so it is good practice to measure them
separately.

The measured sample transmittance T for angle of incidence 6 and polari-
zation g=p or s is determined from these scans from

Ty (;) :%M+ O,q(i) +%M70,q(;“) _M()%,q(/l) ' (5.16)
. MlOO%,q(;“) - MO%,q(’D
If we repeat the measurement sequence N times, we will be able to obtain the
standard measurement reproducibility u#y; according to Eq. (5.6).

In case of only one measurement sequence, we can replace this by a stan-

dard uncertainty given from Eq. (5.10) by

|M+0,q(’l) - MfO,q(’I) ’
M 00%.4(4) + Moo 4 (4)

Equation (5.17) overestimates the standard uncertainty unless the systematic
difference between the results obtained at positive and negative angles is neg-
ligible compared to the reproducibility of the measurement.

In case of 0° incidence, the measured sample transmittance is given by
averaging over p- and s-polarization according to

Moe p+ Moo s —Mo%,p — Moy

s,gq(7) =1.30 (5.17)

To-(A)= , (5.18)
M 100%.p + Mi00%,s — Movwp — Mo
with the standard uncertainty given by
Moo, — Moo
us.o- (4) = 1.30 O TOs (5.19)

M 100%.p + M100%.s — Mo,p — Mos.s

In Eq. (5.19), we consider values obtained for p- and s-polarization to follow
the same normal distribution with no effect of the polarization.



Regular Reflectance and Transmittance 165

A suitable measurement equation for the transmittance of ¢ polarized
light is

70,4(A) = CA(A)CN(2)Cp(A)Co(2)Cw (A)To4(4), (5.20)

where Ty, is the measured sample transmittance and C,, Cn;, Cp, Cp, and Cy
are correction factors for errors in the alignment, ordinate linearity, polariza-
tion, angle of incidence, and wavelength, respectively. All correction values
are assumed to have an expectation value of one with a 68% confidence inter-
val given by its standard uncertainty. A complete evaluation of the combined
standard uncertainty in the sample transmittance t is then given by adding the
variances,

e =\ (s + (n)? + 1)+ (up) 4 ()" + (), (5.21)

where ug is determined by Eq. (5.17) or (5.19). The standard uncertainty
related to misalignment strongly depends on the capability of the detector to
cope with the change in the beam properties due to sample (beam shift and
distortion). When an integrating sphere is used with large enough entrance
port, ua usually lies in the order of 0.1% or less.

Transmittance spectra obtained on a clear window glass sample at 0°, 30°,
and 60° are shown in Fig. 5.11. Figure 5.12 shows an example of the spectral
uncertainty of one of these spectra, t¢p- 5, Showing the various contributions.
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FIGURE 5.11 Transmittance spectra obtained on a clear window glass sample.
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FIGURE 5.12 Spectral standard uncertainty components and the combined uncertainty for the
transmittance spectrum Teoe s shown in Fig. 5.11.

5.4.3 Relative Directional Reflection Measurements

A popular tool for directional reflection measurements in specular samples is
the retro-mirror pair reflectometer shown schematically in Fig. 5.13. This
reflectometer is based on the principle that a pair of flat reflecting surfaces
mounted on a rotation stage at a fixed mutual angle always reflects a light
beam into the same direction, independent of the angle of the rotation stage.
One condition is that the line of intersection of the two mirrors forming the
retro-mirror pair lies exactly along the axis of rotation.

The version shown in the photograph of Fig. 5.13 was designed by the
author [8] to fit in a dispersive IR spectrophotometer. The rotation stage has
an angular accuracy of 0.08° and the retro-mirror can be rotated to switch
between incident angles of opposite sign. Sample and retro-mirror are
mounted with a mutual angle of 90°, although a right angle is not a require-
ment for the measurement principle. Harrick [21] demonstrated that the only
requirement is that the reflected direction remains at a constant angle to the
incident direction and used a 100° angle for his reflectometer.

The procedure for reflection measurements is basically identical to the
procedure used for making transmission measurements. The major difference
lies in the fact that the reference measurements are performed with the cali-
brated reference mirror. For each angle of incidence that is required for the
sample measurement, we now also need to have calibration values of the
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’’ Retro-mirror

Wire grid polarizer

FIGURE 5.13 Optical layout of a Harrick-type retro-mirror pair reflectometer for relative direc-
tional reflection measurements shown at 75° and 40° angle of incidence. The photograph shows a
different configuration with a mutual angle of 90° between sample and retro-mirror.

reference mirror. Changing the angle of incidence on the sample also changes
the angle of incidence on the retro-mirror and as a result also the throughput
of the reflectometer. This requires that the reflectometer is calibrated for each
angle of incidence. Fortunately, we do not need to perform this calibration for
each sample. It will be enough to select only one angle and polarization, and
determine the change in throughput of the reflectometer for each other angle
and polarization using the reference mirror that has known reflectance at the
same angles and polarization [22].

A proper procedure for reflection measurements starts the sample scans at
all negative angles, starting with the highest angle, followed by only one
stray-light scan (0%) without sample present with p-polarized radiation
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(Mo p) and one reference scan with p-polarized radiation on the reference
mirror at 45° (Mggr+45°p) and finally the sample scans at positive angles
starting with the smallest incident angle. An example of a sample measure-
ment sequence for 30°, 60°, and 75° following this procedure would be

M _750 5, M_750 s, M _g00 p, M0 s, M _300 p, M _300 5, MREF 45° p,
Mog.p» M3oe p, Mo s, Meoe ps Meoe,s, M750p, M750 .

The measured sample reflectance R for angle of incidence 0 and polariza-
tion g=p or s is determined from these scans by
1M 0g(2) +3M 94 (4) —Moyp(4)
R9,q(’“) =

Mg a5 p(4) — Mog p(4)

Foq(2). (5.22)

where

_ M*RER4se p(A) —M* 9,5 (1)
LM REF 450 4(4) + I MPREF, —450.4(4) — M 5.5 (4)

and prgr,0,4(4) is the reflectance of the reference mirror. Equation (5.23) gives
the correction necessary to calibrate for the varying throughput of the reflec-
tometer. The asterisks on the values in Eq. (5.23) are used to point out that
these scans do not belong to the same measurement series as that of the sam-
ple. This procedure requires the correction (5.23) to be determined only once
using the same measurement sequence for the reference mirror as for the
sample.

In a similar manner as Eq. (5.17), the standard uncertainty in the measured
sample reflectance is given by

FO,q(;L) pREF,G,q(;°)’ (5.23)

‘M+(),q(;“) - M*U,CI (}) |
MRgE 450 p(4) + Moy 5 (4)

A complete evaluation of the combined standard uncertainty uc in the sample
reflectance p is given by

Us,0.q (/1) =1.30

Foq(4). (5.24)

uc = \/(145)2 +(ur)* + (ua)> + (un) + (up)* + (ug)* + (uw)?, (5.25)

where uy is the standard calibration uncertainty in the measurement related to
the calibration uncertainty urgg,9, of the reference mirror according to

_ Rﬁyq(i)
R=
PREF.0.9

UREF,0,9 (5.26)

and the other uncertainties are discussed earlier. Reflectance spectra obtained
on a clear window glass sample at 8°, 30°, and 60° are shown in Fig. 5.14.
Figure 5.15 shows an example of the spectral uncertainty of one of these spec-
tra, showing the various contributions. For these measurements, the tool
shown in Fig. 5.16 was used.
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FIGURE 5.14 Reflectance spectra obtained on a clear window glass sample.
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FIGURE 5.15 Spectral standard uncertainties and combined uncertainty for the reflectance
Peo-,s Shown in Fig. 5.14.

5.4.4 Absolute Directional Reflection Measurements

With directional measurements, angles and polarization have to be changed
and, if necessary, the alignment adjusted between scans. Avoiding mistakes
usually requires the full attention of an experienced operator during a long
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Positive angle Negative angle

FIGURE 5.16 UV/Vis/NIR spectrophotometer accessory for directional reflectance and trans-
mittance measurements [22].

period of time when many scans are required in transmittance and reflectance
on both sides of the same sample. Automation not only removes the burden of
performing the time-consuming measurements manually but also offers more
reliability.

Goniometer-based accessories for double beam UV/Vis/NIR spectro-
photometers have been made commercially available since the beginning
of this century [2,20]. These accessories are stepper motor-driven tools that
use an integrating sphere with a detector and are capable of recording trans-
mittance and reflectance spectra as functions of the angle of incidence
and polarization. Several measurement geometries are shown in Fig. 5.17.
The sample is positioned on a motorized rotation stage in the center and
the integrating sphere detector driven by a second rotation stage is either
positioned behind the sample (at 180°) for transmittance measurements or
in front of the sample for reflectance measurements (at twice the angle of
incidence).

The goniometer is calibrated in the so-called autozero mode without sam-
ple and with the detector in the 180° position to capture the spectrophot-
ometer’s beam. For transmittance, the sample is inserted in the beam and
the angle of incidence set with the sample rotation stage and the detector posi-
tion at 180°. For reflection measurements, the angle of the detector rotation
stage is set at twice the angle of the sample stage.

The angular range of the detector shown in Fig. 5.17 is 10-350° (180°
being the position directly behind the sample). The angular range for measure-
ment of specular samples is 5—85° for reflectance and 0-85° for transmittance
(depending on sample type and size).
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FIGURE 5.17 Top view of the sample chamber of an automated reflectance/transmittance goni-
ometer [2] with different measurement geometries: (1) autozero mode (no sample installed),
(2) transmission at 0°, (3) transmission at +45°, (4) transmission at —45°, (5) reflection at +8°,
(6) reflection at —8°, (7) reflection at +60°, and (8) reflection at —60°.

5.5 MEASURING THE REFLECTANCE OF HIGHLY
REFLECTING MATERIALS

Laser mirrors are multilayer coatings optimized to have absorption close to
zero at the wavelength of interest. To quantify the absorption one needs to
measure the reflection, a value close to one, extremely accurately. A similar
demand for a highly accurate reflectance measurement lies in the calibration
of reference mirrors used as reflectance standard in spectrophotometry. The
reflectometers discussed below feature a double reflection on the sample so
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that the square of the reflectance is measured. This reduces the measurement
errors in the reflectance by 50% which is a great advantage when high accu-
racy is important. The standard uncertainty in the reflectance can be as low as
0.0005 with these reflectometers. Only cavity ringdown reflectometers, which
are beyond the scope of this chapter, are capable of measuring with a lower
uncertainty [23].

5.5.1 VW Method

A device commonly used for the calibration of reflectance standards is the
so-called VW reflectometer by Strong [24]. The principle of this VW reflec-
tometer as designed to fit in a spectrophotometer’s sample compartment is
shown in Fig. 5.18. In the so-called V-mode, the instrument beam is interact-
ing with three mirrors (M1, M2, and M3). The angle of incidence on mirror
M2 must be as small as possible but large enough to make sure that in the
W-mode the beam can pass this mirror on either side without vignetting. Typ-
ically, this angle is 8° and is determined by the position of the mirrors M1 and
M3. M2 is a spherical mirror that compensates for the elongated optical path.
In the so-called W-mode, the beam additionally interacts twice with the
sample. If the detector is linear and alignment is done perfectly, the image
projected on the detector is identical for both V- and W-modes, and the ratio
of the two readings produces exactly the square of the sample reflectance.
The VW reflectometer shown in Fig. 5.18 is designed to have directional
reflectance capability for performing measurements at oblique incidence. An
example of measurements at 60° with this accessory is shown in Fig. 5.19.
In this case, two additional forms of the W-mode are possible, representing
opposite angles of incidence. As discussed in Section 5.4.1.3, the ability to
perform measurements at both positive and negative angles is important since
it gives the user the possibility for compensating for systematic errors related

,sample

FIGURE 5.18 VW reflectometer accessory set for near-normal (8°) angle of incidence [1,4].
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FIGURE 5.19 The directional VW accessory measuring at oblique incidence for positive angle
of incidence (left) and for negative angle of incidence (right) [1,4].

to beam-shift effects and angular accuracy, by taking the average of these two
types of measurements.

Mirrors M1 and M3 (see Fig. 5.18) are mounted on the same block and
can be shifted backward (upward in Figs. 5.17 and 5.18) to get a smaller angle
on M2. In the case of oblique incidence, the angle of incidence on mirror M3
must be as small as possible. In our case, this angle is 5°. Markers are
engraved on the base plate of the accessory to indicate the proper position
of the mirror block.

In the W-mode, there are always two reflections on the sample, one com-
ing from mirror M1 (which is reflected toward M2) and one from mirror M2
(which is reflected toward M3). In the case of oblique incidence with the
angle set to 0, the average angle of incidence of the beam coming from mirror
M1 is 0;=60+5°, while for the second beam coming from mirror M2, the
average is 0,=0—5° This effect is shown in Fig. 5.20, where the angles
are somewhat exaggerated to make the effect more visible. The systematic
error related to this effect is given by

AR =R(0) — /R(0+5°)R(0 —5°). (5.27)

In the case of an aluminum-coated mirror, this systematic error typically is
on the order of only 0.05-0.4%, depending on the wavelength, polarization,
and 0.

A slight misalignment between the beams in the V- and W-modes of the
VW accessory due to sample tilt and angular uncertainty can be expected.
We deal with these alignment errors by using an integrating sphere with the
detector.

In the case of a metallic mirror, the systematic error caused by the differ-
ent angles for the two reflections on the sample has proven to be very small
for angles below 60° and still quite acceptable at 75°. However, the effect
can be disastrous in the case of multilayer coatings, often used for laser mir-
rors. The shape of the reflectance spectrum of such a coating is determined by
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FIGURE 5.20 The directional VW features different angles of incidence of the two reflections
on the sample at oblique incidence.
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FIGURE 5.21 Simulated true values (ideal measurement with zero beam divergence) versus
simulated VW measurements with reflections at 40° and 50° (average 45°).

constructive and destructive interference of radiation reflected at the layer
interfaces, and this effect is sensitive to small changes in the angle of inci-
dence. In Fig. 5.21, we compare the true reflectance of a laser mirror for an
angle of incidence of 45° with the reflectance measured using the directional
VW accessory. The results show a large difference between the two. In order
to solve this measurement problem, a new technique was developed which we
call the IV method [4].
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5.5.2 IV Method

The difference between the IV and VW reflectometers is shown in Fig. 5.22,
which gives a top view of the two accessories in the reference mode, which is
the V-mode for the VW accessory and the I-mode for the IV reflectometer. In
the IV reflectometer, the beam coming from the polarizer is reflected by three
mirrors (M1, M2, and M3 in Fig. 5.22), before it is transmitted by a broadband
beamsplitter (BS) and directed to the spherical mirror on the rotation stage. This
mirror redirects the beam back toward the BS, where it is reflected 90° toward
the exit window of the sample compartment to interact with the detector unit.

Figure 5.23 shows the IV reflectometer in the V-mode, which is the sam-
ple measurement mode for this reflectometer. Not only are the two reflections
on the sample at the same spot (on the axis of rotation of the sample), but they
also have the same angle of incidence for both reflections which makes the
method suitable for multilayer dielectric coatings.

FIGURE 5.22 Top view of the VW accessory (left) and IV accessory (right) in the reference
mode (without sample), showing the optical path of the sample beam [4].

FIGURE 5.23 Top view of the IV reflectometer in the V-mode, for (left) +60° incidence and
(right) —60° incidence, showing the optical path of the sample beam [4].
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An infrared version of the IV reflectometer connected to a FTIR spectro-
photometer is shown in Fig. 5.24. This reflectometer was designed to handle

sample sizes up to 250 mm diameter. Although this reflectometer
mized for the wavenumber range of 33005000 cm™', where the
standard uncertainty of the measurement is as low as 0.002, the

was opti-
combined
workable

range is 500-5000 cm ™' (wavelength range 2-20 pm). An example of results
obtained on a commercial low-emissivity (single Ag) coated window glass
measured at different angles of incidence with this setup is shown in Fig. 5.25.

FIGURE 5.24 FTIR directional IV reflectometer for measuring absolute reflectance of highly

reflecting materials at angles of incidence in the range of 10-80° [2].
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FIGURE 5.25 Reflectance of a low-emissivity coated window glass, measured with the FTIR IV

reflectometer at different angles of incidence and polarization.
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6.1 INTRODUCTION

Diffuse reflectance is always present in our everyday surroundings, and
reflection of light gives us the required stimulus by which our visual sense
perceives the world around us [1,2]. Diffuse transmission may not play as
prominent a visual role as reflectance, but nonetheless is important in lighting,
whether it arises from the coatings on luminaires, the design of visual dis-
plays, or simply the coloring of stained glass windows. The technical rele-
vance of diffuse transmission for the characterization of materials and
suspensions is unquestionable [3].

Figure 6.1 gives an overview of the basic features in idealized reflection
and transmission. For this illustration, it is convenient to use a representation
where the reflected radiant flux is depicted by a radial vector in the appropri-
ate angular direction 6, shown by dashed arrows in Fig. 6.1, with its length
proportional to the radiant flux. These radial vectors trace out a polar curve
(or surface in three dimensions), often referred to as the indicatrix [4]. For
specular reflection, which results from the Fresnel-Huygens principle
together with the presence of a smooth interface, we have just two directions
with fixed angles obeying the law of reflection, where 6, = — 0;. In the case of
0,=0;, we have retroreflection, where a portion of the incoming radiation is

Incident
beam
Retroreflection lefgsq
transmission
Diffuse
reflection

Specular Specular
reflection transmission

FIGURE 6.1 A schematic representation of reflection and transmission from a material.
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returned to its source. In the transmitting direction, provided the incoming
beam passes nearly unperturbed across the medium, only affected by Snell’s
law of refraction, we have normal, or specular, transmission.

In the ideal case of diffuse reflection, one gets a spherical angular distribu-
tion of the reflected radiation according to Lambert’s cosine law. The same is
true for ideal diffuse transmission through the material. If the radiance L of
the reflected radiation is independent of the direction, one speaks of a
Lambertian reflector.

In general, the reflection and transmission of light do not follow these sim-
ple, ideal cases. Generally applied, graphs of the indicatrix, some shown in
Fig. 6.2, lead to intuitive representations of more typical behaviors of reflec-
tion and transmission. It can be seen, then, that to measure the reflectance or
transmittance from arbitrary samples under test requires careful attention to
ensure that the detection sensitivity is uniform over the appropriate half-
sphere. In the case of specular reflection, one normally measures the reflec-
tance of the sample as the ratio of the reflected flux to the incident flux in
the given conditions, a relatively simple measurement provided the whole
reflected radiation is detected. For diffuse reflection measurements, however,
capturing all of the reflected or transmitted radiation uniformly can be a dif-
ficult procedure. This is the application where integrating sphere methods
become important.

Ideal Lambertian
distribution

Incident B Incident Incident
beam ‘ beam beam
e U
Reflection Reflection Reflection
strong diffuse component strong specular component strong retroreflective component

Ideal Lambertian

. distribution
Incident r Incident
beam d beam
Transmission Transmission
near regular dilTuse

FIGURE 6.2 Different kinds of reflection and transmission characteristics of given materials.
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6.2 MEASURANDS

The diffuse reflection and transmission of optical radiation from materials are
best expressed by a number of different dimensionless classification values.
These measurands are dimensionless, because they are ratios of physical
quantities with identical dimension. These different measurands can differ in
the range of values that they can accept, whether bounded in some range or
not. The fact that these values are dimensionless, however, can lead to some
confusion when using the appropriate measurand for a given application or
measurement geometry. In this section, we will discuss these various
measurands.

In many cases, reflection measurements on diffusely reflecting materials are
carried out relative to a standard. For this purpose, the perfectly reflecting dif-
fuser (PRD), which reflects the incoming radiation without losses, completely
diffusely with a Lambertian directional distribution, and independent of wave-
length, has been established as a primary standard [5]. The PRD, however, is
only a theoretical concept and cannot be realized in practice. Since there is no
material with these characteristics, the realization of the primary standard is
carried out with physical methods, that is, by the measuring apparatus, which
inherently measures the appropriate absolute quantity.

6.2.1 Reflectance

Reflectance is a dimensionless number defined by the ratio of the radiant flux
@, expressed in Watts, of the reflected (index r) and the incident (index i)
signals, written in a spectral dependent representation as

=56y

6.1

From conservation of energy, it follows that reflectance for nonfluorescent
materials may have values only in the interval 0-1, inclusive. The diffuse
reflectance for real nonfluorescent materials is always less than unity. The
reflectance depends upon the geometric illumination and collection condi-
tions, which were discussed in Section 6.3.

6.2.2 Reflectance Factor

The reflectance factor R is a dimensionless number defined as the ratio of the
radiant flux @, reflected in the directions delimited by the given cone to that
reflected in the same directions by the PRD irradiated in exactly the same way
as the sample,

_ %)
- @PRD”

R() 6.2)
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where CDf RD is the radiant flux from the PRD. It is important to realize that,
unlike the reflectance p, the reflectance factor R is not bounded in the range
from O to 1. For example, materials that exhibit some specularity can have
a reflectance factor greater than unity, if the geometric conditions of the mea-
surement are such that the specular direction, but not all directions, is
included. Even nonspecular materials, if they are highly reflecting, can have
reflectance factor greater than unity for some measurement conditions.

Because the total reflectance of the PRD is unity, when the solid angle Q
approaches 2m sr, the hemisphere above the material, the reflectance factor
converges to the reflectance under the same conditions

R(Q=2n,1)=p(Q=27,1). (6.3)

In this case, the reflectance factor, being the same as the reflectance, is in fact
bounded in the interval 0-1.

6.2.3 Radiance Factor

The radiance factor f§ is a dimensionless number defined as the ratio of the
radiance L, (having a measurement unit of W -sr~'-m?) reflected by a sample
surface to that which would be reflected into the same reflected-beam geom-
etry by the PRD irradiated in exactly the same way as the sample,

(A
B =" (64

The radiance factor can reach values much greater than unity. This can happen
in gonioreflectometry (see Chapter 8) when measuring samples at arbitrary
angles of incidence and reflection, even for diffuse reflection standards [6].

When the solid angle Q of a radiance factor measurement approaches the
limit of zero, the reflectance factor approaches the radiance factor,

B2) = limR(2). ©.5)

6.2.4 Transmittance

Transmittance is the transmission-mode analog to the reflectance. That is,
transmittance is a dimensionless number defined by the ratio of the radiant
flux @, transmitted to the incident radiant flux ®@;,

@)
(A) = 0’

(6.6)

Like the reflectance, conservation of energy dictates that the transmittance for
nonfluorescent materials have values in the interval 0-1, inclusive. The dif-
fuse transmittance for real nonfluorescent materials is always less than unity.
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The total transmittance T, of a medium can be separated into two parts,
the regular transmittance 7., and the diffuse transmittance Tg;ss,

Ttotal = Treg T Tdiff - 6.7)

If the incident radiant flux travels through the sample under test in such a way
that the exit angle can be predicted from the entry angle according to Snell’s
law of refraction, the transmittance is referred to as regular. When the incident
flux is scattered via its travel through the sample, for example, due to surface
roughness or due to volume scattering, so that Snell’s law no longer applies,
the transmittance is referred to as diffuse.

We do not define transmissive analogs to the reflectance factor or the radi-
ance factor, because it is impossible to have a perfectly transmitting diffuser, or
even an approximation to one. Perhaps the best one could imagine would be to
have a material that reflected half of the incident radiant flux uniformly in the
reflection half-space and transmitted the other half of the incident radiant flux
uniformly in the transmitting half-space. But, since no material exist that
approximates this behavior, we generally do not speak of a transmittance factor.

6.2.5 Relationship Between Reflectance, Transmittance,
and Absorptance

The terms of reflectance, transmittance, and absorptance are altogether
defined in Chapter 2, in Egs. (2.76), (2.82), and (2.89), respectively. These
measurands can be combined together, since that which is reflected, transmit-
ted, and absorbed must account for all of the incident flux. Thus, when the
reflectance and transmittance includes all of the respective half-spaces, and
in the absence of fluorescence and other inelastic scattering (such as Raman
scattering), we have

a(A)+p(A)+1(2) =1, (6.8)

where o is the absorptance. Furthermore, Kirchhoff’s radiation law states that
the emissivity ¢ of a material is given by its absorptance. Thus, the emissivity
is given by

e()=1-p(2) —1(2). 6.9)

6.3 NOTATION OF DIFFUSE REFLECTION GEOMETRIES

As explained in Section 6.2, the diffuse reflection classification numbers are
not fixed material-specific quantities. Rather, they depend on the geometric
conditions of the measurement: the direction of irradiation and reflection,
and the respective solid angles. Nicodemus [7] classified nine different mea-
surement geometries for a reflection measurement. This scheme classifies
the measurement by whether the incident and reflected radiation are each
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incident or collected over the entire hemisphere, within some cone, or along a
specific direction. Any reflectance measurement must include some statement
as to which geometry is used.

Table 6.1 lists these nine classifications of reflectance measurements,
where the definitions are given with respect to the bidirectional reflectance dis-
tribution function (BRDEF), f,(6;, ¢;; 0., ¢,), and where the solid angles for the
incident and reflected conical geometries are €; and €, respectively. In the
table, the term directional refers to a differential solid angle dQ in the direction
specified by 0 and ¢, conical refers to a cone of finite extent centered in the
direction of (0, ¢), and hemispherical refers to the full half-sphere above the
sample. In the conical case, the solid angle Q and its central direction (0, ¢)
must be specified. The geometrical conditions are illustrated in Fig. 2.1 of
Chapter 2. The nine types of reflectances of Table 6.1 can be visualized as all
possible permutations of the different irradiation and detection possibilities,
as can be seen in Fig. 6.3. The scheme can be also extended to nine goniometric

TABLE 6.1 Nomenclature for the Nine Types of Reflectance According
to Nicodemus [7]

1. Bidirectional dp(0;, ¢i; 0r, b)) =103, ¢i; 0r, dr) dQpro v
reflectance

2. Directional-conical

Directiona| PO, 652) = | #1090, 6,) Ay
3.  Directional- [

hemispherical P(Gi/ d)i/ 27'5) *. znfr(ei/ (l)ir O, (l’r) deroj,r

reflectance

4.  Conical-directional
reflectance

dp(Qi; O, (/)r) = (deroj,r/mej,i)J\Q fr((')i/ i O, (/)r) deroi,i

5.  Biconical

reflectance P(Qi; Qr) = (1 /Qproj,i)‘lgrjgi fr(eir ¢i; Or, ¢r) deroj,i deroj,r

6. Conical-
hemispherical
reflectance

P(Qi; 277) = (1 /Qproj,i)J J fr(ei; ¢i; Or, ¢r) deroj,i deroj,r

4

7. Hemispherical—
directional
reflectance

dﬂ(zﬂ} Hr/ d)r) = (demi,r/TC)JZ fr(ei/ (/)i/' Hr/ ¢r) deroj,i

8.  Hemispherical-
conical reflectance

p(2m Q) =(1 /H)J

Q.

L fr(ei/ d)i; Or, (br) deroj,i deroj,r

9.  Bihemispherical

reflectance p(2m; 2m) = (1/n)Jsz FeOir 13 Ors ¢1) Ao Ao

2n

The projected solid angle, discussed in Chapter 2, Section 2.2, is dQp,j=cos 0dQ.
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FIGURE 6.3 Designations for incident and reflected geometries, according to Nicodemus [7].

reflectance factors. Because radiance factor implies a directional reflected radi-
ance, the directional—directional, conical-directional, and hemispherical—
directional radiance factors can also be defined.

6.3.1 Recommended Integrating Sphere Geometries

The CIE (Commission Internationale de 1’Eclairage, English for International
Commission on Illumination) recommends a number of geometries for diffuse
reflectance and transmittance measurements [8]. These geometries correspond
to directional-hemispherical, hemispherical-directional, and hemispherical—
hemispherical geometries described above in Table 6.1, with specific direc-
tions and one caveat. The geometries distinguish whether or not a small cone
about the specular direction is included. The symbol used to indicate hemi-
spherical is d (for diffuse, as opposed to 27), while the inclusion or exclusion
of the specular (or regular, in the case of transmittance) component is
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TABLE 6.2 The CIE Recommended Integrated Reflectance
and Transmittance Geometries

Reflectance geometries

(di:8°) Diffuse:8° geometry, specular component included
(de:8°) Diffuse:8° geometry, specular component excluded
(8°:di) 8°:diffuse geometry, specular component included
(8°:de) 8°:diffuse geometry, specular component excluded
(d:0°) Diffuse:normal geometry
(d:d) Diffuse:diffuse geometry

Transmittance geometries

(di:0°) Diffuse:normal geometry, regular component included
(de:0°) Diffuse:normal geometry, regular component excluded
(0°:di) Normal:diffuse geometry, regular component included
(0°:de) Normal:diffuse geometry, regular component excluded
(0°:0°) Normal:normal geometry
(d:d) Diffuse:diffuse geometry

/

indicated by i or e, respectively. Thus, a measurement of the reflectance
p(8°;2m) would be indicated by (8°:di). For normal incidence, it is generally
not possible to include the specular component, since it follows the same
beam path as the incident light. Hence, the inclusion/exclusion specification
is not needed for normal incidence reflectance measurements.

Table 6.2 lists the six CIE reflectance geometries and the six CIE transmit-
tance geometries. Practical implementation of the measurements will be dis-
cussed later in this chapter. In these recommended geometries, is
understood that for directional incidence, the angle between the normal to
the sample and the optical axis of the incident beam must be within 10°, while
the directional beams must be contained within 5° of the optical axis of that
beam [3,8]. The set of transmittance geometries are very similar to the reflec-
tion geometries. Generally, reflection measurements, if the specular compo-
nent is to be included, requires nonnormal incidence.

6.4 INTEGRATING SPHERES

An integrating sphere, sometimes known as an Ulbricht sphere, is an optical
device for radiometric and photometric measurements consisting of a hollow
sphere covered inside with a diffuse white reflective coating [9]. The sphere
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Detector

Incident
beam

FIGURE 6.4 Typical setup of an integrating sphere measuring system.

setup typically has two or more small openings, denoted as ports, for introdu-
cing light or attaching an appropriate detector (see Fig. 6.4). The sphere is
often configured with baffles that prevent the detector from directly viewing
the light source or the area of the sphere wall directly illuminated by the light
source. The arrangement causes many diffuse internal reflections of the enter-
ing light. The number of internal reflections, in the absence of loss of light
through the ports, is typically on the order of

1

1_pw’

(6.10)

where p,, is the wall reflectance. The value of n can be as high as 100 for a
good coating (see also Fig. 6.5). The most relevant property of the integrating
sphere is it uniform scattering or diffusing effect. If the sphere coating is Lam-
bertian, then the irradiance of the sphere from light striking a point on the wall
is uniform. Thus, it takes very few reflections before the light is completely
uniform. An integrating sphere can be considered as a diffusing device which
preserves power but destroys spatial information.

The radiance L on the wall of an integrating sphere generated by a flux ®
introduced into the sphere is given by

MO
L= Ay (6.11)

where @ is the incident radiant flux, A is the internal sphere wall area, M is a
sphere multiplier quantity, which is equal to the average number n of the
reflections within the sphere.

Ideally, the inner wall coating of the integrating sphere should have a high
reflectance over the required wavelength range of the application and be nearly
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FIGURE 6.5 Dependence of the sphere multiplier quantity M on the sphere wall reflectance
pw and the port fraction f.

Lambertian. If the optical losses within the sphere and through the ports are
low, the multiple reflections lead to a fairly high optical intensity inside the
sphere (sphere multiplier) and consequently to a high optical efficiency,

Pw
M= Pw
1_pw(1 _f)’

where f is the fraction of the sphere wall area that is open to ports. Figure 6.5
illustrates the magnitude of the sphere multiplier M and its strong dependence
on both the port fraction f and the sphere surface reflectance p,,. As a rule of
thumb, it can be stated that for most integrating spheres with internal reflec-
tances between 0.94 < p,, <0.99 and a port fraction between 0.02 <f<0.05
the value for the sphere multiplier M is in the range of 10-30.

6.12)

6.4.1 Historic Information

The theoretical background and practical realization of the integrating sphere
as a radiometric and photometric device was stated and demonstrated at the
end of the nineteenth century. Two names have to be mentioned in this con-
text, Sumpner and Ulbricht. The chronology and importance of the contribu-
tions to the subject may differ under a country specific point of view.
William Edward Sumpner (1865-1940) was an English mathematician and
physicist, professor, and head of the Central Technical College of Birmingham.
In a publication from 1892, he studied the influence of diffusing, unpolished
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surfaces on the illumination of ordinary rooms and open spaces [10]. Within
this paper, he also introduced generally the concept of the integrating sphere
to the field of light measurement.

Friedrich Richard Ulbricht (1849-1923) was a German engineer, professor
at the technical university in Dresden, as well as general director of the royal
Saxon railway company at this time. In 1892, Ulbricht began with preliminary
studies for the construction of an electric power station for the railway station in
Dresden. In the course of this work, he was also involved in the illumination of
the station itself and the facility sites and offices. His photometric studies lead
him, independent from Sumpner, who was working on that subject theoretically
only, to the sphere device as an ideal case of uniform illumination by means of
a point source. He developed from this insight in 1894 a measurement device
consisting of two half spheres, which became the first sphere photometer. In
the German-speaking parts of the world, this device is known in his honor as
an Ulbricht sphere; otherwise, it is denoted just as an integrating sphere [11,12].

6.4.2 Setup

The design of an integrating sphere for a specific application involves the con-
sideration of some basic parameters. For example, the selection of the opti-
mum sphere diameter is based on the required number and size of the port
openings. The selection of the internal sphere coating determines the spectral
range as well as the performance [13]. Finally, the use of internal baffles with
respect to the incident radiation and detector field-of-view must also be
selected. In the following, the basic construction principles and appropriate
coating materials are discussed.

6.4.3 Construction Principles

We consider an ideal integrating sphere, in order to show the basic principles
of its operation. Such an ideal integrating sphere is characterized by the fol-
lowing properties:

i. the entrance and exit ports are assumed to be infinitesimally small,

ii. all installations inside the sphere, like light sources and baffles, are also
considered to be infinitesimally small so that their influence on the opti-
cal radiation after the first reflection at the inner sphere surface can be
neglected, and

iii. the inner coating of the sphere is assumed to be a Lambertian PRD.

As will be explained in Section 6.5 about absolute sphere based methods, the
light entering an integrating sphere should not directly irradiate an area of the
sphere wall that the detector is viewing. In order to avoid this, baffles are
often used in integrating sphere design. In doing so, however, certain inac-
curacies are introduced, because the integrating sphere is no longer perfectly
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spherical, and light incident on a baffle does not uniformly irradiate the
remainder of the sphere.

These considerations can be applied to real-world integrating spheres. As a
rule of thumb, the number of baffles inside of the sphere should be mini-
mized, and the surface area of openings (ports) should be less than 10% of
the overall area. Intensity considerations pose a lower limit for the size of
the entrance and exit ports, as the radiant power entering or exiting a sphere
is proportional to the area of the respective port.

The wall reflectance p,, will also show a wavelength dependence. This
dependence results in a wavelength dependent sphere multiplier M. Apart
from these requirements, integrating spheres are also subject to temporal var-
iations of their optical properties, which are primarily caused by degradation
of their coating material.

6.4.4 Internal Coating Materials

When choosing a specific coating for an integrating sphere, two factors should
be taken into account: its reflectance and its durability. Items located inside
the sphere, like baffles or lamps will decrease the throughput of the sphere.
This decrease in throughput is best avoided by coating all possible surfaces
with a highly reflective coating. This behavior can be considered via the
sphere multiplier magnitude M as discussed in Section 6.4.

Based on these conditions the ideal sphere coating can be defined to have
the following attributes:

i. high reflectance over the wavelength range of interest
ii. highly diffuse, ideally Lambertian,
iii. highly stable,
iv. easily applied, and
v. easily removable (if necessary for recoating).

Commercial relevant coatings include so-called sprayed-on coatings and
packed or sintered polytetrafluoroethylene (PTFE) coatings.

6.4.4.1 Sprayed-On Coatings

Sprayed-on coatings are mostly based upon barium sulfate. The first commer-
cial coating of this type was developed by Franc Grum and George William
Luckey of Eastman Kodak, introduced in the 1970s [14,15]. This kind of coat-
ing is known as “Eastman 6080 White Reflectance Coating.” This coating was
the basis for other commercial barium sulfate coatings that later came on the
market, like Spectraflect (Labsphere) or ODP97 (Gigahertz-Optik). The com-
position is made of barium sulfate powder, a polyvinyl acetate binder, water,
alcohol, and possibly some coating additives. The advantages of the barium
sulfate coatings are that they are highly reflective and highly diffuse,
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relatively close to Lambertian, easily applied, and easily removable. However,
they can be easily damaged, and the spectral region where their reflectance is
greater than 0.95 is limited to the range 400—1300 nm. More material depend-
ing aspects, including detailed wavelength dependencies, are discussed in
Section 6.6.

6.4.4.2 Packed and Monolithic Coatings

Integrating sphere coatings can be produced by packing PTFE powder into the
sphere shell with an electrically driven hammer device. In doing so, a constant
density of approximately 1.0 gcm > can be achieved. This kind of internal
sphere coating was first introduced at the National Bureau of Standards
(NBS) in 1975 [16].

Monolithic integrating spheres are commonly constructed from sintered
PTFE-based materials that come with different trade names like Spectralon®
(Labsphere), Fluorilon® (Avian Technologies), OP.DLMA®™ (Gigahertz-
Optik), Zenith Polymer® (SphereOptics), and OptoPolymer (OptoPolymer).
As a solid bulk material, they can be machined into a desired shape, including
an integrating sphere. The advantage of these materials are that they have a
reflectance greater than 0.95 from 250 nm to 2500 nm, are highly diffuse,
and mechanically stable. However, their long-term stability is compromised
by absorption of gasses from the air. They are relatively heavy, because they
are highly translucent, requiring a thickness of at least 1 cm. Finally, they are
relatively expensive, compared to the spray-on coatings.

6.4.5 Homogeneity

All integrating sphere techniques make substantial assumptions regarding the
sphere’s performance. The same also applies for the associated measurement
procedure. For example, it is usually assumed that the wall reflectance p,, and
its BRDF is uniform over the entire inner sphere wall. However, in practice,
owing to the type of wall material and the process used to fabricate it, every
sphere wall shows inhomogeneities. Furthermore, those inhomogeneities vary
with wavelength.

So far, only a limited number of publications report on the performance of
integrating spheres, taking into account the spatial and spectral dependence of
the wall material [17-21]. Each of the common sphere techniques for the abso-
lute calibration of reflection standards measures a ratio Q of reflection signals
(see Sections 6.5.2-6.5.5) obtained when the light is incident upon reflectance
standard under test to that obtained when the light is incident upon a specific
point within the sphere wall. One important question pertaining to the calibra-
tion process is whether the respective point of the inner sphere wall is represen-
tative of the whole sphere. Moreover, the evaluation of that part of the
uncertainty budget that is connected with the inhomogeneities is not trivial.
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The homogeneity characteristics of integrating spheres can be determined
using sphere scanning techniques. These techniques rely upon mirror-based
rotating scanners to allow a probe to view different positions on the inner
sphere wall [20] or light emitting diode (LED) sphere scanners [21] to illumi-
nate different positions of the wall. The results of such investigations on inte-
grating spheres show fractional variations of the sphere wall reflectance
ranging from below 1% to several percent.

6.5 ABSOLUTE SPHERE METHODS FOR MEASURING DIFFUSE
REFLECTION

Integrating spheres designed for absolute reflectance measurements play an
important role in the calibration of diffuse reflections standards. These stan-
dards are required for distributing the absolute scale maintained at National
Metrology Institutes (NMls) to commercial reflectance instruments, which
rely upon relative techniques. Eight absolute methods are briefly explained
and discussed in the following sections. The first four absolute methods were,
quite remarkably, all developed nearly simultaneously and published in the
year 1920 [22-24].

6.5.1 Basic Considerations

In this section, we provide a theoretical analysis of an ideal integrating sphere
and derive its throughput and efficiency. There are four general approaches
that can be found in literature:

i. energy balance technique [25], where we assume that the incident flux is
the sum of the absorbed flux and that lost through its openings;

ii. a summation of reflections, where the total flux is the sum of that
reflected once, twice, etc. [26,27];

iii. a matrix method, which solves a coupled set of rate equations accounting
for the presence of a finite number of distinct regions of the sphere
[28,29]; and

iv. an integral method, which solves an integral equation of the sphere irra-
diance [30-32].

Methods (iii) and (iv) can account for the inhomogeneity of the sphere wall
and the presence of nonideal barriers. However, for the purposes of illustrat-
ing the operation of an integrating sphere, we use the simpler technique (ii).
We assume that the sphere is uniformly coated with a material having a
Lambertian reflection characteristic, and that there are no baffles to obstruct
the ray paths. The explicit spectral dependence of the reflectance quantities
is omitted in order to simplify the notation.
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The sphere, shown in Fig. 6.6, is assumed to have a radius » with an inner
surface area of Ag=4mr~. Letting the area of the entrance port be A, the area
of the detector be A4, and the area of the wall be A,,, we have

Ap=Ac+ Ad+ Aw. (6.13)
Or, expressed in terms of fractional areas,

fe+fd+fw:1’ (614)

where f. =A./Ao is the wall fraction of the entrance port, f;=A4/Ao is the wall
fraction of the detector, and f,, =A/Aq is the wall fraction of the sphere wall.
The average diffuse reflectance p of the sphere can be written in the form:

P =fePe* JaPa+ fuPws (6.15)

where p., p4, and p,, are the reflectances of the entrance port, the detector,
and the wall, respectively. Since the entrance port and the detector presum-
ably do not reflect light, p.=p4=0, so that the average reflectance is

P=fubu (6.16)

At this point, we will distinguish between the (0°:d) reflectance of the
wall, py, o, and the (d:d) reflectance of the wall, p,,. This distinction is made,
because the incident light is directional, while further reflections from the
wall arise from nominally diffuse illumination. If ®; is the radiant flux inci-
dent into the entrance port, the radiant flux incident upon the sphere wall after
the first reflection is

D,V = £, py0®i. (6.17)

! J Detector

FIGURE 6.6 Graphical representation of the basic features of the summation technique.
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The sphere radiant flux incident upon the sphere from the second reflection, is
then

O =p O = pf 0 i 6.13)

It is straightforward to see that the total radiant flux incident upon the wall is
given by

o =) + 02 + 0B 4 ...
= prw,OCDi +ﬁprw,0q)i +ﬁ2prw,0q)i +--

= fuPuo@i(1+7+77 +) (6.19)
— prw,O(I)i
1-p
The total radiant flux reflected by the wall surface is given by
ot __ tot __ pp W,UCDi
O =p,D; T (6.20)

Finally, the total radiant flux incident upon the detector is that fraction of the

reflected light the detector covers

faPpuo®i
1-p

These preliminary results can be used to calculate basic equations for the dif-

ferent absolute sphere techniques discussed in the following sections.

DY = £, = 6.21)

6.5.2 Methods of Taylor (First Taylor) and Benford

In his paper from 1920, Albert Hoyt Taylor described five methods for the
determination of reflectance [22]. Two of the described methods are absolute,
in that they do not rely on the comparison with a previously calibrated stan-
dard. The approach for the so-called first Taylor method is shown in
Fig. 6.7. The method determines the bihemispherical (d:d) reflectance
p(2m;2n) of a material that is used for the inner coating of the integrating
sphere, as well as that for a flat sample to be characterized. The sphere has
three ports, namely an entrance, a sample, and a detector port. For the deter-
mination of the bihemispherical reflectance p(2r;27), two distinct measure-
ments have to be performed.

The first measurement is made with the sample mounted to the sample
port. The radiation incident through the entrance port is irradiating a part of
the sphere wall in a specific region. The detector is viewing the sphere wall
through the detector port in another region, called the detector field of view
(FOV). The second measurement is made with identical input and viewing
geometry, except that the sample is removed, leaving the sample port open.
The ratio Q of both measurements can be used to determine the absolute
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Detector

Measurement

#1 & #2

FIGURE 6.7 Graphical illustration of the sphere method according to Taylor (first
Taylor) & Benford.

bihemispherical reflectance p(27;2n) of the sample. The reflectance of other
sample materials distinct from the sphere wall coating can then be determined
by additional relative measurements in the sphere.

The method of Frank Albert Benford [23], which was also published in
1920, is identical to the first Taylor method, with the minor, but important dif-
ference, that the sample is a section of the sphere wall itself, having spherical
shape. If we let the sample port have an area A; and wall fraction f;=Ag /A,
we can apply Eq. (6.21) for the first measurement, with f,, — fi, + f;, so that
the radiant flux on the detector is

(Dd,l :fdpw,O(fw'i-fs)pwq)i, (622)

1-— (fw +fs)pw

where f,, is the now the wall fraction of the sphere, not including the sample
port. For the second measurement, the radiant flux on the detector is

q)d,Z — fdpw,()prw ! (623)
1 7.prw
The ratio of the radiant fluxes is then

_(Dd,Z_ fw 1_(fw+fs)pw.
We can then solve Eq. (6.24) for the wall reflectance,

o (+£/) -0 625

(fou+f)(1-0)

We can see that we have relied on the various assumptions used to derive
Eq. (6.21). That is, the most accurate measurements using either of these two
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techniques require accurate modeling of the sphere performance. In particular,
we have assumed that the sphere is, in fact, spherical. Thus, the use of flat
samples, as described in the first Taylor method, requires a much more com-
plicated description [33].

6.5.3 Method of Taylor (Third Taylor)

The second absolute method described by Taylor [22] in his fundamental pub-
lication from 1920 is schematically shown in Fig. 6.8. Interestingly, and lead-
ing to confusion, it is the second absolute method of Taylor, but the third
method described in his paper (the second method being a measurement
relative to a standard). Thus, this absolute method is normally referred to as
the third Taylor method.

As in Section 6.5.2, two measurements are performed. In the first measure-
ment, the incoming radiation is incident on the sample and the detector is
viewing a separated sphere region, which is shaded from direct irradiation
from the illuminated spot by means of an intervening baffle. Following the
arguments used to derive Eqs. (6.19)—(6.21), excluding the term from the first
reflected rays, we have

Off =pufo(@F + 0+
= pwfd (fwﬁps,oq)i +fwﬁ2ps,0q)i +-- )
= putalFuPpso@i(1+p+p%+: )] (6.26)
— fdﬁzps,O(Di
1-p
In the second measurement, the detector has the same viewing geometry,
but the sphere is rotated about the entrance port and incident radiation is

Detector

Measurement

w

FIGURE 6.8 Graphical illustration of the third Taylor sphere method.
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directed on a region that is not baffled anymore from the detector FOV. The
signal is then given by Eq. (6.21),

of fdﬁpw,oq)i
Oy === S 6.27)

The ratio between the two signals, with the assumption p,, = py, o is then

— (I)I:l?tl — ﬁps,O — prwps,o
q)zi(?tZ pw,O pw,O

Q

= fubso- (6.28)

Thus, the directional-hemispherical reflectance p(0°;2n) of the sample is

Pso=0Q/fy- (6.29)

6.5.4 Method of Sharp-Little

Also in 1920, in this apparently remarkable year of absolute integrating sphere
method development, Clayton H. Sharp and William F. Little published a
paper also describing various integrating sphere methods. The absolute
Sharp-Little method [24] is an inversion of the third Taylor method of direc-
tional-hemispherical reflectance and is illustrated in Fig. 6.9. The sphere has
the same arrangement as in Fig. 6.8, except that the positions of the irradiating
source and the detector have been interchanged. In the sample measurement
(#1), the detector directly views the sample, while the input beam is incident
on a region of the sphere that is shaded by the baffle from direct illumination.
For the reference measurement (#2), the detector views another sphere region
that is not baffled from the directly illuminated region. Due to symmetry with

Baffle
FIGURE 6.9 Graphical illustration of the Sharp-Little sphere method.
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Taylors third method, the same equations apply, except that the Sharp-Little
method measures the absolute hemispherical-directional reflectance factor
R(2m;0°):

R(2m:0°) =0/f,.- (6.30)

Differences occur in the methods of third Taylor and Sharp-Little if at the
positions of the measurements #1 and #2 are different materials.

6.5.5 Method of van den Akker

In 1956, van den Akker et al. [34] published a short 21 line abstract about the
“Evaluation of Absolute Reflectance for Standardization Purposes,” where
they refer to the use of two spheres. Ten years later, in 1966, they refined their
work under the same title and gave more detailed information about their
method and the apparatus [17]. The van den Akker, or double-sphere method,
was used at the NBS in the United States to calibrate a standard reflectance
material [35]. The setup of the method measures the bihemispherical reflec-
tance p(2m,2m) of this material. The two integrating spheres are mounted
together as shown in Fig. 6.10.

The van den Akker measurement relies on a measurement of the ratio of
the directional-hemispherical reflectance of the sample (measured when it is
in position #1) to the effective directional-hemispherical reflectance of a
sphere with the sample at the back of that sphere (measured when the sample
is in position #2). It makes the assumption that the efficiency of the left sphere
does not change between the two measurements and that the signal is propor-
tional to directional-hemispherical reflectance. Thus, the flux measured in
position #1 is assumed to be proportional to the directional-hemispherical
reflectance of the sample, pso. Letting the average reflectance of the right
sphere be

Detector

i

Translation of sample

Measurement

Sample

Main
sphere Auxiliary

sphere

FIGURE 6.10 Graphical illustration of the van den Akker sphere method.
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7=+ (1=f=1 )P 631)

where f,, is the port fraction of the entrance/exit port of the right sphere, and f;
is the port fraction of the sample port of the right sphere, the effective direc-
tional-hemispherical reflectance of the sphere, with the sample mounted on
the back is

JoPPso
Psphere,0 = Pl 5 . (6.32)

Thus, the ratio of the two signals is given by

1—7
— P __"P (6.33)
psphere,O fpp

If the sample material is the same as the sphere wall material, so that ps=py,
we have

5= (1 _ fp) P (6.34)

The directional-hemispherical reflectance of the sphere wall and the sample is
then given by
1—
Py = Ofp . (6.35)
1—f,
A more complicated expression [35] is found when one includes the non-
Lambertian behavior of the integrating sphere.

6.5.6 Method of Korte-Schmidt

The Korte—Schmidt method was developed in the 1950s by Heinrich Korte
and Martin Schmidt at the Physikalisch-Technische Bundesanstalt (PTB)
in Germany [36] and later revised to its current form by Wolfgang Erb in
the 1970s [37,38]. Figure 6.11 illustrates this method. Distinct from the pre-
viously described methods, the sample to be measured is located at the cen-
ter of the sphere, mounted on a holder in such a way that the surface of the
sample is lying in the equatorial plane. The sphere itself can be opened and
vertically divided into two identical halves for inserting of the sample to be
measured. There is a lamp mounted at the back of the sample holder.
A baffle between the lamp and the sample ensures that irradiation of the
sample surface is only possible after a minimum of two inner wall reflec-
tions. Finally, the integrating sphere has two opposing ports allowing radi-
ance measurements in two configurations: one directly viewing the
sample, and one viewing the sphere wall at a location indirectly illuminated
by the lamp.
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FIGURE 6.11 Graphical illustration of the Korte—Schmidt sphere method.

The radiance from the sphere wall is assumed to be uniform in regions that
are not directly illuminated by the lamp. Due to the presence of the viewing
port above the sample, the projected solid angle illuminating the sample is
reduced. Using Eq. (2.9), the ratio of the projected solid angle illuminating
the sample in the first configuration (see Fig. 6.11) to that for a complete
half-sphere is given by

2
(9% proj ! 1

. 6.36
Qproj 7 +r2 1—4f, ( )

Recalling the definition of radiance factor f§ in Section 6.2.3, the radiance fac-
tor of the sample is given by
Ly

=— 6.37
p Loco (6.37)

The measurement of the sample radiance L, is performed in the first con-
figuration, while the measurement of the wall radiance L., is performed in the
second. Since the two radiance measurements are performed with the same
incident radiance, but with different projected solid angles, the ratio of which
is given by Eq. (6.36), and assuming the wall of the sphere is a PRD, the radi-
ance factor is given by

1 L

While this technique measures the radiance factor f3, it is performed under
conditions where the illumination is nearly uniform (with the exception of
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the port direction). Therefore, it is approximately equivalent to the
hemispherical-direction reflectance, p(2m;0°).

It is typical to perform the wall radiance measurement at an angle of 25°.
In this manner, the wall is not directly illuminated by the lamp, and there is
negligible reduction of the projected solid angle from the ports. Furthermore,
with the Korte-Schmidt method, other viewing angles, such as 8°, can be
used, allowing measurement of p(27; 8°).

6.5.7 Coblentz Sphere

The Coblentz sphere was invented by William Weber Coblentz [39], an
American physicist notable for his contributions to infrared radiometry and
spectroscopy. He was working at NBS, where he spent his entire career and
headed the radiometry section. The Coblentz sphere, illustrated in Fig. 6.12,
is a device for measuring the directional-hemispherical reflectance and can
be modified to measure total integrated scatter (TIS) or total scatter (TS).
The term TIS is defined in a standard as the diffusely scattered flux (specular
excluded), normalized by the hemispherical reflectance (specular included),
and is often used in roughness measurements [40], while the term TS is
defined in another standard as a particular specular excluded measurement,
designed for optical surface testing [41]. The Coblentz sphere differs from
the integrating sphere in that the inner surface consists of a hemispherical
or hemi-ellipsoidal mirror rather than a diffuse surface coating. This setup is
frequently used in the infrared spectral range, where it is difficult to manufac-
ture a material that approximates a PRD. Instead, the inner sphere mirror sur-
face compromises of a highly reflective gold coating. While an integrating
sphere setup is usually easier to align, it tends to have a lower signal-to-
noise ratio.

Measurement #1 #2

Sample

Detector
FIGURE 6.12 Graphical illustration of the Coblentz-sphere method.
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The sample and detector are positioned at two closely spaced conjugate
points near the center of curvature of the hemisphere. The incident radiation
is first directed onto the detector (#1) for the measurement of the incident
flux. Then the beam is switched to irradiate the sample (#2). The total flux
reflected from the sample is collected by the hemispherical mirror and
directed to the detector. In this technique, the reflectance p,,, of the hemispher-
ical mirror must be known. It may be determined if a flat sample of the mirror
material is mounted at the sample port and a normal measurement is made.
The resulting ratio of the two responses is the square of the mirror reflectance.

The Coblentz-sphere method delivers more signal to the detector; how-
ever, some of this signal is incident on the detector at very high angles. Thus,
this approach tends to discriminate against high-angle scatter, which is not a
problem for many samples. Scatter from rough surfaces, for example, often
decays rapidly away from the specular direction.

6.5.8 Goniometric Method

A final method is based upon measurements of the BRDF and its subsequent
integration. That is, to calculate the directional-hemispherical reflectance, one
can perform the integral

P(ei, ¢is 27T) = L fr(ei’ ¢i; O, ¢r)der0j,r (6.39)
s

by approximating it with a summation. This method has the potential for

being most accurate, since it makes no assumptions about the properties of

an integrating sphere or its coatings. However, it can very time consuming,

requiring hundreds, if not thousands of measurements. Section 8.2 of

Chapter 8 describes an example of this measurement.

6.6 DIFFUSE REFLECTION STANDARDS

Until the CIE Session of 1959 in Brussels, colorimetric measurements of
materials were referred not to the PRD but to smoked magnesium oxide [42].
The reflectance of the smoked MgO was assigned to a value of 100% for all
wavelengths. Smoked MgO is an example of an artifact-based standard, albeit
it is one that was intended to be intrinsic to a material and could be produced
by anyone with access to the appropriate materials and methods. However,
such standards suffer from a number of deficiencies. For example, it is diffi-
cult to control procedures between different laboratories, which are presum-
ably following the same recipe. Furthermore, the reference standard may
not be relevant to all of the applications, some of which may be unforeseen
at the time the standard was developed.

In the current terminology, the definitions given in Egs. (6.1), (6.2), and
(6.4) replace the smoked MgO artifact-based terminology. In this case, the
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PRD is the ultimate reference standard for the measurement, even though a
physical artifact PRD is not available. The advantages of this terminology
are numerous. The standard is tied to energy balance, so that the direc-
tional-hemispherical reflectance is related to how much light is absorbed.
This fact will remain true forever, as different materials are developed as
intermediate standards or different wavelengths are used. Improvements in
measurement methods will reduce the uncertainty in subsequent measure-
ments, rather than change the reference scale.

The transfer of the diffuse reflection scale to customers in research and
industry is done by the calibration of commercially available diffuse reflec-
tion standards in the desired reflection geometry through a measurement
chain, traceable to the PRD. The PRD is the ultimate standard in the field
of radiometry and photometry with a radiance factor of 1 (unity) independent
of the wavelength and geometric configuration. The PRD cannot be realized
as an artifact. Since there is no material with these characteristics, the realiza-
tion is carried out with an absolute measurement of reflectance, often per-
formed at a NMI. The first material realization is considered a primary
standard, and it is measured with respect to the PRD definition.

Transfer standards are used to deliver the reflectance scale to outside cus-
tomers. It is impractical to measure every transfer standard using the absolute
methods used to certify primary standards, so transfer standards are usually
measured using relative methods, using the primary standard as a reference.
Commercial vendors may provide transfer standards, provided they obtain a
suitably certified primary standard (usually from an NMI). At last, working
standards are often used for daily use. The working standard usually has an
in-house calibration traceable to a transfer standard.

6.6.1 Requirements

The selection of a material for use as a standard reflection material must take
into account not only the physical properties, but also the application. The
requirements are similar, but more extensive, than those given in Section 6.4.4
above. The most important properties to be considered are the following:

i. Reflectance: In most cases, a high reflectance is favored.

ii. Surface: For many applications, a matte standard is required, while in
other cases, a glossy surface is more preferable.

iii. Opacity: A high opacity is usually desirable in order to avoid edge losses
or significant diffusion during measurement.

iv. Uniformity: The standard must be uniform across its surface in order to
have a well-defined reflectance.

v. Planarity: The surface of the standard should be flat, since most integrat-
ing sphere instruments are sensitive to small gaps between the sample
surface and the plane of the sample port.
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vi. Cleanability: Cleaning of working standards may be necessary, particu-
larly in industrial use. In that case, cleaning shouldn’t change its
reflectance value.

vii. Stability: Long-term stability of the material with respect to radiation,
temperature, atmosphere, etc., is required.

viii. Portability: Transfer standards must be mechanically stable and durable
for shipping.

ix. Spectral flatness: It is highly desirable to have a spectrally flat reflec-
tance. In this case, imperfections in the spectral recording during the
measurement have less effect on the transfer of the reflectance value.

X. Inertness: Absence of fluorescence, thermochromism, photochromism,
and hydrophilicity.

6.6.2 Common Diffuse Reflection Standards

Standards are often circular or rectangular with a diameter or edge length of
50 mm. For ceramic tiles, it is common to have rectangular samples with an
edge length of 10 cm feed size. The most important wavelength range for dif-
fuse reflection standards is the earth observation window, determined by the
solar irradiance spectrum, which ranges from 250 to 2500 nm. It is a widely
held belief in research and industry that the commonly used diffuse reflection
materials only have minor deviations from the PRD in this range. This is a
serious and false conclusion. Every standard reflection material existing today
exhibits strong deviations from the idealized assumptions of the PRD [6],
especially at extreme incident irradiation angles. Incorrect traceability of
white standard materials leads to inaccurate values for the determination of
luminance and chromatic coordinates. Figure 6.13 below shows photographs
of common diffuse reflection standards, illuminated at grazing incidence,
and the effects of surface texture can be clearly seen.

Considering the application of reflectance standards, they can be divided
into two major categories:

i. Glossy surfaces—Glossy surfaces are usually easy to clean, but their appli-
cation can be sophisticated, because the specularly reflected radiation must
be specified to be included or excluded from the measurement. Reflection
standard materials that are available with glossy surfaces are opal glasses
and ceramics. A material that approximates the angular reflection behavior
of the perfect reflecting diffuser (PRD) in the polar angle range of 0—40° for
incidence and reflection are high-quality glossy opal glasses (like BCR
406), which also have a high opacity and uniformity.

ii. Matte surfaces—Generally, cleaning of matte surfaces is difficult and requires
a carefully established cleaning procedure in order to yield repeatable results.
If detergents are used, it is extremely important to use only high purity chemi-
cals, in order to avoid further contamination due to the cleaning process itself.
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FIGURE 6.13 Standard reflection materials under grazing irradiation in order to show the sur-
face structure. The inserts are magnified views. (A) Sintered PTFE, (B) opal glass, (C) ceramic
tile with 88% white, (D) pressed BaSO,4 powder, and (E) primed BaSO, powder.

The spectral properties of four matte standard reflection materials are shown
in Fig. 6.14. The most interesting information here is the dramatic decrease
in reflection of opal glasses and ceramics below 400 nm. Also, all of the mate-
rials shown exhibit absorption bands in the infrared range above 1300 nm.

6.6.2.1 Historical standards, Smoked MgO, and Vitrolite

As mentioned before, smoked MgO layers were used for a long time as refer-
ence standards for the diffuse reflectance scale. These layers were produced
by burning Mg ribbons or turnings in air and collecting the smoke on a sub-
strate. Samples based on smoked MgO were prepared by first compressing a
5-mm layer of MgO powder in an aluminum well and then covering it with
a 1-mm layer of smoked MgO [43]. Independent of wavelength, the reflection
value of unity or 100% was assigned to them. In general, however, it was very
difficult to reproduce high-quality MgO surfaces with constant reflectance.
The obtained reflectance is dependent on the kind of carrier, the preparation
technique, the environmental conditions like humidity, UV radiation, compo-
sition of the atmosphere during burning, the thickness of the layer, impurities
of the ribbon used, and the grain size of the deposited particles [44,45]. These
variables all lead to the fact that the reproducibility of the smoked MgO layers
was never better than 1%, even if they were produced by well-trained
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FIGURE 6.14 Spectral dependence of the hemispherical-directional reflectance py.o(4) of four
standard reflection materials in the d:0° geometry.

personnel. A furthermore drawback is that smoked MgO surfaces are rather
fragile and not stable with time. Therefore, replacement of MgO powder by
more suitable materials was investigated.

Such a material was the Vitrolite white opal glass. Vitrolite was a product
line of Pilkington Brothers in the UK and widely used in the 1930s and
through the 1960s for large-scale cladding and for shop facias and interiors.
The product was produced in a wide range of colors and careful temperature
control was necessary at all stages in the production process to achieve the
required degree of opacity. Vitrolite in its form of a white opal glass has been
used as a diffuse spectral reflectance standard since 1944. Its uniformity and
long-term durability made it useful as an everyday working standard for spec-
trophotometric measurements in the visible spectral range. The translucency
of Vitrolite, however, can cause systematic errors in diffuse reflection
measurements, if improperly used. The principal problem here is the loss of
a portion of the incident flux due to diffusion of the light out of the back,
the edges, or behind the integrating sphere sample port edge. Vitrolite reflec-
tance standards had a fire-polished surface which gives them durability and
stability, along with good cleanability. This polished surface reflects approxi-
mately 4% of the incident light as specular reflection.
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Different kinds of standard reflection materials are commonly used now
(see Fig. 6.13). These materials could be divided into four main groups that
are highlighted in the following sections.

6.6.2.2 BaSO,-Based Standards

Barium sulfate is a white crystalline powder. Because of its high electron den-
sity, it is also used as a contrast media in X-ray imaging. BaSO, has a long
tradition as a standard material for diffuse reflectance measurements. In the
past, it was the white standard reference for colorimetry and photometry in
a series of German Institute for Standardization (DIN, Deutsches Institut fiir
Normung) standards [46]. The original white standard, according to the DIN
standard, was made of pressed BaSO, [47]. The pressing is done with a spe-
cial powder press, originally introduced by the Zeiss company, where the
powder is pressed against a matted glass plate. The structure of the glass plate
is impressed into the BaSO, powder. This kind of reflection standard is very
fragile and not suitable for shipping. Due to this fact, a version of the standard
suitable for overseas shipping with a special internal structure was developed
several years ago at PTB [48]. This primed BaSO, standard has an internal
grid structure made of stainless steel, and the first one-third of the filling is
an adhesive mixture of BaSO,4 with polyvinyl alcohol as a binder. The remain-
ing two-thirds of the filling are made in layers by a composition with BaSO,
diluted in distilled water. There are still a number of users from industry who
use BaSO,-based reflection standards, mostly for the calibration of Zeiss
Elrepho® integrating sphere reflectometers. Over the years the Zeiss Elrepho®
became the de facto reference instrument for the paper, pulp, and board indus-
try worldwide.

6.6.2.3 Opal Glasses

Opal glasses have been utilized as diffuse reflection standards since the 1940s.
The first samples available were the Vitrolite white opal glasses mentioned
above [49]. Due to their relatively high translucency, they were replaced in
the 1960s by Russian opals, which had much better spectral reflection proper-
ties [50]. The most prominent representative of this class is the MC-20
Russian opals, which became synonymous for the class of opal glasses.
Opal glass materials, which were developed by the European Commission
in the 1980s and were purchasable from 1990 until 2012 as certified reference
materials, were the BCR-406 opal glasses [51]. These opal glasses had two
useable surfaces; one side was glossy, while the other side had a matte surface
finish. It is possible to select the desired surface structure by turning the sam-
ple over in its protective container. Use of the BCR opal glasses has spread
within Europe as a reliable reflection standard. They provide good cleanabil-
ity and proven long-term stability [52]. Their steep drop in reflectance,
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however, starting around a wavelength of 400 nm (see Fig. 6.14), makes them
unsuitable for UV-based applications.

6.6.2.4 Ceramic Standards

Ceramic reflection standards were also developed in the mid-1960s [53]. The
intention was to have a set of permanent, uniform standards which would pro-
vide a check on the performance of color measuring instruments over time.
The original development was based on the fact that ceramics are inherently
very durable and stable over time, as can be seen in many examples from
archeological artifacts. Ceramic reflection standards are commercially avail-
able with glossy and matte surface finishes. The major advantage of ceramic
reflection standards is that they are easy to clean, and they are available in a
wide range of colors. The main disadvantage is their relatively moderate max-
imum reflectance of about 0.9, even for white ceramics, and the massive drop
in reflectance starting around 400 nm with values down to 0.1 around 250 nm
(see Fig. 6.14). One drawback of ceramic reflection standards is their ten-
dency to exhibit thermochromism, an effect that is most prominent for spe-
cific colored samples and can be neglected for white ceramic standards.

6.6.2.5 PTFE-Based Standards

Pressed PTFE powder as a reflection standard was introduced in 1975 by
NBS [16]. The PTFE powder material commonly used throughout the optics
industry has been Halon PTFE, type G-80, which was abbreviated to Halon.
The reflectance of the PTFE powder is influenced by the density and the
thickness of the powder layer. When the PTFE powder is used for the produc-
tion of a reflection standard, a density of about 1 g/cm® and a 10-mm thick-
ness is necessary in order to achieve maximum reflectance values of more
than 0.96 for the wavelength range 250-2500 nm.

When the PTFE powder is sintered one obtains a solid material with a den-
sity of about 2.15 g/cm?, a crystallinity of about 50-70%, and a porosity of
less than 1.0%. Sintered PTFE standards have reflection values greater than
0.93 in the range 250-2500 nm and values of greater than 0.99 in the narrower
range between 400 and 1500 nm (see Fig. 6.14). The most prominent repre-
sentative of sintered PTFE is Spectralon™. It was developed by Labsphere,
Inc., and has been commercially available since 1986. There are now many
other companies with sintered PTFE materials on the market, including
Fluorilon® (Avian Technologies), OP.DLMA® (Gigahertz-Optik), Zenith
Polymer® (SphereOptics), and OptoPolymer (OptoPolymer). Sintered PTFE
standards are a well-established reference material for diffuse reflection mea-
surements [54]. Besides having good diffuse scattering behavior, the main
advantage over other comparable materials, such as those mentioned above,
is its superior reflectance even in the UV spectral region (see Fig. 6.14).
The disadvantage of the material is long-term degradation, even when stored
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in the dark, due to volatile hydrocarbon impurities in the resin from the pro-
duction process [53]. A second drawback is rapid dust contamination due to
electrostatic charging.

6.6.3 Fluorescence of Diffuse Reflection Standards

Fluorescence in the context of diffuse reflection measurements is always a
serious problem. The standard approaches for absolute and relative measure-
ments are based on the assumption that the targets (both samples under test
and reference standards) are nonfluorescent. This assumption is not always
the case. Relying on this assumption, there is generally only spectral selection
in one of either the incident irradiation or the detection parts of the instru-
ment. This is an insufficient approach in the case of fluorescent samples,
where it is necessary to use spectral selection on both the incident irradiation
and the detection. In this case, the irradiation of the sample is carried out at a
selectable wavelength, while the reflected/emitted radiation is separately ana-
lyzed with a spectrometer or spectrograph. The full reflection description of
the fluorescent sample can be reported using the Donaldson-matrix
approach [55]. Such measurements are complex and time consuming.

All of the standard methods for measuring diffuse reflection, however,
assume nonfluorescent samples. This assumption is more or less fulfilled for
the four types of commercially available reference standards mentioned above
[37,53,56,57].

Opal glasses can show fluorescence if irradiated below 370 nm. This fluo-
rescence appears as a faint (or if the material is of poor quality, strong) orange
emission, which can also have some spatial distribution across the standard
(see Fig. 6.15). Often, the nonuniformity of the fluorescence can be also seen

FIGURE 6.15 Black-and-white shot of two different opal glass standards under UV irradiation
at 365 nm, (A) is a poor-quality standard showing an intense inhomogeneous orange fluorescence,
and (B) is a high-quality standard appearing with a black surface indicating the absence of
fluorescence.
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as a very faint difference in the surface texture, observable under grazing inci-
dence on a polished surface. Opal glass reflection standards should be
inspected for inhomogeneities under a switchable fluorescent lamp and not
be used if conspicuous features are noticed or if the fluorescent emission
is high.

There is no clear evidence that intrinsic barium sulfate or PTFE powder
show fluorescence. However, coatings made from PTFE powder can show
very weak fluorescence. This fluorescence may be associated with slight con-
tamination from the plastic bag used to contain the PTFE powder in its
shipping drum [16] or from contaminants in the air during fabrication.

6.6.4 Handling Recommendations

Reflectance standards should be handled with great care, the same way as
other optical elements, like filters, mirrors, gratings, etc. Although a dedicated
material might be durable, care should be taken to prevent contaminants such
as fingerprints, oil, or dust from the surface. To a high degree, reflectance is a
surface characteristic, even if the reflected radiation is primarily attributed to
volume scattering from inside of the material. Objects, such as tweezers can
create smooth indentations in the surface and change the reflectance proper-
ties dramatically. In handling reflectance standards, it is also recommended
that one wear protective gloves made of cotton.

To clean a standard, regardless of its material composition, it should first
be cautiously blown clear with dry oil-less air or nitrogen. A good hand
device for this activity is an air blower used for photographic or video clean-
ing applications. If the standard is made of pressed or primed powder, air
cleaning is the only appropriate cleaning procedure, because any further
treatment would serve to damage the fragile surface of these standards.
For all other standards, a soft brush for removing dust can be used in a
second step.

Further surface cleaning of a standard depends on the material. Standards
made of ceramics or opal glass can be cleaned by using lens cleaning paper
held by tweezers and soaked with pure solvents [58], like ethanol or acetone,
both in the highest, synthesis-grade quality. In doing so, it is important to
work carefully in order to obtain a clean surface, without streaks or scratches.

Occasionally, one will encounter information about reprocessing the sur-
face of sintered PTFE samples using light, wet sanding. From the author’s
point of view, this is not an appropriate way to clean a standard. Sanding is
a massive treatment for a surface and the former surface texture can never
be restored. Furthermore, it is more probable that the procedure will produce
scratches and a predominant lay to the surface. Given that reflection standards
generally have uncertainties near 0.001, any sanding treatment should void
any certified value assigned to them.
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Finally, standards should be stored in a clean laboratory environment. It is
recommended to keep them always in a protective, nontransparent box. The
best way is also to control the environmental conditions of temperature and
humidity, by storing them in the dark in an desiccator.

6.7 RELATIVE SPHERE METHODS FOR MEASURING DIFFUSE
REFLECTION

Integrating sphere setups for relative reflectance measurements measure the
reflectance relative to an absolute calibrated reflection standard. These meth-
ods can be divided into two categories: substitution methods and comparison
methods.

An integrating sphere of the substitution type is by default equipped with a
single port that is used successively for both measurements, attaching the
unknown sample, followed by the calibrated standard. Such a sphere instrument
is simple in design. It can be built very compact and requires neither moving parts
nor relative motion or switching between different beams in the integrating
sphere. The major drawback of the substitution method is that the sphere through-
put changes between the measurement of the sample under test and the reflection
standard, especially if the samples are quite different. This mismatch can be cor-
rected by detailed knowledge on the sphere parameters, such as the wall reflec-
tance and the specific sizes and locations of the different ports [33].

An integrating sphere of the comparison mode type is one that uses two
ports in order to attach sample and standard simultaneously, having a mecha-
nism for moving either the sphere or the input beam to switch between sample
and reference measurement. Since the sphere does not change between mea-
surements, the throughput of the sphere does not change, and no correction
is necessary. Most commercial spectrophotometers now operate as double-
beam devices, comparing the signal between two light paths, one path con-
taining the reference standard and the other one equipped with the sample
under test. Figure 6.16 shows a typical design for measuring relative reflec-
tance in comparison mode.

Commercial spectrophotometers are designed as multifunction instruments
used in physics, chemistry, or biology for measuring reflection or transmis-
sion properties of materials as a function of wavelength. These instruments
typically cover the ultraviolet, visible, and near-infrared (UV-vis-NIR) wave-
length range from 200 nm to 3.2 um. Because these instruments are mostly
developed for the measurement of regular transmittance, it is necessary to
use attachments in the sample beam to accommodate measurements of diffuse
reflectance and transmittance, as well as specular reflectance. For these pur-
poses, a variety of accessories are available [59].

In Section 6.3.1, it was stated that the CIE recommends six different inte-
grating sphere geometries for diffuse reflectance measurements [7]: di:8°,
de:8°, 8°:di, 8°:de, d:0°, and d:d. The first five of these geometries are of
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FIGURE 6.16 Typical layout of a commercial integrating sphere accessory for a double-beam
spectrophotometer.

the most practical importance and are realized in commercial devices. The
differences between specular-included and -excluded geometries are bridged
by specular exclusion ports, also referred to as gloss traps, that can be oper-
ated open (for 8°:de) or closed up by a piece of sphere wall material (for
8°:di), as can be seen in Fig. 6.16.

Another class of accessory for diffuse reflectance measurements with inte-
grating spheres are center mount sample holders (see Fig. 6.16). This type of
sphere design could be either used in substitution or comparison mode with
the ability to hold cuvettes, thin films, or reflection standards in the middle
of the sphere and where the angle of incidence can be varied due to rotation
of the attached holder [60,61].

The geometries d:8° (diffuse irradiation selectable as di and de) and the
d:0° geometry are realized in special bench-top spectrophotometers that can
come in horizontally or vertically aligned devices. This kind of equipment
is mainly used for reflectance and transmittance color measurements. The
d:8° geometry offers particular advantages in the measurement of glossy or
structured samples. Observation of the diffusely illuminated sample at an
angle of 8° allows the influence of the mirror-reflected component of glossy
samples to be eliminated by inserting a beam trap at an angle of —8° in the
integrating sphere. An alternative measurement of gloss is possible. Here,
an additional light source illuminates the sample under test with a directional
light beam at —8° to the sample normal. The relation between directional and
diffuse reflection allows calculation of the gloss component.

There are two main advantages of the hemispherical-directional (e.g., d:0°)
geometry, in comparison to the directional-hemispherical (e.g., 0°:d) geometry.
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The incident flux is significantly greater, since the integrating sphere provides
total light collection, thus increasing the signal-to-noise ratio for the instrument.
Polychromatic irradiation will stimulate any inelastic scattering, such as fluo-
rescence, which often needs to be quantified in color and appearance measure-
ments. The main disadvantage of hemispherical-directional (e.g., d:0°)
instruments is that potential sample heating can induce thermochromic effects
in some samples. Many commercial color measurement instruments utilize
flash lamps in order to reduce such thermal measurement problems.

Due to historical reasons, based on ISO-standards (ISO: International
Organization for Standardization) [62,63], the so-called ISO-brightness is
linked to the Zeiss Elrepho™ [64-66] which is a d:0° instrument. The concept
of the ISO-brightness was developed at the beginning of the 1970s as a way of
monitoring the bleaching process in paper production. At the same time, paper
manufacturers became interested in measuring the brightness, not only of the
pulp they purchase, but also of the paper and board they produce. This is the
reason that the d:0° geometry is now commonly used in the pulp and paper
industry, and the Zeiss Elrepho® reached a status as the de facto reference
instrument there, as well as in the sugar industry.

At the end of this section, we make a concluding remark. It has been found
that for viewing angles 6, in the range 0° <6,<10°, the spectral radiance fac-
tor f§ for diffuse illumination rarely changes within the uncertainty budget of
any measurement [66].

6.8 DIFFUSE TRANSMITTANCE MEASUREMENTS

When a beam of radiation passes through a transparent material along its sur-
face normal, its intensity will decrease due to absorption and reflection. If the
direction of propagation does not change, the transmittance is referred to as
regular transmittance. When incident radiation passes through a hazy or trans-
lucent material along its surface normal, some of the light will scatter into
other directions. This transmittance is referred to as diffuse transmittance.

One obvious difference between diffuse transmittance and diffuse reflec-
tance measurements with integrating spheres is the opposing directions of
the scattered radiation. This situation makes diffuse transmittance measure-
ments more complicated than diffuse reflectance measurements. After diffuse
transmission through the sample, the cross section of the incident radiation
will increase, making it necessary to construct the entrance port of an integrat-
ing sphere used for diffuse transmission measurements to be about twice as
big as the incident beam cross section.

Measurements of diffuse transmittance are made using an integrating
sphere, where the sample is placed in front of the sphere entrance port through
which the irradiating beam is entering. The sphere collects all of the radiation
that is transmitted through the sample. Figure 6.17 illustrates how a sphere
can be configured to distinguish between the total diffuse transmittance T,
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FIGURE 6.17 Typical setup of an integrating sphere system for transmittance measurements.

and diffuse transmittance 4, in @ manner similar to specular inclusion or
exclusion in the reflection measurement. For measurements of total transmit-
tance, the back wall of the sphere is covered by a material identical to the
sphere wall, so that all of the transmitted radiation is detected. For measure-
ments of diffuse transmittance, excluding the regular component, the back
of the sphere is opened up and replaced with a light trap (see Fig. 6.17).

The CIE recommends six irradiating geometries for transmittance mea-
surements [8]. Most transmittance measurements are made with commercial
spectrophotometers designed for analytical chemistry applications configured
to measure in the normal/normal (0°:0°) geometry. The incident radiation is
directed along the surface normal, and the detector on the other side of the
sample is also viewing along the surface normal. With this arrangement only
regular transmittance can be measured.

Total diffuse transmittance can be measured using the 0°:d geometry or
the equivalent inverse d:0° geometry using an integrating sphere accessory.
Regular transmittance is measured by placing the sample as far as possible
from the entrance port of the integrating sphere. Diffuse transmittance is
measured by placing the sample in contact with the sphere port. Instruments
designed especially for transmittance measurements have only a sample and
a detector port. Instruments designed for reflectance measurements can also
be used by blocking the sample port with a material similar to the inner wall
coating and using the specular-included mode of the instrument. The entrance
port would then serve as the sample port for the transmittance measurement.

The last geometry recommended by the CIE for transmittance measure-
ments is the less common diffuse—diffuse (e.g., d:d) geometry. In this case,
one integrating sphere is placed in front of the sample and used to provide
diffuse irradiation, while a second sphere behind the sample is used for the
collection of the diffusely transmitted radiation. The diffuse—diffuse configu-
ration is used in life science applications for the measurement of diffuse trans-
mission of skin or thin slices of biological tissue [67].
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An interesting application of the measurement of total diffuse transmit-
tance is the determination and certification of textiles that claim protection
from UV sunlight radiation. Measurements are made according to appropriate
international standards. These require the measurement of the total diffuse
transmittance of textile samples at UV wavelengths from 280 to 400 nm.
The integrating sphere enables collection of all the light that passes through
the textile sample. The resulting spectral diffuse transmittance values are then
used in conjunction with solar spectra data and biological activation data to
calculate the required UV and solar protection factors [68].
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7.1 INTRODUCTION

Photoluminescence is a general term for the phenomenon caused by absorption
of optical radiation in one band of wavelengths, which we refer to as the exci-
tation range, and emission of some of this radiation in another band of wave-
lengths, which we refer to as the emission range. When a fluorescent material
absorbs light in its excitation band, it causes a fluorophore to be excited from
its ground state to a higher electronic energy state of the same multiplicity. This
fluorophore then loses its excess vibrational energy by collision or some other
radiationless process so that further processes occur from the lowest vibrational
level of the excited energy state. Fluorescence occurs if the fluorophore returns
directly to any of the vibrational levels in the ground state, where the emitted
radiation generally appears within 10 ns after the excitation [1]. This emission
time is short because it involves an allowed transition of an electron from an
excited state to its ground state, typically via a singlet—singlet transition.
Phosphorescence is another species of photoluminescence and is distin-
guished from fluorescence by the type of electron state transfer involved. Spe-
cifically, phosphorescence is light emission caused by a forbidden transition
of an electron between states of different multiplicity, typically via a trip-
let—singlet transition. In phenomenological terms, the primary difference
between these two species of photoluminescence is the average delay time
between excitation and emission of the excited molecules. For fluorescent
materials, the average delay time between excitation and emission, or /lifetime,
is very short, on the order of 10~ '°~10® s, whereas for phosphorescent mate-
rials, the lifetime can be much longer, on the order of 1073-10's. In both
cases, since energy is conserved, the emitted energy of the given fluorophore
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is lower than the absorbed energy, and the emission wavelength is longer than
the excitation wavelength. This characteristic is called Stokes’-law behavior
and the separation between the peak of the excitation and the emission band
is called the Stokes shift. However, excitation of multiple fluorophores or
absorption from a high vibrational level of the ground state into the low
energy tail of the first excited state [2] can produce an apparent exception
to this law giving anti-Stokes scattering where the emitted radiation is at a
shorter wavelength than the excitation wavelength; this phenomenon is out-
side the scope of this chapter.

For the purpose of measuring the photoluminescence properties of a mate-
rial under steady-state conditions of illumination, it is not necessary, in prin-
ciple, to distinguish between fluorescence and phosphorescence. In practice,
it will be necessary to make this distinction only when a material exhibits
an emission lifetime on the order of the time constants of the measurement
apparatus, or which is significant in the context of the intended application.
In the following discussion, whenever the term fluorescence is used, it may
be understood to include both fluorescent and phosphorescent phenomena
with time constants short enough to be ignored for the purpose of
measurement.

The measurement of a fluorescent signal can be performed at fixed wave-
length settings or as a function of wavelength. The general term fluorometer
applies to any instrument that can make such measurements, with or without
spectral collection capabilities. This chapter, however, will focus on spectral
measurements, in keeping with the overall scope of this book.

7.1.1 Fluorescence Measurement Applications

Applications for fluorescence measurements may be divided into two broad
categories. In analytical applications, the purpose is generally to identify
and/or quantify the presence of fluorescent compounds in the specimen. In
colorimetric applications, the purpose is generally to measure the radiation
transfer properties of the specimen under test, in order to quantify its color
appearance. Another important colorimetric application is for color formula-
tion using Kubelka—Munk analysis [3]. In this application, it is necessary to
separate the reflected and luminescent components to determine the intrinsic
color quantities of the nonfluorescent substrate and the fluorophores so that
their concentrations can be adjusted to obtain the desired color quantities.

7.1.1.1 Analytical Applications

Fluorescence spectrophotometry is an important analytical tool in chemistry,
biochemistry, and material science. It plays a particularly important role in
the pharmaceutical and biotechnology industries, in which high-throughput
fluorescence measurements of analytes at low concentrations (e.g., <ppm)
with small sample volumes (e.g., pl) are routinely required. The purpose of
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measurement may be to identify one or more unknown chemical components
within the specimen by its fluorescence characteristics, to characterize a known
component or to determine the concentration of a particular fluorescent analyte.
One of the important analytical applications of fluorescence measurements is
for the pharmaceutical industry, which is described in detail in Chapter 11.

7.1.1.2 Colorimetric Applications

Accurate measurement of the color of fluorescent materials is important in
various industries and applications. In the paper industry, fluorescent addi-
tives are widely used to enhance the appearance, and thus the commercial
value, of white paper products; the industry has developed standardized
metrics of “whiteness” and “brightness,” which are based on specialized spec-
trophotometric measurements. Similarly, in the textile industry, fluorescent
whitening agents (FWAs) are ubiquitous, and other fluorescent colorants,
though less common, are regularly used. Fluorescent colorants are heavily
used in the manufacture of plastics and are critical components in many ink
systems— desktop, consumer printers, and commercial presses. In all of these
industries, color control—and therefore, color measurement—is essential.
Fluorescent materials are also used for visual signaling, in applications includ-
ing signage for highways, waterways, and industrial safety; markings for slow
and heavy vehicles; and personal safety markings for roadway workers.

7.2 FUNDAMENTAL CONCEPTS AND TERMINOLOGY

It is evident that fluorescence measurements, because of their extremely high
sensitivity and selectivity, are used in a wide range of applications. Depending
upon the application, different optical properties of fluorescence measure-
ments are important. For colorimetric applications, what is usually desired
is the total radiation leaving the sample surface which is responsible for its
color appearance. For analytical applications, on the other hand, the desired
optical properties are derived from the photoluminescent component which
is considered to be an intrinsic property of the fluorescent molecular species
in a particular environment. Thus, this field of fluorescence measurements
encompasses interest from the molecular level to macroscopic phenomenolog-
ical processes. To further complicate this description, both radiometric and
photon quantities and units are used. This diversity of interest and practice
leads to confusion in establishing metrological procedures. In this chapter,
we separate the description of terminology to terms that are commonly used
for all these fluorescence measurement applications and then present sepa-
rately the specialized terminology that is used for analytical applications
and for colorimetric applications. The main distinction here is that molecular
optical properties are generally desired in analytical applications, whereas
sample optical properties are generally desired in colorimetric applications.
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For quick reference, these fluorescence terms, notations, and their use are
summarized in Tables 7.1 (common), 7.2 (analytical), and 7.3 (colorimetric).

7.2.1
Applications

Quantities Common to Analytical and Colorimetric

The quantitative description of the optical properties of any fluorescent mate-
rial essentially involves the comparison of the quantity of radiation incident
on the material, which may be absorbed, to that of the corresponding emis-
sion, under specified instrumental and experimental conditions. Since fluores-
cence measurements do not involve a simple ratiometric measurement at the
same wavelength, the spectral conditions of the measurement are important
quantities that need to be specified. The excitation wavelengths are denoted
by the symbol u and the emission wavelengths are denoted by the symbol A.

TABLE 7.1 Quantities and Symbols Common to any Application
of Fluorescence Measurements

Reference
Quantity Notation for Quantity Notes
Excitation spectrum X(w) CIE ILV [1]
Emission spectrum M(A) CIE ILV
Excitation wavelength n CIE ILV For any geometry
Emission wavelength A CIE ILV For any geometry
Instrument spectral A Also known as spectral
bandwidth bandpass
Spectral radiance L; CIE ILV For bidirectional geometry
Spectral radiant flux or D, CIE ILV
radiant power
Number of photons Np CIE ILV Also known as photon
number
Absorptance o CIE ILV Also known as absorption
coefficient
Fluorescence or s ASTM [4] Intrinsic property of single
quantum yield fluorophore
Fluorescence quantum QE ASTM [4] Extrinsic property;
efficiency concentration dependent
Fluorescence anisotropy  r ASTM [4]
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TABLE 7.2 Quantities and Symbols Specific to Analytical Applications

of Fluorescence Measurements

\

Reference
Quantity Notation for Quantity Notes
Excitation-emission matrix EEM ASTM
Intensity / Common use Used for any
Fluorescent intensity I geometry
Absorbance A ASTM
Absorption coefficient o ASTM [4] Also known as

absorptivity

Specific absorbance & ASTM Also known as molar

extinction coefficient
and molar absorptivity

/

TABLE 7.3 Quantities and Symbols Specific to Colorimetric Applications
of Fluorescence Measurements

Source
Quantity Notation  of Term Comment
Bispectral luminescent B, A) CIE ILV Limited to bidirectional
radiance factor geometry
Total spectral radiance factor ) CIE ILV Limited to bidirectional
geometry
Reflected spectral radiance PrZ) CIE ILV Limited to bidirectional
factor geometry
Luminescent spectral radiance pulZ) CIE ILV Limited to bidirectional
factor geometry
Spectral efficiency factor b(g) ASTM [5] Limited to bidirectional
geometry
Photoluminescent radiant yield ~ RY CIE ILV Generalized for any
geometry
Photoluminescent quantum QY CIE ILV Generalized for any
yield geometry
Spectral quantum efficiency of  7,(1) CIE ILV Generalized for any
the fluorescent process geometry
Donaldson radiance factor D(u, /) ASTM [5] Can be generalized for

matrix

any geometry
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The radiometric quantities that are usually involved in these fluorescence
measurements are spectral radiance, L,, for bidirectional measurement geo-
metries, for example, 0°/90°, 45°:0°, and spectral radiant flux (or spectral
radiant power), ®,, for integrating sphere geometries. See Chapter 2 for the
definition of these radiometric terms. It can be seen that these quantities are
spectral concentrations, and thus, these measured fluorescence optical proper-
ties depend critically upon the instrument spectral bandwidth (or spectral
bandpass), AA.

7.2.1.1 The Bispectral Nature of Fluorescence

In the foregoing section, we have discussed the fact that the spectral distribu-
tion of the radiation emitted by the fluorescence process depends upon two
discrete wavelengths, the excitation wavelength, u, and the emission wave-
length, J. Thus, in order to completely describe a fluorescent material, it is
necessary to characterize its behavior bispectrally, that is, as a function of
these two independent spectral variables.

The theoretical description of this fluorescent process in terms of the inte-
gration of a bispectral quantity, the bispectral bidirectional reflectance distri-
bution function (BBRDF) over the incident illumination, was introduced in
Chapter 2. The term that is commonly given in the standards literature to
describe this bispectral nature of luminescence is the bispectral luminescent
radiance factor, P ;, defined as the ratio of the radiance per unit emission
bandpass, at wavelength A, due to photoluminescence from the specimen
when irradiated at wavelength p, to the radiance of the perfect reflecting dif-
fuser (PRD), identically irradiated and viewed [1]. The functional bispectral
dependence on p and 4 is sometimes explicitly shown as f; (1, 4), while
other times it is implicitly assumed.

Though fluorescence is essentially a bispectral phenomenon, fluorescence
characteristics are frequently reduced to a simpler, unispectral representation.
Various types of unispectral representations are possible; these may be distin-
guished by which spectral dimension (excitation or emission) is eliminated
and which is retained. Spectral representations of fluorescence may also be
distinguished by whether the reduction from a bispectral to a unispectral func-
tion is accomplished by simply fixing the value of one wavelength parameter,
or by effectively integrating the bispectral function over one dimension.

7.2.1.2 Excitation and Emission Spectra

When the emission wavelength parameter, 4, of the bispectral function that
describes the fluorescence characteristics of a material is fixed at a specified
constant wavelength, Ay, leaving the excitation wavelength, p, as the sole
spectral variable, the resulting function is known as an excitation spectrum.
For example, if the applicable bispectral function is the bispectral luminescent
radiance factor, f; ;(i, 4), an excitation spectrum X(¢) may be derived as
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X () =B (1 40)- (7.1)

When the excitation wavelength is fixed at p, leaving the emission wave-
length A as the sole spectral variable, the resulting function is known as an
emission spectrum, denoted M(A). For example, the emission spectrum M(A)
may be derived from f; ;(u, 4) as

M(2) =P (1os 4)- (7.2)

In either case, the fixed wavelength parameter is typically set to a value
corresponding to a peak in the bispectral function.

These excitation and emission spectra can be referred to in various ways
depending upon the level of spectral correction and adjustment to an absolute
radiometric scale. They are most commonly referred to as (1) raw or uncor-
rected; (2) technically corrected; (3) normalized; or (4) true spectra. The
“raw” data are exactly the measured raw signal without any correction, and
these are displayed in arbitrary units (A.U.). The “technically corrected” spec-
tra have been corrected for various instrument parameters described in detail
in Section 7.6, where independent excitation and emission correction factors
are determined, which is the usual requirement for most analytical applica-
tions. Technically corrected data are also usually displayed in relative inten-
sity units. The “normalized” spectra have been corrected also for various
instrument parameters described in Section 7.4, but where the interdepen-
dence of the excitation and emission correction factors has been determined,
and both these corrections are applied at all wavelengths, including a required
normalization of the bispectral fluorescence data so that it is dimensionless.
This dimensionless scale is a quasi-absolute intensity scale for analytical
applications [4] or an absolute reflectance scale for colorimetric applications;
in the latter case, these data are displayed on an absolute radiance or reflec-
tance factor scale from zero to unity. Finally, “true” spectra are technically
corrected absorption and fluorescence spectra for analytical applications that
have been further corrected for various sample-related effects, for example,
self-absorption due to concentration, and sampling effects, such as excitation
depth in the sampling volume; these effects are described in detail in
Section 7.5; these data are displayed on an absolute intensity scale.

An example of technically corrected excitation and emission spectra for a
fluorescent paper sample containing FWAs is shown in Fig. 7.1. These data
are displayed on a corrected intensity scale (A.U.)

7.2.1.3 Quantum Optical Properties

The basic equation to convert from measured radiometric quantities, for
example, radiant flux and radiance, to quantum or photon quantities, for
example, photon flux and photon radiance, is given in Chapter 2,
Section 4.6. The specific example given there is for the conversion from radi-
ant flux to photon flux. The optical properties of a fluorescent material may
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FIGURE 7.1 Technically corrected (left, red curve; light gray in print) excitation and (right,
blue curve; dark gray in print) emission spectra for a fluorescent paper sample containing
fluorescent-whitening agents (FWAs).

also be described in quantum or photon terms. The excitation spectrum, X(u),
and the emission spectrum, M(4), can be converted to a relative photon unit
scale by multiplying these spectra by 1/u and /, respectively.

Two other important quantum optical properties of fluorescent materials are
the fluorescence quantum efficiency and fluorescence quantum yield. Unfortu-
nately, these terms are often used interchangeably which can cause confusion.
The American Society for Testing and Materials (ASTM) [4] defines fluores-
cence quantum yield, ¢, as the probability that a molecule or species will fluo-
resce once it has absorbed a photon, whereas fluorescence quantum efficiency
(no symbol) is defined in terms of number of fluorescence photons leaving
the emitter, N.,, to the number of the photons absorbed, N,us. In this chapter,
we denote these two quantities by the following notation, ¢ and QE, respec-
tively. Thus, the fluorescence quantum efficiency, QF, is given by

NCIH

QE =—.
Nabs

(7.3)

It can be seen that ¢y is an intrinsic molecular property, that is, a property
of the fluorophore itself that depends only on molecular structure and is inde-
pendent of sample form or sample concentration. On the other hand, the QF,
which represents the fraction of excited molecular species that return to the
ground state with emission of fluorescent photons, is an extrinsic molecular
property, that is, a property that depends upon these external factors. Thus,
the QF can depend on scattering losses (reflectance and transmittance) from
the surface structure (e.g., depend on grain sizes in powdered samples) and
on the sample concentration (e.g., self-absorption and self-quenching effects
in high concentrations of liquid samples).
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If a fluorophore has simple excited-state dynamics, where the various
external and sample-related effects which can impact the fluorescence yield
are negligible (e.g., excitation wavelength and sample concentration), then
the quantum efficiency, QF, is the product of its absorptance, o, and the fluo-
rescence quantum yield, ¢y

OF = ogpy.. (7.4)

It can be seen that in the case of sufficiently dilute solutions (e.g., A <0.05),
where o=1.0, the QF is equivalent to ¢y.

To further complicate matters, the quantum efficiency can also be distin-
guished as a measure of the internal quantum efficiency, ¢g, defined above
which depends only on the radiation absorbed by the sample, that is, internal
scattering, or it can be a measure of the external quantum efficiency, EQE,
which depends upon both internal and external scattering losses. The EQE
compares the number of fluorescence photons leaving the material to the
number of incident photons, Nj,:

Nem
EQE N (7.5)
It can be seen that EQE and QF are analogous to the measured “apparent”
transmittance and the internal transmittance of a transmitting sample, where
the former includes reflection losses. The EQF is an important device prop-
erty, for example, of an LED.

7.2.2 Specific to Analytical Applications

In practice, however, such radiometrically quantitative data may not be neces-
sary to meet the demands of a given analytical application. Some compounds
may be identified on the basis of their excitation and/or emission peak locations
alone; others may be identified by the relative magnitude of certain peaks.
The concentration of a specific analyte might be determined by comparison of
the test spectrum with that of a reference solution. For these reasons, analytical
bispectrometers may be uncompensated, or only partially compensated, and the
units of fluorescence signal that they produce may be more or less arbitrary.

7.2.2.1 Fluorescent Intensity

For this reason, in analytical applications of fluorescence measurements, the
measurand is described as an intensity, I. However, this is not strictly an inten-
sity in a radiometric sense where the quantity “intensity” has a specific mea-
surement geometry. This intensity is simply a measure of the signal that is
detected by the fluorescence measuring instrument and the precise measure-
ment quantity might be spectral radiance, spectral radiant flux, photon flux,
or number of photons, depending upon the measurement geometry and the
measuring detector. Also, the units of this intensity are generally given in A.U.
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These intensity values need to be “background corrected.” This involves
measuring the signal from a blank, /,, for example, a cuvette with the solvent
only, and subtracting this “blank™ determination from the measured signals
from the analyte, /. Thus, the relative fluorescent intensity due to the analyte,
Iy, is given by

Ir=1I,—1Io. (7.6)

For absolute fluorescence measurements, for example, for quantum yield
determinations, the quasi-absolute fluorescent intensity due to the sample, I,
is measured with, /;,, and without, I, the sample in the beam, as

Iy =TI — Loy (77)

7.2.2.2 Molecular Optical Properties

In analytical fluorescence spectrometry, the greatest interest is in the intrin-
sic properties of the analyte or molecular species. The two molecular opti-
cal properties of the fluorescent analyte that are of greatest interest are the
fluorescent quantum yield, ¢¢, defined above in Section 7.2.1.3 and its spe-
cific absorbance, ¢ (also known as the molar absorption coefficient and
molar extinction coefficient; see Chapter 2, Section 4.5). Differences in
the fluorescence quantum yields of similar analytes with nearly identical
fluorescence spectra are often used to distinguish between them. The prod-
uct of these two intrinsic properties, ¢, is sometimes termed the
“brightness,” particularly for comparing the performance of fluorescent
labels and dyes. In order to obtain these intrinsic molecular optical proper-
ties, it is necessary to first obtain the “true” excitation and emission spectra.
As discussed in Chapter 12 on The Use of Spectrophotometry in the
Pharmaceutical Industry, the most common type of fluorescent sample in
analytical applications is a dilute solution (uM/L) of the fluorescent species
or fluorophore that obeys the Beer—Lambert law.

The absorption coefficient of the analyte, o (also known as the absorp-
tance), can then be calculated from the measured absorbance, A, of a sample
of known analyte concentration, ¢, using the Beer—Lambert law, A =¢bc, such
that

a=1-10"4=1-10"%¢, (7.8)

where b is the path length of the excitation light through the sample.

The integrated fluorescence intensity, /¢, at a given excitation wavelength
and emission range, (i, A), is proportional to the product of the incident
intensity, Io(uo), the fluorescent analyte concentration, ¢, its fluorescence
quantum yield, ¢, and its specific absorbance, &, according to

| 1 ) = K1s(uese (7.9)

A
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The proportionality constant K depends upon the spectral and geometric char-
acteristics of the fluorometer used for these measurements. The use of this
simple relationship for determining the fluorescent quantum yield is described
in detail in Section 7.5.3.

7.2.2.3 Excitation—Emission Matrix

In most analytical applications, the fluorescence measurements are performed
unispectrally, that is, as a function of one spectral variable, either excitation
wavelength or emission wavelength. Unknown chemical components may
be identified and quantified by examination of the spectral location and mag-
nitude of one or more peaks in the specimen’s excitation or emission spectra.
Thorough characterization of a specimen may involve the acquisition of a
complete bispectral array of data, that is, a three-dimensional spectrum, or
excitation—emission matrix (EEM) which can be used to express the radiomet-
ric measurements as a function of both wavelength parameters, simulta-
neously. In principle, the values in this matrix might be those of the
bispectral luminescent radiance factor, f; ;(¢t,4), or an equivalent quantity.

7.2.3 Specific to Colorimetric Applications

For colorimetric applications, the interest is in macroscopic optical properties,
such as color, brightness, and whiteness, under given conditions of broadband
illumination [6]. The fluorescent materials of interest are typically opaque
materials that incorporate fluorescent dyes or pigments. In the measurement
of the color of these fluorescent materials, surface geometries are most
commonly employed. As we have seen above, the approach is generally to
compare the spectral radiance of the sample under test to that of the PRD.

7.2.3.1 Spectral Efficiency Factor

The bispectral function that describes the fluorescence characteristics of a
given material may also be reduced to a unispectral function by integration
over one of the two wavelength variables. When a material’s bispectral radi-
ance factor, f;(u,4), is simply integrated over the complete range of emission
wavelengths, from i, to 4.y, the resulting function is the spectral efficiency
factor, b(p) as [5]

/Amax

b= | il o (7.10)
Zmin

Other functions of excitation wavelength, derived by weighted integration

over emission wavelength, may also be meaningful, as discussed below (see

Section 7.2.3.2). It should be noted that the use of this term is limited to mea-

surements of spectral radiance, that is, to fluorescence measurements in a bidi-

rectional geometry only. Currently, there is no equivalent term recommended
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for other measurement geometries, for example, for measurements of spectral
radiant flux, which is important for a number of practical colorimetric applica-
tions that are based on integrating sphere methods.

7.2.3.2 Total Spectral Radiance Factor

From the foregoing, we have seen that the fundamental bispectral quantity
that is important to colorimetric fluorescence applications is the bispectral
luminescent radiance factor. In the case of fluorescent reflecting materials,
it is necessary to measure not only the luminescent radiance but also the total
radiance leaving the sample which is responsible for the material’s appear-
ance. Therefore, the fundamental measurand contains two components, a
luminescent and a reflected component. The ILV [1] describes this quantity
as the total spectral radiance factor, f7(1), which is given by the sum of
the reflected radiance factor Pr(A) and the luminescent radiance factor
Pr(4) according to

Br(4) = Br((2) + BL(2))- (7.11)

For fluorescence colorimetric applications, it is implicit that the quantity used
in the colorimetric calculations is the total radiance factor, and it is common
to omit the subscript 7T.

Thus, we can expand the formulation of the bispectral luminescent radi-
ance factor given in Chapter 2, Section 4.6, by considering a sample of fluo-
rescent material which is uniformly irradiated by a source with the given
spectral irradiance, E,(u). The corresponding spectral radiance, L;(4), of the
sample can be calculated by integrating the product of the spectral irradiance
and the bispectral radiance factor of the material, f;(u, A), over the complete
range of excitation, fmin t0 fmax, and dividing by a geometric constant, Qp;,
representing the projected solid angle into which the radiant flux from the
sample is directed:

1 (M

L(2)= Q—J EuB(p, A)du. (7.12)
proj

Hmin

The spectral radiance factor, (1), of the sample can then be calculated by
comparison of its spectral radiance, L;(4), with the corresponding spectral
radiance of the PRD, L; prp (1), where

Hmax
E, (u, A)d
ﬁ(/l) _ L;()') _ J,“min ! ('u)ﬁ/h('u ) ! (7 13)
L, pro(4) E;(4) ’ '

For the reflected component, this comparison is made at the same wavelength,
u=272, and thus the properties of the source cancel from the above equation.
This is not the case for the luminescent component. To underline the im-
portance of the spectral quality of the illuminating source, E;(4), on the
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luminescent component and, thus, the total radiance factor, Eq. (7.13), can be
rewritten to show this functional dependence more explicitly

[Br(D]ppy = Br(A) + [BL(D)] - (7.14)

If a complete, illuminant-independent description is required, the material
must be characterized bispectrally and scaled by the instrument-specific scal-
ing factor, in order to determine the normalized bispectral luminescent radi-
ance factor, fi; (i, ).

The luminescent radiance factor data for the desired illuminant is obtained
at each wavelength in the emission range A, by weighting the normalized bis-
pectral radiance factor data by the relative spectral power distribution of the
desired illuminant, £y (u) and integrating this product for all wavelengths u
in the excitation band according to

L) = | BB 2)n/Ea(2) (7.15)

The sum of the luminescent radiance factor with the reflected radiance factor
then gives the total spectral radiance factor corresponding to the desired
illuminant condition, as in Eq. (7.14). This total spectral radiance factor is
then multiplied by the relative spectral power distribution of the desired illu-
minant condition to give the relative color stimulus function to be used in the
calculation of the CIE tristimulus values and chromaticity coordinates of this
fluorescent surface color. The details of these colorimetric calculations are
given in Chapter 10.

Note that in this approach, the spectral radiance factor (1) is treated as if
it were simply the more familiar spectral reflectance factor R(1) (see
Chapter 6). This approach is necessary for the one-monochromator method,
in which the sample’s total spectral radiance factor—for the illuminant
simulated by the instrument’s source—is measured directly, and the user does
not have access to illuminant-independent bispectral data. An example of the
implementation of this colorimetric calculation procedure is given in
Section 7.8.3.

7.2.3.3 Spectral Quantum Efficiency of the Fluorescence Process

A key control characteristic of fluorescent materials used for lighting appli-
cations is its quantum efficiency. This differs from the quantum efficiency
defined above for analytical applications since the interest here is in the
macroscopic (sample) optical property, and the measurement comparison
is made on the photon flux rather than on number of photons. The term that
is relevant to these colorimetric applications is described by the ILV [1] as
the photoluminescent quantum yield, described in Section 7.2.1.3. The
corresponding radiant quantity is the photoluminescent radiant yield, which
is the ratio of the radiant flux of the radiation emitted by the
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photoluminescent material to the radiant flux of the radiation absorbed by
that material. In this chapter, we denote these two photoluminescent yields
by the symbols, QY and RY, respectively, where QY is analogous to ¢y.

Thus, RY and QY defined here are intrinsic sample properties. It can be
seen that the determination of the RY or QY requires absolute measurement
techniques, for example, angular integration of goniometric measurements
of the BBRDF over the hemisphere for an opaque reflecting sample and over
the full sphere for a transparent or liquid-phase sample, or by using an inte-
grating sphere to measure the total radiant flux. These absolute methods are
described in more detail in Section 7.5.3.2.

For some applications of photoluminescent materials, such as improving
lighting efficiency, the more meaningful optical quantity is the extrinsic sam-
ple property which compares the output radiant power to the incident radiant
power. The ILV [1] distinguishes these optical quantities as being external
when referring to incident radiation or photons (or radiant power) and internal
when referring to absorbed radiation or photons (or radiant power). The ILV
term given to this external quantum efficiency is the spectral quantum effi-
ciency of the fluorescent process. This is defined as the ratio of the total num-
ber of photons of all wavelengths emitted from the specimen by the
photoluminescent process for an excitation at wavelength, y, to the number
of photons of wavelength u reflected from the PRD identically irradiated and
viewed. The ILV gives this quantity the symbol, 7,(u). This is perhaps an
unfortunate notation, since the subscript, u, suggests that this is a spectral con-
centration with respect to excitation wavelength, which it is not. This quantity
may be derived from the integral of the emission peak to the excitation peak.
This is calculated from the normalized bispectral luminescent radiance factors,
Br..(1, A), by converting this quantity from a wavelength to an energy scale and
integrating over the complete emission range, from A, t0 Apax, as

)'max
| 28150 10

Zmin
M (1) = 7 , (7.16)

where the 1 in the denominator of Eq. (7.16) is the wavelength of the incident
photon of average energy, within the excitation bandpass, Au. For a narrow
excitation bandpass, for example, 1-5 nm, this can be substituted simply by
the incident wavelength, u.

7.2.3.4 Donaldson Radiance Factor Matrix

The bispectral data obtained in colorimetric applications are generally pre-
sented graphically as a three-dimensional plot, as shown in Fig. 7.2, where
the three axes are excitation wavelength, emission wavelength, and intensity.
The complete bispectral data can also be expressed in tabular form. This is
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FIGURE 7.2 Raw measured bispectral luminescent radiance factor data on a bidirectional
instrument, 45:0 geometry, s-polarized conditions, for a fluorescent red paint sample.

referred to as a Donaldson matrix representation, D(u, 1), after the work of
Donaldson at the National Physical Laboratory, who introduced this matrix
concept for describing the reflected and luminescent components of the radi-
ance factor for a fluorescent pigment sample [7]. In this approach, the bispec-
tral data are presented as a two-dimensional array of values, or as a matrix,
with one dimension corresponding to excitation wavelength and the other to
emission wavelength, that is, as a function of two discrete spectral variables
(4;, ;). In order to present both the reflectance and bispectral fluorescence
data, which have different dimensions, in the same table, it is necessary to
first transform the data into a dimensionless, discrete function, the Donaldson
Radiance Factor, D(y;, 4;) [5]. This quantity is approximately equal to the
ratio of the sample’s radiance within a rectangular waveband of width, A4,
equal to the sampling interval, centered at A, compared to that of the PRD
when each is irradiated with a rectangular waveband of width, A4, centered
at u. Thus, when the bispectral measurand is the total spectral radiance factor,
the D(p;, 4;) is

D(w;. 74) = P (s 4) A2 (7.17)

Note that while the Donaldson radiance factor matrix is a radiometric quantity
which can, in principle, be applied to any geometry, it is most directly rele-
vant to colorimetric applications and surface geometries.

An illustration of this Donaldson matrix representation is shown in
Table 7.4. The excitation wavelengths, u, are tabulated as columns, the emis-
sion wavelengths, A, are tabulated as rows, and the reflected radiance factors,
Pr(A), appear on the diagonal where the excitation and emission (detection)
wavelengths are equal.



TABLE 7.4 lllustration of the Bispectral Radiance Factor (%) Data of a Fluorescent Red Paper Sample Presented in a Donaldson

Matrix, D(u, A)

Excitation Wavelength, u (nm)

400 420 440 460 480 500 520 540 560 580 600 620
Emission wavelength, / (nm) 400 0.3 - - - - - - - - -
420 - 0.1 - - - - - - - - - -
440 - - 0.1 - - - - - - -
460 - - - 0.1 - - - - - - - -
480 - - - 0.4 0.5 - - - - - - -
500 0.6 1.6 2.0 2.6 2.8 1.9 - - - - - -
520 1.6 9.6 11.0 12.0 12.0 12.0 26 - - - - -
540 2.0 13.0 14.0 15.0 16.0 16.0 5.2 40 - - - -
560 2.6 7.4 8.6 8.8 5.2 10.0 3.6 0.2 40 - - -
580 2.0 4.4 5.4 5.2 6.0 6.2 2.2 - 50.3 -
600 1.6 2.6 2.6 3.2 3.4 3.8 1.2 - - - 40.1 -
620 0.6 3.0 1.4 1.4 1.4 1.8 0.6 - - - - 39.3
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7.3 MEASUREMENT OF FLUORESCENCE CHARACTERISTICS
7.3.1 Bispectral Measurements

The complete and accurate characterization of the optical properties of a fluo-
rescent material requires monochromatic irradiation and monochromatic
detection, using the so-called two-monochromator method, first introduced
by Donaldson [8]. A fluorescence measuring instrument that is based on the
two-monochromator method is called a bispectrometer—an optical instrument
equipped with a source of irradiation, two monochromators, and a detection
system, such that a material sample can be measured at independently con-
trolled irradiation and viewing wavelengths. The bispectrometer’s excitation
monochromator separates radiation from the source into its spectral compo-
nents before it reaches the sample, and its emission monochromator separates
radiation leaving the sample surface into its spectral components once again
before it reaches the detection system. A bispectrometer may be designed to
allow for calibration to provide quantitative determination of the bispectral
radiation transfer properties of the sample.

The basic measurement procedure involved in the two-monochromator
method may be described as follows: With the bispectrometer’s excitation
monochromator fixed at a given wavelength position, u;, the instrument
acquires from the emission spectrometer an array of readings, or emission
spectrum M(A), covering a range of emission wavelengths, ;. By stepping
through the range of excitation monochromator positions, i, and recording
an array of emission readings at each position, a complete bispectral matrix
of readings is acquired. For instruments with a scanning emission monochro-
mator, it is also possible to proceed conversely, by fixing at a series of emis-
sion wavelengths 4; and acquiring an excitation spectrum X(u) for each fixed
emission position.

The readings obtained directly from the instrument are influenced by
many instrument-specific factors. Among these are the spectral distribution
of the source, the bandpass functions of the excitation and emission mono-
chromators, the spectral transmittance of the instrument’s transfer optics,
and the spectral responsivity of the instrument’s detection system.
Figure 7.2 illustrates the raw bispectral data for a fluorescent red paper sample
measured for s-polarized conditions on a bispectrometer with a 45°:0° geom-
etry. It can be seen that the data show an anomalous dip near 460 nm. This
large dip is due to the characteristics of this instrument’s grating which has
a Wood’s anomaly at this particular wavelength and, thus, is not a function
of the sample’s optical properties.

In some bispectrometers, no provision is made to correct for these influ-
ences. These are described as uncompensated bispectrometers, designed not
for accurate radiometric measurement of materials, but rather to provide
instrument-specific apparent spectra. Though such apparent spectra are not
radiometrically quantitative, having an arbitrary magnitude scale, they may
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nevertheless be useful for analytical purposes. A compensated bispectrometer,
on the other hand, may be designed to allow for complete or partial radiomet-
ric calibration using standards for spectral fluorescence measurements, as
described in Section 7.8, depending on the demands of the particular
application.

7.3.2 Abridged Measurements

Complete characterization of the fluorescence properties of a material requires
the acquisition of a bispectral array of data, spanning the material’s excitation
and emission wavelength ranges. For many applications, however, some form
of abridged measurement may be sufficient. For example, a bispectrometer
can be used to provide a single excitation spectrum by selecting a fixed emis-
sion wavelength and scanning with the excitation monochromator. Con-
versely, a single emission spectrum can be provided by fixing the excitation
monochromator and acquiring a complete range of emission readings.
A bispectrometer may also be used to perform a synchronous scan, in which
a scan is performed with a fixed wavelength offset established between exci-
tation and emission wavelengths. For a zero offset between the wavelength
scales of the excitation and emission monochromators, only the elastic scatter-
ing properties (reflectance or transmittance) of the fluorescent sample are
obtained.

A single-monochromator instrument is generally designed to have one of
two modes of operation, depending upon whether the monochromator pre-
cedes the sample, monochromatic mode, or follows the sample, polychromatic
mode. Single-monochromator instruments may also be designed specifically
to perform certain types of abridged fluorescence measurements, tailored to
particular applications. If emission spectra are needed only for a single exci-
tation wavelength, the system’s excitation monochromator may be replaced
by a narrow bandpass filter or the broadband lamp and excitation monochro-
mator may be replaced by a laser source. Conversely, if excitation spectra are
needed only for a single emission wavelength, the system’s emission spec-
trometer may be replaced by a detection system equipped with a narrow
bandpass filter.

More generally, various types of broadband filters may be introduced to
provide appropriate specialized measurements. For example, if an instrument
with only an excitation monochromator is equipped with a spectral balancing
filter, which makes the spectral response of its detection system approxi-
mately neutral, or nonselective, then (with appropriate calibration), the instru-
ment could be used to measure directly spectral efficiency factor b(u) or
equivalent quantities. Photopic or colorimetric detectors could be used
instead, to simulate the response of the human visual system. Likewise, if
an instrument with only an emission monochromator is equipped with a fil-
tered source, which simulates the relative spectral power distribution of a
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desired standard illuminant, then (again, with appropriate calibration) the
instrument could be used to measure directly the total spectral radiance factor,
B7(4), for that particular illuminant condition. Similar measurements could be
supported for nonstandard illuminants, such as the spectrum of a particular
light-emitting diode (LED), which is intended to excite an LED phosphor
material under test. A single-monochromator instrument may also be
equipped with multiple, interchangeable bandpass filters, to support a variety
of related abridged bispectral measurements. Finally, both the excitation and
the emission monochromator may be eliminated, and replaced by simple, non-
spectrally selective illumination and detection systems, in order to provide a
single-valued measurement result.

7.4 GENERAL INSTRUMENT DESIGN AND MEASUREMENT
CONSIDERATIONS

Selecting an instrument for measuring spectral fluorescence depends on sev-
eral considerations. First, it depends upon whether the application is colori-
metric or analytical, where different measurement geometries are used.
Other important options are the following: the instrument can be single-beam
or double-beam operation, one-monochromator or two-monochromator mea-
surement method, scanning or array detection, continuous or pulsed source,
and monochromatic or polychromatic illumination. Here, we discuss the
major components of an instrument for measuring spectral fluorescence and
the general considerations for selecting the optimal instrument design and
operation for different measurement applications.

7.4.1 Instrument Components

Figure 7.3 shows a schematic optical layout for a common instrument setup
for measuring spectral fluorescence. The main components are a light source,
an optical system for wavelength separation to define the excitation
wavelength(s), a means of diverting part of the incident beam to a monitor
detector that records a reference signal R that can be used to correct for any
changes in the output of the light source during the fluorescence scan, a sam-
ple holder, an optical system for collecting the radiation leaving the sample,
and an analyzing detector for recording the sample signal S due to emitted
and/or reflected radiation. The term optical head is sometimes used to
describe the combination of the sample holder and the system coupling the
source and detection subsystems to the sample with the desired measurement
geometry.

The emission spectrum is measured either wavelength by wavelength in a
scanning system or simultaneously using a multichannel detector, such as a
photodiode array and a CCD spectrograph.



Spectral Fluorescence Measurements 241

Xe

lamp

¥

EX
Mono

[z J—
rp
v
LM
Sample |:| e Mono

PMT

FIGURE 7.3 Schematic of a common instrumental setup used for measuring the fluorescence
signal S from a sample by a photomultiplier tube (PMT). The reference signal R is monitored
by a photodiode (PD). EX Mono and EM Mono stand for excitation monochromator and emission
monochromator, respectively.

7.4.2 Spectral Measurement Methods

The fluorescence spectrophotometer, also known as a fluorescence spectrometer
or spectrofluorimeter, has been commercially available for more than 50 years.
Conventional fluorescence spectrometers have typically used a broadband light
source, such as a xenon (Xe) lamp, radiating over a wavelength range from the
UV to the NIR, monochromators for wavelength selection of both excitation
and emission light, and a photomultiplier tube (PMT) for the detection of emis-
sion. This arrangement allows for the collection of a single photocurrent at any
given pair of excitation and emission wavelength values, ®;(;, 4;). This value
is expressed here as a radiant power, @, since the measured photocurrent should
be directly proportional to the radiant power entering the detection system in
Watts, assuming that the detector response is linear with @ and the dark current
is zero. An excitation spectrum is measured at a fixed A, while y; is scanned
from j=1,..., m. Similarly, an emission spectrum is measured at a fixed g,
while 4; is scanned from i=1, ..., n.

The fluorescence spectrometer most commonly used for the collection of
spectra is a steady-state instrument, meaning that the excitation beam is con-
tinuous, not pulsed, and the integration time of the detector is on the order of
seconds, resulting in a signal that is time averaged. This “steady-state” signal
does not give fluorescence lifetimes or other time-resolved information
related to the excited-state kinetics of the fluorophore. The use of the
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steady-state fluorescence spectrometer is the main focus of this chapter. The
power of the excitation beam may change during the collection of a spectrum,
either due to time-dependent fluctuations at a fixed wavelength or due to
wavelength-dependent differences due to the spectral shape of the lamp radi-
ation. A compensated fluorescence spectrometer uses a reference detector to
monitor these power changes and to compensate for them. Since the sample’s
measured fluorescence signal (S) is directly proportional to the excitation ref-
erence signal (R), changes in the sample signal due to power changes in the
excitation beam can easily be corrected by taking the ratio S/R to give a cor-
rected signal Sc.

In the past 10 years, multichannel detectors have replaced PMTs, and
polychromators or spectrographs have replaced monochromators in some
instruments, enabling the collection time of spectra to be shortened by collect-
ing intensity values at multiple wavelengths, simultaneously. It should be
recalled that the actual radiometric quantity being measured can be a radiant
flux, spectral irradiance, or spectral radiance, depending upon the geometric
configuration, although it is common practice to simply use the term
“intensity” (see Section 7.2.2).

The use of these multichannel detectors has opened up new fluorescence
applications in the areas of in situ monitoring, chemical fingerprinting, and
spectral imaging. The use of EEMs has also increased significantly due to
the improved speed of collection that these components make possible, a fac-
tor of 10 faster being common. The ability to collect an entire spectrum at
once has also made multichannel detectors desirable in portable instruments,
where a fixed grating makes the instrument more rugged in the field and much
cheaper to produce. Photodiode arrays (PDAs) and charge-coupled devices
(CCDs) are the multichannel detectors most commonly used. Each photodiode
or pixel in these detectors gives an independent signal, measuring the amount
of light incident on it for a given sampling geometry. The polychromator is
used to image the fluorescence spectrum onto the multichannel detector, such
that each diode or pixel is measuring the intensity of light at a different
wavelength.

Each of these fluorescence detection systems has its advantages and disad-
vantages. Multichannel detectors, in addition to having faster collect times for
spectra, are less likely to be damaged by bright light, such as room light and
sunlight, than PMTs. Si photodiodes and CCDs typically used for visible light
detection are also more sensitive in the NIR out to 1100 nm, whereas
corresponding PMTs are only sensitive out to about 800 nm.

The main advantage of a PMT is a larger dynamic range, as much as six
orders of magnitude without the use of attenuators, which is one to two orders
of magnitude greater than that of silicon-based multichannel detectors.
A PMT also has a larger active area per channel, making it more sensitive
under typical light-collection conditions. In addition, the most commonly used
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PMTs for visible light detection are more sensitive in the UV down to about
250 nm, whereas the corresponding Si-based multichannel detectors are only
effective down to about 400 nm. PDA and CCD detectors have similar perfor-
mance in most areas, but the CCD is typically more sensitive than the PDA,
making the CCD more effective for low-light intensity applications.

7.4.3 General Considerations and Good Laboratory Practices

Good laboratory practices should be used to minimize errors in fluorescence
measurements. Some of the most important of these are reviewed here.

7.4.3.1 Handling and Cleaning

Impurities and contaminants can cause errors in fluorescence measurements
by absorbing or scattering light, quenching fluorescence, or fluorescing them-
selves (see Section 7.7.4). The proper handling and cleaning of fluorophores,
reagents, and contact surfaces are a critical part of preventing fluorophores
from being contaminated. Since fingerprints are known to fluoresce, dispos-
able, powder-free gloves should always be worn when handling fluorophores
and contact surfaces.

Detergents used for cleaning glassware may also fluoresce, so thorough
rinsing is needed. Soaking glassware in a solution of 50% concentrated nitric
acid for several hours is one preferred cleaning method. This method is partic-
ularly useful for surfaces that cannot be scrubbed, such as the inside of cuv-
ettes. A final rinse should always be done with a solvent that has been
confirmed to be nonfluorescent.

7.4.3.2 Types of Sample Holders

Since the excitation beam is often incident on the sample holder, in addi-
tion to the sample, it is important to know its absorption and fluorescence
spectra and, if possible, minimize its fluorescence intensity. Unwanted
fluorescence can be minimized by choosing the sample holder with the
least fluorescence. When the excitation beam and emission have to go
through the sample holder, for instance, in the case of a cuvette, the holder
must transmit both the excitation and emission wavelengths. The effective
transmission range of a cuvette varies, depending upon its material type [4].
UV-grade fused silica (quartz) cuvettes have the widest transmission range
from about 170 to 2700 nm. Infrared-grade quartz can extend out to
3800 nm. Glass and plastic are also used to make cuvettes for narrower
spectral ranges. Optical glass stops transmitting below 350 nm, and the
transmission of plastics varies, but are generally only recommended for
visible light transmission.
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7.5 SPECIALIZED INSTRUMENT DESIGNS AND
MEASUREMENT METHODS

7.5.1 Analytical Applications

7.5.1.1 0°/90° Geometry

Analytical samples in chemical analysis are most commonly prepared in lig-
uid form and measured in a standard cuvette. The most widely used optical
geometry for fluorescence detection is a 0°/90° geometry, in which the sample
is irradiated along an axis normal to the front surface of the cuvette (0°), and
viewed in a direction perpendicular to the axis of illumination (90°) (see
Fig. 7.4). Conventional fluorescence spectrometers have L-shaped excita-
tion/emission configurations, where the detection system is perpendicular to
the excitation beam. The conventional sample format is a cuvette with four
transparent long sides for analyzing liquids and solutions. Sample sizes for this
format are typically between 0.3 and 3.5 mL, with the latter volume being the
amount needed to fill the traditional, standard cuvette with a 1-cm path length
and internal dimensions of 1 cm X 1 cm x4 cm. More recently, single-drop
sample holders have been developed for fluorometers to handle sample sizes
as small as 1 pL. These are particularly useful for biological applications
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FIGURE 7.4 Schematic of a (a) 0°/90° transmitting detection geometry for an instrument with
an L-shaped configuration, (b) front-face detection geometry for an instrument with an
L-shaped configuration, (c) epifluorescence or front-face detection geometry for an instrument
with fluorescence being detected at 0°/0° (parallel to) or at a small angle relative to the
excitation beam.
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where only a small amount of sample is available, such as when quantifying
nucleic acids or proteins.

7.5.1.2 Front-Face Geometry

Analytical samples in chemical analysis can also be prepared as powder sam-
ples and other solid specimens. Solid samples are typically measured using a
front-surface geometry. Solid sample holders are available for instruments
with L-shaped configurations and are typically designed to hold a flat-
surfaced sample, such as a microscope slide, optical flat, or pressed tablet,
for excitation and fluorescence collection from its front face. The angle of
the sample relative to the excitation beam varies for front-face measurements,
commonly ranging from 0° to 45°. For an L-shaped instrument configuration,
a sample angle of less than 45° is often used to avoid specular reflection of the
excitation beam from the surface of the sample into the detection system (see
Fig. 7.4b).

In contrast, an epifluorescence geometry (see Fig. 7.4c), in which the sam-
ple is viewed from a direction very close to the direction of the source of irra-
diation, is most commonly used in fluorescence microscopy with either solid
or liquid samples [4]. More recently, portable and high-throughput fluorom-
eters are using epifluorescence and transmitting geometries similar to those
used in microscopy. For high-throughput applications, this can be an array
of miniature wells combined in a single microwell plate (MP), a portable
instrument using a bifurcated fiber, or an even more densely packed array
of sample droplets deposited onto a microarray (MA). These arrays of speci-
mens are then measured by specialized fluorometers or readers [9]. In these
cases, filters are typically placed between the sample and detector to prevent
stray light from reaching the detector.

7.5.1.3 One-Monochromator Instruments

The concentrations of fluorescent analytes being detected by common assays
are often low, making high-power excitation sources desirable. Monochroma-
tors are designed to give high wavelength resolution, but are often not the best
choice for excitation wavelength selection when high-power excitation is
required. Monochromators are also one of the most expensive components
used in fluorometers. For both of these reasons, the elimination of the excita-
tion monochromator is advantageous in many applications. A spectral band-
pass filter is often used to select a broader bandwidth of excitation light
from the lamp, yielding a larger radiant power. Another option is to replace
the lamp and excitation monochromator with a narrow bandwidth LED or
laser. In this case, the light source determines the wavelength and bandwidth
of excitation. Many instrument manufacturers offer sets of lasers, LEDs, or
filters with accessories that make it easy to move these in and out of the
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instrument’s optical path, such that the appropriate excitation wavelength
needed for analyte detection can be selected.

7.5.1.4 Steady-State Versus Microsecond-Pulsed Instruments

Some fluorescence spectrometers can be used as steady-state instruments, even
though their excitation light is pulsed on the order of microseconds and their
emission signal is time gated, typically on the order of tens of microseconds
to milliseconds. The term “time gate” refers to the time period, set by the user,
during which the instrument measures luminescence, also referred to as the
“detection gate.” The period of time between the start of the excitation pulse
and the start of the detection gate, called the “delay time,” can also be set on
the instrument by the user. These instruments give spectra with the same spec-
tral shape, that is, relative intensity as a function of wavelength, as a true
steady-state instrument, if the luminescence being detected has a much shorter
lifetime than microseconds, which is true for fluorescence. Even if the lumines-
cence lifetime is on the order of microseconds or greater, which is the case for
phosphorescence, the spectra will not differ from a steady-state instrument, as
long as the luminescence spectrum does not change over the length of its life-
time. But there are cases where the excited-state kinetics of a fluorophore
causes its spectrum to change with time. For example, an inorganic phosphor
may have multiple phosphorescent decay pathways, with various luminescence
lifetimes, ranging from microseconds to milliseconds or longer, resulting in dif-
ferent emission spectra at different times after the excitation pulse.

Despite this caveat, microsecond-pulsed instruments offer several advan-
tages over conventional steady-state instruments. First, the same signal-to-
noise ratio can be achieved using less radiant power for sample excitation,
due to the combination of pulsed excitation and time-gated detection. This
is particularly advantageous for detecting fluorophores that are prone to
photobleaching or photodegradation [9], such as organic dyes, because they
can be detected over longer periods of time, that is, a greater number of spec-
tra can be collected, without a significant decrease in fluorescence intensity
due to these effects. A lower radiant power for sample excitation is also less
damaging to living cells, which often die when exposed to too much light.
This is particularly true when higher-energy radiation, such as ultraviolet
and blue light, needs to be used for excitation.

Microsecond-pulsed instruments also have clear advantages over steady-
state instruments when phosphorescence is being detected because the length
of the detection gate and the delay time between the excitation pulse and the
detection gate can both be set. This allows phosphorescence to be detected
after the excitation pulse in time, which greatly improves the signal-to-noise
ratio by preventing the excitation light from being detected. These instruments
also have the capability to measure phosphorescence lifetime in the microsec-
ond to millisecond time range.
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7.5.1.5 Microwell Plate and Microarray Readers

MP and MA readers are two examples of specialized fluorometers that have
emerged in the last two decades. They are widely used for high-throughput
applications in the pharmaceutical, biotechnology, material science commu-
nities, and others. Most MP and MA readers use bandpass filters, LEDs, or
lasers for selection of y and bandpass filters for selection of 4. The design of
most MP and MA readers is closer to that of a microscope with a raster-
scanning stage or a spatial imaging camera than a typical fluorescence spec-
trometer, but as the trend for decreasing sample sizes continues, it is likely that
more and more fluorometers will look like this. The main difference between
MP and MA readers is sample size and number. An MP typically contains
hundreds of millimeter-sized samples, whereas an MA contains thousands of
micrometer-sized samples. Smaller sample sizes require smaller excitation
beams and detection regions, using focusing optics to obtain irradiation and
viewing areas that are comparable to the size of the samples, that is, on the
order of millimeters and micrometers for MP and MA, respectively. We men-
tion these instruments here, even though we have confined our scope to spectral
instruments, because some of these instruments have more recently incorporated
spectral capabilities into their design. The ultimate goal of these new instru-
ments is to achieve effective high-throughput spectral analysis and real-time
spectral imaging. We would be remiss to not mention these instruments, since
they are likely to become more common and many of the issues discussed
here that are related to fluorescence spectrometers are also applicable to these
instruments, including calibration, uncertainties, and standardization.

7.5.2 Colorimetric Applications

As we have seen for colorimetric applications, the desired measurement quan-
tity is generally the overall visual effect of the emitted (fluorescent) and
reflected radiation, which is responsible for the material’s color appearance,
from an opaque reflecting material (e.g., a paint, textile, or plastic), under a
specified broadband illumination condition. Thus, the instrument must be able
to measure the sample’s reflectance properties in conformance with one of the
standard measurement geometries recommended by the International Com-
mission on Illumination [10], as well as the sample’s fluorescence properties
under a specified source distribution.

As discussed in Section 7.2, colorimetric measurements must be referenced
to the spectral reflectance scale. This is the important difference from the fluo-
rescence measurements carried out for analytical applications, which are in
A.U. given by the measured signal intensities. As in the case of reflectance
measurements of nonfluorescent materials using conventional spectrophotometry
discussed in Chapter 6, radiance factor measurements of fluorescent materials
are referenced to the primary standard for reflectance measurements—the PRD.
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Since the PRD cannot be realized in practice, the comparison of the speci-
men to the PRD is accomplished indirectly. Secondary white reflectance stan-
dards are used, whose properties are known in terms of the PRD via absolute
reflectance methods (see Chapter 6). Examples of these secondary white
reflectance standards are pressed tablets of polytetrafluoroethylene (PTFE)
or barium sulfate powder. Thus, for fluorescence measurements using spectro-
photometry, the total flux (reflected plus emitted) leaving the sample is com-
pared to that reflected by a nonfluorescent white reflectance standard,
identically irradiated and viewed. It is important to note that the reflectance
standard that is used to establish the radiance factor scale must be nonfluores-
cent. If this reflectance standard exhibits fluorescence, it can impact the cali-
bration of fluorescent standards, under test, and cause colorimetric errors.
This is particularly problematic if this fluorescent test standard is then used
as a transfer standard to calibrate secondary fluorescence measuring instru-
ments of different design, which have different spectral responsivity in the
region where the reference standard exhibited fluorescence effects [11].

For a nonfluorescent opaque material, the color appearance depends upon
the reflected radiation only in the visible portion of the spectrum, where this
radiation is of the same wavelength as the incident radiation. This quantity
can be measured on a conventional spectrophotometer in either monochro-
matic or polychromatic illumination mode. However, for a fluorescent sam-
ple, a simple ratio measurement of the total flux leaving the specimen to
the incident flux as a function of the incident wavelength can provide errone-
ous results. This is illustrated in Fig. 7.5, which shows the measured apparent
reflectance of a fluorescent red paper sample recorded on a conventional
one-monochromator scanning system with monochromatic irradiation and
polychromatic (broadband) detection. It can be seen that the detector has
incorrectly recorded the enhanced reflectance in the blue portion of the
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FIGURE 7.5 Measured reflectance of a fluorescent red paper sample recorded on a conventional
one-monochromator spectrophotometer with monochromatic irradiation and broadband detection.
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spectrum, at the wavelengths of excitation, instead of the red portion of the
spectrum, where the absorbed light has been emitted (see also Fig. 7.8 which
shows the spectral region of emission for this fluorescent red and its true
reflectance spectrum). The measured spectrum in Fig. 7.5 is a meaningless
result for colorimetric evaluation purposes. Thus, a one-monochromator sys-
tem with monochromatic irradiation is unsuitable for the color measurement
of fluorescent materials.

Due to these limitations of the monochromatic mode, if a one-
monochromator system is used for the measurement of fluorescent materials,
it must have polychromatic (undispersed) illumination and either monochro-
matic (scanning system) or spectrally dispersed (array system) detection of
the reflected and emitted radiation. The measured total spectral radiance fac-
tors are then representative of the color appearance under the particular spec-
tral distribution of the source used in the measuring instrument. Ideally, the
polychromatic source of the spectrophotometer is designed to be a close
match to the standard illuminant conditions required for the colorimetric
application. Procedures for specifying the quality of the sources intended to
simulate standard illuminants are given in CIE Publication 51 [12], and the
influence of the instrument source spectral distribution on the measurement
of fluorescent materials using the one-monochromator method is discussed
in Section 7.5.2.4. In practice, it is difficult to achieve an accurate simulation,
and various methods are used to improve the accuracy of this colorimetric
result—these specialized one-monochromator methods are described below.

An instrument for color measurement of fluorescent materials must also
conform to one of the standard illuminating and viewing geometries that are
recommended for colorimetric applications of opaque reflecting materi-
als [10]. These CIE color measurement geometries are described in detail in
Chapter 10. They can be broadly classified as either a hemispherical geometry
using an integrating sphere (d:0° or 0°:d, or de:8°, di:8°, 8°/de, 8°/di) or a bidi-
rectional geometry (45°:0° or 0°:45°, or 45°a:0° or 0°:45°a), where the first term
gives the direction of illumination and the second term gives the direction of
viewing. The term “de” denotes the diffuse condition with the specular compo-
nent excluded, and “di” denotes the diffuse condition with specular component
included. The influence of these instrument geometries on the measurement of
fluorescent materials is discussed in detail in the following sections.

7.52.1 Sphere Geometry

A hemispherical geometry was favored in some of the earlier spectrofluori-
meters used for the measurement of fluorescent materials because the effects
of surface structure and/or directional characteristics are minimized in this
type of design. However, it was shown by Alman and Billmeyer [13] that this
geometry is not ideal for the measurement of fluorescent materials, since the
source irradiance on the specimen is altered by the sphere properties and the
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fluorescence emitted by the sample contributes to the diffuse illumination.
Thus, the resulting source—sphere irradiance is dependent not only on the
spectral reflecting nature of the sphere but also on the fluorescent emission
from the sample itself so that it must be measured for each different fluores-
cent specimen.

When an integrating sphere instrument is used for measuring fluorescent
samples, it is recommended that the spectral-selective properties of the sphere
be minimized, for example, by reducing the size of the sample port in relation
to the sphere diameter and by using a specular excluded geometry, since a
light trap is more spectrally neutral than the white plugs that are used in the
specular included geometry.

7.5.2.2 Bidirectional Geometry (45°:0° or 0°:45°)

Because of these complications, the recommended reference geometry for the
color measurement of fluorescent materials is bidirectional. To reduce the
measurement sensitivity to small changes in geometry or to small changes
in specimen surface irregularities, an annular geometry is preferred, 45°a:0°
or 0°:45°a. For this measurement geometry, the sample and nonfluorescent
reflecting standard are either both mounted in a sample wheel and alternately
positioned in the measurement beam or are alternately substituted at a fixed
sample reflecting plane. The advantage of the first design is that it can be
automated to improve measurement speed and to compensate for linear sys-
tem drift. However, the reproducible and accurate positioning of the sample
and standard in their respective mounts are critical to ensure that the same
measurement geometry is used. Errors of several percent in the measured
reflectance can occur if the sample and standard are not positioned at exactly
the same reflecting plane. Direct substitution at the same fixed sample plane
reduces this instrument geometry reproducibility error but is much more
tedious and susceptible to system drift errors. In contrast, the fluorescent com-
ponent is much less sensitive to the measurement geometry, due to the fact
that it tends to be largely Lambertian in nature.

7.5.2.3 Bispectrometers and Two-Monochromator
Measurement Method

For highest accuracy colorimetric applications and where it is desired to obtain
the color specifications of fluorescent materials under different standard illu-
minating conditions, it is necessary to use the two-monochromator method,
involving both monochromatic illumination and monochromatic detection.
Although two-monochromator instruments for analytical applications of
fluorescence measurements have been available for many years, they do not
conform to the geometric requirements of colorimetric applications. It is only
within the past 15 years that instruments have become commercially available
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for bispectral color measurements of fluorescent materials; these instruments
are sometimes referred to as bispectral fluorescence color analyzers or bis-
pectral fluorescence colorimeters and are available in both bidirectional and
sphere geometries. The basic instrument designs, components, and measure-
ment methods are very similar to that described in Section 7.4.

The two-monochromator method, described in Section 7.3.1, is considered
the reference method for the determination of the colorimetric properties of
fluorescent materials. This method allows for the complete and accurate sep-
aration of the reflected and fluorescent components. This type of fluorescence
instrument that is based on the two-monochromator method and is used for
high-accuracy surface fluorescence measurements is referred to as a reference
spectrofluorimeter.

The reflected radiance factor is determined by setting both monochroma-
tors to the same wavelength setting and scanning synchronously through the
entire spectrum. The luminescent radiance factor is determined by the bispec-
tral measurement procedure described in Section 7.3.1, repeating this process
for all wavelengths u in the excitation band of the fluorescent material and for
all wavelengths / in the emission spectrum. At the wavelengths u= A4, both
the reflected and luminescent radiant flux are measured and special proce-
dures are required to separate the two components which are described in
detail in Section 7.6.6. The measured data are uncorrected, that is, they are
distorted by the spectral characteristics of the instrument.

To obtain bispectral luminescent radiance factor data, defined in
Section 7.2, it is necessary to carry out several calibration steps. To obtain
technically corrected bispectral data, it is necessary to first carry out stan-
dard spectrophotometric calibration procedures, for example, wavelength
and photometric scale accuracy, stray light, and polarization, whose effects
are described in Section 7.6. It is then necessary to carry out several calibra-
tion procedures that are required for spectroradiometric measurements.
These involve determining (1) the relative spectral distribution of the source
illuminating the sample and (2) the relative spectral sensitivity of the detec-
tion system. To convert this technically corrected data to normalized data on
an absolute reflectance scale, it is also necessary to determine (3) the spec-
tral efficiency factor of the instrument. This can be considered to be an
instrument-specific scaling factor which depends upon the geometric para-
meters of the instrument that determine its optical throughput, including
the excitation and emission monochromator slit settings that are used in
the fluorescence measurement. These calibrations are carried out using
physical type standards, for example, calibrated sources (CSs), detectors,
or white diffuse reflectors, which are known as physical transfer standards
(PTSs) that link the fluorescence measurements to radiometric and physical
scales [14]. The use of these PTS methods is described in detail in
Section 7.8.1.1.
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7.5.2.4 One-Monochromator Instruments and Methods

We have seen that if a one-monochromator instrument is to be used for color
measurement of fluorescent materials, it must be used in polychromatic mode
(undispersed, broadband illumination and monochromatic detection). Ideally,
the source spectral power distribution illuminating the sample matches closely
the desired standard illuminant condition. In this case, the total spectral radiance
factor for this illumination condition is measured directly. In practice, this is
often not the case, and the instrument must be calibrated to compensate for
deviation of the source’s spectral characteristics from the standard illuminant.
This is accomplished using suitable fluorescent reference materials (RMs) that
have been calibrated for the desired standard illuminant condition using a two-
monochromator method. Depending upon the particular colorimetric application,
and the desired colorimetric accuracy, different one-monochromator calibration
methods are used. These are described in detail below.

7.5.2.4.1 One-Monochromator Instruments with UV-Control

One of the most important optical properties of white paper is its apparent
reflectance in the blue region of the optical spectrum, which may be quanti-
fied as ISO brightness [15] or TAPPI brightness [16], depending upon mea-
surement geometry. To improve the appearance and commercial value of
white paper, papermakers typically use FWAs, which are excited in the
near-UV and emit in the visible blue to give a preferred bluish-white appear-
ance [3]. The objective evaluation of the optical properties of these materials
requires the use of standardized methods, where the measuring instrument
must conform to specific geometric and spectral characteristics. The linearity
of the photometric scale of these instruments is calibrated using a nonfluores-
cent reference standard, which has also been calibrated in accordance with the
provisions of the relevant standard.

To calibrate the colorimetric scale for the measurement of various color
quantities, the spectral distribution of the instrument source must produce
the same colorimetric result as would be obtained with an instrument whose
source spectral distribution exactly matched the desired illuminant condition
for the desired colorimetric specification. For this purpose, the measuring
instrument must incorporate a UV control option. This option typically uses
a 365-nm cutoff filter that allows the user to control (in a limited fashion)
the spectral distribution of the instrument illumination in the UV region where
excitation of the FWA occurs compared to the visible region where emission
occurs. The position of the filter, and thus the relative UV to visible content of
the illumination, is adjusted using a calibrated fluorescent standard. Since this
is a simple ratiometric calibration method, the standard needs to have similar
excitation and emission spectral properties to the sample under test. Thus, it is
common to use fluorescent standards of the same type, that is, in this case,
fluorescent paper standards are used for this UV adjustment.
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This adjustment is also carried out for a specific colorimetric value (e.g.,
ISO brightness, defined for CIE illuminant C). Similar methods are used to
calibrate the instrument using other colorimetric values, such as CIE white-
ness, defined for CIE standard illuminant D65 conditions. It is important to
note that an instrument calibrated to CIE D65 whiteness will give slightly dif-
ferent settings of the UV-adjustment filter than a calibration of the instrument
to ISO brightness. This is a limitation of a one-point adjustment. Nevertheless,
for the paper industry, the simplicity of such one-point UV adjustment out-
weighs the increased utility of a more complicated calibration procedure.

This type of instrument is also widely used in the textile and detergent
industries for measuring fluorescent whitened fabrics using the Ganz—Griesser
method of whiteness evaluation [17]. This method, unlike the CIE whiteness
method, is not recognized as an international standard, but its applicability
is not limited to samples that are measured on the same instrument at nearly
the same time. The Ganz—Griesser formula and calibration method uses a
set of four fluorescent textile samples containing different concentrations of
FWAs that have been calibrated for CIE tristimulus values; these are used
with the instrument’s UV control to determine the instrument-specific para-
meters for the whiteness and tint deviation formulae [17]. An example of a
four-step set of textile cotton reference standards commonly used with this
Ganz—Griesser UV calibration procedure is shown in Fig. 7.6.

7.5.2.42 One-Monochromator Instruments Using Predictor Methods

One-monochromator instruments generally measure the total spectral radiance
factor and do not give separate information on the reflection and fluorescence
components. If the instrument source cannot be filtered or adjusted to have a
relative spectral distribution matching that of the desired illuminant condition,
then a one-monochromator predictor method can be used to improve the
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FIGURE 7.6 Spectral total radiance factors for CIE standard illuminant D65 of a set of four-step
cotton fluorescence scale standards, available from the Hohenstein Institute.
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colorimetric accuracy. The predictor method uses a mathematical model to
estimate, or predict, the spectral radiance factors for the desired illuminant
from various measured values obtained under controlled spectral filtering of
the instrument source.

The most widely used predictor method is the fluorescence-weakening
method first introduced by Allen [18]. This method involves measuring the
specimen under three different spectral illuminating conditions: (a) bare source
with no filter; (b) with fluorescence-weakening neutral density filter, of known
transmittance T;(A); and (c) with fluorescence-killing cutoff filter, of
known transmittance, T,(4). The fluorescence-weakening filter is a neutral
density filter that does not alter the relative spectral distribution in the excita-
tion range of the sample. The fluorescence-killing filter is selected so that its
cutoff wavelength is no more than 10 nm below the wavelength of peak sam-
ple emission. The apparent total spectral radiance factors 7 recorded for each
of these three conditions are denoted f(4), fir,(4), and By, (4), respectively.
The reflected radiance factor of the sample, fz(4), is determined in a system-
atic fashion by analyzing the effect of the filters of known transmittance on
the measured curve. For those wavelengths where a neutral density filter in
the beam has no impact on the shape of the measured radiance factor data,
that is, below the wavelengths of excitation and above the wavelengths of
emission, the reflected component can be calculated in a straightforward man-
ner from the measured radiance factor divided by the spectral transmittance of
the attenuating filter, as

pr(2)=p(I), where T;(1) <0.30, (7.18)
Be(2) = [Bral2)/T2(2)], where Ta(7) > 0.30. (7.19)

In the examples given in Figs. 7.7 and 7.8, this fluorescence-weakening
filter is not neutral but has its cut-on wavelength well outside the spectral
range of excitation. So, for those wavelengths below its cut-on, the reflected
component is obtained from the measured radiance factor with no filters in
the beam. In the intermediate spectral range, known as the crossover region,
where there is simultaneous absorption of exciting radiation and emission of
fluorescent radiation, the calculation is more complicated and requires analy-
sis of the impact of the fluorescence-killing filter on the shape of the
measured radiance factor and the average attenuation by the fluorescence-
weakening filter. The spectral radiance factor used in this intermediate spec-
tral range is

B, (A)T1(4) — B(2)-k
B T\(%)—k

Br(2) (7.20)
for wavelengths, where T((1)>0.3 and T»(4) <0.3. The constant k is wave-
length independent and is evaluated from the lowest wavelength reading, A,
obtained with the fluorescence-killing filter for which T»(4) > 0.3 from
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FIGURE 7.7 An illustration of the Allen [18] filter method applied to the measurement of a
fluorescent red paper sample. The curve (1) was measured with no filter; curve (2) was measured
with a fluorescent-weakening filter with a cutoff at 515 nm; and curve (3) was measured with a
fluorescent killing filter with a cutoff at 590 nm. The transmittance curve, T (1), is the measured
transmittance of the 515-nm filter; the transmittance of the fluorescence-killing filter is not shown.
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FIGURE 7.8 Total, fluorescent, and reflected radiance factor curves for the fluorescent red
paper sample also measured in Fig. 7.5. Data shown here were calculated using the
fluorescence-weakening method from one-monochromator measurements shown in Fig. 7.7 using
a xenon source corrected to CIE standard illuminant D65.

Ae) — Pr(Ze

[Br, o) = Bo0e)] o
[B(Ze) = Br(4e)]

Once fz(4) has been calculated, the fluorescent radiance factor component

can be calculated by the difference between the measured radiance factor
without filters, (1), and the calculated reflected-only radiance factor, (1),

k=Ti ()
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r(4) = B(2) = Br(4)- (7.22)

It should be noted that the luminescent radiance factor spectrum, so-determined,
is strictly valid only for the light source conditions of the instrument. This
predictor method is primarily used where knowledge of the reflected radiance
factor of the sample is of great interest.

An application of this fluorescence-weakening predictor method is shown
in Figs. 7.7 and 7.8. Figure 7.7 shows the measurements of the red fluorescent
paper sample (also shown in Fig. 7.5, measured on a one-monochromator
instrument in polychromatic mode with a xenon source) with both
fluorescence-weakening and killing filters, along with the spectral transmit-
tance of the fluorescence-weakening filters; Fig. 7.8 shows the corresponding
predicted results for the total radiance factor, fluorescent radiance factor, and
reflected radiance factor curves. These latter data were determined for CIE
standard illuminant D65 conditions by also correcting the spectral distribution
of the bare sphere-source to that of D65 by using a telespectroradiometer to
measure the radiance from the sphere wall when the fluorescent sample was
measured with no filter in the beam. The advantage of this procedure is its
experimental simplicity. However, a priori knowledge of the spectral range
of the excitation and emission bands of the fluorophore(s) in the fluorescent
sample is required to select appropriate filters. This information is readily
available for fluorophores of commercial interest.

7.5.3 Quantum Yield Measurements

Fluorescence quantum yields of both liquid and solid samples can be
measured using either relative or absolute optical methods. The principles of
these optical methods are described here.

7.5.3.1 Relative Quantum Yield Methods

For both analytical and colorimetric applications, it is most common to per-
form these measurements on a relative basis, using quantum yield standards
that meet the requirements outlined later in Section 7.8.4. These relative
measurements involve the direct comparison, by substitution, of the total
luminescent flux or fluorescent intensity of the specimen when irradiated at
the same excitation wavelength u to that of a reference fluorescent standard
of known quantum yield.

In the case where the incident radiation is completely absorbed, as in the
case of a solid sample, this determination is given simply by taking the ratio
of the integrated areas of the corrected emission spectra from the specimen,
My(4), to that of the reference standard, My4(A), and multiplying by the
known quantum yield of the standard, ¢4, to give the quantum yield of the
specimen, ¢y, as
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J M, (3)ds
S Psa- (7.23)
J Mstd (A)d;»

Jmin

¢ =

It should be noted that if both the sample and the standard have similar emis-
sion spectra and their integrated intensity is calculated over the same wave-
length range, then it is not necessary to convert the fluorescence spectrum
to energy units. However, this is generally not the case, so it is necessary to
first convert these emission spectra to an energy scale before calculating the
integrated value to be used in Eq. (7.23).

In the case of a liquid or partly transmitting sample, this determination
requires additional measurements. These are the blank and dark count cor-
rected absorbance values of the sample, A(up), and standard, Agq(po), at the
excitation wavelength u,. These absorbance values can be measured on a con-
ventional absorbance spectrophotometer subtracting the contributions from
the blank solvent and dark current reading. These absorbance measurements
for both sample and standard should be performed with an instrument spectral
bandpass Ay, similar to that used for the fluorescence measurement, and the
measured absorbance should be below 0.05 so that it is in the linear absor-
bance range of the spectrophotometer. If it exceeds this value, the sample
and standard should be diluted with additional solvent.

Furthermore, if the test sample and the standard are used in different sol-
vents or in different matrices, it is also necessary to apply a correction for the
difference in refractive indices, n(sample) and n(standard), of these two sol-
vents. If we define a shorthand notation for the integrated area of the fluores-
cence spectrum given in Eq. (7.23) as Sy(/) and Sgq(4) for the sample and
standard, respectively, then the determination of the quantum yield for the
molecular fluorophore of interest is given by

_ Ss(A) Asa() nz(Sample)
U5 Alp) ) (7.24)

For many fluorescent samples, the excitation and emission spectra overlap,
and it is necessary to select an excitation wavelength that minimizes reabsorption
or inner-filter effects (IFEs) that are discussed later in Section 7.7.2. Thus, for
higher accuracy determinations of relative fluorescent yields, rather than carry
out a single-point determination of the absorbance of the test sample and standards
at Lo, it is recommended to prepare calibration curves of the integrated fluores-
cence intensity versus absorbance at p for both the test sample and the standard,
for a series of dilutions with a maximum concentration giving an absorbance of
about 0.05. A linear-regression analysis is performed on these calibration curves
for both sample and standard and the ratio of these slopes, S;(1) versus A;, where
i=s or i=std are substituted for the first two terms given in Eq. (7.24).
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An illustration of this procedure is given in Figs. 7.9 and 7.10 where the
fluorescence reference standard is Rhodamine 101 solution in ethanol which
has a quantum yield of 100% at room temperature over a wide temperature
range and a wide range of excitation wavelengths from 450 to 550 nm.
Figure 7.9 shows the technically corrected emission spectra of this dye when
excited at 540 nm for several dilutions with a maximum absorbance of 0.05.
These data have been plotted on an energy scale so that its quantum yield
can be compared directly with test fluorescent samples that have slightly dif-
ferent emission shapes. Figure 7.10 shows a linear-regression analysis for a
calibration curve of corrected fluorescent intensity versus absorbance for a
test fluorescent sample, cresyl violet, which has been measured under exactly
the same conditions (instrument and sampling parameters) as the reference
standard. The slope of this plot of integrated fluorescent intensity to absor-
bance (2.43 x 106) is compared to that recorded for the reference standard
(4.76 x 10°) to determine the relative quantum yield of this dye. In this case,
the quantum yield calculation is simply the ratio of these two slopes multi-
plied by 100% since ¢yq=100% and both sample and reference are measured
in the same solvent. The value of the relative quantum yield determined here
is 51% which is in excellent agreement with the literature value for cresyl vio-
let in ethanol [19].

In the case of a front-surface geometry, the external quantum efficiency
can be measured using a nonfluorescent, diffusely reflecting standard of
known spectral radiance factor for the same measurement geometry using
Vavilov’s substitution method [20]. This method essentially assumes that
the ratio of the bispectral radiance factors can be interpreted in terms of a ratio
of fluxes to obtain absolute fluorescent yields relative to a diffuse reflectance
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FIGURE 7.9 Corrected fluorescent intensity spectra of Rhodamine 101 solutions in ethanol for
excitation wavelength of 540 nm, 2.5-nm bandpass.
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FIGURE 7.10 Linear-regression plot for integrated fluorescent intensity for excitation at 540 nm
versus absorbance (OD) at 540 nm of cresyl violet dye solutions in ethanol, 2.5-nm bandpass.

standard. The accuracy of this method depends on both the sample and the
standard having fluorescence properties that are isotropic, that is, insensitive
to geometry, so that the quantum yield measured in a particular direction is
representative of the value that would be measured in a hemispherical (inte-
grating sphere) geometry. Examples of suitable nonfluorescent diffusing stan-
dards are freshly pressed PTFE or barium sulfate powder.

Under this assumption that the luminescent radiance is independent of
measurement geometry, then for excitation at a specified wavelength p, the
integrated area under the corresponding normalized bispectral luminescent
radiance factor f8; ;(uo, 2) is calculated to give the photoluminescent radiant
yield, RY. If the normalized bispectral luminescent radiance factors are first
converted to photon units, f;, ;(to, 4), as shown in Chapter 2, Section 4.6,
then the measured quantum yield is the radiometric equivalent to the spectral
quantum efficiency of the fluorescent process, n,(u), defined in Section 7.2.3,
that is,

mato) :Lﬂmm,z)du. (7.25)

7.5.3.2 Absolute Quantum Yield Methods

The determination of absolute fluorescent quantum yields typically requires at
least two separate experiments, the first to obtain the number of photons
absorbed by the sample at the given excitation wavelength and the second to
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obtain the corresponding number of photons emitted by the sample, by integrat-
ing the photoluminescent emission peak after correcting for background emis-
sion. The intrinsic properties of the fluorophore(s) within the material, at the
molecular level, may be derived by correcting for various sample measurement
effects described in Sections 7.7 and 7.8.1.3. Such intrinsic properties are useful
for analytical purposes as well as for modeling used in color formulation.

For many years, the optical method that was used to determine absolute
quantum yields of many of the available liquid fluorescent standards for both
0°/90° and front-surface geometries was based on the use of a nonselective
quantum detector, such as a thermal detector (e.g., thermopile) and a quantum
counter (e.g., Rhodamine 101 solution). It is now more common to carry out
absolute measurements of fluorescent quantum efficiency or quantum yield
for both liquid and solid samples using an integrating sphere method, with
either collimated incident light or diffuse incident light using a fluorescence bis-
pectrometer that has been calibrated for its spectral characteristics as described
in Section 7.6 to provide technically corrected spectral radiant flux data. The
equipment and experimental setup for carrying out these absolute quantum
yield measurements for both integrating sphere methods is very similar and is
described in a new draft IEC Standard, 62607-3-1 [21]. Commercial sphere
accessories are available for this purpose for use with conventional fluorom-
eters. A key requirement for the success of this method is that the sphere wall
coating exhibits both high uniformity and high reflectance so that there is no
asymmetry in the integrating properties and a high sphere efficiency, respec-
tively. Also, the sphere coating should not fluoresce because this will compro-
mise the accuracy of the sample fluorescence quantum yield measurements. It
has been found that sphere accessories made from sintered PTFE are particu-
larly susceptible to UV-induced fluorescence. This largely originates from
organic contaminants adsorbed by the sphere wall coating either during the
manufacturing process or from subsequent environmental pollutants [22,23].
This sphere fluorescence, like instrumental stray light, can cause errors in abso-
lute quantum yield determinations if not characterized and corrected. Zong at
NIST has developed a matrix procedure for characterizing spectral stray light,
and this methodology has also been successfully applied to quantifying and
correcting for sphere fluorescence properties [24].

7.6 INSTRUMENT CHARACTERISTICS THAT IMPACT
SPECTRAL FLUORESCENCE MEASUREMENTS

7.6.1 Spectral Characteristics
7.6.1.1 Source Spectral Distribution

For a two-monochromator instrument, or bispectrometer, the precise details of
the source spectral distribution are not important since the instrument spectral
characteristics are calibrated using either PTS or RM-based methods.
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FIGURE 7.11 Spectral transmittance factor curves for a fluorescent white fabric measured on a
sphere instrument using one-monochromator method and polychromatic illumination using two
different instrument sources: xenon arc and tungsten lamp.

However, the source should have sufficient spectral output over the wave-
length region of interest to give adequate measurement sensitivity. For a
one-monochromator instrument with polychromatic illumination, the instru-
ment source should ideally be a close match spectrally to the desired illumi-
nant condition. But for most purposes, it is adequate that the illumination
can be adjusted to have similar spectral balance (ratio) of the total radiant out-
put in the two wavelength ranges that correspond to the fluorescent sample’s
emission and excitation spectra.

The influence of the instrument source in a one-monochromator instru-
ment is illustrated in Fig. 7.11, which is the measured transmittance of a fluo-
rescently whitened fabric recorded using the one-monochromator method,
with different sources: a xenon arc source and an incandescent tungsten lamp.
As can be seen from Fig. 7.1, for this type of fluorescent sample which uses
FWAs, the fluorescence is predominantly caused by UV excitation. Since
the xenon source has relatively more output in the UV region compared with
the tungsten lamp, it is capable of exciting more fluorescence and this pro-
duces an enhancement to the measured transmittance in the blue region of a
few percent.

7.6.1.2  Other Instrument Components

There are several other instrument components, besides the light source, that
contribute to the spectral signature of the instrument. These include the spec-
tral sensitivity of the analyzing detector; the spectral efficiency of the mono-
chromator; and the spectral reflectance/transmittance of the mirrors, lenses,
filters, polarizers, and other optical components in the measurement beams.
The spectral calibration of the instrument usually involves a separate spectral
characterization and correction of the excitation and emission units, where the
excitation unit encompasses the light source, excitation monochromator, and
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all other instrument components before the sample, and the emission unit
encompasses the emission monochromator, analyzing detector, and all other
instrument components following the sample. If any of these components is
changed, it is necessary to carry out a new spectral calibration for that part
of the system. For example, if the monochromator grating is changed, a
new spectral calibration is required.

In practice, it is found that the spectral sensitivity of PMTs is quite stable with
time and a recalibration period of 1 or 2 years is adequate, whereas the spectral
irradiance due to the excitation unit changes significantly, primarily due to aging
of the light source. For this reason, the excitation unit typically incorporates a ref-
erence or a monitor detector to dynamically compensate/correct its calibration for
changes in the source output between recalibration periods.

7.6.1.3 Instrument Aging

As we have seen, instruments that are used for fluorescence measurements
need to have broad spectral coverage in the UV and visible range, since many
of the fluorescent samples of interest are excited by UV radiation. Unfortu-
nately, prolonged UV exposure of the various optical components of the mea-
suring instrument, such as mirrors, filters, and diffusers, can cause their
gradual degradation. This is characterized by a general decline in the instru-
ment throughput and measurement sensitivity, particularly at shorter wave-
lengths. The net effect is that as the instrument ages, it becomes less
capable of exciting fluorescence in many fluorescent white samples, which
are excited by radiation in the UV and violet region. The aging of the xenon
arc can also cause the optical beam to shift its position, which makes it critical
to recalibrate the monitor detector frequently enough to ensure that it is sam-
pling the same geometric distribution of the optical beam that is incident at
the sampling position.

7.6.1.4 Wavelength and Spectral Slit-Width Accuracy

As mentioned above, the spectral accuracy of the fluorescence measurements
is important for obtaining reliable comparable data that are instrument inde-
pendent. This spectral accuracy is achieved by accurately calibrating and cor-
recting for the influences of the instrument’s spectral characteristics. This
requires, in turn, the accurate calibration of the instrument’s wavelength
scales and slit settings.

The wavelength and spectral slit-width accuracy of the excitation and
emission wavelength scales of a fluorescence spectrophotometer can be cali-
brated as described in Chapter 3 using the spectral lines of a wavelength stan-
dard [4]. The most commonly used wavelength standard is a set of spectral
line lamps, for example, Hg, Cd, Cs, Ar, Xe, Ne, Kr, and He. Low-pressure
pen lamps can be placed at the entrance slit of the excitation monochromator
for calibrating the excitation unit and at the sample position for calibrating the
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emission unit. As discussed in Chapter 3, it is important that the spectral line
lamp is well aligned so that the entrance slit of the monochromator is uni-
formly illuminated, or this can introduce a spectral shift of the emission line
and an asymmetric lineshape. For applications where wavelength accuracies
of about 0.5 nm are needed, it is sufficient to determine a wavelength calibra-
tion function from a linear least-squares fit of the measured versus the known
line positions. This level of wavelength uncertainty is readily attainable with
research-grade dispersive instruments using a PMT-based detection system.
For higher accuracy requirements, it is necessary to use a higher order poly-
nomial least-squares fit (typically fourth or fifth order) wavelength calibration
function, as illustrated in Chapter 3 to give typical wavelength accuracies of
0.2 nm throughout the UV-visible spectral range; for many grating instru-
ments, the residuals show a sinusoidal variation due to the sine drives used
with stepper motors [25]. Thus, it is possible to further improve the wave-
length accuracy to about 0.05 nm by further fitting the residuals from the
least-squares polynomial fit with a sinusoidal function. However, for CCD-
based instruments, the wavelength-scale errors can be much larger because
of their sensitivity to detector alignment and focus.

For fluorescence instruments, where it is not convenient to use spectral
lamps, calibrated material wavelength standards with narrow well-separated
spectral features in the UV/visible range can be used, for example, a solution
of holmium oxide in perchloric acid, doped glass with a diffuse reflector, or
laser crystals such as Dy-YAG. For these material wavelength standards, it
is important to note that their peak positions are dependent upon the instru-
ment spectral bandpass conditions, particularly for adjacent asymmetric
bands [26]. For example, an international evaluation of the holmium oxide
solution wavelength standard showed that a spectral peak -certified at
640.48 nm for a 1-nm instrument bandpass shifted by ~0.6 to 641.09 nm
for a 3-nm instrument bandpass. Thus, it is recommended that these wave-
length standards be calibrated for the same conditions of spectral bandpass
that will be typically used with the fluorometer (see Ref. [4]).

For analytical applications, the water Raman band provides a useful relative
wavelength check using deionized water. This method requires that the wave-
length accuracy of either the excitation or emission monochromator is known;
it can then be used to check the relative accuracy of the other scale. For exam-
ple, if the accuracy of the excitation monochromator is known, then the excita-
tion wavelength is set to a given wavelength, and the emission monochromator
is scanned to longer (red-shifted) wavelengths. The Raman peak position is
known to appear at a fixed lower energy value (3382 wavenumbers in air) rel-
ative to the excitation wavelength [27]. This wavelength check is generally car-
ried out in the UV-blue wavelength range; for example, for an excitation
wavelength of 350 nm, the water Raman peak occurs at 397 nm.

The accuracy of the spectral slit width of the excitation or emission mono-
chromator can be determined using the experimental setup described above
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for wavelength calibration using spectrum lamps. In this case, a single line is
selected and its spectral bandwidth, measured as the full-width at half-
maximum (FWHM), is recorded as a function of slit-width setting. Alterna-
tively, a diffuse reflector can be placed in the sample compartment in order
to direct a portion of the radiation from the excitation monochromator to
the emission monochromator. Then, for a fixed slit and wavelength setting
for one monochromator, its lineshape can be scanned with the second mono-
chromator, when the second is set at a much smaller spectral slit width than
the first.

For the normalization of the bispectral fluorescence data, the accuracy of
the spectral slit width is less important than its reproducibility since the instru-
ment spectral efficiency factor depends critically upon this setting. Also, it is
generally assumed that this normalization can be performed at a single arbi-
trary wavelength in the excitation range of the fluorescent sample. However,
for fluorescence spectrophotometers, as with other types of spectrophotome-
ter, the spectral bandpass for a fixed slit width can vary with wavelength, so
it is important to check the accuracy of the slit setting for a few wavelengths
across the instrument’s wavelength range of operation. Provided that the vari-
ation in spectral bandpass with wavelength remains constant with slit setting,
this effect compensates, and normalization at a single wavelength is valid. It
is a good practice to verify this assumption by carrying out the normalization
at a few wavelengths and checking that this gives near-identical normalized
bispectral fluorescence data.

7.6.2 Detector Nonlinearity

The photometric linearity of the detection system should be verified throughout
the dynamic range of the instrument operation and sampling conditions. Most
fluorescence spectrophotometers use PMTs as their analyzing detector; these
are highly nonlinear at high light levels, so linearity verification is critical to
achieving accurate results. This verification involves determining the upper lim-
its for linear response, where the detection system is generally considered to be
linear if the deviations are within 1% of the signal’s magnitude, which is the
present state-of-the-art accuracy for these fluorescence measurements.

The dynamic range of measurements that needs to be checked for linearity
depends upon the spectral measuring instrument and application. For exam-
ple, for analytical applications, the dynamic range of the signal measurements
is typically of the order of 1000:1 since only information on the excitation or
emission spectrum is needed, that is, one type of measurand with units of
power per spectral concentration. However, for colorimetric applications,
using a two-monochromator method, there are two different types of measur-
and with different units. As we have seen, the reflected component is a simple
function of wavelength, with units of power, so changing the emission band-
pass has little effect on its measured value. However, the bispectral
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luminescent component has units of power per spectral concentration and its
value changes proportionally with the emission bandpass setting. For colori-
metric applications where the emission bandpass is typically 5 nm, the
dynamic range between the reflected and bispectral fluorescent signals is on
the order of 10°:1.

For both analytical and colorimetric applications using PTS-based calibra-
tion methods, it is important that the signal levels measured by the analyzing
detector using the CS are similar to those typically encountered when the
excitation beam is incident on the fluorescent samples under test. In some
cases, it is necessary to use attenuating filters in the optical path or to increase
the distance of the CS from the sample position. This will ensure that the sys-
tem nonlinearity effects are similar for the instrument calibration and the sam-
ple measurement and will be largely compensated.

For analytical applications, the linearity of the fluorescence measurement
system is usually evaluated by using an organic dye solution that fluoresces
in the emission region of interest. A standard test method developed by
ASTM (E578), using quinine sulfate dihydrate in sulfuric acid as a standard
test solution, is commonly used [28]. The fluorescence intensity of a series
of standard solutions is measured, and the resultant readings are recorded on
a log—log plot. The point (concentration) at which the upper end of the curve
deviates by more than 5% of the signal from the straight line (defined by the
center region of the curve) is taken as the upper limit of linearity. The
subsequent fluorescence measurements should then be carried out for solu-
tions below this upper limit concentration. For typical fluorescent dye stan-
dards, this upper limit for linear instrument response is an absorbance of
about A=0.05 for a 1-cm path length cell.

For most colorimetric applications using a one-monochromator spectro-
photometer, the linearity is checked with a set of calibrated nonfluorescent
and fluorescent RMs over the dynamic range of use. Suitable nonfluorescent
reference standards are high-quality neutral reflecting or transmitting materi-
als, such as the Ceram Research set of neutral gray ceramic tiles and the NIST
930 set of neutral absorbing glass filters. A variety of fluorescent standards
are available for applications in the plastics, textile, and paper industries.
A survey of the materials that are available is given in CIE Publication
182 [29].

For high-accuracy colorimetric and analytical applications using a two-
monochromator reference spectrofluorimeter, the linearity is checked on a
more fundamental basis—applying the light addition principle by using either
multiple sources or multiple apertures [30] to precisely control the flux level
incident on the detection system. Alternatively, this flux level can be varied
using calibrated attenuators in the beam, such as optical filters with known
transmittance (see Fig. 7.12).

For high-accuracy analytical applications, where it is not convenient to
install a multiple source or an aperture device, or to incur the cost of
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FIGURE 7.12 Plot of PMT signal at 440 nm excitation as a function of the transmittance of a
series of calibrated filters used to attenuate the light reaching the detector. A scattering solution
was placed at the sample position to scatter the excitation light into the detection system, and cali-
brated attenuation filters were placed before the sample. The line is a linear least-squares fit of the
points in the linear range of the PMT. The associated uncertainties in the transmittance values are
smaller than the point size [25].

calibrated filters, the linearity can be checked by using a method of signal
ratioing that was developed by Federal Institute for Materials Research and
Testing (BAM) [31]. In this method, the ratio of these signals should be
invariant with light level, for example, the transmission ratio of two settings
of a polarizer or the transmission ratio of an attenuator at two wavelengths.
This ratio is plotted as a function of increasing spectral irradiance at the sam-
ple position, and where it deviates from a horizontal line within its measure-
ment uncertainty determines the upper limit of the detector linear response.
Once the limits of the linear range of the detection system have been deter-
mined for typical sample fluorescence intensities, the fluorescence instrument
should only be assumed to be linear within this dynamic range. However, it
is also possible to determine a nonlinearity correction curve and apply this to
the measured fluorescence signals, but the accuracy of this procedure is limited
by the stability of the instrument’s measurement beam under specified condi-
tions of operation and the reliability of the nonlinearity correction function [30].

7.6.3 Polarization Effects

A fluorescence instrument can have a significant degree of polarization due to
the polarization properties of the source, monochromator, beamsplitter, mir-
rors, and other optical components. Furthermore, the analyzing detector can
have a responsivity that is sensitive to the polarization of the incident radia-
tion, and this can vary spectrally. This polarization sensitivity of the instru-
ment needs to be quantified in order to determine the polarization properties
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of the fluorescent samples under test. A detailed description of the nomencla-
ture and basic methodology for analyzing the polarization properties in a
radiometric measurement is described in Chapter 2, Section 5 and should be
consulted for further details.

The instrument polarization bias for the excitation and emission systems,
as a function of wavelength, is quantified by factors denoted by F(u) and
G(4), respectively. These factors are calculated, at each wavelength, as the
ratio of the intensity measured at the output of the excitation and emission
system for incident radiation that is polarized perpendicular (s) and parallel
(p) to the plane of incidence, that is, I/I,. For the measurement of the polari-
zation bias that is due to the emission system, an isotropic emitting sample,
for example, a white diffuser, is placed at the sample position.

The polarization bias curves for the excitation and emission systems of a
state-of-the-art reference spectrofluorimeter are shown in Fig. 7.13. This
instrument has a geometry of 45° annular illumination and normal detection
(45°a:0°), so it is not surprising that the F factors are larger than the G factors,
since the polarization sensitivity of the optical components will be greater for
light incident at an oblique angle than at normal incidence. Also, the F factor
curve shows a large jump at 450 nm, which, for the grating used with this
instrument, is near the Wood’s anomaly, where the grating efficiency changes
dramatically with a change in polarization of the incident radiation. It can be
seen that the values of the ' and G factors are largely due to the intrinsic
properties of the instrument’s gratings and other optical components. Provided
that these components are not changed, this instrument polarization bias is
very stable with time. Because of the differences in the spectral shape of
the polarization bias for the excitation and emission system, which is instru-
ment specific, this will change the shape and intensity of the measured fluo-
rescence spectra even for samples that are isotropic, that is, have no
polarization sensitivity.

A term that is used to describe the polarization sensitivity of an instrument
or a sample is the degree of polarization, P, which is defined as a function of
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FIGURE 7.13 The range of F' and G factors for the excitation and emission systems, respec-
tively, of a state-of-the-art reference spectrofluorimeter (45°a:0° geometry).
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the observed parallel (/;) and perpendicular intensities (/) (or p- and
s-components, respectively, as described in Chapter 5),

_Li-g
_IL+IH.

(7.26)

If the emission is completely polarized in the parallel direction, that is, the ori-
entation of the electric vector of the exciting light is totally maintained, then
the degree of polarization is +1. If the emitted light is totally polarized in the
perpendicular direction, then the degree of polarization is —1. Thus, the
degree of polarization that can be exhibited by a fluorescent instrument or a
fluorescent sample ranges from +1.0 to —1.0.

Another term that is more commonly used to describe the polarization sen-
sitivity of a fluorescent sample is polarization anisotropy r which is also
defined in terms of the measured fluorescence intensity in the directions par-
allel, 7, and perpendicular, I, to the plane of incidence, but compared to the
total fluorescent intensity, I, where

I|| ' ]H I,

7.27
IT 1H+21i ( )

The total intensity is given by the sum of /; and two times /, because of sym-
metry, where the components polarized in the two orthogonal directions, 7,
have the same intensity, but in a given measurement geometry, only one of
these polarized components is detected. Thus, if the emission is completely
polarized in the parallel direction, it has a maximum value of +1.0; and if
the emission is completely polarized in the perpendicular direction, it has a
maximum value of —0.5. Thus, the polarization anisotropy that can be exhib-
ited by fluorescent samples ranges from +1.0 to —0.5.

The measurement of fluorescence polarization is very important in bio-
medical analytical applications, such as measuring the binding of fluorophores
to different target molecules, for example, proteins and antibodies [32]. For
fluorescent samples that exhibit a significant fluorescence anisotropy
(r>0.05), the measured fluorescence signals can be corrected for the influ-
ence of instrument polarization if both the sample’s polarization anisotropy,
r, and instrument F and G factors are known. The measured fluorescence
can then be considered a function of both the instrument degree of polariza-
tion and the sample’s orientation and polarization anisotropy. This interaction
can be described by a matrix equation where we solve for the true fluorescence
vector of the sample for s- and p-polarized incident radiation and s- and
p-polarized detection. The average of these calculated fluorescence vectors
for pure s- and p-polarized conditions provides a fluorescent signal that is
independent of instrument polarization effects [33].

For fluorescent samples that exhibit a small fluorescence anisotropy
(r<0.05), the influence of instrument polarization has very little effect on the
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measured fluorescence. Thus, for most analytical applications, no special pre-
cautions need to be taken. However, for colorimetric applications in a bidirec-
tional geometry, the reflected component of many samples is polarization
sensitive. Thus, where there is a large change in the instrument degree of polar-
ization, for example, near the Wood’s anomalies, there can be a significant
effect on the measured sample reflectance. In this case, it is necessary to per-
form the measurements under well-defined polarization conditions with the
use of polarizers in the excitation and/or emission channels, as needed. For
an instrument with a 45°:0° geometry, it is only necessary to place a polarizer
in the excitation path and make independent measurements using s- and
p-polarized conditions, and then average the result to obtain the reflected and
bispectral luminescent radiance factor corresponding to unpolarized conditions.

On the other hand, Minato [34] has extensively studied the influence of
instrument polarization on surface fluorescence measurements and found that,
while it affects the accurate shape of the measured reflected or luminescent
radiance factor, it has negligible influence on the accuracy of the derived col-
orimetric results. This is largely because the colorimetric results depend on
the spectrally integrated effect of these changes rather than on the absolute
spectral changes at each wavelength.

7.6.4 Stray Light

Stray light, which is any undesired or spurious signal, is a significant source
of error in fluorescence measurements due to the fact that the fluorescence
intensities are generally very low. As discussed in Chapter 3, stray radiant
energy (SRE) is defined as the ratio of this measured spurious radiation to
the detected primary radiation. Its effects are generally greatest when there
is significant scattering in the instrument or at wavelengths of decreased pri-
mary signal, for example, near the source energy and detector response limits,
as well as when the grating efficiency is low. It is therefore expected that the
influence of stray radiation energy will be significant in the excitation range
of many fluorescence spectrophotometers, where the primary radiation is
relatively low.

Stray light can be particularly problematic with CCD-based instruments
because they detect all wavelengths simultaneously; a small percentage of stray
light originating in the red portion of the spectrum, where the detector sensitiv-
ity is usually high, will have a very large impact at the shorter wavelengths in
the UV and blue region, where the primary radiation level is low. As discussed
in Chapter 3, methods have been developed by Zong et al. to obtain a spectral
stray light correlation matrix for a given CCD-based instrument [24]. These
matrix methods have since been incorporated in several commercial array-
based spectroradiometers to reduce their spectral stray light error [24].

SRE can be described as either isochromatic or heterochromatic in origin.
Isochromatic SRE is radiation of the same wavelengths as incident on the
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sample, that is, within the instrument bandpass, but which reaches the detector
without actually interacting with the sample. Heterochromatic SRE is radia-
tion of wavelengths outside the instrument bandpass setting. For a bispectrom-
eter, it is more complicated to separate the stray light into isochromatic and
heterochromatic contributions because there are effectively two different
instrument bandpass conditions determined by the settings of the excitation
monochromator and the emission monochromator, respectively.

The heterochromatic stray radiant energy (HSRE) in a dispersive instru-
ment is primarily caused by scattering from inside the monochromator and
higher order light diffraction by the grating (see also Chapter 3). This error
can be minimized in a well-designed fluorescence instrument with optimized
gratings, order-sorting filters, and appropriately placed baffles. For high-
accuracy requirements, a double-grating monochromator is frequently used
in the excitation path but at the sacrifice of measurement sensitivity.
A second source of HSRE is reentry spectra which can be particularly prob-
lematic at shorter wavelengths in the excitation range of a fluorescence instru-
ment. As discussed in Chapter 3, this phenomenon is sometimes called double
refraction and occurs when light diffracts back to the collimator, and returns
to the grating and diffracts again, eventually emerging from the exit slit at a
constant offset with respect to the set wavelength of the monochromator. If
the precise wavelength difference of this double refracted light is known, it
is possible to reduce this directional stray light by inserting additional band-
pass filters in the excitation path of the instrument.

To characterize and correct for the effects of isochromatic SRE, it is com-
mon to use a highly absorbing material. For example, in regular transmittance
measurements discussed in Chapter 5, this requires blocking the beam, for
example, with an opaque metal shutter. For analytical fluorescence measure-
ment applications, this is referred to as a blank or background correction and
is generally carried out using a cuvette with the solvent only under identical
conditions to the fluorescent sample under test. In colorimetric applications,
for correcting the reflected component, this can be a glossy black standard or
a light trap; and for correcting the fluorescent component, the apparent bispec-
tral fluorescence signal from a nonfluorescent white reflectance standard can be
used [35]. In order to correct for this effect, the measured signal for the highly
absorbing sample is subtracted from all subsequent readings. In the latter case,
using the nonfluorescent reflectance standard, it is necessary to first scale the
measured SRE signal to the reflectance level of the fluorescent sample under
test, before subtracting it from the apparent fluorescence signal. This procedure
is described in detail in Section 7.6.6.

7.6.5 Instrument Lineshape

The instrument lineshape or line-spread function (ILS) is effectively a trans-
mission function. For a single scanning monochromator instrument, the ILS
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is the convolution of the rectangular function that is the image of the entrance
slit produced by the grating and the rectangular function that is the opening of
the exit slit. In the case of rectangular entrance and exit slits that are of equal
width and uniformly illuminated, this ILS is a triangular function (see
Chapter 3). However, for a two-monochromator instrument operated under
similar rectangular slit conditions for both monochromators, the ILS is very
nearly Gaussian in shape. This is because it is effectively the convolution of
two such triangular functions from the individual monochromators. The spectral
extent of the instrument bandpass function, that is, the range of wavelengths
passed by the instrument, is also much wider than for a one-monochromator
system with the same nominal spectral bandpass. For example, for a one-
monochromator instrument with rectangular slits set for 5-nm nominal band-
pass, the spectral extent of the triangular lineshape is 10 nm (full width at base
of triangular lineshape), whereas for a two-monochromator instrument operated
under the same 5-nm nominal bandpass, the spectral extent can be up to 20 nm
and needs to be checked for accurate normalization of the bispectral
fluorescence data.

It is also important to take these differences in ILS into account when trans-
ferring the calibration of a fluorescent standard from a two-monochromator ref-
erence instrument to a one-monochromator instrument since the different
instrument transmission functions produce spectral differences in the measured
fluorescence data, even for the same nominal bandpass. For example, if fluores-
cence calibration data have been obtained for a transfer standard on a two-
monochromator instrument with a nominal 5-nm bandpass and are to be used
to calibrate a one-monochromator instrument with a nominal 10-nm bandpass,
it is necessary to first convolve the fluorescence calibration data with a Gaussian
function to obtain calculated fluorescence data at nominal 10-nm bandpass and
10-nm measurement interval. It has been found that this procedure gives good
inter-instrument agreement in the colorimetric values that are calculated from
the original calibration data and from the convolved data (using the ASTM
E308 Tables 6 for instruments without bandpass correction) [36]. By compari-
son, in the example above, if the fluorescence calibration data recorded at nom-
inal 5-nm bandpass is convolved with a triangular function to provide
calculated data at 10-nm bandpass, the differences in the calculated colorimetric
results can be a few percent (e.g., a change in CIE whiteness of 1 unit for a
fluorescent white paper sample).

7.6.6 Sampling Effects

Sampling parameters are especially critical in bispectral measurements and
must be carefully considered. An instrument’s sampling characteristics can
be described in term of its spectral bandpass functions and the wavelength
intervals at which measurements are performed. An instrument’s bandpass
function is typically specified in terms of its FWHM, but the spectral shape
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of the function is also important. In bispectral measurements, these parameters
may be defined independently in the excitation and emission wavelength
domains, so two bandwidth values (Apuy,, Alyy) and two sampling intervals
(Atine, Adiny) must be specified.

In the colorimetry of fluorescent materials, certain standard sampling
guidelines apply. For colorimetry in general, it is recommended that the
instrument bandpass function be approximately triangular or trapezoidal, with
bandwidth equal to, or an integer multiple of, the measuring interval [10]. For
bispectral measurements with colorimetric applications, this recommendation
is applied to both the excitation and emission wavelength domains, with the
added requirement that the excitation and emission wavelength intervals be
equal. When these recommendations are followed, two complications may
arise, which have been described as reflection overspill and diagonal
fluorescence [5].

7.6.6.1 Reflection Overspill and Diagonal Fluorescence

When considering a continuous bispectral function such as the bispectral radi-
ance factor f8,(u, 4), the separation of the reflected and luminescent compo-
nents is conceptually straightforward. By definition, the bispectral reflected
radiance factor fg (1, A) equals zero, except on the diagonal, where u=A.
On the diagonal, it is the bispectral luminescent radiance factor f8; ;(u, ) that
equals zero. Thus, when considering the surface f5;(u,4), reflection-related
values are limited to the diagonal plane, while all other values are due solely
to luminescence. For any real bispectral measurement, however, the speci-
men’s bispectral radiance factor is convolved with the instrument’s illumina-
tion and viewing bandpass functions so that there may be significant overlap
between the instrument’s illumination and viewing bands for measurement
positions near the diagonal, as well as on the diagonal itself. Therefore, light
reflected from the specimen will not be confined to the diagonal, but will be
distributed across the near-diagonal region. The term reflection overspill is
used to describe the contribution of reflection to off-diagonal values of a bis-
pectral matrix, due to the partial overlap of illumination and viewing bandpass
functions when the nominal excitation and emission wavelengths are not
equal (u5#A). Conversely, the term diagonal fluorescence is used to describe
the contribution of fluorescence to diagonal values of a bispectral matrix, due
to the finite extent of actual illumination and viewing bands when the nominal
excitation and emission wavelengths are equal (u= 4). For most practical pur-
poses, the effect of diagonal fluorescence can be considered negligible, but if
the colorimetric sampling guidelines described above are followed, the effect
of reflection overspill may be significant and must be taken into account in
order to obtain useful measurement results.

It is possible to reduce or eliminate the effect of reflection overspill by
selecting excitation and emission bandwidths that are significantly smaller
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than the corresponding sampling intervals so that the instrument’s illumina-
tion and viewing bandpass functions overlap only for diagonal readings
(u=24). Such an undersampling approach followed by mathematical interpola-
tion to give data at the same interval as the instrument spectral bandpass, has
been adopted for reference-level colorimetric measurements at some national
metrology institutes [35]. However, for more routine measurements, it is nec-
essary to consider the reduction in optical signal associated with decreased
bandwidths. If the instrument’s spectral bandpass functions are sufficiently
well characterized, it is possible to employ conventional colorimetric sam-
pling and then to correct for the effects of reflection overspill, in order to
obtain results that approximate those that would be obtained using an idea-
lized instrument with discrete rectangular bandpass functions. This is the
industry standard approach for commercial bispectral instrumentation used
for colorimetric applications [37].

7.6.6.2 Reflection Overspill—Characterization and Correction

Reflection overspill arises due to the convolution of the specimen’s bispec-
tral radiance factor with an instrument’s illumination and viewing bandpass
functions. It follows, then, that this effect can be corrected by bispectral
deconvolution or an equivalent procedure. Deconvolution, however, is
highly susceptible to errors in the measured data. One approach that has
been taken is to estimate the spillover of the reflection component into the
fluorescent, off-diagonal elements, subtracting that contribution from the
off-diagonal elements and adding it back into the reflective, on-diagonal ele-
ments [5]. We start with the discrete bispectral radiance factor, B(u, 1),
which is the uncorrected Donaldson radiance factor, defined similar to
Eq. (7.17):

B(p, 2) = B (1, 2)- Ay, (7.28)

where B,(u,2) is the average bispectral radiance factor over the instrument
bandpass Ady,. Equation (7.28) is essentially the result that is obtained when
the instrument readings have been corrected by all of the other instrument-
specific factors described in Section 7.6, leaving only bandpass effects uncor-
rected. A similar matrix, B4(u, 4), is obtained for a nonfluorescent reflectance
standard. Using B4(u, ), we can determine an overspill function

Ba(n, 2) (7.29)

KU A= )

In practice, k(u,A) is assigned a nonzero value only in the near-diagonal
region, where overspill is determined to be significant. Generally, this should
be limited to within three bands of the diagonal [5]. Outside this region,
values may be set equal to zero.
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The sample’s discrete bispectral radiance factor, B(u, 4), is separated into
its reflected and fluorescent components. The reflected component is esti-
mated by normalizing the overspill distribution function to the diagonal,

Br(p, 2) ~=1c(p, 1)-B(2, ), (7.30)
while the fluorescent component of B(u, 4) is estimated from the remainder,
Br(p, ) = B(p, 2) — Br(, 7). (7.31)

The Donaldson radiance factor for the off-diagonal, fluorescent component is
taken to be Bg(u,A), while the reflected component is taken by
“diagonalizing” Bp(i, A),

ZBR(,u, A), if pu=2
i

Br(p, A), if pu#A.

The effects of reflection are now confined to the matrix diagonal, and diago-
nal values accurately represent sample reflectance.

D(u, 7) ~ (7.32)

7.7 SAMPLE CHARACTERISTICS THAT IMPACT
FLUORESCENCE MEASUREMENTS

7.7.1 Optical Density

One of the most important applications of fluorescence measurements in
chemical and biochemical analysis is the determination of analyte concentra-
tion. Calibration curves of fluorescence signal versus analyte concentration
are commonly used to determine analyte concentration from the fluorescence
signal of a particular instrument. It is often assumed that fluorescence signal is
linearly proportional to analyte concentration, provided the response of the
detection system is linear. However, this assumption is not true at higher con-
centrations. The absorbance of a fluorescent sample in a standard cuvette
using a 0°/90° geometry needs to be less than 0.05 at the excitation wave-
length to achieve deviations from linearity of 6 % or less. Decreases in the
measured fluorescence intensity of a sample due to absorption of the excita-
tion beam or reabsorption by the sample of the emission are called primary
or secondary IFEs, respectively. The Beer—Lambert law, which describes
the proportionality of a sample’s absorbance, or optical density, to its path
length and concentration, has been used to calculate the fluorescence signal
corrected for IFEs, S;. , using a 0°/90° geometry, [37] such that

L 2303D(Xy—X) 2.303D(Y2— Y1)
ic =wr 10—DX1 o 10—DX2 ’ 10—DY1 o 10—DY2 ’

where D is the optical density per cm, X; and X, are the distances (in cm) of
the detection region boundaries from the incident face of the sample cell, and

(7.33)
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Y, and Y, are the distances (in cm) of the detection region boundaries from the
exit face of the sample cell. The first and second fractional terms in the
Eq. (7.33) correspond to the primary and secondary IFE corrections,
respectively.

For dilute solutions measured with a transmitting geometry, such as
0°/90°, the primary IFE tends to be significantly larger than the secondary.
In contrast, the secondary IFE often predominates for highly reflecting or
highly scattering solids. The secondary IFE is often significant when there
is considerable overlap between the excitation and emission bands of the
fluorophore. IFEs are important parameters to consider when optimizing the
measurement conditions to obtain reliable and accurate optical constant data.
Decreasing the sample concentration can reduce IFEs. Also, judicious selec-
tion of the excitation wavelength can reduce these effects. It is generally
recommended that one select an excitation wavelength that is on the short
wavelength side of the sample’s absorption maximum.

7.7.2  Solvent/Matrix Properties

Interactions between the fluorophore and the solvent in solutions, or the
matrix in solids, can significantly affect the peak wavelength position, shape,
and peak width of emission spectra. No single model exists to describe the
effects of environment on fluorescence emission spectra because they are
complex and often specific to the fluorophore—solvent/matrix pair. General
solvent effects due to the interactions of the fluorophore’s dipole with the sol-
vent’s polarity are the most commonly observed and some of the easiest to
describe. The Lippert equation was derived to predict the dependence of the
Stokes shift, (Avy), of a fluorophore on the solvent’s static dielectric constant,
¢, the optical refractive index, n, and the difference between the fluorophore’s
excited and ground state dipole moments. Note that this model does not con-
sider any pair-specific interactions [38].

In addition to understanding how a fluorophore and solvent/matrix inter-
act, it is also important to be aware of the absorbance, Raman, and fluores-
cence spectra of the solvent/matrix alone. Absorbance by the solvent/matrix
at the excitation and emission wavelengths can cause IFEs, requiring a correc-
tion. Furthermore, a fluorescence spectrum of the solvent/matrix alone, taken
under the same conditions as that of the sample, can be used to subtract any
background fluorescence or Raman lines due to the solvent/matrix. Reabsorp-
tion of emission from or by the matrix typically has an insignificant effect on
the measured fluorescence (see Section 7.7.4).

7.7.3 Refractive Index

When the emission emanating from the detection region in a small cone
emerges from the sample into the air, the angle of the emission cone enlarges,
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due to refraction according to Snell’s law. The refractive index of the sample
is larger than that of air, causing a decrease in emission reaching the detector.
This decrease is emission wavelength dependent because the refractive index
of the sample, ng, is wavelength dependent. The multiplicative correction for
this effect is directly proportional to n,> for perpendicular viewing [39.40]
(see Chapter 2, Section 6.1 for a detailed description).

A decrease in emission reaching the detector can also be caused by a
decrease in the transmittance of light through the sample, due to a difference
in the refractive indices of two media, that is, the sample and air, at their
boundary. The transmittance, T, of light through such a boundary is given
by the Fresnel equations, and when the incident light is normal to the
boundary

T :4”7"“2, (7.34)
(ne +ny)
where the subscripts “t” and “i” identify the medium into which the light is
transmitted and from which the light is incident, respectively [41]. The trans-
mittance through the media boundary is also wavelength dependent due to the
wavelength dependence of refractive indices (see Chapter 2, Section 6.2).

Both of these corrections must be applied in order to obtain true spectra of
the highest accuracy. The refraction correction is significantly larger than the
transmittance correction for most samples.

7.7.4 Impurities

Impurities that absorb or fluoresce in the same spectral region as the fluoro-
phore of interest are often found either in the solvent or in the sample itself.
Absorbance and fluorescence spectra of many solvents and fluorophores can
be found in the literature and compared to the sample being measured, to
insure that impurities are not adding fluorescence artifacts or IFEs to the ana-
lyte spectrum. To ensure solvent purity, it is advisable to use the highest grade
available, for example, deionized/distilled water or spectrophotometric grade
solvents. Other common sources of fluorescent impurities include those pres-
ent in plastic containers, plastic gloves, detergents, and stopcock grease,
which can be unknowingly introduced to a sample. Micro-organisms, which
fluoresce, can also grow in sample reagents and aqueous solvents.

Impurities may also decrease the fluorescence intensity of a sample when
they come into molecular contact (<0.2 nm apart) with fluorophores—a pro-
cess known as quenching [42]. Another process that may be caused by other
species in close proximity to the fluorophores is fluorescence resonance energy
transfer (FRET). In this case, a donor molecule absorbs the excitation energy,
but instead of being emitted, this energy is transferred (nonradiatively) to an
acceptor molecule, which then fluoresces. The donor and acceptor typically



Spectral Fluorescence Measurements 277

have to be within a distance » of 10 nm or less of each other for this process to
be significant, with the rate of FRET dropping off as 1/r% [43].

7.7.5 Luminescence Lifetime

When a phosphor’s luminescence spectrum changes over the course of its life-
time, differences in the luminescence spectrum may be measured on instru-
ments with microsecond-pulsed versus continuous excitation, as discussed in
Section 7.5.1.4. Spectral differences observed for such phosphors may also
depend on the length of both the excitation pulse and the detection gate.

Some impurities have the ability to reduce the fluorescence quantum yield
when they collide with fluorophores in the excited state, known as collisional
quenching, which results in a decrease in the observed fluorescence inten-
sity [40]. This decrease is directly proportional to the decrease in fluorescence
quantum yield and is the most frequently encountered type of quenching. The
most common collisional quencher is molecular oxygen, O,, which is soluble
in many solvents. O, is a particularly effective quencher due to the unusual
property of its ground electronic state being a triplet, not a singlet, state.
Removing the oxygen from solvents is often necessary to obtain accurate
fluorescence quantum yields and lifetimes. Degassing solvents using a
freeze—pump—thaw cycle is the most widely used method for removing
unwanted gases from liquids.

7.7.6 Scattering

Highly scattering samples can cause significant amounts of excitation light to
be detected, even when the emission monochromator is set at a wavelength
that is far away from the excitation wavelength. This stray light reaches the
detector because a monochromator has a stray light rejection that is small,
but not zero; see Chapter 3 and Section 7.6.4 for a more thorough discussion
on stray light. For instance, a single-grating monochromator may have a stray
light rejection of 10, meaning that the radiant power outside the set band-
pass reaching the detector is 10~ of that entering the monochromator. Many
fluorescent samples can have high turbidity, biological samples in particular,
and the combination of high scattering and low fluorescence can cause stray
light to contribute significantly to the total detected signal. Because of this,
double-grating monochromators, which have twice the exponential stray light
rejection of single-grating monochromators, for example, 10~% versus 10_4,
are often used for such applications.

Highly scattering or low fluorescence samples can also introduce peaks in
the signal at higher order transmission wavelengths of the monochromator’s
grating at a particular grating position. For instance, the position at which a
grating transmits 600 nm light at its first order will also transmit 300 nm
light at its second order, simultaneously and coincident with each other.
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The grating equation determines the wavelengths that will be transmitted (4,,,)
coincidently at a particular grating position, such that 4,,=4,/m, m=1, 2, ...,
where m is the order of the grating [44]. When excitation light is scattered at
1 =300 nm, an emission peak at =600 nm is often observed due to second-
order transmission of the emission grating. Wavelength-dependent transmis-
sion filters, such as bandpass filters before the sample and longpass filters
after the sample, are often used to remove light at higher orders before it
reaches the detector. This is called order sorting.

7.8 STANDARDS FOR SPECTRAL FLUORESCENCE
MEASUREMENTS

7.8.1 Correcting Relative Excitation and Emission Spectra
7.8.1.1 Physical Transfer Standards

To achieve state-of-the-art accuracies in the correction of excitation and emis-
sion spectra measured on a fluorescence spectrometer, it is necessary to use
calibration methods based on PTS that link the fluorescence measurements
to radiometric scales that are traceable to the International System of Units
(SI). For this purpose, various PTSs are used, for example, (1) a standard
detector; (2) a standard source; and (3) a nonfluorescent reflectance standard.
The standard detector provides traceability to the spectral responsivity scale.
The standard source can be either a calibrated standard lamp used in combina-
tion with a calibrated reflector or a calibrated sphere source that provides
traceability to the spectral radiance scale. The reflectance standard also
provides traceability to the diffuse reflectance scale, which is required for
colorimetric applications. For minimum uncertainty in the use of PTS-based
calibrations, these PTSs need to be calibrated under measurement conditions
identical to those used with the spectrofluorimeter for the measurement of
fluorescent samples. These conditions include the same spectral radiance
levels, geometric, and polarization conditions. This can be a particular chal-
lenge with typical calibrated light sources, which can have spectral radiance
of two to four orders of magnitude higher than the fluorescence from dilute
fluorescent dye solutions. In this case, the PTS should be used with additional
calibrated optical components, for example, attenuating filters.

For the technical correction of excitation spectra, so that it has the correct
spectral shape, it is necessary to determine the relative spectral irradiance
incident at the sample position from the excitation system. For this purpose,
a calibrated detector (CD) is typically used. A monitor detector is used to
dynamically compensate for changes in the source output from the time of this
PTS calibration and the subsequent measurement of the fluorescent samples.
This monitor detector is permanently mounted in the instrument so that it
intercepts a small fraction of the incident radiation (e.g., by use of a beams-
plitter) and is calibrated at the same time of this PTS calibration of the
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excitation system. This is known as a CD method. Such CDs are typically
UV-enhanced silicon photodiodes that are useful over the spectral range of
250-1000 nm.

For the technical correction of the emission spectra, it is necessary to
determine the relative spectral response of the detection system. For this pur-
pose, a CS of spectral radiance at the sample position is needed. This can be
either a sphere source of spectral radiance or a combination of a calibrated
spectral irradiance source, used to illuminate a calibrated diffuse reflectance
standard (CR). In some cases, a CR is also used with a sphere source if the
sphere is too large to be mounted in the sample compartment; in this case,
it is used to steer the beam from the excitation beam to the emission system.
These are known as CS methods. A schematic of a typical instrumental setup
for the CS method is shown in Fig. 7.14. The sources used are typically tung-
sten lamps or quartz halogen lamps, which are useful over the spectral range
above about 350 nm. An illustration of the measured PMT signal using a
tungsten halogen lamp illuminating a CR is shown in Fig. 7.15 and compared
with the true spectral irradiance distribution of this CS.

For a standard lamp with calibrated spectral irradiance E ;..¢(4), illuminat-
ing a reflectance standard with calibrated spectral radiance factor f,4(/1), the
spectral radiance of the illuminated reflectance standard, Lj;.f{(4), can be
derived from

L/lref()‘) :E).ref(i)ﬁstd(i)'g/n’ (735)
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FIGURE 7.14 Schematic of a typical instrumental setup used for measuring the signal from a
sphere-mounted lamp as a calibrated source CS that enters the detection system after diffusely
reflecting off a calibrated reflector CR. Alternatively, a calibrated spectral irradiance lamp can
be used to illuminate the calibrated reflector.
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FIGURE 7.15 Comparison of the true spectrum and measured PMT signal of a tungsten halogen
lamp in relative intensity units.

where g is a geometric constant or a view factor that represents the fraction of
the radiant flux leaving the surface of the reflectance standard that enters the
limiting aperture. For the purpose of relative spectral calibration, the value of
this constant may be assumed to be equal to one. However, for the purposes of
obtaining “normalized” data, it is necessary to measure and correct for this
instrument geometric characteristic, as described below.

Given the spectral radiance of the illuminated reflectance standard,
L;.f(1), the signal of the analyzing detector, i, (4), is measured across the
spectral range of the emission unit. The spectral responsivity of the emission
unit, Rgys(4), can then be calculated from

i)
B kZE/lref(l)ﬁsld (’1) ’

where k, is an instrument-specific constant dependent on geometric factors
only, notably the slit settings of the excitation and emission monochromators
that determine the instrument throughput. Thus, this instrument factor is
essentially the quantum yield of the instrument under these specific measure-
ment geometry conditions. To determine k,, the instrument absolute yield is
measured using a diffuse reflectance standard. The total integrated reflectance
signal from this sample recorded over the emission bandpass is ratioed to the
incident signal over the excitation bandpass (usually measured using a moni-
tor detector), and this ratio is set equal to the mean spectral reflected radiance
factor of this standard over the spectral extent of the instrument lineshape
function (ILS). The choice of instrument wavelength to carry out this determi-
nation of k, is somewhat arbitrary since the quantum yield of the instrument
due to geometric parameters only should be wavelength independent, but this
should be verified for any particular fluorescence instrument.

Reys(2) (7.36)
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However, the value of this instrument factor is not necessarily constant
with time due to drifts or aging of the source and other optical components.
Thus, for high-accuracy normalization of bispectral luminescent radiance
factor data, it is recommended that the determination of this instrument factor
be made at approximately the same time as the measurements on the fluores-
cent sample. Also, the selection of normalization wavelength here is not
entirely arbitrary since it needs to be a wavelength within the excitation range
of the sample and, for reliable results, it is best to choose a wavelength that is
not close to a wavelength where the instrument’s spectral or polarization char-
acteristics change dramatically, for example, near a Wood’s anomaly. Further
details of this normalization procedure can be found in Ref. [30].

For the technical correction of both the emission and excitation spectra,
the CD and CS methods described above can be combined. Alternatively,
the CD method can be used to first calibrate the excitation unit, including the
monitor detector, and then the known relative spectral irradiance from the
excitation system illuminating a white reflectance standard can be used to cal-
ibrate the spectral response of the detection system. The latter approach has
the advantage that a separate CS is not needed and that the measurement
geometry is more representative of the actual fluorescence measurements.
However, the excitation system typically uses a xenon source, which does
not have as smooth a spectral distribution as standard tungsten lamps. Thus,
it is much more sensitive to wavelength errors such as spectral mismatch of
the wavelength scales of the excitation and detection systems [4].

7.8.1.2  Spectral Fluorescence Standards (RMs)

Fluorescence RMs are commonly used to perform instrument calibrations and
qualifications of the responsivity of the detection system to emission, or spectral
correction of emission, for fluorometers. In fact, for analytical applications,
RMs are more commonly used than PTSs because they come in standard sam-
ple formats and can therefore be easily handled by nonexperts. They do not
require any special attenuation or setup procedures. In addition, they can be
measured using the same optical geometry and instrument settings as the
intended sample. This last advantage has been shown to minimize instrument-
dependent, systematic errors, allowing better agreement of corrected spectra
between instruments in different laboratories and with different designs [45,46].

A general consideration for selecting fluorescence RMs for spectral cor-
rection is the need for the excitation or emission wavelength region to cover
that of the test sample for excitation or emission spectral correction, respec-
tively. Other instrument parameters, such as spectral bandwidths, integration
time, detector gain, and wavelength increment, should also be the same for
RM and sample signal collection. On the other hand, the fixed wavelength
parameter used when collecting a relative emission or excitation spectrum
(i.e., the fixed excitation wavelength used for an emission spectrum, or the
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fixed emission wavelength for an excitation spectrum) need not be the same
for RM and sample, unless absolute optical properties are required, for exam-
ple, absolute quantum yields.

Spectral correction factors can also be dependent on sample format due to
the wavelength and incident angle dependencies of sample anisotropy and
reflection. These effects may, for instance, cause the spectral correction fac-
tors for front-face and 0°/90° detection geometries to be different.

For most chemical and biological applications, a transparent (low absorp-
tion), fluorescence RM of high purity, high stability, high quantum yield, and
broad wavelength range is ideal for spectral correction of emission. Dilute
solutions of organic, fluorescent dyes were the first standards of this type to
be widely used [47,48]. More recently, inorganic fluorophores in a glass
matrix have been developed as fluorescence standards with much greater
photostability than organic dyes [49-53].

Certified reference materials (CRMs) are RMs that are supplied with values
and uncertainties by a certifying body, which has high confidence in their accu-
racy, such that all known or suspected sources of error have been investigated.
CRMs represent the highest level of quality and quantitative accuracy in RMs.
CRMs for spectral correction of emission are available from national metrology
institutes (NMIs) as both solid inorganic glasses [54—58] and organic dye solu-
tions [59]. Similar CRMs are also available from secondary standards manufac-
turers [60]. Note that the certified values for these CRMs are given as relative
intensity of emission as a function of wavelength, which supplies the user with
the correct spectral shape of the emission, but not the absolute intensity.

Similar corrected emission spectra of other materials have been published
in the literature [61,62]. These published values are usually not given with
uncertainties, and the values themselves have not been measured on multiple
instruments [45,46]. In some cases. it is even unclear as to whether quantities
are being given in radiant or quantum units. In addition, it is often difficult to
obtain high-purity samples corresponding to the RMs found in the literature.
For all of these reasons, CRMs are more reliable than literature-reported
RMs and are typically preferred by users.

It is important to remember when using either RMs or CRMs that to obtain
a high degree of comparability of fluorescence measurement data, it is critical
to perform the instrument calibration using these materials under conditions
identical to those employed for subsequent fluorescence measurements [45].
These include instrument components such as monochromator gratings and
filters, instrument settings, and measurement geometries.

7.8.1.3 True Spectra

In the last two sections, transfer standards for spectral correction of the exci-
tation beam and detection system of instruments were discussed. In addition,
instrument, environment, and sample characteristics that impact spectral
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fluorescence measurements were reviewed in Sections 7.6 and 7.7. These
topics cover the major factors for which a user must correct in order to obtain
true spectra. Each of these potential sources of error can be relatively small or
large, depending on the particular case. Therefore, it is important for a user to
realize which sources of error are most significant for their sample and mea-
surement conditions.

It is also important to note that many, if not most, of the corrected spectra
given in the literature, as well as those from NMIs, are instrument indepen-
dent, but not true spectra. As described in Section 7.2, a true spectrum is an
intrinsic property of the fluorophore, excited under the measurement condi-
tions, while the term instrument independent implies only that the spectrum
has been corrected for factors that may vary between instruments, that is, been
technically corrected. Solvent refractive index correction (see Sections 7.5.3
and 7.7.3) is a good example of an error correction that is required for a true
spectrum, but not for an instrument-independent one. In this case, the correc-
tion is proportional to #°, which is an intrinsic property of the solvent, and
will not change between instruments. The “corrected” spectra of most RMs
are not corrected for such sample-specific factors because the spectra are
intended for spectral correction of an instrument, which should not include
sample-specific corrections that are instrument independent.

7.8.2 Intensity Verification Standards
7.8.2.1 Day-to-Day Intensity Standards (Performance Verification)

The most common use for fluorescence standards is for performance verifica-
tion of instruments. Such standards are used to verify the consistent perfor-
mance of a single instrument over time or to compare different instruments.
The easiest way to achieve performance verification is by using fluorescence
intensity standards, such that the intensity of these standard samples can be
compared over time and between instruments, using the same instrument para-
meters. An RM of this type must be either reuseable, that is, photostable with a
long shelf-life, or single use with a reproducible intensity. They should be mea-
surable with typical instrument settings, but do not have to reproduce the spectra
of analytes. The measured intensities of the standard can be used to create an
absolute intensity scale without collecting absolute fluorescence measurements.

The best-known intensity standard for fluorescence instruments is high-
purity water, where the Raman line is used as a pseudo-fluorescence signal
[63,64]. The effective wavelength range of this standard is limited to UV
and blue light, due to decreasing scattering intensity at longer wavelengths.
Inorganic solid standards are recommended as reusable RMs for covering
the entire visible spectrum, due to their photostability, robustness, and ease
of use. Organic dyes are preferred as single use RMs because their character-
istics can closely resemble those of fluorescent probes.
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7.8.3 Fluorescent Color Standards

Fluorescent material standards are used for calibrating one-monochromator
instruments described in Section 7.5.2.4. These fluorescence standards must
be specially selected to match the optical properties, the sampling format,
and other properties of the sample under test. A key requirement is that it
has similar excitation and emission spectral bands. For these reasons, fluores-
cent material standards have been developed for specific applications, for
example, for the plastics, textile, and paper industries. An example of a set
of fluorescent cotton standards is shown in Fig. 7.6.

A survey of these fluorescent color standards and their availability is given
in CIE Publication 182 [27], which also provides information on their long-
term stability. It is generally found that the fluorescent white cloth standards
and paper standards are not particularly stable and require frequent replace-
ment, with a recommended replacement interval every 3—6 months. However,
the short-term reproducibility of these standards is very good; for example,
the relative standard deviation of the mean of several independent calibration
results over a 1-month period is typically within 0.2%. Plastic fluorescent
standards in custom sizes and configurations are available as both white scale
sets and chromatic standards in a variety of emission colors, including multi-
ple peaks. These plastic standards have high thermal stability and excellent
lightfastness which makes them well suited for use as quality control check
standards of the fluorescence measurement system (performance verification).
These fluorescence color standards are also finding use in bioanalytical appli-
cations with increasing demands for reliable traceable fluorescence data, for
example, in medical diagnostics as biological/biomedical probes.

If these fluorescent color standards are to be used for unambiguous color
specification for different illuminant conditions, it is necessary that their cali-
bration be performed using the two-monochromator method to provide nor-
malized bispectral luminescent radiance factor data [65]. An example of the
normalized bispectral luminescent radiance factor data for a red fluorescent
paper standard is shown in Fig. 7.16. These data can be compared with those
in Fig. 7.2 which shows the corresponding raw measured bispectral lumines-
cent radiance data. As discussed in Section 7.2.3, these data can then be used
as input to the spectral stimulus function with the desired standard illuminant.

Two of the most commonly used CIE illuminants for specifying fluores-
cence surface color are CIE standard illuminant D65, which represents a
phase of natural daylight with a color temperature of about 6500 K, and
CIE illuminant C, which is intended to represent an average daylight with a
correlated color temperature of approximately 6800 K and is often used as
an approximation to an indoor daylight condition [9]. More details on the var-
ious CIE illuminants used for colorimetric applications can be found in
Chapter 10.
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FIGURE 7.16 Calculated normalized bispectral luminescent radiance factor for a fluorescent
red paint sample; 45:0 geometry, s-polarization; compare with Fig. 7.2 which shows the
corresponding raw measured data on this instrument.
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FIGURE 7.17 Comparison of reflected and total spectral radiance factors of a fluorescent paper

standard calculated for CIE illuminants C and D65. Inset compares the relative spectral distribu-
tions of these two illuminants.

Figure 7.17 shows the calculated total spectral radiance factor (1) for
this fluorescent paper standard, calculated using these data, corresponding to
two different illumination conditions. The colorimetric quantities (CIE tri-
stimulus values: X,Y,Z, CIE chromaticity coordinates: x,y, CIELAB values,
CIE whiteness, etc.) may then be calculated according to the expressions
given in Chapter 10 where f7(/) is substituted for R(4).
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7.8.4 Quantum Yield Standards

To obtain reliable fluorescence quantum yields, with relative uncertainties
less than 5%, it is important that the instrument be properly calibrated and that
the fluorescence standard be properly chosen. In particular, the instrument
needs to be checked for linearity over the dynamic range of spectral radi-
ance/fluorescence intensity of the samples to be measured and spectrally char-
acterized and corrected as described in Sections 7.6 and 7.8. To reduce errors
due to imperfect instrument correction for nonlinearity and spectral character-
istics, the fluorescent quantum yield standard should be selected according to
the following criteria:

1. absorption/excitation spectrum similar in shape and wavelength range to
the samples under test;

2. emission spectrum similar in shape and wavelength range to the samples
under test;

3. a large Stokes shift, to minimize errors due to overlap of excitation and

emission spectra;

a quantum yield that is slightly higher than that of the samples under test;

5. good photostability, having a quantum yield that is insensitive to environ-
mental conditions (temperature, oxygen levels, time of exposure,
impurities);

6. a quantum yield that is relatively insensitive to sampling conditions (e.g.,
excitation wavelength, pH, instrument polarization) [66].

=

For a 0°/90° geometry, quantum yield standards are typically fluorescent
organic dyes of known quantum yield under specified experimental conditions
(pH, solvent, and temperature) [66]. As discussed in Section 7.7.4, to
avoid quenching effects, all solutions should be degassed, and solvents and
cuvettes should be of spectral grade and checked for spurious emission. In
the case of ideally dilute solutions (A <0.05), the fluorescent quantum yield
is independent of excitation intensity and wavelength, sample absorption,
and concentration. Under these conditions, it is identical to the quantum
yield of the molecular species. An extensive list of standards for photolumi-
nescent quantum yield measurements can be found in Ref. [67] and recom-
mendations on the selection of suitable quantum yield standards can be
found in Ref. [68].

For a surface geometry, the radiant efficiency standards are white, dif-
fusely reflecting standards of known spectral radiance factor with respect to
the primary reflectance standard—the PRD, identically irradiated and viewed.
In practice, secondary reflectance standards, such as pressed PTFE and bar-
ium sulfate powder, are used, where it is assumed that the reflected light from
this comparison standard has the same angular distribution as the emitted light
from the test sample.
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8.1 INTRODUCTION

Angle-resolved light scattering measurements have a wide variety of applications
ranging from the realistic quantitative description of the visual appearance
of materials, machine vision, the modeling of the regolith of extraterrestrial pla-
nets, to the inspection and roughness characterization of optical materials, surface
structures, and interference coatings, and the characterization and subsequent
modeling of stray light in optical systems [1]. The observed angular scattering
characteristics span the properties from being highly diffuse and relatively fea-
tureless in the angle dependence of the scatter, to highly specular, where the scat-
ter is sharply peaked in the regular reflective direction and decays by many orders
of magnitude from there, yet still being of significant importance for specific
applications. Multilayer-coated optics, diamond-turned surfaces, and diffraction
gratings usually have additional pronounced nonspecular features. In this chapter,
we describe the measurement of the angle dependence of diffuse light scatter, with
an emphasis toward making accurate traceable measurements.

The angle-resolved structure in the diffuse scattering is quantified by the
bidirectional reflectance distribution function (BRDF) [2,3]. Given in
Chapter 2, the BRDF is the ratio of the scattered radiance L, normalized by
the incident irradiance E; on the surface, when that surface is uniformly irra-
diated (see Eq. 2.21),

L,
fo=g @®.1)

As pointed out in Chapter 2, it is common to use a small illumination spot,
and under this condition, the expression (see Eq. 2.24)

;o do
' @, dQ, cos b,

holds, where d(2; is the solid angle of collection. The BRDF has the property
of Helmholtz reciprocity for most materials. That is, the BRDF is invariant
upon interchange of incident and reflected directions. The BRDF is a function
of wavelength A and polarization. As discussed in Chapter 2, its polarization
properties are best described by a Mueller matrix [4].

Other expressions of the scatter distribution are often used in lieu of
the BRDF and are defined in the International Lighting Vocabulary [5],
including the radiance coefficient, the radiance factor, and the reflectance

(8.2)
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factor. The radiance coefficient is defined as the radiance emitted in a speci-
fied direction normalized by the irradiance, but differs from the BRDF in that
the incident irradiance does not have to be unidirectional. For a given incident
irradiance distribution L;=L;(6;, ¢;), the radiance coefficient ¢, is related to
the BRDF by

Jeri COS 91 d.Q,'
Qe="—F— - 8.3)
JLi COS 91 in

In the limit that the incident illumination is unidirectional, the radiance coef-
ficient is the BRDF.

The radiance factor f§ is defined as the radiance in a given direction nor-
malized by the radiance from a perfectly reflecting Lambertian surface iden-
tically illuminated. For a given incident irradiance distribution L;, the
radiance factor is given by

anrLi cos0; dQ;
=t (8.4)
JLi COS 01 in

Thus, for identical illumination conditions, the radiance factor is related to the
radiance coefficient by f=mg.. Similarly, if the incident illumination is uni-
directional, the radiance factor is related to the BRDF by f=r7xf,.

The reflectance factor R is defined as the ratio of the radiant flux reflected
into a given set of directions to that reflected by a perfectly reflecting Lamber-
tian diffuser identically irradiated. For a given radiance distribution L; and set
of reflected directions €2, the reflectance factor is

nJ Jeri cos0; cos0,dQ;dQ,
R=—%

(8.5)
J JLi cos0; cos 0, dQ; dQ,
Q

If the incident irradiation is unidirectional, the collection angle subtends a
very small solid angle, and the BRDF is uniform, the reflectance factor
R =mf,. Notice that if the incident irradiance is uniform, the denominators in
Eqgs. (8.3)—(8.5) reduce to the projected solid angle, given in Eq. (2.6), and
the L; drops out from the expressions. Likewise, the integral over d€2, in the
denominator of Eq. (8.5) is the reflected projected solid angle.

Other alternative terminology can be found in the literature. Angle-
resolved scatter (ARS) is often used by those who are not interested so much
in radiometry, appearance modeling, or image rendering, but rather in
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measuring the scatter distribution in low-scatter optics and optical systems.
The ARS is measured in a small spot configuration and is given by

do,
&;dQ,

ARS is thus related to the BRDF by the factor of cos 0,. It has the relatively
simple interpretation of being the fraction of light scattered per solid angle.
Because of the reciprocity conditions imposed on the BRDF and the pres-
ence of the factor of cos 0,, the ARS is not a reciprocal quantity. Yet,
because of its simplicity, it is sometimes convenient to use ARS to rep-
resent scatter data. If necessary, the conversion to BRDF is then
straightforward.

All the quantities introduced in this section have the common property that
they describe angle-resolved scattering independent from the actual instru-
ment or parameters used. This is basically achieved by using radiometric
quantities (instead of scattered power) and careful calibration. Two standard
guides have been published that describe measurements of the BRDF and
its related quantities [6,7].

ARS =

(8.6)

8.2 REFERENCE-FREE MEASUREMENT METHODS

Measurements that do not rely upon a reference sample are considered in this
section. They are often referred to as “absolute” measurements, because they
can assign the units of inverse steradians through measurements of solid
angles, dimensional measurements, and ratios of comparable radiometric
quantities, usually performed with the same device.

There are two basic reference-free methods used for measuring BRDF that
can be categorized by whether they use Eq. (8.1) or (8.2). We will refer to
these as the over-illuminated and the under-illuminated methods, respectively,
because they differ in how they illuminate the sample. The methods could
also be referred to as the forward and backward methods, but which direction
is forward and which is backward would depend upon the perspective of
which methodology one follows. Historically, Eq. (8.1) is the fundamental
definition for the BRDF, but it is shown that Eq. (8.2) is equivalent, and for
some applications, simpler to apply. In effect, however, they are equivalent,
but have the propagation of light reversed, one with respect to the other. There
are advantages to each of the two measurement schemes that will be discussed
later in this chapter.

The unit associated with the BRDF is the inverse steradian (st '). It is thus
natural that we have to effectively realize this unit in our measurement. In
Chapter 2, it was shown that the projected solid angle, €., for a circular
aperture of radius  (and area A=m?) at a distance R is given by [8]

nr? cos O
mej = JdQ COngw, (87)
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where 6 is the polar angle of the center of the aperture, which is either 6; or
0., depending upon whether the aperture is on the illumination side or on the
collection side. For small apertures, where r <R, the projected solid angle
simply reduces to Qp,;=A cos 0o/R?. Generally, this latter expression can
be used with insignificant effects on the result for all but the highest accuracy
measurements performed with instruments having low angular resolution. For
example, for r=25mm and R=500mm, the true value of Q,.; will be only
0.25% lower than that determined by the simpler expression. This correction
is on par with typical k=2 expanded uncertainties of white diffuse materials
at moderate angles and visible wavelengths [9].

8.2.1 The Over-lllumination Method

One approach that is used for measuring the BRDF relies on the radiance—
irradiance relationship in Eq. (8.1) [10,11]. This method is fairly common
for high-scatter samples, such as diffuse reflectance standards and materials
of interest for their visual appearance. The idea is to provide a uniform irradi-
ance over the entire sample and then to measure the radiance scattered from it.
The irradiance, however, is rarely measured directly. Instead, a source of
uniform radiance L; of area A= is placed at a known distance R from
the sample under test. The irradiance at the sample is then given by

E; = LiQpr0j,i (8.8)

where (2, ; is the projected sold angle subtended by the source aperture. The
BRDF is thus given by

2,2

fr:%:% 11+' : (8.9)
; ;i 2 cos b;

The radiances L, and L; are measured by a single radiometer, so that only the
ratio L,/L; needs to be measured accurately. The other terms are all geometric.

Figure 8.1 shows a schematic of the over-illuminated sample method. In prac-
tice, the radiator is an integrating sphere illuminator, shown schematically in
Fig. 8.1. It is often broadband illuminated, with a lamp covering the spectral range
of interest. The radiometer is then spectrally selective. Some configurations have
the radiometer be an optic collecting light onto the aperture of a spectrometer or a
spectrograph. Using a spectrograph, one can disperse the light over a wide range
of wavelengths and thus have a multiplexing advantage. Provided the depth
of focus of the radiometer is such that the width of its point spread function
is smaller than both the sample at the sample position and the source area at the
source position, and that the detection is linear, the relative radiance measurement
can be accurate. Some facilities move the radiometer or the source, so that
the source-radiometer distance during the measurement of L; is the same as the
sample-radiometer distance during the measurement of L, [8,12].
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Receiver

FIGURE 8.1 A schematic showing the over-illumination method of BRDF measurement. The
source is shown as an integrating sphere, containing a light source and a baffle. The receiver is
shown as a spectroradiometer, consisting of a polarizer, an imaging lens, a monochromator, and
a detector.

There are several requirements that must be met in order for this method to
achieve accurate results: (a) The field of view of the radiometer must be smaller
than the sample at the sample distance and smaller than the sphere radiator aper-
ture when measuring the incident radiance, and (b) the radiance emitted by the
sphere radiator must be uniform over its entire aperture. These two conditions
should be tested in order to validate the assumptions of the measurement.

To a lesser extent, other factors need to be considered as well. For exam-
ple, the solid angle subtended by the illuminator €2; and the collection aperture
of the radiometer should be sufficiently small that the angular resolution of
the instrument captures the necessary structure in the BRDF. Stray light
striking elsewhere in the room or enclosure and illuminating the sample needs
to be minimized.

The over-illumination method is primarily used for highly diffuse materi-
als. It is less ideal for measuring low-scatter materials, because it is relatively
inefficient with its use of light. For example, only a small fraction of the light
emitted by the illuminator reaches the part of the sample being measured by
the radiometer. Furthermore, the radiometer field of view must fill only a
fraction of the illuminator aperture, so that only a fraction of the area of the
illuminator is used for measuring the incident radiance. This reduction in
available light is further exacerbated if the angular resolution needs to be
reduced, in order to capture the structure near the specular beam, because then
the total illumination on the sample is reduced.

There are a number of advantages of this technique. It is relatively straight-
forward to guarantee that the illumination aperture provides a uniform radiance,
and that the sample is uniformly irradiated. Requirements on the radiometer
optics are also minimal. With stray light correction in the spectrograph radiom-
eter [13], a wide range of wavelengths can be measured accurately at once.
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8.2.2 The Under-lllumination Method

The scheme described in this section assumes that we illuminate a relatively
small spot on the sample and then measure the amount of light scattered into
a known solid angle. Thus, we rely on Eq. (8.2) for the measurement, which,
using Eq. (8.7) for the projected solid angle of a finite circular aperture, is
2,2
7. :%Rzi. (8.10)
i 2 cos O,

Often, the light incident upon the sample is monochromatic. In that case, it
is very similar to the previous over-illumination method, except operated
backward. The light being collected by the radiometer is replaced by a source
and a monochromator, while the uniform source is replaced by a uniform
detector. The light, however, is used more efficiently, because the receiver
field of view includes the entire illuminated area. This feature makes it partic-
ularly useful for coherent sources, since the monochromator is not needed and
multiplexing is of less interest. Figure 8.2 shows a schematic of the under-
illuminated sample method.

In much of the remaining chapter, we assume that the under-illumination
method is being used. However, most of the same design and characterization
issues exist for the over-illumination method, except that the source and the
receiver need to be interchanged, and the direction of propagation of the light
reversed.

Source
N\

FIGURE 8.2 Schematic of the under-illumination method of BRDF measurement. The source is
shown as a laser, chopping wheel, polarizer, and spatial filter. The receiver is shown as an aper-
ture, lens, field stop, integrating sphere, and detector.
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8.2.2.1 Illuminator

The illumination of the sample is intended to be as collimated as possible with
as little stray light outside of the incident collimated beam. When the source is
a laser, the beam can be spatially filtered, yielding a high-quality spatial pro-
file. The output of the spatial filter can then be collected and collimated or
slowly focused using a highly polished and focusing mirror. Care should be
taken that either an aspheric mirror be used or that the mirror be as close to
normally illuminated as possible, so that there is as little astigmatism as pos-
sible. Aspheric mirrors, however, tend to have higher scatter levels, and the
optimum setup includes a super-polished spherical focusing mirror.

While a mirror is preferable to collimate or focus the light, a lens can be
used. However, even the small amount of reflection from an antireflection
coating may create a halo about the incident light beam. That halo not only
has a detrimental effect on the ability to do small-angle scattering measure-
ments but also increases the total size of the beam at the detector and can
result in a loss of light during the measurement of incident radiant flux. Fur-
thermore, scatter from the coating itself may contribute to stray light.

One can focus the source at different locations, depending upon the mea-
surement interests. Focusing through the sample and onto the receiver aper-
ture yields the highest angular resolution. With an f/100 beam and visible
wavelengths as an example, the diffraction limited spot diameter is approxi-
mately 100 pm. If the detector arm is approximately 500 mm away from the
sample, then the angular resolution, if the receiver aperture is approximately
the same size, is about 0.01°, and the solid angle would be approximately
Q=3x10""sr. The maximum recorded BRDF will then be on the order of
1/2=3x10"sr"".

One of the disadvantages of focusing at the detector aperture is that this
means that one is also focusing very close to the detector. This can potentially
cause problems with performing an accurate measurement of the incident
light intensity, since it will amplify any variations in the sensitivity of the
receiver with position. Focusing the incident beam beyond the detector will
further the collimation of the incident beam and will increase the size of the
beam at the receiver aperture and reduce the effects of any detector sensitivity
variations.

The third focusing configuration that would be of interest is that of focus-
ing at the sample. This configuration gives the highest spatial resolution at the
sample, which may be important for measurements of small targets or finding
small surface features. However, the angular resolution will be degraded. For
coherent light sources, speckle effects, discussed more in Section 8.5, will be
increased.

It is useful, for low-scatter measurements or when using infrared sources
and detectors, to chop the beam and use lock-in detection for the signal. When
using laser sources, the chopper should be placed before the spatial filter, so
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that it does not contribute significantly to the scatter as the chopper blade is
crossing the beam. When the edge of the blade is crossing the beam, there will
be an increase in the scatter and diffraction. A partially blocked laser beam
will distort the beam in a spatial filter. Thus, the beam should be small at
the location of the blade so that the time the edge of the blade spends crossing
the beam is minimized.

Measurements can also be performed using a shuttered system. This mode
is effectively like performing a zero-frequency lock-in measurement. In this
case, there will be no measurement made while the shutter is opening or clos-
ing. The disadvantage of this method is that any 1/f noise will be high, com-
pared to that with a lock-in amplifier. Most infrared detectors cannot be
operated in this fashion.

It is very useful to have a means for monitoring the incident radiant flux.
A low-scatter pellicle beam splitter, placed in the beam at a small angle of
incidence, can direct a fraction of the light toward a reference detector. In this
way, fluctuations in the radiant flux can be compensated. If a lock-in ampli-
fier is used, it is important that the time constants and filter setting be identical
for the lock-in being used for measuring the reference as that being used to
measure the radiant fluxes @; or @, and that the reference and signal measure-
ments be performed simultaneously.

The polarization state of the light can be selected with a polarizer, possibly
with a waveplate, at any point in the optical path. For laser-based systems, and
especially when small-angle scattering is of interest, it is best to place the
polarization optics before the spatial filter. Since prism-style polarizers are
thick optics, it is generally best to not rotate them, lest the beam walk on
the spatial filter. In this case, a half-wave waveplate can effectively select
the desired polarization. For spectroscopic systems with lower small-angle
performance requirements, the location of the polarizer is less critical.

Besides single wavelength laser sources, the availability of widely tunable
laser sources based on the effect of optical parametric oscillation enables the
development of instruments for spectral ARS measurements with high sensi-
tivity [14]. Also, the use of supercontinuum sources for this purpose is being
explored [15].

8.2.2.2 Receiver

The receiver in the under-illumination method serves the purpose of defining
the collection solid angle dQ,. This is usually determined by having a well-
defined circular aperture of radius r at a fixed distance to the sample, R, so
that the projected solid angle is given by Eq. (8.7). The sensitivity of the
detection over that area should be as uniform as possible. One design of a
receiver is shown schematically in Fig. 8.3. The solid-angle defining aperture
is in the front of the receiver, so that its area and distance can be determined
and are well defined.
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FIGURE 8.3 Schematic of a receiver.

Multiple apertures, perhaps on a computer-controlled translation stage,
allow for different angular resolutions needed for measuring the BRDF of
specular materials near the specular direction. The smallest aperture need only
be approximately the size of the focused laser spot and is only used very close
to the specular direction. As the receiver moves away from the specular direc-
tion, the signal can drop by orders of magnitude, and intermediate aperture
sizes may be used, before the largest aperture is used for measurements where
there is little structure in the BRDF.

In Fig. 8.3, the aperture is immediately followed by a focusing lens that
images the sample plane onto a field stop. The field stop thus defines the field
of view of the receiver. That field of view should be large enough that it
encompasses all of the radiating area of the sample, keeping in mind that
some materials diffuse light significantly away from the irradiated spot and
that the maximum extent of the beam on the sample depends upon incident
angle. However, too large a field of view can introduce unintended stray light
into the system, especially when viewing very close to the specular direction
on low-scatter materials, where the field of view might include optics
upstream of the sample. Having a field of view that is adjustable for different
measurement needs can increase the versatility of the instrument.

Behind the field stop, there is an integrating detector shown in Fig. 8.3.
Direct illumination of a detector will enable the highest sensitivity, but at a
cost of possible uniformity issues. For visible, ultraviolet, and near infrared
light, direct illumination of a large area silicon photodiode can have sufficient
spatial uniformity and a wide enough dynamic range for many applications.
The best uniformity, however, is achieved when the detector is used in con-
junction with an integrating sphere, as shown in Fig. 8.3. There is some loss
of signal due to the efficiency of the integrating sphere, but this is minimal
for all but the lowest scattering levels. Multiple detectors may also be used.
For highly polished, low-scatter materials, the level of scatter may be low
enough that a more sensitive detector, such as a photomultiplier tube
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(PMT), is needed. A system having multiple detectors will need to account for
the relative sensitivity of each detector, since the incident radiant flux @; will
be measured with a different detector than the scattered radiant flux @,.
A change in detector would add to the resulting uncertainty in a measurement,
but the uncertainty requirement for low-scatter optics is usually significantly
lower than that of high-scatter materials.

8.3 INSTRUMENT CHARACTERIZATION

There are a number of measurements that should be performed on a goniore-
flectometer to characterize its operation. These may not directly enter into the
measurement result, but they are essential to assess whether the measurement
is performed correctly or to improve the instrument performance. Optimizing
the instrument performance is usually a nontrivial task and requires careful
analysis of all the critical factors.

8.3.1 The Instrument Signature

The instrument signature is an attempt to record the signal that one would
achieve from a perfectly flat, perfectly reflecting sample free of any scatter-
ing. While it is generally impossible to find such a perfect sample, it is suffi-
cient for many applications to remove the sample from the goniometer and to
measure the scattering as a function of angle from the straight-through direc-
tion. This measurement will be indicative of what one would measure if there
was a perfectly reflecting sample. If a measurement from a low-scatter sample
is performed, the instrument signature should be scaled by the reflectance of
the sample and displayed overlaid upon the data, to assess how much of the
scatter is from the sample and how much is simply an instrument artifact.
There will undoubtedly be a small angle, within which the measured signal
will be indistinguishable from the instrument signature and where the data
should be disregarded. How much larger than the instrument signature the
data signal should be is somewhat up to the user of that data and will depend
upon the application.

Figure 8.4 shows a representative instrument signature measured using an
instrument at NIST. There are three apertures used in this measurement, so that
aperture changes occur at 0.1° and 1.5°. At each of these angles, the noise level
rises quite a bit, because the signal level is low, but switching aperture size too
soon will yield excessive signal from the side of the next larger aperture. There
are three regimes observed in the data. Initially, the signal drops off with an
approximately Gaussian behavior, which is due to the propagation properties
of the near-diffraction-limited laser beam. At some point, the signal levels
off, because scatter from optics in the source (mostly the primary mirror) is col-
lected. At these angles, the field of view of the receiver is large enough that the
source optics is still visible to the receiver. Once the field of view of the receiver
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FIGURE 8.4 The BRDF instrument signature measured using a laser-based instrument at NIST.

no longer includes those optics, the signal drops again to another level. This
lower level is limited by Rayleigh scatter in the air to an amount which is pro-
portional to the length of beam subtended by the field of view. Reducing the
field of view of the receiver will narrow the angle over which the upstream
optics contribute to the signal and will reduce the amount of Rayleigh scatter
observed. In the under-illuminated geometry, with the sample removed, the
receiver will record a BRDF given approximately by [16,17]

_ Irov 1 forspolarization
Jr = IRayleigh cos Oy [sin 0 | { cos? 6y, forppolarization ’ @11
where
47 (n—1)?
[Rayleigh = FT, (812)

/ is the wavelength of the light, n is the refractive index of the air, N is the
volume number density of molecules in the air, 6;; is the angle between the inci-
dent and viewing directions, and /gy is the transverse length of the field of
view of the receiver at the sample position. At 20 °C, a wavelength of
532 nm, and at standard atmospheric pressure, Irayieigh = 1.29 X 10 "m ®sr L.
Thus, for /roy = 10mm, the contribution to the BRDF perpendicular to the inci-
dent direction will be in the range of 10 ®sr~'. The exact contribution to the
BRDF measurement will be affected by the presence of the sample, in that there
will be contributions from the directly illuminating beam, the beam reflected

from the surface, and the images in the surface of these two beams [16,17].
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The instrument signature also serves to quantify the amount of light halo-
ing the incident beam. When the incident radiant flux is measured, there is an
assumption that all of the incident light is being captured by the receiver.
However, there may be a small fraction of light which is outside that receiver.
Integrating the amount of light inside of the solid angle of collection and
comparing it to the integral of the outside provides a measure of this
potential error.

8.3.2 Noise-Equivalent BRDF

The noise-equivalent BRDF is a measure of the lowest scatter level that an
instrument can measure. It is generally measured by shutting off or blocking
the light source and measuring the standard deviation of the resulting
measured radiant flux &,, then applying Eq. (8.1) or (8.2), as if one were
performing a measurement. This value will be an indication of the repeatabil-
ity when measuring the lowest level scatter signal. For higher level scatterers,
the sampling uncertainty may be higher and can be assessed by repeated mea-
surements. In practical applications, either the noise level or Rayleigh scatter-
ing from the ambient air surrounding the sample limits the sensitivity of the
instrument.

8.3.3 Profile of Illumination Spot

It is important to know what the illumination spot on the sample looks like.
There are a number of reasons for this. In the under-illuminated method, the
receiver field of view must include all of the light scattered by the sample
(including that which is diffused in the sample). Thus, it is important to know
its size and to verify that it is smaller than the receiver field of view. More
subtly, however, it is important to know that the illumination spot is symmet-
ric and centered at the center of goniometer. At oblique viewing angles, any
asymmetry in the illumination will cause an error in the solid angle calcula-
tion, because the intensity-weighted mean distance from the sample will not
be at the center of the goniometer [15].

Measurement of the illumination spot can be performed with a beam pro-
filer, either one based upon a scanning aperture, a scanning slit, or a camera.
If the goniometer includes the automated ability to translate the sample, then
it is natural to place a detector with a small aperture in the sample holder to
measure the illumination spot. Another way to estimate the profile of the illu-
mination spot is to map the scattering of a small defect on a smooth and gen-
erally clean surface at a fixed scatter angle. The measured scatter map is the
result of a convolution of the illumination spot profile with the defect geome-
try. If the defect is much smaller than the spot, the scatter map directly repre-
sents the beam profile.
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8.3.4 The Field of View

In the case of the under-illumination method, the field of view of the receiver
needs to be known to ensure that the sample illumination spot does not extend
beyond it and that the sensitivity over that spot is uniform. One way to measure
this is to scan a small light source over the sample plane and to measure the signal.

8.3.5 Detector Location Sensitivity

If the detector is moving about the sample, there may be a slight variation in
the sensitivity of the detector to its location or orientation. A PMT, for exam-
ple, can be sensitive to magnetic fields, and if not properly shielded, there
may be a variation in its response depending upon how it is oriented with
respect to the Earth’s magnetic field [18].

8.3.6 Linearity

BRDF measurements, even for white diffuse materials, require a relatively
large dynamic range. For example, a modest-sized 25-mm aperture, located
500 mm from a perfectly reflecting Lambertian sample, viewed at 45° will
have a scattered-to-incident signal ratio of @ /®;=4.4 x 107*. It is therefore
necessary to ensure the detectors, along with all of their associated electron-
ics, are linear. Often, the gain settings are changed between the measurements
of these two signals, so that the relative gain settings should be checked. Fur-
thermore, in the case of lock-in detection, the gains should be checked at the
same frequency as the chopping frequency, since changing gain is often asso-
ciated with changes in amplifier gain-bandwidth ratio.

8.4 GONIOMETER DESIGNS

Key to angle-resolved measurements is having the ability to orient the sample,
the source, and the receiver with respect to one another. There are a number of
ways that this can be accomplished, and this section reviews some of the more
common ones, as well as some innovative methods.

8.4.1 In-Plane Scatterometer Designs

The simplest, and probably most common, method for sample orientation is
shown schematically in Fig. 8.5. This method is used when only the scatter
in a single plane, usually the plane of incidence, is desired. A simple rotation
stage is used to hold the sample, while another one is used to rotate the detec-
tor. This particular scheme can even be used in a completely manual
“protractor”’-driven application (albeit with reduced accuracy and angular pre-
cision). Several considerations need to be considered in this arrangement.
First, the two rotation stages should have axes that are coaligned with one
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FIGURE 8.5 Schematic of an in-plane scatterometer.

another, so that the detector—sample distance does not vary as the detector
moves about the sample and to ensure that the angles are accurate. Second,
there should be arrangements made to place the front sample face coincident
with these axes.

In-plane scatterometers have been developed for practically all wavelength
ranges from the ultraviolet throughout the visible up to the infrared spectral
regions [1,19]. Special tools are also available for measurements in the deep
and vacuum ultraviolet [20] and even in the extreme ultraviolet (EUV) [21].

8.4.2 Out-of-Plane Scatterometer Designs

Measurements out of the plane of incidence require more complex motions
for either the sample, the detector, or the source. In this section, we discuss
a number of different schemes that have been used in the past.

In many respects, the simplest way to achieve out-of-plane measurement
capability is to replace the sample rotation stage, shown in Fig. 8.5, with a
device that rotates and moves the sample into any orientation. In this case,
all of the necessary degrees of freedom exist to allow for arbitrary incident
and scattering directions. Figure 8.6 shows a schematic of a basic Eulerian
cradle [22], so named because the successive stages are stacked so that the
rotations follow an Euler transformation. On top of the in-plane design
described in Section 8.4.1 is a cradle allowing rotation of the sample about
a horizontal axis. Inside of that is a rotation stage that rotates the sample about
its surface normal. In addition to the rotation axes, linear translation stages
can provide for sampling on different points along the sample surface.
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FIGURE 8.6 Schematic of an Eulerian cradle.

Alignment of such a system is straightforward, but more complicated than
that of the simpler system described in Section 8.4.1. Ultimately, the vertical
axes must both be coincident, the horizontal axis of rotation must pass
through and be perpendicular to the vertical axes, and the surface normal axis
must be perpendicular and pass through the intersection of the other axes.
When aligned, the conversion from the axis angles to sample scatter angles
is straightforward. The angles shown in Fig. 8.6 are related to the incident
and scattering directions by [22]

0 = cos ™! [cos 0; cos 0, + (cos ¢; cos ¢, + sin ¢;sin ¢,) sin0; sin 6],
o =tan"![(cos 0 — cos 0; cos §) /(cos 0; cos J)],

B=sin"![sin (¢, — ¢;)sin 0, sinb; /sind],

7= ¢, —tan"! (—sina, cosasinf),

(8.13)

where tanfl(a,b) is the two-argument arctangent, which is tanfl(b/a), taking
into account in which quadrant the point (a,b) lies. These expressions lead to
intermediate singularities in the case of retroreflection, for which

0=0,
o =0,
B=0, (8.14)
7 =a;.

There are, in general, two solutions for the sample pose for these goni-
ometers. When one takes the arccosine in Eq. (8.13), one has a choice of sign.
Choosing a specific sign (either positive or negative) will keep the detector on
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one side of the incident beam and will direct the specular direction toward one
side of the room. Another option is to choose the sign of 0 so that the sign of 8
is either positive or negative, that is, to choose it based upon the sign of

sin (¢, — ¢, )sin 6, sin6; (8.15)

This choice will keep the sample oriented upward or downward for measure-
ments out of the plane of incidence.

The Eulerian cradle design can be simplified somewhat by not having
rotation about the sample normal or by not having the linear translations.
However, such a system cannot maintain a constant illumination direction
on the sample for out-of-plane geometries.

One concern with the Eulerian cradle is that the specular direction is not
kept in a horizontal plane. Specularly reflecting samples can thus create a
safety hazard, if the area surrounding the measurement is not appropriately
enclosed and interlocked.

A recent development in gonioreflectometer design is based upon the
articulated robotic arm [8,11,23]. An example of one is shown in Fig.8.7.
This design is very versatile and is particularly useful if large angles of

FIGURE 8.7 A goniometric BRDF instrument using a robotic arm.
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incidence or viewing are required, because nothing obscures the front of the
sample, or if large samples need to be measured. It also has the advantage that
the sample can be easily moved out of the incident beam path to allow the
receiver to directly view the source. Conceptually, however, the joint angle
transformations are very complicated. Software embedded into the robot con-
trollers generally make this problem trivial, since they provide various means
for controlling the coordinates and orientation of not just the hand flange, but
any stack of objects extending from the hand flange, such as the sample
holder, and even the front face of the sample. Because the tools are built for
industrial manufacturing applications, they are nearly a commodity item and
can be quite cost effective.

Robotic arms suffer slightly in this application from having precision and
accuracy that are difficult to assess or quantify. However, the vast majority of
BRDF measurements are performed in an “in-plane” geometry, such that only
the bottom, or shoulder, axis is the only one rotated, the other axes being used
only to position the point of interest on the sample face at that axis.

Other options have been employed that move the detector along multiple
axes and move the source. Figure 8.8 shows the True Angle Scatter

FIGURE 8.8 The TASC scatterometer is capable of reflective and transmissive measurements
over the full hemisphere, while keeping the sample horizontal. Used with permission.
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Coordinate (TASC) system [24], which can measure scatter over the reflective
and transmissive hemispheres, while keeping the sample horizontal. The sys-
tem places all of the source optics on a vertically mounted and rotating
rectangular optical breadboard and brings the incident beam out on an arm
(toward the viewer in Fig. 8.8) and then down onto the horizontal sample.
The incident angle is controlled by rotating the breadboard. One advantage
of this system is that the sample remains horizontal, allowing measurements
from powders and liquids. The receiver moves along an arc, and that arc is
on a rotation stage with a vertical axis, allowing out-of-plane measurements.

Another goniometer design, which holds the sample at a fixed angle while
moving the source along one axis and the detector along another two, is
shown in Fig. 8.9 [25,26]. This system is designed to be a tabletop system.
The source is contained below the chassis, and the beam is directed up an
arm, which rotates about the sample. The beam is then directed horizontally
toward the sample. The detector assembly rides on a nested pair of arms,
whose orthogonal axes both pass through the sample face. A mirror is used
to direct the scattered light toward the detector, minimizing its size and allow-
ing light close to the retroreflection direction to be collected. A similar sys-
tem, where the sample is rotated and the incident laser beam is fixed, but
designed to characterize even extremely large samples with diameters of up
to 700 mm, can be found in [19].

8.4.3 Multichannel Systems

A serious issue associated with taking full hemispherical measurements with a
single detector is speed. Measurements over the entire hemisphere often take
several hours. An obvious way to improve the measurement speed is to
employ multiple detectors. One of the early ones, called the detector array
for laser light angular scatttering, was built at NIST and involved swinging
an arc of optical fiber ends over the illuminated sample [27]. Measurement
time was fast, but the small collection apertures did not allow measurement
of low-scatter surfaces. Other designs using several discrete detectors might
solve both the speed and sensitivity issues often associated with sampling
the full reflective and transmissive hemispheres.

Another multichannel approach is to employ an array detector. A new gen-
eration of compact scatterometers has been developed, in which a camera
images a screen illuminated by the scatter pattern. The basic components
are shown in Fig. 8.10 in a configuration with a reflective sample and a flat
transmissive screen. Scatter from the sample illuminates a screen that is
viewed by a digital camera. The advantage to these systems is that there are
no moving parts and a large part of the scattering hemisphere can be captured
at once. Systems have been built with hemispherical screens that are reflective
or transmissive [28,29]. Also, systems can directly image the scattering pat-
tern onto an array detector [30—33]. These systems allow fast measurement
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FIGURE 8.9 A tabletop scatterometer with out-of-plane capabilities (a) and a larger system with
a similar cradle (b). Panel (a) is adapted from [25] and panel (b) is adapted from [19].

for applications where the BRDF levels are not too low and the required
dynamic range is not too large. Calibration is often performed using a known
white diffuse standard. Dynamic range can be increased to five or six orders
of magnitude by taking several images at different exposure times, but the
noise-equivalent BRDF is often above 1073 sr_l, which is well above the
values needed for inspecting high-end optical components. Nevertheless, for
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FIGURE 8.10 Schematic of a camera-based light scattering instrument.

diffuse samples, these systems can offer fast, reliable measurements and pro-
vide insights that are not apparent from incident plane data.

8.5 UNCERTAINTY ANALYSIS

Considering the measurement equation, Eq. (8.10) (or Eq. 8.9, if the over-
filled sample geometry is being used), we can take the standard approach to
determine the uncertainty in the measurement. A complete description of such
an analysis is given in detail in the Guide to the Expression of Uncertainty in
Measurement [34], but is also provided in summary in other texts [35,36] and
in Chapter 1. In short, we must estimate variances of each contribution to the
uncertainty and determine the resulting variance of the measured BRDF.

Particular care must be taken when considering errors in the angle 6,. Con-
sidering the cos 0, term in the denominator of Eq. (8.2), and differentiating
with respect to the 0, to obtain the fraction uncertainty in f; due to an error
AO,, we would arrive at

At _ tano, A0,. (8.16)

However, we can alternatively consider the effect of angle on the quantity we
actually measure, the radiant flux @,, which is given by
&, =f.DiQ; cos ;. (8.17)

Differentiating Eq. (8.17) with respect to 6, we find that the fractional error in
the radiant flux, due to an error A0, is
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Since f; is proportional to @, in Eq. (8.2), Eq. (8.18) is also the fractional error
in f; due to an error Af,. By comparing Egs. (8.16) and (8.18), we see that in
one case the dependence of the BRDF on angle is not included, while in the
other, it is. We do not want to include both errors, because we will double
count that which results from the cos 0, dependence of the BRDF. This is,
in effect, because including errors in the cos 0, term in the denominator of
Eq. (8.2) is akin to including errors in the abscissa rather than the measure-
ment value itself. In what follows, we will use Eq. (8.18), so that the contri-
bution to the uncertainty in the BRDF, u(f;), can be found from

W (f,) 7u2(<15r) N u? (&;) N 4u?(r) N 4u*(R) N <;rg];z

—tan@r) AD,. (8.18)

2
2
frz (prz 4312 2 R2 —tanBr) u (Qr), (8.19)

where u(®,), u(®,), u(r), u(R), and u(f,) are the estimated standard uncertain-
ties in @, @;, r, R, and 0,, respectively, and where u(®,) encompasses remain-
ing uncertainties that are not included in u(0,). Note that we have assumed in
Eq. (8.19) that r <R, which has an inconsequential effect on the error budget
for any angle-resolved instrument.

The uncertainty from errors in 6, can be significant when 6, is large or
when the BRDF is varying rapidly. For diffuse materials (df,/df,~0)
at 0,=80° and u(0,)=0.1°, the relative uncertainty to the BRDF is about
1%. However, for measurements very close to the specular direction, where
df,/d0, is large and the BRDF drops by an order of magnitude every 0.2°,
an uncertainty u#(6,) =0.01° can still lead to a relative uncertainty in the BRDF
of several percent.

Having properly accounted for errors in 0,, we now turn our attention to
estimating the contributions to uncertainty in the other terms on the right-hand
side of Eq. (8.19). In general, each uncertainty component, u(®,), u(®;), etc.,
will include multiple contributions that should be added in quadrature to
arrive at the total fractional uncertainty in that component. In the following
discussion, we identify common sources of uncertainty and show one method
for including them in the total fractional uncertainty in f;, taking care not to
double count any uncertainty source.

A precision aperture should be delivered with an estimate of the uncer-
tainty u(r) in its radius r. For the highest accuracy measurements and for
traceability, the aperture should be specifically measured for its area or aver-
age radius, and that measurement should be traceable to International System
of Units (SI) through national standards. National Metrology Institutes have
facilities for this purpose, because of the importance apertures have on the
ultimate accuracy of a radiometric measurement [37].

In a similar way, the uncertainty u#(R) in the distance between the sample
and the aperture needs to be determined. This can be performed with an inside
micrometer that has been appropriately calibrated to be traceable to the SI.
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Care should be taken that this measurement and its uncertainty be performed
over a number of different detector and sample orientations, so that runout
error in the rotation stages is included in the error estimate. More subtly, a
nonuniform illumination can result in a distance error, and such effects should
be included in the error budget [15]. For this reason, the uncertainty in R can
be the largest contribution to uncertainty in a high-accuracy scatterometer.

The uncertainty in the incident radiant flux, u(®;), should contain contribu-
tions from linearity [which we could instead assign to u(®,), but should not
assign to both], uniformity of the detection, and sampling statistics. The inci-
dent radiant flux and the scattered radiant flux are at least a few orders of
magnitude different, so linearity can be a big issue. The linearity can be diffi-
cult to assess, but should include not only the linearity of the detector, but all
of the electronics, including gain changes that are made at different intensi-
ties. As an example, consider a system which has been determined to be linear
over every factor of, say, o to within some amount, say €. This may, for exam-
ple, be determined by checking the signal at different intensities, with two
different gain settings. The total linearity may then scale proportional to the
root-sum-of-squares of the number of factors of ¢ there are between @, and
@, with each factor of  providing a variance of &>. An analytic expression
that replicates this behavior may be given by

(8.20)

Thus, a carefully calibrated system, which has all of its nominal x10 gain
ratios (0 =10) known to 0.1% (¢=0.1%), will have a relative linearity uncer-
tainty of 0.25% when ®,/®;=10"°.

The uniformity of detection can be estimated by performing several mea-
surements with the incident beam aimed into the receiver at slightly differ-
ent angles. An instrument signature measurement with the largest aperture
should appear flat when the incident beam is contained within the aperture,
and any deviations from a constant value should be included as an uncer-
tainty in this contribution. Contributions from sampling statistics (which
can also be attributed to source stability) can be simply obtained by repeated
measurements.

Having assigned the uncertainty from linearity to the incident power and
that with direction to the uncertainty in 6,, the contributions to the uncertainty
in the scattered radiant flux, u(®,), arise primarily from wavelength errors
and sampling statistics. The sampling statistics, of course, can be measured
by repeated measurements of the signal. However, if a laser source is
used, and no effort is made to reduce its coherence, then speckle will be an
issue. The contribution from laser speckle depends upon the projected area
viewed by the receiver and the solid angle of collection. The characteristic
diameter of a speckle at a distance R from a circular spot of diameter D is
approximately [38]
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Given the obliquity of the illumination spot and the cross-sectional area of
viewing, the area of a characteristic speckle is then approximately given by

i (8.21)

ndspz N 0.89R2/2 cos 0,
4 7 Aicosf,

asp = (8.22)
where A; is the cross-sectional area of the illumination beam. The collection
aperture, having an area Ay, will have a random number of speckles, N =Ag/ay,,
and the standard deviation of an ensemble of such speckle patterns is

u(speckle) ;) cosb;
AN St A =0.94R\\ | ———. 2
D, N 0.94R% AiAq cos0; (6.25)

This expression assumes that only one measurement is performed. One can
alternatively assess this contribution to the uncertainty by performing mea-
surements at different locations on or rotations of the sample. As an example,
a sample spot of diameter D =1 mm, a collection aperture of diameter 7 mm,
a detector distance of R=500mm, and a wavelength 1=632.8nm, the rela-
tive contribution to the uncertainty from laser speckle will be 5.4%.

When some laser sources are used, the contribution from the uncertainty in
the wavelength is negligible. With the replacement of gas lasers with diode
lasers, when using tunable lasers, or when using broadband sources with a
monochromator, wavelength uncertainties can contribute to errors. Thus, we
have a contribution to the uncertainty in the measured radiant power

u(®) _10f,
@r 7fTr a7 M(}V)

(8.24)

This source of uncertainty can be important for colored materials. More
importantly, it should be recognized that the light coming out of a monochro-
mator, or measured by a spectrometer, may not be purely limited to the
intended band, but have a significant amount of stray light coming from out-
side that band. Stray light can thus be a limiting factor to making accurate
measurements of scatter from colored samples [9]. If we consider the incident
light having broadband out-of-band power @; oy of-bana and an in-band power
®D; in-band> and we make assumptions about the uniformity of the detector spec-
tral response, we can determine an uncertainty

I/l(fr) _ <fr>;~ dsi,out-of—band (8.25)

fr fr qji,infband
where (f;), is the BRDF averaged over the detector spectral response. For
white samples, this contribution to the uncertainty is negligible, but for a typ-
ical single monochromator stray light level of @i,Om_of_band/@i,in_band:1073
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and a colored sample, the relative uncertainty in the spectral region where the
sample has a low BRDF may be a few percent.

8.6 NORMALIZATION SCHEMES

The considerations given above for measuring the BRDF are all based upon
what is often referred to as the absolute normalization method. That is, a sin-
gle receiver is used for both the incident power measurement and the scattered
power measurement, and the collection solid angle is assumed to be known. In
this way, no reference sample is needed. However, such measurements put
relatively severe requirements on the mechanics of the instrument. The sam-
ple must be taken out of the path of the incident beam, and the detector must
be able to swing all the way into the incident beam; the aperture area and dis-
tance need to be well known; and the sensor must be linear over a relatively
wide dynamic range. For many applications, one can rely upon a reference
standard to make the measurement. This can alleviate some or all of these
requirements and allow for a much simpler instrument design. In the follow-
ing sections, we discuss methods that can be used to obtain measurement
results that can be nearly as accurate as the available reference standard.

8.6.1 Relative Normalization

Relative measurements can significantly increase the speed and reduce the
need for wide dynamic range and linearity. A reference sample of a known
BRDF, f; s, calibrated elsewhere, is placed into the system and the radiant
power @, ,.r measured in a geometry for which it is calibrated. Rearranging
Eq. (8.2), we can infer

dsr, ref

QP = T cosO
fr,ref COS Ur ref

(8.26)
where 0, ¢ is the angle of scattering for the reference measurement. The
BRDF of the unknown sample is then

®; oS 0; rer

fr fr,ref ref COS Qr . (827)
Diffuse reflectance standards that are approximately Lambertian with
reflectance near unity, based upon pressed or sintered powdered polytetra-
fluoroethylene (PTFE), are readily available for near-ultraviolet, visible, and
short-wave infrared wavelengths [39-43]. Other materials are also available
and may be more appropriate in certain applications [42,43]. Ultimately,
one would like a reflectance standard that has a certified BRDF that is as close
to the value being measured, so that detector linearity is not an issue. Unfor-
tunately, standards in a low BRDF regime are difficult to obtain, in large part
because they are easily damaged.
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8.6.2 Specular Normalization

Specular normalization is useful in cases where the dynamic range of the sys-
tem is sufficient to perform the measurement, but the geometry of the goni-
ometer is such that the receiver cannot be placed behind the sample. In this
case, a reflectance standard, having a reflectance p,.s measured separately
can be placed in the sample holder and the incident radiant flux @;’ measured
through reflection. In this case, the incident radiant flux @; =®;’/p,.;. The
measurement should be performed at the same incident angle as the reference
measurement was made.

8.7 SPECIAL CONDITIONS OR CONSIDERATIONS
8.7.1 Ultraviolet

Scatter measurements in the ultraviolet spectral range impose several additional
challenges compared to measurements in the visible region [44,45]. One is that
air is strongly absorbing at wavelengths below 190 nm, which makes operation
under purge gas atmosphere or even high-vacuum conditions mandatory. Even
if absorption is negligible, the Rayleigh scattering from air molecules substan-
tially influences the instrument signature as becomes evident when looking at
the strong wavelength dependence in Eq. (8.12). Therefore, even at 193 nm,
high-vacuum is used to achieve highest sensitivity [44]. Another issue is that
there are no lasers available for wavelengths shorter than 157 nm. Instead,
lamps, plasma light sources, or synchrotron light sources have to be used
[21,46]. Finally, since there are no diffuse reflectance standards available for
wavelengths below 250 nm, only the calibration method described in
Section 8.2 can be used. Another approach is to create an appropriate reference
sample that allows determining its BRDF using the energy balance [44].

8.7.2 Infrared

Scatter measurements in the infrared spectral region are usually challenging
because thermal noise in the available detector systems critically affects the
instrument signature [47,48]. Therefore, thermoelectric cooling or liquid
nitrogen cooling methods are necessary, leading to larger detector dimensions.
Alignment and calibration are other issues that are more demanding in the
infrared than in the visible region.

8.7.3 Polarization

The BRDF is dependent upon the incident polarization state and the scattered
light will have a polarization state that depends upon the polarization state of
the incident light. As discussed in Section 2.5, the BRDF is most completely
described by a Mueller matrix [4], representing the relationship between the
incident Stokes vector and the scattered Stokes vector. Measurements of the
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Mueller matrix require modulation of the incident polarization state as well as
modulation of the measured polarization state [49]. The properties of the
Mueller matrix can be used to learn about the mechanisms of light scatter,
to discriminate among materials, or to fully characterize a material’s impact
in an optical system.

While it is beyond the scope of this chapter to describe polarimetric mea-
surements in detail, it is important to bear in mind that a measurement with a
single polarization state will very likely not reflect the BRDF one would obtain
with unpolarized light. Even diffuse reflectance standards, such as sintered
PTFE, can have marked polarization dependence, especially at nonnormal inci-
dence [50,51]. Sometimes, circularly polarized light or light linearly polarized
at 45° to the plane of incidence can be used to effectively obtain the result for
unpolarized light. However, such assumptions would not be expected to hold
anywhere except in the plane of incidence from isotropic samples. Out of the
plane of incidence, differences have been predicted and observed [52].

It is therefore considered as the best practice, if one wishes to report an
unpolarized result, to perform the measurement with at least two orthogonal
incident polarizations, and to average the results. Some attention needs to be
taken to ensure that the receiver does not have significant polarization sensitiv-
ity. This, however, is usually alleviated by the use of an integrating sphere.

8.7.4 Transmission Measurements

Bidirectional transmittance distribution function (BTDF) measurements can
be carried out in a manner very similar to that done with BRDF measure-
ments. Since the sample can have a finite thickness, there arises a question
about what distances one should use when evaluating the solid angle and
where to place the rotation axes of the incident light and the receiver. Follow-
ing the definition of the bidirectional scattering-surface reflectance distribu-
tion function in Chapter 2, from which we determined the BRDF, we can
ascertain that one should evaluate the distances according to the side of the
sample the solid angle is defined. For a system with a single axis, this makes
it natural to place the viewing face of the sample at the axis. However, due to
the thickness of the sample, incident angles may be limited to a small range.

The second concern with BTDF measurements is stray light. With samples
that are transmitting, scattered light can become totally internally reflected
within the sample, creating guided waves that escape only at the edges of
the sample. Inclusion or rejection of these effects may depend upon the appli-
cation. For these various reasons, the measurement of BTDF is not as well
standardized as for BRDF.

8.8 APPLICATIONS

In the following sections, we give some examples of BRDF measurements.
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8.8.1 Pressed PTFE

Despite its common use as a diffuse reflectance standard, pressed PTFE is
hardly perfectly Lambertian. Figure 8.11 shows the results of measurements
of the BRDF of pressed PTFE for three different incident angles, 0° (normal
incidence), 45°, and 70°. For normal incidence, the BRDF is relatively flat,
but about 10 % higher than the ideal Lambertian value of 0.318 sr™' at normal
viewing angles and up to 20 % lower at large angles. As the angle of inci-
dence increases, the BRDF at large forward scattering angles increases, while
that in backward scattering angles decreases. By 70° angle of incidence, the
scattering in the forward (near-specular) direction is over twice that expected
from a Lambertian scatterer. A plausible explanation for this result is that the
scattering has contributions from single scattering events that are highly for-
ward scattering. As the angle of incidence increases, the tail of the forward
scattering lobe of the volume phase function begins to poke out into the scat-
tering hemisphere, leading to the increase in the scattering [50].

8.8.2 Integration of BRDF

Integrated reflectance can be obtained by integrating the BRDF. For normal
incidence and isotropic samples, integration is fairly simple, since measure-
ments along different azimuths are not required. In that case

1.0 T T T T T T T T T T
- 8=0° }
. 6=45° I
0.8 [
: « g=70°
4 I
——£=03183sr" I
'z 0.6 |
=
0.4
02 " 1 " 1 " 1 " 1 " 1 "
Z90° -60° -30° 0° 30° 60° 90°

6

FIGURE 8.11 The unpolarized BRDF measured from pressed PTFE for three incident angles at
a wavelength of 405 nm. From [53].



Angle-Resolved Diffuse Reflectance and Transmittance 319

n/2
p(0;27) :J 27 f,(0; 6;)cos b, sin 6, d6,. (8.28)
0
This integral, in practice, must be replaced by a summation over a discrete
number of data points. In this case, on could approximate Eq. (8.28) as

p(0;27) ~ Zanr(O; 0i)cos 0;; sin 0,; AD,.. (8.29)

Even for samples that are nearly Lambertian, this summation can have errors
that result from the approximation. That is, even with perfect data, there will
be errors. For example, the approximation

10
T

| = ZJn/zcos(?sianH ~ 5" cos T in ™ —0.9918 (8.30)
o T4z1007200200 '

It is thus useful to perform the integral in a manner that accounts for the lim-
ited accuracy of the numerical method [25]. For example,

/2
p(0;21)=1-— ZJ [1—nf,.(0; 0;)]cos 0, sin 6, do;,

0
/2
2J [1—=f,(0; 0;)]cos O, sin 0, dO,

0
72 ; (8.31)

ZJ cos 0, sin 0, d0,
0

Zi[l —7f.(0; Oy )]cos Oy sin Oy; AD;
Zicos 0.; sin0,; AO, '

=1—-

~1-—

Expressed in this manner, two things are accomplished. For a sample, whose
reflectance is close to unity, the contributions from the summation will be
small. Second, the numerical errors in the summation are accounted for. Mate-
rials that are thought to be isotropic, however, often are not. Even sintered
PTFE has been shown to exhibit small amounts of anisotropy [50]. Thus,
for the highest accuracy, it is important that the sample be measured along
several azimuths.

When the incident light is not directed along the surface normal, it is
important that the BRDF be measured for directions both in and out of the
plane of incidence. Such measurements become much more time consuming.
Consider the scattering directions in cosine space,

& =sin0; cos ¢,,

n=sin0; sing,. (8.32)

These directions correspond to projections of the scattering direction onto the
sample plane. We then have
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d0; d¢, cos 0, sin0; — d& dn, (8.33)

and the integrated reflectance becomes

p (04 2m) = ”dz; dnf.(0:: 0r, ,). (8.34)

The integral can be approximated by the sum

PSS ol 0y, ) AE A
2.2 Ahn

This may seem like a relatively complicated formula, but its significance is
that the reflectance is simply the average

p(0;;2m) ~ <7rfr (91; Orij ¢>r,-,») > (8.36)

provided the sampling interval in ¢ and 7 is uniform. Like the procedure
above for normal incidence, the summation here serves to reduce errors in
the reflectance measurement. Patrick et al. [53] used this method to measure
the diffuse hemispherical reflectance from pressed PTFE and graphitic sam-
ples. Figure 8.12 shows the measurement results for pressed PFTE when the
grid spacing was 0.1. The result for the pressed PTFE was very close (within
0.001) of the generally accepted reflectance of this material. One consider-
ation is the fineness of the grid used. For the PTFE, this was not very impor-
tant, because the BRDF had very little structure. However for a graphitic
sample, a change in the grid spacing from 0.1 to 0.05, shown in Fig. 8.13,
resulted in the measured reflectance at 0;=70° changing from p(0;;27)=
0.0100 to p(0;;2m)=0.0106. Given that there is some specularity to the

p(05;2m) ~ (8.35)
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FIGURE 8.12 Hemispherically scanned BRDF from a pressed PTFE sample, 2=405nm and

0;,=45° for (a) s-polarization and (b) p-polarization. The data were measured with spacing
Aé=An=0.1.
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FIGURE 8.13 Hemispherically scanned, unpolarized BRDF measured for a graphitic sample.
The results are shown for 2=658nm, 0;=70°, and measured for (a) 305 points with
A¢=An=0.1 (305 points) and (b) AZ=An=0.05 (1245 points). The color scale is logarithmic.

graphitic sample, it is not surprising that such an error would exist. A second-
ary advantage of collecting data in this fashion is that data points known to
have issues can be easily removed. In the data shown in Figs. 8.12 and
8.13, points exist where the incident beam is blocked by the receiver or by
part of the sample holder assembly. Eliminating these points from the average
or replacing their values by the average of adjacent points has little effect on
the outcome of the reflectance.

8.8.3 Diffuse Black Paint

Diffuse black paints are often used to control stray light in optical systems.
BRDF data are used by a number of stray light analysis packages during
the development of commercial, military, and space optical systems. Good
diffuse black paints tend to have BRDF levels in the 1072 to 10 sr™ ! range.
Furthermore, measurements in the plane of incidence are often used to predict
scatter over the entire hemisphere, and interpolation between the results
obtained at different incident angles is used to predict scatter levels for geo-
metries outside of those measured. Figure 8.14 shows the BRDF for one com-
mercially available flat black paint, measured at 633 nm for a number of
incident angles 6;, spread approximately uniformly in equal increments of
cos 0; to observe the behavior at high incident angles. In these measurements,
the incident polarization was chosen to be linear at an angle of 45° with
respect to the incident plane to simulate an unpolarized source, an assumption
that is only valid for data measured in the plane of incidence and for isotropic
samples, but useful nonetheless for this geometry. The data show how non-
Lambertian this particular paint was. For larger incident angles, this paint
exhibits scatter in the forward direction significantly higher than even the
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FIGURE 8.14 The BRDF of a commercially available flat black paint measured in the plane of
incidence for a number of incident angles, a wavelength of 633 nm, and s-polarization.

pressed PTFE sample, shown in Fig. 8.11 for comparable geometries. These
data also show how strong a function the scatter is of 6; and 0,, indicating
how much data might need to be taken to interpolate or extrapolate the data
to properly model the stray light.

8.8.4 Characterization of Surface Roughness

Roughness characterization is important for a wide variety of applications,
ranging from precision machining to optical manufacturing. In many cases,
stylus profilometry, interferometry, or atomic force microscopy (AFM)
provide the necessary information. However, light scattering is particularly
effective, since it gathers statistical information over a relatively large
area, is noncontact, and is relatively fast. First-order vector perturbation
(Rayleigh—Rice) theory, described in Chapter 2, provides a relationship
between the power spectral density (PSD) of the roughness, (IZ(f)I*), and
the BRDF [1],

1672 ) 2
fr:}—400501 cos O|rpg|*(|1Z(£)[?). (8.37)

The two-dimensional spatial frequency of the roughness, f, is evaluated from
the incident and scattering angles and has components
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fy=(sinB; —sinb, cos,) /2,
fy=—sinb;sin¢, /.. (8.38)
(Note that Chapter 2 uses angular spatial frequency difference, kg —k =2xf.)
The reflection coefficients, r,,, depend upon incident (¢) and scattered (p)
polarization states and are given in Eq. (2.84). The relationship Eq. (8.37)
should hold, provided the scatter originates only from surface roughness
(i.e., not from volume scattering or particulate contaminants), the amplitude
of the surface modulations are much less than the wavelength of the light,
and the surface slopes are small.

In our example here, we present work that assesses mirrors used for
extreme ultraviolet (EUV) photolithography. Small-angle scattering leads to
degradation in contrast and resolution in these imaging systems, needed to
perform state-of-the-art microlithography. Therefore, scattering at the EUV
wavelengths of 13.5 nm in particular in the near-specular range needs to be
evaluated. Measurements at the design wavelength, however, are extremely
challenging at small angles. According to the grating equation, this scattering
range corresponds to spatial frequencies between 0.1 and 5 um~'. These spa-
tial frequencies are partly accessible by a combination of white light interfer-
ometry (WLI) and AFM. However, these techniques are very time consuming,
are extremely sensitive to vibrational noise, and cover only small areas and
thus often underestimate the impact of localized defects.

Roughness measurements utilizing light scattering techniques are robust,
noncontact, highly sensitive, and can provide information also over larger sur-
face areas. By using longer wavelengths, the roughness components at spatial
frequencies relevant for near-angle scatter at 13.5 nm will produce scattering
at larger angles that are easier to access. The roughness components relevant
for near-angle scattering at 13.5 nm also give rise to scattering at 193 nm, but
into a wider range of scatter angles between 1° and 85°. This effectively
zooms into the relevant spatial frequency range and relaxes of the near-angle
scattering requirements. The technique can be used on reflective substrates
before coating or on EUV coatings directly, which are reflective at 193 nm
and longer wavelengths.

Angle-resolved light scattering measurements of EUV mirrors consisting
of Bragg coatings (60 Mo/Si bilayers) designed for 13.5 nm and deposited
onto super-polished fused silica substrates were performed at 193 nm using
the instrument described in [44]. Figure 8.15 shows the resulting BRDF, along
with the instrument signature. The BRDF is above the instrument signature
over most of the angular range.

Figure 8.16 shows the surface PSD determined from the BRDF using
Eqgs. (8.37) and (8.38). Figure 8.16 includes an estimate of the PSD deter-
mined by combining WLI and AFM measurements. There is only one curve
shown, which represents a weighted geometric mean of the different measure-
ments [54]. The agreement between the PSD determined by ARS and that
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FIGURE 8.15 BRDF from an EUV mirror, measured at normal incidence and 193 nm. Also

shown is the instrument signature.
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FIGURE 8.16 The surface PSD measured with (dash) profiling methods and (solid) 193-nm
BRDF measurements. The region of interest for scattering at 193 nm is shown.

determined by the other roughness techniques is very good. The light scatter-
ing results, in fact, cover a regime that is poorly covered by the other two pro-
filometry techniques. This significantly enhances the information in the
spatial frequency range relevant for near-angle scattering at 13.5 nm. More-
over, statistical fluctuation effects are automatically suppressed, because the
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illumination spot diameter of 1 mm for the ARS measurements is equivalent
to as many as 10° AFM measurement areas.

The rms roughness relevant for near-angle scatter calculated by integrating
the PSD is (0.12+£0.02)nm. Using a single surface approximation, an
integrated near-angle scattering at 13.5 nm of (0.7£0.3)% was predicted,
which was later found to be virtually identical with the result of an
at-wavelength scatter measurement at 13.5 nm using the instrumentation
described elsewhere [21]. A further optimization of the procedure allows high
spatial frequency roughness to be measured using light scattering even on
very large and curved EUV mirror substrates [55].

8.8.5 Scattering Characterization of Anisotropic Surface
Structures

New methods in optical manufacturing enable increasingly complex surfaces
to be fabricated. Metrology faces increasingly challenging demands to keep
up with these developments. For techniques like subaperture polishing, the
homogeneity of roughness is an important issue, and mapping surface rough-
ness using light scattering is a superior way to characterize it. Diamond turn-
ing is a particularly efficient technology to manufacture metallic mirrors even
with large diameters and freeform shapes. Although the process parameters
can be optimized to achieve considerably smooth surfaces with roughness in
the nanometer range, it is well known that the relative motion of the tool on
the surface results in pronounced turning marks leading to diffraction effects
in the plane perpendicular to the direction of turning [56,57]. In the past, such
surfaces were often considered as one-dimensional rough surfaces, and
mechanical profilometry along the direction perpendicular to the marks was
used for their characterization. However, such characterization does not pro-
vide information about the full impact of the surface on its optical
performance.

To illustrate this fact, Fig. 8.17a shows a WLI image of a diamond-turned
aluminum surface. Although the surface is optically smooth, turning marks
can be clearly observed. Figure 8.17b shows the result of a scatter measure-
ment performed over the entire hemisphere using the instrument described
in [19]. The distinct diffraction peaks along the horizontal plane are asso-
ciated with the periodicity of the turning marks, while the broadening at larger
scatter angles is a result of their curvature. Even more interesting, however, is
the fact that considerable scattering is observed in directions perpendicular to
the diffraction plane. This enhanced scattering is produced by chatter—
vibrations of the cutting tool on the surface within the turning grooves. Very
often, this effect is underestimated or completely ignored. The scatter mea-
surement, however, reveals that for the given example, the roughness contri-
bution of chatter is actually higher than that of the turning marks.
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FIGURE 8.17 White light interferometry image (a) and ARS (b) of a diamond-turned surface.
The image in panel (a) shows a field of view of 2.25 mm x 2.25 mm and a vertical intensity scale
of 32 nm. The scattering results in panel (b) were obtained using 532-nm light, normal incidence,
and vertical polarization. Adapted from [58].

8.8.6 Predicting Out-of-Plane BRDF from In-Plane BRDF

Three-dimensional ray-tracing simulations are often used to predict the stray
light in high-performance optical systems. Besides knowing just the baffling
materials, as described in Section 8.8.3, all of the different surfaces encoun-
tered by light, both in and out of the intended optical path, need to have
BRDF data or models associated with them. These data or models need to
cover the scattering hemisphere for a wide range of incident angles. However,
as mentioned above, acquiring such data is usually prohibitively time consum-
ing. Having robust methods for interpolating or extrapolating data is therefore
useful for substantially reducing the volumes of data needed for stray light
estimates.

Harvey first pointed out that the roughness-induced scattering intensity
pattern obtained from a sufficiently smooth surface for different incident
angles, when graphed as a function of sin 6, — sin 6;, tend to lie on a common
curve, a process that he called linear shift invariance [59,60]. In fact, this
invariance is a consequence of the diffractive nature of scattering, albeit there
are usually other multiplicative factors that interfere with its universal use.
Using the two-dimensional diffraction equations, linear shift invariance can
be generalized to state that data, when plotted according to the two parameters

f,. =sinb; cos ¢, — sinb; cos ¢,
. . . . (8.39)

B, =sin0; sin ¢, — sin0; sin ¢h;

will be invariant, or, if the material is isotropic, according to the magnitude of

this vector,
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FIGURE 8.18 3D BRDF of rough stainless steel surface measured at 532 nm (a) and in-plane and out-of-plane BRDF data taken out of the 3D data and plotted
versus f§ (b). The dark area in the graph in panel (b) are regions where the receiver or other parts of the apparatus block the incident light. Adapted from [26].
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B = +/sin20; + sin20; — 2sin0; sin0; cos ($, — ¢,). (8.40)

1

Even if the BRDF is not entirely invariant with respect to these variables, if it
is locally, then knowledge of that fact significantly reduces the amount of data
needed to characterize materials.

More recently, Stover et al., measured the BRDF from a rough (not opti-
cally smooth) stainless steel surface over most of the scattering hemisphere
and for a number of incident angles at 532 nm [26]. Figure 8.18a shows the
BRDF for 0;=60°. Figure 8.18b shows horizontal and vertical slices through
the data that pass through the specular direction, plotted as a function of f3,
given by Eq. (8.40). The data for each incident angle lie very close to a single
curve, whether the data are taken horizontally (in-plane) or vertically (out-of-
plane). Close to the specular direction, near §=0, the results differ between
incident angles, the sample becoming more specular at large angles of inci-
dence. Because of the higher roughness, the scattering process can no longer
be considered to be shift-invariant as discussed in [61,62]. As mentioned above,
other aspects of the physics contribute to the full scattering behavior. For exam-
ple, Eq. (8.37) has a number of factors, including the cosines of the angles and
the reflection coefficients, which affect the linear shift invariance. Therefore,
careful consideration and comparison with experiments is required when deal-
ing with models and assumptions about the scattering behavior.
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9.1 INTRODUCTION

The thermal radiation properties of materials are important for modeling the
radiative heat transfer between bodies and for radiation thermometry. In almost
all cases, real materials cannot be treated as blackbody radiators. That is to say,
the spectral radiance emitted by a real material is less than that emitted by an
ideal blackbody radiator at the same temperature. The difference in thermal
radiation from that of an ideal blackbody is expressed by the spectral emissivity,
which is defined as the ratio of the spectral radiance emitted by the material to
one emitted by an ideal blackbody radiator at the same temperature for the same
optical and geometrical conditions. To distinguish between ideal and real black-
bodies in this chapter, we use the terms “ideal blackbody” when we are discuss-
ing a Planckian radiator, and simply “blackbody” when discussing real,
nonideal ones. As described in Chapter 2, by Kirchhoff’s law the spectral emis-
sivity of a material is equal to its spectral absorptance under thermal equilibrium
conditions. Therefore, the emissivity can also be derived from two other optical
properties, that is, reflectance and transmittance, because the sum of the three
optical properties must be unity. Since the spectral emissivity is directly related
to the optical properties of a material, it also depends on the direction of the
emission from the surface and the temperature of the material as well as the
physical and chemical conditions of the surface, that is, the degree of the surface
roughness and contamination. The terms relating to the angular characteristics,
“directional,” “normal,” and “hemispherical,” apply to emissivity as well as to
the other radiometric quantities. It is to be noted that the term, “total,” referring
to emissivity, represents “all wavelengths” in contrast with the term, “spectral.”

The normal spectral emissivity of materials is of considerable interest for
both practical and scientific reasons. In many industrial and scientific fields,
radiation thermometry is applied to carry out noncontact temperature mea-
surements of various materials. The basis of radiation thermometry is derived
from Planck’s law,

Liy(AT)=c11° [exp (%) _ 1} - ©.1)

where L; ,(4,T) is the spectral radiance, ¢, :2hc3 and ¢, =hcy/kg are the first
and second radiation constants, respectively, 4 is the wavelength, ¢, is the
speed of light, and kg is the Boltzmann constant. Equation (9.1) is introduced
in Chapter 2, but in slightly different form. For real materials, the voltage sig-

nal measured by radiation thermometry is given by

c - c -1
VL T) =R(1)A° {exp (ﬁ) - 1] =R (2)e(2 T)A [exp (ﬁ) - 1} ,
9.2)

where V(4,T,) is the voltage signal corresponding to the radiance temperature
T,, ¢(,T) is the normal spectral emissivity, a function of A and T, and R(1) is
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the composite spectral sensitivity of the radiation thermometer times c;. When
R(A) is previously determined by the calibration process, the temperature of a
material can be determined from Eq. (9.2) if &(4,T) of the material is known.
The accuracy of radiation thermometry is dependent on the accuracy of the
input data of &(4,T). This has led to numerous experimental and theoretical
studies to estimate &(4,7T) of various materials, especially at high temperatures
where normal contact thermometers cannot be used. To increase the effi-
ciency of high-temperature industrial processes such as steel making and cast-
ing, strict process design, and control should be carried out based on
mathematical modeling for the various steps. Heat transfer modeling is a cru-
cial tool for optimizing the thermal design and process parameters. The radi-
ation heat transfer is given by

Brg = Aenosg (T —T}), (9.3)

where @4 is the radiant power of a real object, osp is the Stefan-Boltzmann
constant, &, is the hemispherical total emissivity of the object, A is the radiat-
ing surface area of the object, and T, is the temperature of the object’s
surroundings. At high temperatures, heat is mainly transferred by two
mechanisms, that is, lattice conduction and thermal radiation. Therefore, data
of the ¢, for various materials, as well as the thermal conductivity, are
required for evaluating heat transfer based on computer simulations. The
hemispherical total emissivity of solid metals at high temperatures can be gen-
erally derived by a direct heating calorimetric method [1,2]. However, it is
difficult to measure ¢, of insulating or ambient-temperature materials by
the calorimetric method. ¢,(T) can also be determined by

21 (m/2
en(T) = l/nJ J &(0, ¢; T)sin0 cos 0 dO dep, 9.4)
0o Jo

where &0, ¢;T) is the directional total emissivity, 6 is the polar angle with
respect to the normal to the object surface, and ¢ is the azimuth angle. How-
ever, it is also difficult to measure &0, ¢; T) of materials at high temperatures,
which are often surrounded by heat sources such as carbon heaters.
A secondary and alternative way to estimate &,(7) is to measure &(4,T) over
a broad wavelength range. The normal total emissivity &,(T) is derived from
the measured spectrum of &(4,T) as follows:

Jm (2, T)A 3 [exp(ca /2T) — 1] 'dA
0 . 9.5)

J 273 [exp(ey/AT) — 1] "dA
0

en(T) =

According to Wien’s displacement law, the peak wavelength A, of the
thermal radiation spectrum of the blackbody at temperature T is given by
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JmaxT = 2897.8 umK. (9.6)

Therefore, ¢,(T) can be roughly evaluated from the spectrum of &(4,T)
measured over a wavelength range, which includes at least A,.x. On the
assumption that the directional dependence of the emissivity is weak, e (T)
can be calculated as the product of ¢,(7T) and a conversion constant derived
approximately [3].

The comparison of experimental results with theoretical estimations of
emissivity is a robust way to validate the experimental results and vice versa.
It is well recognized that the wavelength dependence of the emissivity of
metals can be qualitatively explained by the simple Drude model, which
assumes that all the electrons in metals are free. This classical model predicts
a weak negative wavelength dependence of the emissivity, as shown by the
Hagen-Rubens relation:

e, T) = 4(7tc()80 %) "2 0365 ('%) v 9.7)

where p. is the electrical resistivity, ¢y and &, are the speed of light and the
dielectric constant in vacuum, respectively. This relation corresponds to the
simplest case of the simple Drude model of &(4,T) under the condition that
A is sufficiently long (far-infrared wavelengths). The simple Drude model
cannot explain the wavelength dependence of the emissivity of insulating
materials, because bound electrons and phonons contribute to the thermal
emission mechanism of insulators. In addition, the spectral emissivity of
metals at ultra-violet wavelengths often deviates from the simple Drude
model, because interband transitions affect the optical properties of metals
at shorter wavelength range.

9.2 MEASUREMENT METHODS

The normal spectral emissivity of materials that are practically opaque in the
wavelength range of interest is generally determined by one of two methods:
(a) comparison between spectral radiation intensities measured from the sam-
ple and a blackbody by a radiation thermometer or spectrometer or (b) by
measurements of spectral reflectance p(4,T), because the spectral emissivity
&(4,T) of an opaque material can be calculated as 1 — p(4,T).

In the first method using a radiation thermometer, the normal spectral
emissivity of materials at the operating wavelength of the radiation thermom-
eter is given by

e, T) = [exp(%) - 1} / {exp(fia) - 1}, 9.8)

where / is the operating wavelength of the radiation thermometer. This does
not directly provide the full spectrum of &(/,T). However, the additional use
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of a spectrometer can yield the wavelength dependence of the emissivity. In
this case, the normal spectral emissivity is given by

e, T)=M)V(T) [exp (:;) - 1} , 9.9)
where V(/,T) is the voltage signal corresponding to the spectral radiation from
the sample measured by the spectrometer at wavelength A and M(4) is the
instrument coefficient for the spectrometer as a function of wavelength. In gen-
eral, M(7) is experimentally determined by measuring blackbody radiation at
various temperatures. The linearity of the signal as a function of the measured
radiance, that is, the invariance of M(/) with the signal level, has to be con-
firmed to obtain accurate results. To achieve an accurate spectral emissivity
measurement based on the first method, the following three requirements
should be fulfilled: (a) the isothermal condition: a sample surface has the same
temperature as the reference blackbody, (b) the freely radiating condition: ther-
mal radiation emitted by the surface should be separated from background
radiation, reflected radiation, and nonthermal emission, and (c) the blackbody
condition: the effective emissivity of the reference blackbody radiator should
be sufficiently close to unity for the wavelengths of interest.

At ambient or lower temperatures, it is more difficult to obtain the spectral
radiance emitted with wavelengths below 3 um due to low intensity levels,
which can be several orders of magnitude less than radiation at higher temper-
ature. In such circumstances, the second method becomes an attractive alter-
native, because the signal-to-noise ratio for the reflection measurement can
be improved simply by increasing or modulating the probe light intensity.
The spectral reflectance can be measured in either a relative mode, comparing
the sample to a reference material whose spectral reflectance is known, or in
an absolute mode (see Chapter 6 or [4]) independent of a reference. In either
case, the reflectance quantity to be measured should be appropriate to the
emissivity quantity desired. For example, the normal emittance &y is derived
from the normal-incident hemispherical reflectance pny, as en=1— pnus
where the subscripts N and H refer to normal and hemispherical, respectively.
Since the normal spectral emissivity is often required, pny is one of the most
important quantities to be measured. An alternative to the direct measurement
of pnu [5,6] is to perform the measurement of the hemispherical-normal
reflectance factor, Ryy. Since the Helmholtz reciprocity law [7] holds that

PNH :RHN- (910)

én can be obtained by a measurement of Ryy. In addition, if both the specular
reflectance pgpec at near-normal incidence, which is the specular reflection
component of png, and pnp(=Ruyn) are measured simultaneously, the
diffuse-reflectance pgisr at normal incidence, which is the diffuse reflection
component of the hemispherical reflectance pny, can be calculated by
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Pdiff = PNH — Pspec- 9.11)

For practical purposes, the normal quantities are often actually measured
at slightly off-normal or near-normal angles. In these cases, we continue to use
N, with this understanding. An experimental variation of the second method is
the use of a spectroscopic ellipsometer. The normal spectral reflectance can be
deduced from the optical constants (the refractive index n(4) and the extinc-
tion coefficient k(1)), which can be deduced from spectroscopic ellipsometry.
Combining Fresnel’s relation and Kirchhoff’s law, we can obtain

£(2,T) =4n(2) / [(n(i) 12+ k(2] (9.12)

There are many experimental difficulties that can be encountered in spectral
emissivity measurements. To emphasize the difficulties and present some solu-
tions, we introduce and discuss experimental examples of spectral emissivity
measurements where such difficulties were encountered and dealt with. In
Section 9.3, an emissivity measurement system for objects around ambient tem-
perature based on the first method, a comparison of the sample spectral radi-
ance to that from a blackbody source, is described. In Section 9.4, an
emissivity measurement system for metals being oxidized is described. Micro-
structure of the metal surface exposed to high-temperature air is far from that of
the ideal smooth and clean surface, and the microstructure changes with time.
In Section 9.5, various studies of the emissivity of high-temperature molten
metals, heated by containerless techniques to minimize the sample contamina-
tion, are reviewed. In Section 9.6, an emissivity measurement method for poly-
crystalline alumina-based oxides is described. Since these ceramics are
semitransparent materials in the visible and infrared regions, their emissivities
depend on bulk parameters such as thickness, purity, grain size, and crystalline
structure, which present a number of experimental difficulties.

9.3 SPECTRAL EMISSIVITY MEASUREMENTS NEAR-AMBIENT
TEMPERATURE

9.3.1 Measurement Apparatus Based on the Blackbody
Comparison Method

Figure 9.1 shows a design of an apparatus for measuring infrared spectral emis-
sivity in the near-ambient temperature range based on the blackbody compari-
son method [8-10]. The apparatus consists of the sample unit, reference
blackbodies, and a Fourier transform spectrometer (FTS). The measurable spec-
tral range is mainly limited by the beam splitter and the infrared detector. For
the thermal infrared spectral range, triglycine sulfate (TGS) or deuterated
TGS infrared detectors are commonly used for the FT'S. However, the sensitiv-
ity of such detectors is not sufficiently high for the room temperature thermal
emission measurements. Therefore, the liquid nitrogen cooled photovoltaic
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FIGURE 9.1 Schematic diagram of an FTS system for infrared spectral emissivity near ambient
temperature.

(pv) mercury cadmium telluride detector and the KBr beam splitter, which cov-
ers the spectral range between 5 and 12 um, are used in the apparatus. All of the
optical components including the sample and the reference blackbodies are
operated in vacuum to reduce atmospheric absorption effects.

Calibration of the system response and compensation for the offset drift
caused by the ambient temperature change are performed using two reference
blackbodies operated in vacuum. The first reference blackbody is a fixed tem-
perature blackbody cooled by liquid nitrogen to just above its boiling point of
77 K, which can be used as a reference of the zero-level radiation. The second
one is a variable temperature one operating from 253 up to 373 K (100 °C).
The effective emissivity of these cavities is estimated to be greater than
0.999, based on an analytical routine.

Figure 9.2 illustrates the cross section of the sample holder for the emis-
sivity measurement. The solid sample attached to the holder is heated or
cooled by direct contact with a thermostatic fluid. The temperature of the fluid
is measured with a calibrated platinum resistance thermometer (PRT) placed
near the rear surface of the sample. Instead of measuring with a contact sensor
attached to the sample surface, the temperature of the sample surface is
derived indirectly by calculation assuming the equivalence of the heat flux
between the fluid and the sample surface since the heat loss from the surface
due to air convection is negligibly small because of vacuum operation. The
sample surface is surrounded by a thermostatic radiation shield placed above
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FIGURE 9.2 Cross-sectional view of the sample holder for emissivity measurement: (1) sample,
(2) radiation shield, (3) PRT sensor, (4, 5) inlet of fluid, (6, 7) outlet of fluid, and (8) vacuum
chamber.

the sample holder. The surface of the radiation shield is coated with a high
emissive paint and the temperature of the surface is controlled with a thermo-
static fluid. The radiation shield functions to control the irradiation by the sur-
roundings, and the sample is tilted to reduce multiple reflections of radiation
between the sample surface and surroundings.

9.3.2 Calibration of the System Response

One purpose of the calibration is to determine parameters of a mathematical
model describing the spectrum as a function of the radiance incident into
the FTS. The most conventional approach is to use two blackbody sources
as references. On the assumption of linearity of the spectrometer response
to the incident spectral radiance, the response of the FTS can be given by

C() = R +Lo(A), ©.13)

where R(A) is the spectral response, which includes the properties of the opti-
cal and electrical components, L(4) is the incident spectral radiance, and Ly(4)
is the background spectral radiance emitted by the surroundings and the
instrument.
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If the measured spectra of the blackbodies are C.(4) and Cy,(1), where the
subscripts ¢ and h denote cold and hot, respectively, with different tempera-
tures T, and Ty, (T. <Ty), Eq. (9.13) gives

Co(A) = R(D)[B(Te. 1) + Lo(2)] ©.14)
and
Ch(2) = R(A)[B(Th, 2) +Lo(2). 9.15)

where B(T, /) is the spectral radiance of the blackbody. These equations can be
solved yielding the instrument-related functions and calibration relationship:

Ch (’1) - Cc (/L)

R(2) “B(Th, 2)—B(T., ) ©.16)
and
Lo(%) :;‘((j)) —B(Th, 2). 9.17)

Then, combining Eqgs. (9.13), (9.16), and (9.17) the radiance is related to the
FTS response by

_CH)=Ce(4)
Cn(A) = Ce(4)

A more rigorous expression for Eq. (9.13) includes the effects of anoma-
lous phase [11]. The complex Fourier-transformed spectrum of the measured
interferogram can be expressed as

C(2) = ROUNLO) +Lo(Aexplid(A)]}explig(D],  (9.19)
where C(4) is a complex Fourier transform spectrum, ‘R(A) is the spectral
response of the FTS, L(4) is the incident spectral radiance originated from
the object, Lo(4) is the background spectral radiance emitted by the surround-
ings and the instrument, ¢(4) is the normal phase of the instruments, and
¢o(A) is the anomalous phase of the background radiation. The optical and
electrical dispersion of the instrument and the sampling error cause the normal
phase component. The anomalous phase arises from components due to the
radiance from the surroundings and the instrument itself and can be especially
pronounced for low temperature measurements.

In an ideal case, interferograms are symmetric with respect to the zero
path difference (ZPD) position, and the spectrum of the source can be recon-
structed by means of the simple cosine transform. However, if the background
radiation is larger than the signal radiation at low temperatures, the apparent
centerburst of the interferogram and the optical ZPD position do not agree,
because of the dominant background radiation having anomalous phase [11].
In such a situation, because many conventional FT'S’s automatically identify the
optical ZPD position of the interferogram with the apparent peak position of the

L(2) [B(Ty, ) — B(Te, )] +B(Te. 7). (9.18)
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center burst, the optical path difference cannot be assigned correctly to the inter-
ferogram. This misassignment of the optical ZPD position of the interferogram
causes the anomalous phase error and deforms the spectrum. The spectrum
derived from the relationship in Eq. (9.18) with the complex Fourier-
transformed spectra affected with the anomalous phase error is given by

L(2) = |L(4)[explipy (A)], (9.20)

where ¢y (1) is the residual phase error. By employing the complex spectra
from Eq. (9.19) in Eq. (9.18), the anomalous phase is cancelled out in the
ratio. However, for FTS instruments that cannot maintain alignment of the
interferograms through continuous fringe counting, an alternative iterative
phase correction approach can be used. The residual phase error ¢y (1) of
the spectrum in Eq. (9.20) must be zero if the correct ZPD positions are
assigned to the measured interferograms. Therefore, this method corrects for
the anomalous phase error by iterating the calculation of the complex spectral
radiance in Eq. (9.18) by shifting the phase of the interferogram until the
residual phase error in Eq. (9.20) becomes a minimum [12].

9.3.3 Correction for Reflected Radiance of the Surroundings

A fraction of the background radiation from the surroundings reflected at the
sample surface can increase the apparent radiance from the sample and cause
a misinterpretation of the emissivity value at near-ambient temperatures. If an
isothermal condition of the surrounding can be assumed, the radiance of the
surrounding is regarded as ideal blackbody radiation with ambient tempera-
ture. When we consider an opaque sample, the total spectral radiance of the
surface can be written as

L(i) = 8(;% Tsample)Lb (/1, Tsample) + [1 - 8(/1» Tsample)]Lb (}, Tambient), 9.21)

where £(4, Tsample) is the spectral emissivity of the sample at wavelength A and
temperature Tgample-

In the apparatus shown in Fig. 9.2, the sample surface is surrounded by a
thermostatic radiation shield to control the emission from the surroundings.
The radiances of the sample fixed at a given temperature can be measured while
changing the temperature of the radiation shield, for example 0 and 50 °C, and
the radiance emitted by the sample surface itself can be derived using Eq. (9.21).

9.3.4 Traceability and Uncertainty of Spectral Emissivity
Measurements

For quality assessment or assurance of the spectral emissivity data, it is highly
desirable that the emissivity measurements are traceable to SI units with eval-
vated uncertainty. As mentioned above, emissivity is defined as the ratio of
the radiation emitted by the sample surface to the radiation emitted by an
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ideal blackbody radiator at the same temperature for the same optical and geo-
metrical conditions. Take as an example the blackbody comparison method,
which is the most commonly used for spectral emissivity measurements.
The independent physical quantities to be measured are: (a) the radiance tem-
perature scale of the reference blackbody, (b) the temperature of the specimen
surface, (c) the wavelength scale over the range of the radiance spectrum, and
(d) the geometrical factors of the radiance measurement.

Figure 9.3 shows the traceability scheme of the infrared spectral emissivity
measurement described in this section. The radiance temperature scale is rea-
lized using variable temperature blackbodies with Planck’s law, in which the
effective emissivity of the blackbody cavity and the reference temperature of
the blackbody cavity are constituent elements. The cavity emissivity can be
measured based on reflectance methods [13,14]; however, reflectance mea-
surements of cavities with very low reflectance can generally only be made
with single wavelength laser sources with sufficiently small uncertainties.
Another valid approach is to estimate the effective emissivity of the cavity
based on theoretical calculations, such as the Monte Carlo method, using cav-
ity surface reflectance data as input [15].

The reference temperature of the blackbody cavity can be measured using
a contact thermometer, for example, PRT sensor, calibrated against a refer-
ence standard traceable to the SI unit. The temperature of the specimen sur-
face can also be measured with a traceable contact thermometer.

Calibration of the wavelength scale of the FTS is not practical at the mea-
surement site. The wavelength scale of the spectrum is given with satisfactory
accuracy using the fringe patterns of He—Ne laser monitoring position of the
moving mirror of the interferometer.

Sl unit
Kelvin Meter
I
Temperature
sensor
I
Reference He—Ne laser _Angle_,
blackbody dimension
Radiance
temperature Wavelength
Specimen Spectrometer

FIGURE 9.3 Traceability scheme of the spectral emissivity measurement based on the black-
body comparison method with an FTS.
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High accuracy estimations of the geometrical factors, area, direction, and

angle of emission, are also rarely needed for the emissivity measurement.
The effect of the uncertainty of the geometrical factors can be reduced with
a radiance comparison measurement between the specimen and the reference
blackbody under the same conditions.

The main uncertainty components for the spectral emissivity measurement

with the FTS based on the blackbody comparison method are described
below. Uncertainty components related to the radiation measurements are as
follows:

a.

Temperature scale: uncertainty in the temperature scales include those of
the reference PRT sensor and radiances of the reference blackbodies
used.

. Reference blackbodies: uncertainty of the reference blackbody radiances

mainly originates from the difference of the effective emissivity of the
cavity from unity. The calculated effective emissivities (with its standard
uncertainties) for the system described are 0.9996 +0.0001 for the intrin-
sic emissivity of the cavity, and 0.96+0.01 for the cavity wall surface,
separately measured. Consequently, the discrepancy of the value of
0.9995 from unity is considered to be the standard uncertainty of the radi-
ance of the high temperature reference blackbody. For the liquid nitrogen
cooled blackbody used as a lower radiance reference, the apparent radi-
ance temperature of the blackbody was determined by the reflection of
the background emission, rather than the thermal radiation emitted by
the liquid nitrogen cooled cavity itself.

Nonlinearity of the spectrometer response: an easily overlooked source of
uncertainty for radiation measurements with the FTS is the nonlinearity of
the spectrometer response. The nonlinearity between the incident and
measured spectral radiance within the radiance levels of the reference
blackbodies can be checked with measurements of the radiance from a
third blackbody cavity placed at the sample port by changing the tempera-
ture after calibration against the reference blackbody cavities.

. Size-of-source effect: effect of radiation from outside the nominal field of

view (size-of-source effect) of the spectrometer is also one of the impor-
tant characteristics for emissivity measurement, when the effective size
of the sample surface is different from the aperture size of the reference
blackbodies. For checking the effective target area of the spectrometer, a
large area black target having removable plates of various aperture sizes
can be used in place of the sample holder.

The uncertainty, Ag, in the emissivity value produced by the uncertainty, AT,
in the temperature measurement can be given by the expression

Ae

&

Cz/iT ’AT

exp(—cy/AT)—1| T ©22)
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Uncertainty components related to temperature measurements are as follows:

a. Uncertainty of the temperature scale, which is used for temperature mea-
surement of the sample surface, is the most fundamental component of
uncertainty in the blackbody comparison method.

b. Uncertainty of the calibrated PRT can be smaller than 0.01 K in practice.
Instability of the surface temperature, which is affected by the short-term
stability of the temperature of the sample-heating unit, should also be con-
sidered as an uncertainty component. Nonuniformity of the surface tem-
perature inside of the FOV of the FTS and temperature differences
between positions measured by the FTS and by the calibrated PRT can
be major components of uncertainty of the sample surface temperature.

9.4 SPECTRAL EMISSIVITY AND REFLECTANCE
MEASUREMENTS OF OXIDIZED METALS

9.4.1 A Broad-Spectral-Range High-Speed Spectrophotometer
System

When most metals are heated in air from room temperature up to high temper-
ature (around 1000 K), an oxide film is formed on the surface, and the film
surface roughens with the inhomogeneous growth of the crystal grains of
the film on a clean optically smooth specular-finished surface. In this case,
the radiation reflected from the oxidized rough metal surface is prone to be
diffusely scattered radiation. The normal emittance &y (normal incidence
absorptance oy), which is of importance as described above, can be derived
by (1 —pxg) if Kirchhoff’s law is valid. Therefore, the (normal-)
hemispherical reflectance measurement can be important for investigating
radiation properties of materials in thermal engineering. pny has been
measured by various techniques [5,6,16-22], but primarily by integrating
sphere techniques [16], because integrating sphere attachments for spectro-
photometers are commonly available [23] (see Chapter 6). In addition, some
integrating sphere devices have the capability to measure both pny and pgpec
by removing the specular component from the measurement.

In order to measure pnyy of a time-varying real surface, Makino and
Wakabayashi [24-26] have developed a broad-spectral-range high-speed spec-
trophotometer system having (a) a wavelength range from the visible to the
infrared, (b) ability to measure the directional characteristics (that is, hemi-
spherical, specular, and diffuse reflections) and (c) high-speed time scanning.
Figure 9.4 shows the experimental system that can measure time evolutions of
PNHs Pspecs Pditfs %N» and ey from the near-ultraviolet through the infrared spec-
tral regions with wavelengths from 0.30 to 11 pm simultaneously and repeat-
edly with a cycle time of 2-6s. The system is equipped with an incident
optics subsystem for measuring hemispherical reflection by using two parabolic
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0. Cam mechanics 12. Chopper

1. Tungsten-halogen lamp 13. Entrance slit

2. SizNy light source 14. Filter disk

3. Parabolic mirror 1 15. Rotational plane mirror
4. Parabolic mirror 2 16. Rotational plane mirror
5. Specimen 17. Collimator

6. Heater 18. Diftraction grating

7. Shutter disk 19. Camera mirror

8. Thermocouple 20. 35-Si photodiode array
9. Concave mirror 21. 16-Ge photodiode array
10. Plane mirror 22. 32-InSb photovoltaic detector array

11. Rotational plane mirror ~ 23. 16-HgCdTe photoconductive detector array

FIGURE 9.4 Schematic diagram of the broad-spectral-range high-speed spectrophotometer
system.

mirrors. The system enables wide-spectral measurements by using four inter-
locking sets of Czerny—Turner-type diffraction grating spectrometers and rea-
lizes high-speed spectral measurement by using an array of four types of
optical detectors. Figure 9.5 shows a sketch of the incident optics subsystem
for measuring Ryn (=pNm)> Pspecs and en. The two parabolic mirrors of
120 mm diameter are set to face each other. The two parabolic mirrors ((3)
and (4) in Fig. 9.5) have holes of 12 mm in diameter in their centers.
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FIGURE 9.5 Sketch of the incident optics subsystem for measuring the hemispherical-normal
reflectance factor Ry, the near-normal specular reflectance pgpec, and the near-normal emittance ey

A tungsten—halogen lamp (1) for the near-ultraviolet through near-infrared
region or a silicon nitride (SizN,) light source (2) for the infrared region is set
at the focal point of the parabolic mirror (3). The sizes of halogen and SisNy light
sources are 3.3 mm X 0.6 mm and 4.7 mm X 1.3 mm, respectively. The two
light sources emit radiation whose intensity is approximately isotropic. The
two light sources are alternatively set at the focal point of the parabolic mirror
(3) or at an off-focal point by the help of cam mechanics (0) driven by a
computer-controlled stepping motor. When one of the two light sources is set
at the focal point, diffusely emitted radiation is transformed to parallel flux by
the parabolic mirror (3) to proceed to another parabolic mirror (4).
A specimen (5) is set at the focal point of the parabolic mirror (4). The surface
of the specimen is inclined at an angle of 15° to the optical axis of the parabolic
mirror (4). On the surface of the specimen radiation whose intensity is hemi-
spherically homogeneous is incident from the parabolic mirror (4) and focuses.
A component of the hemispherically reflected radiation which proceeds in the
direction of 15° reflection is led through a hole on the parabolic mirror (4) to
the spectrometer and detector subsystem and measured. The 15° is assumed to
be normal.

In order to measure the 15° incidence specular reflection, a shutter disk (7)
of 130 mm in diameter is inserted and removed in the optical path between
the two parabolic mirrors (3) and (4). The disk has a hole of 15 mm in diame-
ter at the position of 16 mm from the center of the disk. When the disk does
not interrupt the parallel flux, the hemispherically homogeneous radiation is
incident on the surface of the specimen. When the disk interrupts the parallel
flux, a portion of the flux which comes through the hole on the disk is incident
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on the surface of the specimen from the direction of an incident angle of 15°.
In the latter case, the component reflected on the surface of the specimen in
the specular direction is led to the spectrometer and detector subsystem and
measured.

The above-mentioned reflection components involve the radiation compo-
nent emitted by the specimen surface itself in the direction of an emission
angle of 15°, assumed to be normal emission, which is led through the hole
of the parabolic mirror (4) to the spectrometer and detector subsystem. On
the other hand, when both of the two light sources are set at off-focal points,
the radiation is not incident on the specimen surface and only the radiation
emitted from the specimen surface is measured. From these measured values,
the normal reflection component for Ry, Pspec at near-normal incidence and
ey are individually determined.

In order to determine absolute values of Ry and pgpec, a clean optically
smooth nickel surface is used as the reference specimen whose spectra of the
optical constants are published [27]. On the other hand, ey is determined based
on the radiative method by which the specimen is replaced using a small black-
body cavity [25] when the blackbody radiation measurement is carried out. The
blackbody is a cylinder type, having a 20 mm inner diameter with a 50 mm
depth, which has a diaphragm aperture with a 10 mm inner diameter. The black-
body is made of stainless steel SUS304 whose inner surface is sufficiently air-
oxidized. The apparent normal emittance of the blackbody is estimated to be
0.99 [28]. Table 9.1 lists the specifications of the blackbody.

The time evolutions of pgpe. and ey of the specular-finished surface during
high-temperature air-oxidation processes have been measured for nickel [24]
and chromium [29], respectively. In Ref. [30], a diagnostic algorithm of electro-
magnetic wave theory and radiative heat transfer science including interference
and diffraction (scattering) of radiation was proposed on the basis of the hard-
ware performance of the broad-spectral-range high-speed spectrophotometer

TABLE 9.1 Specifications of Blackbody for Emittance Calibration

Diameter and length ¢ 20 mm x 50 mm
Diaphragm ¢ 10 mm

Material SUS304

Sheath heater ¢ 1 mm in diameter

Three circuits of base, body, and neck

Thermocouple K-type, ¢ 0.1 mm at base, body, and neck

Calibration temperatures 1000, 1050, and 1100 K

Apparent emittance 0.99
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FIGURE 9.6 Measured quantities of (a) the normal emission energy u and the normal incidence
specular reflection energy v (that is, input quantities to a proposed diagnostic system) and (b)
diagnosis of surface temperature T°", surface film thickness d, and rms surface roughness oy of
a nickel surface during a high-temperature air-oxidation process.

system. This diagnostic algorithm enables one to carry out noncontact and
real time diagnosis of the surface temperature T°, the surface film thick-
ness d, and the rms surface roughness oy at high temperature (1000 K level)
and through change of states. The temperature diagnosis is used to accu-
rately determine the momentary surface temperature without previous
knowledge of the surface emittance, and the microstructure diagnosis is
used to determine the surface film thickness of the order of 0.1-4 um and
the rms surface roughness oy of the order of 10-700 nm. The experimental
results for a nickel surface in a high-temperature air-oxidation process are
shown in Fig. 9.6.

9.5 SPECTRAL EMISSIVITY MEASUREMENTS OF MOLTEN
METALS AT HIGH TEMPERATURES

9.5.1 Importance of Molten Metal Emissivity Data

Radiation thermometry is often used in a high-temperature process such as
casting and crystal growth. Therefore, ¢(4,T) of molten materials is indispens-
able. In addition, &(4,T) of molten metals at their melting points is used as the
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constant input parameter in the radiation thermometry to determine true tem-
peratures of the melts over a broad temperature range. This is because it is
empirically recognized that &(4,T) of molten metals exhibits insensitivity to
temperature change or at most only a moderate temperature dependence.
Information about the difference in the wavelength dependence between the
emissivities of liquid and solid phases of a pure metal at the melting point
is also important for understanding the behavior of electrons in molten metals.
This is because the difference in emissivity, as well as other optical properties,
is related to the differences between the electronic structures of the liquid and
solid phases. Electrical resistivity of liquid metals has been theoretically
explained by Ziman [31]. The theory of Ziman has been developed based
on the accumulated theoretical attempts to explain the difference in the
measured electrical resistivity between the solid and liquid phases of various
metals at their melting points. Therefore, comparison of the spectral emissiv-
ities of a metal at the melting point in solid and liquid states could play a sig-
nificant role in the development of a theoretical model of radiation properties
of liquid metals. For example, the the sharp absorption edges in the visible
spectral emissivity of copper and gold at the respective melting points is of
strong interest in experimental research. This strong optical absorption (emis-
sion) is due to the interband transition between the upper d-band and the
Fermi level. It can be considered that the band gap is drastically affected by
the solid-to-liquid transition.

The behavior of the emissivity of semiconductors such as silicon at the
solid-to-liquid transition is also of interest. Solid silicon is a semiconductor
with a diamond cubic structure and its electrical resistivity is much higher
than that of metals. On the other hand, silicon is metallic in the liquid state
because its electrical resistivity is as low as mercury and decreases as the tem-
perature increases. Therefore, the emissivity difference between liquid and
solid silicon corresponds to the metal-to-semiconductor transition. It is
another point of interest to investigate the effect of the band gap of solid sili-
con on the emissivity at the melting temperature, because silicon has a band
gap of 1.12 eV at room temperature. If the band gap is preserved just below
the melting temperature, we can expect that the emissivity spectrum around
1100 nm, which corresponds to the energy of 1.12 eV to drastically vary with
the solid-to-liquid transition.

In general, the electronic properties of metals change discontinuously
when they melt. However, some previous studies have reported that the
spectral emissivities of some metals at a specific wavelength /, do not change
on melting, while for shorter wavelengths, the spectral emissivities decrease
on melting, and for longer wavelengths, the spectral emissivities increase on
melting. The specific spectral emissivity &, which is insensitive to the phase
transition, has been observed for two noble metals (Cu and Au) [32-34] in the
visible wavelength range and for nine refractory transition metals (Hf, Mo,
Nb, Re, Rh, Ta, W, V, and Zr) [35] in the near-infrared region. Such a
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phenomenon has long been known as the so-called X-point [35,36] in the
emissivity of metals, which generally refers to an intersection of spectra of
the emissivity for a metal at various temperatures. For copper and gold, it is
widely recognized that the X-points are related to opposing effects of the
phase change on two optical emission mechanisms, viz., intra- and interband
transitions. Namely, at the wavelength of /,, the expected increase in
the intraband emission on melting compensates for the decrease in the
interband emission caused by broadening of the absorption edge due to smear-
ing out of the Fermi distribution. Therefore, the X-point phenomenon is of
great interest to develop electronic models of optical properties of high-
temperature molten metals. In addition, the phenomenon is of interest for
the development of radiation thermometry, because the melting point of
metals can provide a useful high temperature standard for the calibration of
radiation thermometers.

9.5.2 Spectral Emissivity Measurements Based on
Containerless Techniques

There are numerous measured emissivity data available on various liquid metals
and alloys. However, significant discrepancies exist among the data even for a
pure metal at its melting point. For example, a review on the normal spectral emis-
sivity around 650 nm of liquid iron at the melting point indicates that the literature
values range from 0.30 to 0.43 [37]. In many of the measurements of liquid metal
emissivities, the metal samples were indirectly heated by conventional resistive
heaters and the molten samples were contained in a conventional ceramic cruci-
ble. The discrepancy among the reported data is likely primarily caused by the
use of the conventional sample-heating techniques. The emissivity is a physical
property of the surface of a material. It is generally difficult to avoid the surface
oxidation of metals at high temperatures. Since the density of oxides of a metal
is usually smaller than that of the metal, the surface of the molten metal sample
tends to be covered with an oxide film. The surface oxidation of a metal is prone
to a larger emissivity value and a significant surface roughness, both of which
result in an emissivity increase. In conventional emissivity measurements, ther-
mal radiation is emitted from not only the sample but also the furnace heater
and crucible. Furthermore, the temperature of the furnace heater and outer wall
of the crucible is generally greater than that of the sample itself. Thus, stray radi-
ation from the sample surroundings can cause considerable error in the emissivity
measurement. To avoid surface oxidization, molten metal samples are usually
contained in a furnace chamber. However, the window of the furnace chamber
is often contaminated by evaporation from the sample and/or its surroundings at
elevated temperatures. This can also lead to considerable error for radiation ther-
mometry. Furthermore, it is experimentally difficult to distinguish between the
liquid and solid emissivities when observing the thermal radiation from a mixture
of liquid and solid phases at the melting point.
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Heterogeneous nucleation may occur on the inner crucible wall in the
solidification process of the molten metal contained in a ceramic crucible.
Heterogeneous nucleation tends to make the solidification proceed rapidly
and disorderly, which can increase the difficulty in determining the solid
and liquid emissivity independently. To minimize such errors, containerless
techniques have been attempted to melt the metal sample. This also avoids
the problem of contamination from the containers in the high-temperature
melts. In addition, many containerless techniques can quickly heat the sample
up to the predetermined high temperatures above the melting point from room
temperature, compared to more conventional heating processes. Such a fast
heating process of the sample also can suppress sample contamination and
evaporation. Some notable studies that adopted containerless techniques are
reviewed below.

9.5.2.1 Rapid Resistive Self-Heating Techniques

An electrically conductive sample rod is rapidly heated up to the melting
point by passing a large current through the sample itself. The spectral emis-
sivity of the sample without any container, at and around the melting temper-
ature, can be measured in a short period (less than 1 s) before the sample is
completely melted. The shortness of exposure time of the sample to elevated
temperatures can minimize the contamination of the sample surface by resid-
ual impurities in the vacuum or inert gas environment as well as minimize
loss of the sample mass by evaporation.

The group led by Cezairliyan has determined the normal spectral emissiv-
ities (in the wavelength range of 500—1000 nm) of 10 pure metals (Ni, Fe, Pd,
Ti, Zr, V, Nb, Mo, Ta, and W) at their melting temperatures based on the
rapid resistive self-heating technique and on the radiance temperature
measured with high-speed pyrometers [38,39]. The measurement results dem-
onstrate excellent reproducibility of the normal spectral emissivity (generally
within 1%) at the melting point of each metal. Because of the high degree of
reproducibility, they suggested that radiance temperature or normal spectral
emissivity of selected metals at their melting points can provide a valuable
source of reliable reference values for applications that necessitate noncontact
methods for determining temperature.

Normal spectral emissivities of four liquid metals (Ta, Nb, Ni, and W) at
temperatures up to 5000 K have been determined by the group led by Pottla-
cher based on the rapid resistive self-heating of the wire-shaped samples by a
large current from a capacitor-discharge circuit and on microsecond-
resolution ellipsometry [40,41], though the measured emissivity is limited to
that at the operating wavelength (684.5 nm) of the ellipsometer. In their
experiments, which are of extremely short duration (less than 0.1 ms), the
sample is heated at rates above 10’ K/s and is ultimately exploded. Because
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of such a high heating rate, the sample wire keeps its shape, even in the liquid
state at temperatures of several hundred degrees above its melting point.

9.5.2.2 Electromagnetic Levitation Techniques

An electrically conductive sample is suspended (levitated) in space within a
high-frequency electromagnetic field generated by an induction coil at its cen-
ter and is inductively heated at the same time. The resultant molten sample,
having a spherical shape, is stirred by the eddy current occurring on the sam-
ple surface. This stirring effect makes the temperature distribution uniform
within the sample melt. A notable feature of levitation melting is the possibil-
ity of realizing highly undercooled liquid states. Although the sample type is
limited to electrically conductive materials, it is relatively easy to construct
and operate the apparatus because it is a modified version of a conventional
induction furnace. A shortcoming of this containerless technique is the diffi-
culty of controlling both the sample temperature and position, because the
variation of the electromagnetic field affects both the temperature and posi-
tion and because the heating efficiency strongly depends on the sample posi-
tion in the electromagnetic field. To solve these problems, several means to
control either the sample temperature or position have been added to the elec-
tromagnetic levitator. In almost all cases with electromagnetic levitators, the
sample is generally heated in a flow of inert gas, and the sample temperature
is mainly controlled by changing the flow rate or the type of gas. In some
cases, laser beam heating is used as a heating method to obtain temperatures
above those achieved by electromagnetic heating alone. The best solution may
be the use of an electromagnetic levitation technique under microgravity con-
ditions. To measure the surface tension of molten metals, the group led by
Egry has operated an electromagnetic levitator launched into space, where
the electromagnetic field is used as the primary means of heating [42].
Krishnan et al. have determined the normal spectral emissivities in the
visible region of 11 molten metals (Cu, Ag, Au, Ni, Pd, Pt, Zr, Ti, Al, Nb,
and Si) by using a combination of an electromagnetic levitator and a high-
speed spectroscopic ellipsometer [43—45]. Figure 9.7 shows a schematic dia-
gram of the emissivity measurement system, which was used. Since molten
metals generally emit high-intensity thermal radiation, the signal-to-noise
ratio for the surface reflection of the probe polarized light has to be enhanced
by the use of a lock-in amplifier or a high-intensity light source. The surface
of molten metals is intrinsically smooth and flat if there is no significant con-
tamination on the surface. This makes it easier to carry out spectroscopic
ellipsometry on the molten metal surface, because the reflection of the probe
light is not dispersed by the surface and because the incidence angle that is
used to derive the optical constants can be accurately determined. The results
have shown that nine of the metals, but not Nb and Al, exhibit only moderate
temperature dependence in the liquid state over a large temperature range.
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FIGURE 9.7 Schematic diagram of the spectral emissivity measurement system based on the
electromagnetic levitator used by Krishnan et al. [44].

The group led by Fukuyama has measured the normal spectral emissivity at
807 and 900 nm of electromagnetically levitated molten copper droplets
under a strong static magnetic field by the spectral radiance measurement
method [46]. The additional use of a static magnetic field can suppress the
translational motion and surface oscillation of the electromagnetically levi-
tated droplet sample during the measurement, which increases the measure-
ment accuracy.

9.5.2.3 A Cold Crucible Technique

An electrically conductive sample is placed in a crucible, consisting of water-
cooled copper segments, which is surrounded by an induction coil. When a
high-frequency alternating current passes through the coil, eddy currents
occur on the sample surface and copper segments. As a result, the sample is
launched by the repulsive electromagnetic force between the sample and the
copper segments and is inductively heated at the same time. Therefore, this
technique can be regarded as a modification of the electromagnetic levitation
method. The difference is the capability of realizing a skull melting process.
In many cases, the resultant molten sample is kept in contact with the copper
segment located at the bottom of the sample melt. Water cooling of the seg-
ment keeps an outside layer of the otherwise molten sample cool enough to
be solidified. Thus, the sample melt can be heated to at least 3000 °C, while
maintaining the melt in the solid “skull” of the sample itself on the copper
segment wall that isolates the segment from the melt and at the same time,
and protecting the melt. The advantage of skull melting over electromagnetic
levitation melting is the ability to produce a larger amount of molten metal,
because the electromagnetic field is no longer used to launch the melt. In
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FIGURE 9.8 Schematic diagram of the spectral emissivity measurement system based on the
cold crucible used by Watanabe et al. [47].

addition, it is relatively easy to control the temperature of a larger sample.
Because of these advantages, Watanabe et al. have adopted the skull melting
technique to measure normal spectral emissivities of Cu, Ag, Au, Fe, Co, Ni,
and Si in the solid and liquid states at their melting points based on the black-
body comparison method [33,46—49]. Figure 9.8 shows a schematic diagram
of the emissivity measurement system based on the cold crucible technique
used by Watanabe er al. They have determined the visible and near-infrared
spectral emissivities of the solid and liquid phases, respectively, at the melting
point, by observing the slow-moving solidification front on the relatively
large area of the sample melt surface. In addition, they have described the
phase (liquid/solid) dependence of the normal spectral emissivity of metals
and silicon.

9.5.2.4 An Electrostatic Levitation Technique

A charged sample is levitated between a pair of parallel disc electrodes where
a large electric field is applied. The field is controlled through a feedback sys-
tem to keep the levitated sample at a predetermined position. To melt the levi-
tated sample, it is homogeneously irradiated by high-power multilaser beams
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FIGURE 9.9 Schematic diagram of the spectral emissivity measurement system based on the
electrostatic levitator used by Ishikawa er al. [51].

under an ultra-high vacuum atmosphere to avoid the discharge of the sample
that results in the sample dropping down. Ishikawa et al. have measured hemi-
spherical spectral emissivity of molten zirconium over a wavelength range of
700-6000 nm using spectrometers combined with an electrostatic levita-
tor [51]. Figure 9.9 shows a schematic diagram of the apparatus based on
the electrostatic levitator used by Ishikawa et al. Except for this work, how-
ever, electrostatic levitators have not been applied to measure spectral emis-
sivity of molten materials. This may be because the electrostatically
levitated sample, which has a typical diameter of approximately 2 mm, is
smaller than that which can be measured with either the electromagnetic
levitator or the cold crucible techniques.

9.5.2.5 Surface Heating by a Laser Technique

A partial area of the sample surface is melted by irradiation with a high-power
laser, and thus, this technique conducts a kind of skull melting process for not
only electrically conducting but also insulating materials. To carry out fast mea-
surements of the normal spectral emissivity of nine refractory metals (Hf, Mo,
Nb, Re, Rh, Ta, W, V, and Zr) in their liquid states, Hiernaut et al. have used
a pulsed-multibeam laser heating system and a microsecond-resolution six-
wavelength pyrometer based upon the assumption that the natural logarithm
of spectral emissivity is a linear function of wavelength [52]. In their experi-
ments, a small sphere of a sample material was supported on a needle of the
same metal in a pure argon atmosphere. The sample sphere is heated by four
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pulsed laser beams in a tetrahedral configuration, which yields good tempera-
ture homogeneity over the irradiated sample surface area.

9.6 SPECTRAL EMISSIVITY MEASUREMENTS OF CERAMICS

Ceramics are versatile materials used in many high temperature applications
due to their excellent chemical stability and heat resistant properties. Since
radiation is the dominant form of heat transfer in the applications, it is impor-
tant to investigate the radiative properties of refractory ceramics under high
temperature conditions. There is exhaustive data of spectral emissivity of
ceramics compiled by Touloukian and DeWitt in 1972 [53]. In addition,
Chaney et al. compiled another comprehensive listing of emissivity literature
in 1982 [54]. Recently, knowledge of the spectral emissivity of ceramics has
gained interest due to spectral controlling technology. For example, specific
ceramics that emit radiation selectively in limited near-infrared wavelength
regions are necessary for the thermophotovoltaic (TPV) generation of electric-
ity; this system can convert radiant energy, for wavelengths shorter than about
2 um, into electricity using low-bandgap photovoltaic cells. In this section,
some basic characteristics and experimental methods for spectral emissivity
of white ceramics, that is, oxide ceramics such as alumina are described.

Aluminum-based oxides have dominant emission peaks on the basis of the
natural frequency of lattice vibrations in the wavelength range from 7 to
10 um. The spectral emissivity is close to unity in this range for all specimens,
which means that the oxides are almost completely opaque. On the other
hand, the oxides are also generally semitransparent media for visible light
and near infrared radiation because the valence electrons are bound to the
atoms through ionic or covalent bonds. With respect to a semitransparent
medium, the spectral emissivity becomes a volumetric property, that is, it
depends on bulk parameters such as thickness, purity, grain size and crystal-
line structure. Because of this, the term “emittance” will be used instead of
emissivity later in this section. In fact, the compiled data of the values of nor-
mal spectral emittance of aluminum oxide vary widely particularly for wave-
lengths less than 4 pm, due to their semitransparency [53]; this implies that it
may be possible to control the emittance using these parameters within this
wavelength range. According to purpose of investigation, it may be desirable
to obtain more fundamental properties such like absorption and scattering
coefficient. In general, there is only a weak dependence on direction (zenith
angle) and temperature of the spectral emittance for ceramics. Therefore,
the hemispherical spectral emittance can be taken as equal to the normal spec-
tral emittance and the spectral emittance measured at a certain temperature
can be used within a wide temperature range. However, it must be noted that
the total emittance of oxides depends strongly on temperature, due to the tem-
perature dependence of the Planck function.
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Typical experimental methods to measure the normal spectral emittance
of alumina for temperatures above 1000 °C were reported by Nordine and
Postlethwait [55,56]. In general, measurement of the emittance for high tem-
perature semitransparent materials is a formidable task. This is because a tem-
perature distribution exists more or less within the sample due to low thermal
conduction and volumetric emission. Hence, it may be difficult to measure the
surface and average temperatures accurately, which can lead to inaccurate
comparisons of the sample surface and the reference blackbody. In order to
avoid this problem, one must heat the sample as uniformly as possible. The
use of a furnace can be an effective way to achieve quasi-isothermal condi-
tions. Furthermore, one does not have to prepare a separate reference black-
body if the inside of the furnace can be considered as a blackbody cavity;
one only needs to move the sample or the view point of the detector within
the furnace. However, it is difficult to separately detect the radiation emitted
from the sample itself when the sample is heated in the furnace. Laser heating
can overcome this disadvantage, selecting a heating laser whose wavelength is
outside of the measurement wavelength range, although it also tends to cause
a temperature gradient within the sample. Although thermocouples are often
used for the temperature measurement of the sample, the contact between
the sample and thermocouple sometimes affects the measurement. If the tem-
perature gradient within a sample is enough small, a small hole fabricated in
the sample surface can be used as a blackbody, which can help to obtain an
accurate temperature determination by radiation thermometers even if the
sample emittance is unknown. To investigate the wavelength dependence of
the emittance, as discussed in previous sections, spectral radiance from the
sample is usually measured with a diffraction grating spectrometer or FTIR
spectrometer.

With respect to the TPV application, several interesting studies for the
development of a selective emitter based on ceramic oxides have been
reported [57—-60]. Rare-earth (RE) oxides are a good example because RE ele-
ments retain their somewhat atomic-like emissive characteristics in a variety
of different binding environments; the specific emission can be attributed to
radiative transitions between energy levels of internal 4f-orbitals of the RE
cation. For instance, applying erbium (Er) with a sharp emissive peak near
1.5 pm, erbium aluminum garnet (Er;AlsO;,:ErAG) and a eutectic composite
between the ErAG and alumina can be used as monolithic selective emitters,
where the RE oxides have single crystalline structures exhibiting relatively
high transmittance of the radiation emitted from the RE element as compared
to their polycrystalline version. Namely, the optical attenuation by the grain
boundary scattering can be avoided by using the single-crystal RE oxide.
Researchers have managed to measure the normal spectral emittance of these
RE oxide samples, which have a several hundred micrometer thickness and
are heated up to a temperature above 1000 °C using a furnace and gas burner.
In the case of a transparent sample, the three-layer configuration (sample/plat-
inum foil/SiC plate) is usually fabricated because the platinum foil itself emits
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very little radiation and can improve the temperature uniformity within the
sample. If the sample is very thin and transparent in the wavelength
range of interest, it is quite difficult to accurately measure the sample temper-
ature either by thermocouples or by radiation thermometers. Some researchers
have reported that there is a severe temperature discrepancy (from 100 to
200 K) between the two surfaces of a plain sample even if it is very thin.
The temperature gradient can cause a significant decrease of the spectral emit-
tance as compared to that under isothermal conditions. On the other hand, RE
oxide with single or polycrystalline structures are often coated onto a durable
substrate such as SiC, MoSi,, and cordierite to achieve good thermostability
[61,62]. For example, a porous garnet coating with thickness sufficient to
block the background emission from the substrate has been investigated for
this purpose. When the spectral emittance of the substrate is known, the sub-
strate can be used as an alternative to a reference blackbody for calibration.

Kumano et al. have measured the normal spectral emittance of various
polycrystalline aluminum-based oxides in the wavelength range from about
1 to 5 um, at temperatures above 1000 °C, by means of several heating meth-
ods [63—67]. Figure 9.10a shows the experimental setup used to measure the
spectral radiant energy emitted from all the samples and a separate reference
blackbody. The radiant flux is introduced into the grating spectrometer, which
has a thermopile detector, using two concave mirrors under ambient condi-
tions. In order to eliminate errors resulting from stray radiation entering the
spectrometer, an aperture is set and the incident radiation is chopped. The
results of the measured normal spectral emittance are summarized in
Fig. 9.11. No emittance is shown for wavelengths around 2.7 and 4.3 um
due to the significant absorption by H,O and CO, gas molecules in the atmo-
sphere. To fill in such gaps in the data, it is necessary to measure this kind of
spectral emission in an inert gas atmosphere or vacuum.

Figure 9.10b shows a schematic of the samples and sample holder for laser
or gas burner heating. An alumina chip with a thickness of 0.7 mm is sup-
ported by three needles to minimize conductive heat loss. The alumina is
95% pure, with 3% of SiO, and trace components of MgO, Na,O, and
K,0. The back surface of the sample is heated using a CW CO, laser up to
1393 and 1493 K; it is desirable to heat the sample on both surfaces using split
laser beams to approach isothermal conditions. Since the wavelength of the
laser beam (10.6 pm) is far from the wavelength range of interest, laser scat-
tering on the sample surface does not cause any measurement error. However,
the stability of the laser intensity is indispensable to minimize sample temper-
ature variation. The sample temperature is measured by a thermocouple
embedded in the alumina chip. Figure 9.11 shows that the difference in the
normal spectral emittance between 1393 and 1493 K is slight, which indicates
that the temperature dependence of the alumina chip emittance can be negli-
gible. In addition, the emittance is relatively low for wavelengths below 4 pm.
This is due to the small thickness of the sample. On the other hand, the normal
spectral emittance of porous media made of aluminum oxide (foam ceramics)
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FIGURE 9.10 Schematic diagrams of the experimental setups used by Kumano et al. [63-67]

for normal spectral emittance of various polycrystalline aluminum-based oxides by means of sev-
eral heating methods.
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FIGURE 9.11 Normal spectral emittance of various alumina-based ceramics.

was measured at a temperature of about 1273 K. Foam ceramics are used as
emitters in the TPV system proposed by Kumano et al., which is based on a
super-adiabatic combustion method with reciprocating flow in porous
media [64]. The thickness and porosity of the foam ceramics is 10 mm and
87.5%, respectively. The sample is composed of 55% Al,O3, 37% SiO,, 6%
MgO, and others. Two liquefied petroleum gas burners are used to heat both
surfaces of the sample and the temperature is measured by an embedded ther-
mocouple. It is assumed that the radiation emitted by the burner flame does
not affect the emittance measurement in the wavelength range of interest.
However, the sample temperature variation can be considerable during burner
heating, because the flame is in general unstable. Although foam ceramics
have high porosity and the internal pores may be thought to behave like black-
bodies, the measured spectrum of emittance is quite different from that of a
gray body (a sample or source with a constant emissivity less than 1, indepen-
dent of wavelength) as shown in Fig. 9.11. The emission spectrum measured
of the sample when heated on only one side is also shown. Comparison
between the two spectra (c) and (d) implies that the possible temperature gra-
dient within the one-side heated sample decreases the measured emittance.
Figure 9.10c shows the structure of a heating furnace for column alu-
mina. A stainless pipe with lids is heated by a coiled sheathed heater to pro-
vide thermal equilibrium for the internal cavity at a temperature of
1273 K. The cavity has a small hole for measurement. The hole can be
regarded as a blackbody surface when the alumina sample is not set within
the cavity. The column alumina sample has a diameter of 30 mm, which is
the sample thickness in this measurement method. Two samples with purities
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of 99.5% and 92% (6% SiO, and infinitesimal MgO, CaO, Na,O, and Fe,03)
were prepared. The furnace temperature is measured by a thermocouple
welded onto the surface of the stainless pipe and it is assumed that the sample
temperature is the same. The pipe is covered with an insulator and surrounded
by a layered radiation shield. In Fig. 9.11, the normal spectral emittance is
seen to be the highest for all wavelengths, because the sample thickness is
much larger than the optical thickness of alumina. Especially, it is notable that
spectral shape of the emittance for thick alumina is significantly different
from that of thin alumina. The emittance of the 92% alumina sample is clearly
higher than that of the 99.5% alumina in the wavelength range from 1 to
3.5 um. This means that the spectral emittance depends on the type and quan-
tity of the impurities in the alumina sample. An improvement to this experi-
ment would be to develop a means to distinguish the radiation emitted from
sample from that scattered through the sample.

The heating unit with a ceramic heater for the alumina plate sample is
illustrated in Fig. 9.10d. The ceramic heater irradiates the back side of the
alumina plate, whose purity and thickness are 99% and 1 mm, respectively.
The ceramic heater consists of an electrical heating element and a polycrystal-
line alumina (2.24 mm thickness) matrix and is in contact with the alumina
plate sample. Therefore, the maximum thickness of the alumina layer in the
sample-heating configuration is 3.24 mm. The sample temperature is
measured with an embedded thermocouple. The output of the ceramic heater
is controlled to maintain the sample temperature at 1273 K. The sample-
heating configuration is covered with an insulating medium, which has a hole
for the emission measurement and is supported by two hollow ceramic rods.
A comparison of the spectra (g) and (a) or (b) in Fig. 9.11 indicates that the
normal spectral emittance of the alumina plate is greater than that of the
alumina chip. This is because the plate sample is much thicker than the chip,
whose thickness is only 0.7 mm. However, it should be noted that a signifi-
cant temperature distribution, which can reduce the measured emittance,
exists within the plate sample. A typical spectrum of the emittance for the alu-
mina plate coated with a glaze-based erbium oxide film with thickness about
0.1 mm is also shown for the wavelength range from 1 to 2 pum. The spectrum
indicates that the coating can enhance the emittance of the alumina substrate
significantly around 1.5 pm. It is necessary to optimize the coating parameters
such as the concentration of Er, film thickness, and crystal structure so that
the emittance becomes an achievable maximum value and the film has also
sufficient durability and thermostability for the TPV application.
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10.1 INTRODUCTION

The quality and acceptability of manufactured products are often judged by
their overall appearances. Although the need for accurate measurements of
these attributes has been recognized for many decades, increasing
globalization—particularly in manufacturing—and new materials, such as
gonioapparent materials, have spurred efforts to develop further methods for
the characterization of the appearance and color of objects. The measurable
attributes of appearance are divided into color (spectral properties) and geom-
etry (spatial properties). The appearance of an object cannot be measured;
only the specific spectral and spatial reflectance or transmittance characteris-
tics of the object are measured.

Experimental Methods in the Physical Sciences, Vol. 46. http://dx.doi.org/10.1016/B978-0-12-386022-4.00010-8
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The appearance of an object is a complex interaction of the light field
impinging on the object, the optical properties of the object, and the pyschophy-
siology of human perception [1]. The visual appearance of objects is deter-
mined by the parts of the visible light that are reflected and/or transmitted
without being absorbed. The overall appearance of any object is a combination
of its chromatic attributes and its geometric attributes. The chromatic attributes
are those that vary the spectral distribution of the reflected or transmitted light
and are those attributes associated with color. Color is a three-dimensional
quantity usually divided into lightness, hue, and saturation. Lightness refers
to the color being closer to black or white. Hue is the perceived color such as
yellow or green, and saturation is the purity of a color. The scientific basis for
the measurement of color attributes has been under active investigation for
the better part of a century and has been codified by the Commission Internatio-
nale de I’Eclairage (CIE) as the CIE Standard Observer [2] which is a represen-
tation of normal human color vision. Since the appearance of an object is also a
function of the spectral distribution of the light source, the CIE has also defined
a series of standard spectral distributions which are known as the CIE illumi-
nants [3]. The geometric attributes are based on the directional distribution of
reflected or transmitted light, described by attributes like specular gloss, haze,
orange peel, and so on. Color and gloss are the attributes most often use to char-
acterize the appearance of objects.

10.2 SPECTRAL ATTRIBUTES—COLOR
10.2.1 Definition

Ultimately, the goal of color measurement is to model the perception of a
human observer. The human visual system (HVS) has three overlapping broad-
band detectors: short (S)-, medium (M)-, and long (L)-wavelength cones. The
average spectral sensitivities of these are shown in Fig. 10.1. In principle, an
instrument that accurately quantifies the behavior of these three detectors
should be able to predict color perception. Even with such a high spectral band-
width, a three-channel system can do a very good job of color measurement.
The limits of such a system will be shown below in the discussion on the rela-
tionship among the light source, the object, and the human observer.

To understand color measurement, we must explore the system under
which a human observer experiences color. For color perception of an object
to exist, there need to be three components: a light source, an object, and a
human observer. Figure 10.2 shows the relationship between these compo-
nents. Light from the source is incident on the object (arrow 1), and some
of that light reflects off the object (arrow 2). Thus, the observer sees the orig-
inal light after modification by the object. The third arrow indicates that
the source also has a direct effect on the human observer, and hence the
color perception. The perception cannot be described simply as the physical
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relationship between the spectral properties of the source and the object.
Human observers adapt to the source, and color can be greatly affected by this
adaptation. Adaptation—a physiological response—must be accounted for to
properly estimate color from instrumental data. As will be explored in
Section 10.2.2, the color specification of an object always includes informa-
tion about the source and the observer. Without these data, a color specifica-
tion is useless, akin to stating a distance without specifying the units.
Related to arrow 3 in Fig. 10.2, color appearance attempts to account for
even more aspects of color than the properties of the light source and the
object. Note that appearance has come to have two definitions: one as
described above related to geometric properties such as haze, gloss, and
others; and color appearance which implies the consideration of the complete



370 Spectrophotometry

state of the observer when determining the color perception. For example,
color appearance terminology includes the background and surrounding fields
beyond the actual color stimulus. Also, temporal aspects can account for the
observer’s recent experience. Consider coming indoors from a bright sunlight
day. The room seems unreasonably dark until one’s eyes adapt to the lower
light level. Likewise, color appearance models can account for so-called illu-
sions, such as simultaneous contrast, and edge effects.

We do not raise the concepts of color appearance to later connect to color
measurement, but rather to aid in the understanding that color measurement
does have some limitations. However, when accounted for, these limitations
do not preclude the useful application of color measurement. For example,
all useful color appearance models [4] also include detailed conditions under
which they are valid. At a bare minimum, these models need to comprehend
the spectral (or color) nature of the incident light. More in-depth models apply
parameters for viewing surround (the visual field outside the actual sample);
the adaptation state of the observer (dark adapted, or not); and other properties
of the viewing geometry. Ultimately, to fully model the color seen by an
observer, one must account for the properties of the entire field of view of
the observer, as well as what that field of view has been over the last several
minutes. Fortunately, although these complex models are of interest to the
vision and appearance community, simplifications can be applied which pre-
dict color well enough to allow for reasonably accurate color communication
required for most commercial applications.

The physical properties of reflectance, transmittance, and others, described
in Chapter 2, are usually specified in spectral terms. That is, a given property is
determined at each wavelength within a range of interest. Hence, an instrument
measuring a spectral quantity can reasonably be considered to have a whole
series of detectors, one at each wavelength of interest. The HVS, however, is
not a spectral system, but a trichromatic one. This is due to the presence of three
types of color “detectors” in the retina, which are roughly sensitive in the blue,
green, and red areas of the spectrum, as shown in Fig. 10.1.

10.2.2 CIE System

Modern color specification systems are based on a system developed by CIE.
In the 1920s, the CIE addressed a commercial need to accurately specify color
by instrumental means. At that time, there were numeric methods to specify
colors, the Munsell [5,6] system being one of note. Without instrumental mea-
surement, a color specification could only be provided by visually comparing
a sample to a set of physical Munsell colors of known coordinates. The sys-
tem works well so long as the various sets of physical colors are identical
and the people making the color judgments had similar color vision. In prac-
tice, physical standards will fade, and the color vision of humans can vary sig-
nificantly. The CIE colorimetric system [7] advanced the ability to determine
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a set of color coordinates solely by instrumental means, thus removing the
variability of the human observer and standardizing color measurement to a
common basis of methods. To fulfill these requirements, a system must first
account for the degree to which an average human observer reacts to light
of different wavelengths. Extensive visual experiments were designed to
determine the human response, resulting in a series of standardized color-
matching functions.

10.2.2.1 Color-Matching Functions

The standardized color-matching functions were derived by visual experiment
in which normal observers attempted to create mixtures of three colored lights
that best matched a monochromatic stimulus [8]. The observer looked at a
white screen through an aperture having a 2° field of view. At the center of
the field, the white screen was separated into two halves by an opaque black
partition. The bottom half of the screen was illuminated by the monochro-
matic light to be matched, and during the course of the experiment, the wave-
length of this light was varied. The upper half of the screen was illuminated
by an additive mixture of three “primary” colors (Red, Green, Blue or
RGB). The observer adjusted the intensity of the three colored lights until
both halves of the screen appeared identical in color. The amount of energy
in each of the three lights was recorded, and the experiment progressed to
the next stimulus wavelength. Three primary RGB colors were used, but in
fact, any colors can be used so long as not one of them can be produced by
an additive mixture of the other two.

By recording the amount of RGB light required for the best match at each
wavelength, spectral curves can be derived that correlate to human perception
at each wavelength. It was not actually possible for the observers to match
each monochromatic test stimulus with the RGB primaries. The solution
was to modify the apparatus to permit the addition of one or more of the
RGB lights to the test side of the visual field. In essence, this means that a
particular wavelength requires a negative amount of T, g, or b light to obtain
a match. This is shown in Fig. 10.3 on the left. Note that the negative areas
do not indicate any particular flaw or issue with the HVS; these are only based
on the selection of the physical RGB lamps used for the visual experiment.
However, the negative lobes presented difficulty for the technology available
at the time, and for this and other reasons, the curves were transformed to be
all-positive using techniques developed by Judd [9,10]. These transformed
curves, known as the “X,” “y,” and “Z,” primaries, are shown at the right in
Fig. 10.3. They cannot be produced by any real lights and the observer that
is defined by these color-matching functions is known as the CIE 1931 Stan-
dard Colorimetric Observer [11].

The transformation was constructed so that (a) negative coefficients in the
transformation equations were eliminated; (b) to maintain consistency with
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FIGURE 10.3 Basis of human perception (left) and the CIE 1931 standard observer color-
matching functions (right).

existing systems, the “y,” curve was constrained to match the CIE 1924 spec-
tral luminous efficiency V(4), which is introduced in Chapter 2 (see Eq. 2.26
and Fig. 2.4) and is a metric that describes how efficient the eye is at each
wavelength in converting light power to luminous sensation; (c) one of the
functions was selected to be close to zero as possible for as much of the spec-
trum as possible; and (d) the areas under the curves of each function were
made equal for light of equal energy at all wavelengths. The discrete x;, y,,
and z; values of X, ¥, and Z at each wavelength are known as the respective
CIE tristimulus values for that wavelength, A.

It was subsequently pointed out that the CIE Z function does not give as
much weight to the shortwave violet as actual human observers who graded
industrial white panels with their eyes. Such grading involved a larger field
of view than was used in the 2° color-matching experiments. Thus, new
experiments were performed with a larger field of view and it was noted that
observers do in fact have important differences in their shortwave response.
Accordingly, in 1960, the CIE proposed additional color-matching functions
in an effort to obtain better correlation with commercial judgments. The
resulting X0, ¥, and Zjo functions are collectively known as the CIE 1964
color-matching functions [12,13]. Tables for the 1931 and 1964 CIE 1931
and 1964 color-matching functions can be found in the literature [14] and
on the Internet.

10.2.2.2 Standard Illluminants

In addition to functions that represent the response of the average human
observer, the CIE has defined “illuminants” that refer to specific energy dis-
tributions S, that are spectrally close to natural light sources and are realized
by actual sources to close approximation in the laboratory. They are
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particularly useful as standard spectral distributions for color calculations.
A brief description of some is given below.

CIE standard illuminant A represents light from a tungsten filament lamp.
The relative power distribution is that of a Planckian radiator of approxi-
mately 2856 K according to the International Temperature Scale of 1990.
The spectral distribution may be calculated using Planck’s radiation law,
which gives the spectral radiance of a blackbody radiator as a function of
wavelength and temperature, given in Eq. (2.22). Illuminant A data are typi-
cally presented normalized to the result at 560 nm, namely, as 100 M/M 5.
Usually, the results are rounded to two decimal places so that M(560)=
100.00.

An important property of any CIE illuminant or physical light source is its
relationship to one particular expansion of Planck’s equation. The color tem-
perature of a blackbody source is simply the temperature T in Eq. (2.22). For
the example of CIE standard illuminant A, the color temperature is
2856 K. The use of “color temperature” is limited to actual blackbody curves.
For all others, the more appropriate metric is correlated color temperature
(CCT). The CCT of a test light source is defined as the color temperature of
the blackbody curve with the nearest visual match to the test source.
Figure 10.4 plots the normalized blackbody curves for three different CCTs.

Illuminant C is an approximation of average daylight from the total sky
having a CCT of approximately 6774 K and is also obtained using a combina-
tion of illuminant A and a special liquid filter. Historically, illuminant C was
widely used in various industries, and many object color specifications written
in terms of appearance under illuminant C are still in use. Illuminant C has
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fallen out of favor as a standard illuminant (because of the introduction of the
“D” series) despite its continuing use in colorimetric specifications.

In 1966, the “D” series of illuminants was proposed by the CIE and pub-
lished in 1971 [6]. They are designed to more accurately represent daylight
and are especially important in the evaluation of fluorescing or optically
brightened materials where the absorption in the UV range of the spectrum
contributes to color appearance. They are designated by the first two digits
of the CCT, and thus D50, D55, D65, and D75 refer to illuminants with CCT's
of about 5000, 5500, 6500, and 7500 K, respectively. If for some reason the
color scientist desires a daylight simulator with some other CCT, methods
are available to transform the daylight distribution to that having the desired
CCT. In the interests of standardization however, the CIE recommends that
D65 be used whenever possible. When D65 (known as “Average Daylight”)
cannot be used, the CIE recommends that either illuminant D55 (Noon Sky
Daylight) or D75 (North Sky Daylight) be used whenever possible. Due to
the specific spectral requirements of daylight simulators used to excite fluo-
rescence, methods for assessing the quality of a test source meant to act as
a practical reproduction of the D55, D65, or D75 illuminants have been devel-
oped [15]. See Fig. 10.5 for a plot of standard illuminants A and D65, and
illuminant C.

As technology advanced and as artificial lighting from fluorescent lamps
became more prevalent, as a matter of practical importance for color calcula-
tions, additional representative illuminants have been introduced by the CIE.
Examples of such distributions include F2, F7, and F12. F2 represents the emis-
sion from a “standard” fluorescent lamp; F7 represents the broadband emission
from a multiple-phosphor fluorescent lamp; and F12 represents emission from a
narrowband fluorescent lamp weighted in the RGB regions of the spectrum.
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FIGURE 10.5 Relative spectral power of CIE standard illuminants A and D65 and illuminant C.
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CIE standard illuminants A and D65 relative spectral power distributions
are given in 1 nm increments in Table T.1 of Ref. [3]. Compilations of the
spectral distributions of the CIE illuminants and the representative sources
may be found in color handbooks and on the Internet. ASTM Standard Prac-
tice E308 also gives compilations for those illuminants of interest to the color
scientist or industrial color professional [16].

10.2.2.3 Calculation of Integrated Tristimulus Values and
Corresponding Weighting Functions

It was previously mentioned that the perceived color of an object depends
upon the light source, the properties of the object that modify the light source
upon reflection or transmission, and the human observer. Mathematically, the
perceived object color can be found by integrating the product of the spectral
source irradiance, the spectral reflectance (or radiance factor, or transmit-
tance) of the object, and the CIE tristimulus values (1931 or 1964) over the
entire wavelength range for which the eye responds. The results are the CIE
tristimulus values (X, Y, Z or X;o, Y10, Z;o of the color stimulus). In the
absence of an object (where in this case the reflectance or transmittance
equals unity), the perceived color of the light source is found, and in the case
of light sources that are CIE illuminants, the calculations result in the white
point of the illuminant.

In the case of a tristimulus colorimeter (see Section 10.3.3), the integrals
are inherently carried out through the use of separate filters whose spectral
transmittance curves closely match that of the standard observer functions
or to some other values that transform to the desired illuminant/observer
(e.g., C/2°) combination. Thus, the source stimulus must ultimately be care-
fully controlled to achieve reproducible results. With instruments that report
spectral reflectance or transmittance data versus wavelength, the integrals
are approximated by summations according to

X= kZS)LR/IX/lA} Y=k S()R(A)y(A)AL,

(10.1)
Z= st YR(2)z(2)A

where S(4) is the relative spectral irradiance distribution of the source, R(4) is the
spectral reflectance (or spectral radiance factor, or spectral transmittance) of the
object, A4 is the wavelength interval, and k is a normalization defined to be

1
k:¢. (10.2)

> S(A)y(2)AL

For the highest accuracy in color measurements, the CIE specifies that this
tristimulus calculation be performed over the wavelength range of
360-830 nm at 1-nm intervals and a 1-nm spectral bandpass. However, for
most practical applications, a spectral range of 380-780 nm with a 5-nm
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spectral bandpass and a 5 nm measurement interval gives adequate accuracy.
Since the order of the factors in the product to be integrated does not matter,
to facilitate calculations, the source, the observer functions, and the normali-
zation can be combined to form weighting factors at each wavelength, 4, to
give WX(A), WY(A), and WZ(4); thus Eq. (10.2) becomes

X=> W ()R(A)AL Y= ZW DAL, Z= ZW M)A (10.3)

The advantage to this approach is that the weighting factors need to be cal-
culated only once for each desired illuminant—observer combination and thus
may be carried as lookup tables in instrument memory. In most industrial
spectrophotometers, and particularly those that are handheld and used outside
the laboratory, the data are available over a more restricted wavelength range,
for example, 400—700 nm and at a much larger spectral bandpass and mea-
surement interval, for example, 10 or 20 nm. To reduce the error in the calcu-
lation of the colorimetric values using this abridged or truncated spectral data,
CIE provides specific recommendations that include the use of the above
weighting factors. Tables of these weighting factors are available in ASTM
E308 for both 1931 and 1964 standard colorimetric observers and a number
of illuminants and practical sources for increments of 10 and 20 nm [16].
More demanding color applications expand this wavelength range to include
those wavelengths in the near UV and the near IR over which the observer
functions have been defined. ASTM E308 provides the tables for increments
of 1, 5, 10, and 20 nm.

It is important to understand that two colors of identical X, Y, Z coordi-
nates will match. However, should two colors not match in X, Y, Z, it is not
possible to estimate the degree of color difference perceived without further
calculations. Thus, color difference metrics have been defined, and some are
discussed in Section 10.2.5.

10.2.3 Metamerism

The dimensional reduction implied in the tristimulus equations has one critical
effect: two different objects with different R(1) can result in the same X, Y, Z
values. Effectively, this means that an observer viewing these two objects under
identical viewing conditions will perceive the same color. Likewise, by viewing
the same object under different light sources S, a different color perception
may result. Changing the observer can have the same effect. These phenomena
are each different forms of metamerism. To be considered metameric, two
objects must have the same X, Y, Z values under a given illuminant/observer
combination, and different X, Y, Z values under another illuminant/
observer combination.

Illuminant metamerism is the specific case of changing X, Y, Z values
when the light source is changed. Practically, this implies that if two observers



Color and Appearance 377

do not use the same light source when viewing a pair of objects, the perceived
color might not be the same. Likewise, when calculating instrumental color,
the same illuminant must be used in the tristimulus equations. Observer
metamerism is the specific case of changing X, Y, Z values when a different
observer is used. Again, the practical application implies that two observers
with different sensitivities might not perceive a color match in the same
way. More importantly, observer metamerism means that if a specific obser-
ver’s sensitivity functions differ from those defined by the CIE, instrumental
color matches using CIE functions might not match that observer’s percep-
tion. The term metameric failure is often used to describe a failure of colors
to retain a match under different light conditions. Metamerism would seem
to be a fundamental flaw in the HVS, making color matching much more dif-
ficult than if people simply detected spectra as an instrument does. However,
consider the very common application of color printing using a limited num-
ber of pigments (occasionally as few as three: cyan, magenta, and yellow).
Using these three pigments alone, one could not possibly hope to create all
of the spectra present in the natural world. However, metamerism allows
the limited spectral variation present to produce a wide range of colors that,
within some bounds, are sufficient for most commercial applications.
The same argument applies to most computer and television displays, where
only red, green, and blue lights are mixed to form the color of each individual
pixel. ASTM 4086 describes the visual methods for determining observer and
illuminant metamerism [17].

10.2.4 Chromaticity Coordinates and Color Spaces

Light sources are not perceived in the same fashion as object colors. Two-
dimensional chromaticity spaces are used, which are projections of a three-
dimensional color space along the luminance direction. Therefore, two lights
of the same color but different luminance will map to the same point in the
chromaticity space. This simplifies the measurement by removing the con-
straint for an absolute luminance calibration. The CIE has recommended a
chromaticity system wherein “chromaticity coordinates” (also known as tri-
chromatic coefficients) x, y, and z are related to the tristimulus values X, Y,
and Z as follows:

X Y Z
xX= , Y= , Z= .
X+Y+Z X+Y+Z X+Y+Z

Only two of the three coordinates are necessary to specify chromaticity since
x+y+z=1. The CIE recommends the use of x and y. The chromaticity coor-
dinates xj9, y10, and z;p may be similarly computed for tristimulus values
resulting from the 10° observer [18].

The chromaticity coordinates x and y corresponding to the 1931 Standard
Colorimetric Observer (and 1964 standard colorimetric observer) may be

(10.4)
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plotted on a diagram in Cartesian space, and the resulting spectrum locus
represents the limits to chromaticity for which all perceived color must fall.
Such a diagram is shown on the left in Fig. 10.6, which is the CIE 1931 chro-
maticity diagram.

The tristimulus value Y with its high correlation to luminance and object
lightness can be combined with the chromaticity coordinates x and y to form
a color space Yxy (alternately known as CIEXYZ) in an attempt to form a
three-dimensional scale for object colors. This space has many useful proper-
ties, among which is color matching. If two similarly viewed colors produce
identical tristimulus values, it can be concluded that the colors match. The
shortfall of CIEXYZ is that should the colors mismatch, even slightly, the per-
ceptual relevance of the color difference cannot be trivially estimated.
Because of this and the fact that CIEXYZ space is not uniform, a variety of
geometric transformations were developed to map CIEXYZ coordinates to
Munsell space, the most perceptually uniform space available. There is a rich
history to the development of such uniform color spaces, and in 1976, the CIE
recommended a space known as CIELAB for use in the measurement of small
color difference primarily when working with diffuse surfaces [19]. The CIE-
LAB color space coordinates L*, a*, and b* are defined by

(7)) - (1) o)
o) ()]

w\'? w
(—) . > 0.008566

@),
We 7.787(W> + o W <0.008566

(10.5)

where

W,

116> W,

and X,, Y,, and Z, represent the white point of the illuminant mentioned in
Section 10.2.2.3. L* is considered to be a lightness dimension; a* is a red—
green dimension; and b* is a yellow—blue dimension. The CIELAB chroma
is given by

Ci,=Val+b?, (10.6)

and the hue is:

b*
hap = tan ™! (a—> . (10.7)

In addition to this space, the CIE recommended a space for use in mea-
surement of small color differences when working primarily with additive
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mixtures or illuminants. This space, known as the 1976 CIELUV and the 1960
u'v' uniform chromaticity scale diagram, retains L* as defined in Eq. (10.5)
but modifies the red—green and yellow—blue dimensions by introducing the
coordinates

wt=13L" (u' —u,), v:=13L"(v' —v),), (10.8)
where
4X 9y
r_ LV = , 10.9
T r15v+32) U T (X+15Y+32) (10.9)

and the n subscript indicates corresponding 1’ and V' values calculated for the
illuminant white point [20]. Figure 10.6 shows the CIELUV color space plot-
ted on this 1960 chromaticity diagram.

CIELAB addresses the shortfall of X, Y, Z mentioned above, namely that
the magnitude of perceived color difference cannot be estimated simply by
the differences in X, Y, Z space. The benefits of Munsell space, and hence
the Munsell-based CIELAB, are that small color differences correspond to
approximately equal distance in the space. Commercially, for object color
measurements, CIELAB represents the dominant color space used. The chief
application is to create industrial tolerances by which product specifications
can be maintained.

10.2.5 Color Difference Metrics

The traditional color difference metric based on CIELAB is the Euclidean dis-
tance between two colors denoted as (Li,aji,bi) and (L3,a3,b5) with compo-
nent differences

AL =L} —L;, Ad* =d, —da}, Ab*=b} —b5, AE", =/ AL +Aa"2 + Ab™,
(10.10)

or equivalently

AE, =/ AL? + AC** + AH™, (10.11)

where hue difference AH* is defined circularly as the remainder of color dif-
ference after accounting for lightness and chroma differences:

AH* = \/ AE? — AL — ACS3. (10.12)

Often the comparison is made to a standard or reference color, against which
individual product samples are compared. Depending on the application, the
differences along individual axes should also be evaluated, that is, the differ-
ences AL*,Aa*,Ab*,and AC};,. These component differences can uncover fea-
tures in the distribution of color difference that are not accounted for by the
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implied spherical nature of AE},;,. That is, AE},, compresses all the color differ-
ences into a single metric, since it defines a sphere around the reference color.
Over time, the use of the simple geometric distance implied by AE}, has
been shown to be insufficient for many applications. Subsequently, the CIE
and other organizations have recommended several other color difference
metrics. All of these are ultimately based on CIELAB measurements. Most
apply the philosophy of separately weighting the lightness, chroma, and hue
component differences. The general form of this family of equations is:

2 2 2
AE=K AL + AC + AH . (10.13)
kLSt kcSc kuSy

With this form, the component differences AL, AC, and AH are weighted by
the scalars Sy, S¢, and Sy to improve the uniformity in the particular region of
color space in which the colors in comparison lie. This form effectively
defines ellipsoids in color space around the target color. By default, the axes
of these ellipsoids fall along the axes of constant L, C, and H. The scalars k;,
kc, and ky are parametric factors, applied to all comparisons identically, based
on the application. In practice, only two of the three need to be specified
(effectively choosing one to always set to unity); the resulting magnitude of
color difference can be scaled with the global K parameter, if desired. Since
the parametric factors are user defined, proper nomenclature for these color
differences should include the values of two of the factors, typically in a form
such as “AE|,.” Care must be used, since the factor set to unity is dependent
on the particular color difference equation. For example, ifk; is fixed at unity,
AE, implies kc=1 and ky=2.

The weights Sy, S¢, and Sy vary with the location in color space of the
standard that is used for comparison. It is particularly important to address
chroma compression, a visual aspect of color difference. Low chroma colors
(neutrals or near-neutral pastels) will show a higher degree of visual differ-
ence than high chroma colors for a given AE},. To compensate for this,
advanced formulae typically calculate S as a nonlinear proportion to C,
effectively reducing the calculated color difference for high chroma compar-
isons. Similar adjustments are made for low versus high L depending on the
location in the hue circle. Briefly, as the shortfalls of AE};, became clear, sev-
eral attempts at improvements have been made. For example, certain differ-
ence equations utilize the concepts of a standard or target color and a batch
or test color. For some of these, the color difference will change when the
standard and batch colors are interchanged.

There are many variations of color difference equations, and they continue
to be adapted in both application-specific and general forms. These are too
numerous to describe every form here. Some details are shown below for
three popular equations: CMC [:c, CIE94, and CIEDE2000 [21]. The first
widely accepted advanced color difference formula was developed by the
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Colour Measurement Committee (CMC) of the Society of Dyers and Colour-
ists and is denoted CMC [:c. It uses the general form for AE as specified in
Eq. (10.12) with small changes in nomenclature:

. ALY (ACE\  (AHTY
Afe = ¢ (ALY ¢ (S (3, 1014,

CMC I:c is an example of an equation for which the color difference can
change when standard and batch colors are interchanged. Users are free to
select the parametric factors / and c. These are typically set to /=2 and
c=1 for visual acceptability or process tolerance, and to /=1 and c¢=1 for
the threshold of perception. These color difference values should be identified
as AE¢vce:1y and AE&wvcq:1y, respectively. The most modern recommenda-
tion is CIEDE2000 [22]. The term “AEg,” adopts the general form shown in
Eq. (10.13) with the addition of a rotation term:

ALY (AC'N  (AH'Y AC' [ AH'
AE: = Ry —— . 10.15
00 \/<kLSL> " <chc> " <kHSH> " T<chc> <kHSH> ( )

The notation is slightly different as the numerator terms are in turn functions
of the color under comparison. The rightmost term under the radical addresses
a serious shortfall of AE};, where visual data show a large rotation of sensitiv-
ity in the blue region. The need for this correction is seen in Fig. 10.7, where
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FIGURE 10.7 Munsell hue “iso-lines” plotted in CIELAB space, showing undesirable
curvature.
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constant Munsell hue lines are plotted in CIELAB. The blue region (fourth
quadrant, lower right) shows the curvature addressed by the rotation term.

10.3 COLOR-MEASURING INSTRUMENTS

Chapter 2 provides an in-depth mathematical description of reflectance and
transmittance. For the discussion related to color and appearance, the relevant
aspect is that light eventually is incident upon the eye or upon an instrument
detector that simulates the human eye responsivity. We can therefore consider
that reflectance quantifies the light reflecting off an object, and transmittance
quantifies the light passing through an object. If the end result of a measure-
ment is to predict color, reflectance or transmittance is determined on a
wavelength-by-wavelength basis, or at least captured using special filters to
simulate color perception. An important attribute of a spectral measurement
system is the bandwidth of light detected around each given wavelength.
Again, the specific mathematical details of this are rigorously covered in
Chapters 2 and 3. While it is often tempting to desire the smallest bandwidth,
and therefore the best spectral resolution, the reality is that narrow bandwidth
also implies lower signal and therefore lower signal-to-noise ratio. Color
measurement instruments are designed to balance the physical needs of the
detection system with the need to accurately quantify materials’ physical prop-
erties. In general, more weight is placed on accurate color prediction and
reproducibility of measurements than on accurate spectral properties. Instru-
ment reproducibility is a key factor when evaluating consistency of manufac-
tured product color from day to day, month to month, or even year to year.
It is normally quantified by measuring a set of stable color standards during
instrument production and comparing the results to the average of the readings
obtained for a small and vetted “pilot” set of instruments. The color difference
of the individual instrument’s readings with respect to the average for the pilot
set is computed, and steps are taken to minimize the difference if required.
Instruments that measure color are generally classified into two types: tri-
stimulus colorimeters and spectrophotometers. Both normally measure values
associated with the reflectance factor (see Chapter 6), which is the ratio of the
light reflected by the sample being measured to that reflected by a reference
specimen. For colorimetric measurements of opaque materials, the CIE
recommended reference standard is the perfectly reflecting diffuser (PRD),
an ideal reflector wherein 100% of the light is reflected equally in all direc-
tions when measured at a hemisphere above the specimen. Such an ideal dif-
fuser cannot be realized and approximations have been in use for quite some
time known as secondary white diffusers which have been calibrated using
absolute methods to provide traceability to the PRD. ASTM International
publishes a Standard Practice for the preparation of such a diffuser [23]. When
the process is followed in strict accordance with this standard, the resulting
reflectance factor values can be considered to be in good agreement with
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those provided by an absolute calibration as performed by a National Metrol-
ogy Institute (NMI) such as the National Institute of Standards and Technol-
ogy (NIST) in the United States, the National Research Council (NRC) in
Canada, or the National Physics Laboratory (NPL) in the United Kingdom.
Thus, a secondary laboratory or even the instrument manufacturer avoids
the elaborate methods and expensive equipment associated with an absolute
calibration. The results may then be transferred to the color-measuring instru-
ment through an ancillary process.

Tristimulus colorimeters use multiple detectors windowed by colored glass
filters or engineered, dielectric thin-film filters whose transmittances have
been carefully selected to closely match the standard observer functions or
to transform the instrument’s broadband illumination to a specific illumi-
nant/observer combination. The output is a direct report of X, Y, Z (refer to
Eq. 10.1 with the summations replaced by integrals), and then the results
are used to convert to the appropriate color scale (such as CIELAB). They
generally use nominal 45°:0° or 0°:45° geometries (refer to Section 10.3.1)
as these geometries are best for measuring color according to eye perception.
The measurement of a set of stable color standards which span the gamut of
color space should be performed as a matter of routine with tristimulus colori-
meters since the spectral output of the optical source is generally not moni-
tored and any degradation due to aging of the source or in the spectral
transmittance of the filters will cause errors in the reported output. Because
only tristimulus values X, Y, and Z are reported, metamerism (refer to
Section 10.2.3) cannot be detected.

Spectrophotometers measure either reflectance (or reflectance factor) or
transmittance directly on a wavelength-by-wavelength basis. A monochromator
disperses the received spectrum into known wavelength bands, and the amplitude
reported within each band is combined to report the reflectance. The reflectance
information is subsequently converted to tristimulus values (again using
Eq. 10.1). Spectrophotometers may employ 45°:0°, 0°:45°, or integrating sphere
geometries depending on the surface characteristics of the object to be measured
and the goal of the measurement.

Industrial spectrophotometers normally use broadband sources with dif-
fraction grating spectrometers with diode array detectors. The primary design
goal for handheld versions is to minimize instrument size (to within some of
the constraints imposed by measurement practice and as dictated by customer
needs), weight, and cost while still providing meaningful data. Benchtop ver-
sions tend to use designs that more closely follow the requirements of stan-
dard practice, where size, weight, and cost are of less concern. The purpose
of all of these spectrophotometric instruments, as with the tristimulus colorim-
eter, is to identify, sort, quantify, and record color metrics and color differ-
ences primarily for product quality control.

Higher-cost (sometimes referred to as analytical or research-grade) instru-
ments, designed for calibration and metrology, use broadband sources
and perhaps multiple broadband sources. They generally employ scanning
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monochromator(s) as the spectral engine and a suite of detectors whose
response is specific to the wavelength range of interest. The use of a scanning
monochromator allows both the wavelength and the bandwidth of the selected
light to be adjusted prior to reaching the object. Their size and design are such
that most, if not all, of the geometric requirements imposed by colorimetric
standard practices are met. The spectral ranges of these instruments is typically
well beyond the range of human vision, and since this chapter deals with the
measurement of color, these instrument types will not be discussed further.

Before proceeding, it is important to comment that object fluorescence can
be a problem for any instrument that measures color. A fluorescent object
absorbs light at one (or possibly more) wavelength band and reemits light at
another, higher wavelength band (refer to Chapters 2 and 7 for detailed dis-
cussions). Consider a system that employs a monochromator before the object
to be measured, and only one wavelength band is incident on the object at a
time. The fluorescent signal of the longer wavelength will be improperly
attributed to the lower excitation wavelength and therefore is a source of
error. If the monochromator is instead placed between the object and the
receiving detector, the fluorescent signal is correctly interpreted at the longer
wavelength. Therefore, in the case of fluorescent objects, when using broad-
band sources, great care should be taken to faithfully reproduce the spectral
characteristics of the desired source for the color measurement, particularly
in the blue and near UV region of the spectrum where absorption most often
occurs. Otherwise, different spectral reflectance curves will result giving var-
iations in the reported color. Of course, this is only a problem if the color dif-
ference is outside the acceptable tolerance. This can occur if the object is
thought to be free of fluorescence, but in fact exhibits the effect. In this case,
if the same object is measured by different instruments of the same design
wherein the excitation spectra is not adequately managed, the interpretation
would be that there is a lack of color measurement reproducibility between
instruments. This can be a significant problem leading to wasted time and
effort, if the object serves as a color standard used to check reproducibility.
Such an effect was recently discovered with certain ceramic color standards
and the effect analyzed in detail [24]. Furthermore, many color instruments
are used to report a Whiteness Index [25] and this index is calculated directly
from the reflectance curve resulting from the fluorescence. Thus, once again,
if the excitation spectrum is not adequately managed, the reported whiteness
will vary due to the source, and not due to unintentional variations in the rec-
ipe for any fluorescent whitening agents that may have been added to the
product by the manufacturer.

10.3.1 Geometric Considerations

In Section 10.1, it was mentioned that the color of objects is determined by
the parts of the incident visible light that are reflected and/or transmitted with-
out being absorbed. The theoretical description of this interaction was given in
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Chapter 2 by considering a beam of light incident on a nonfluorescent object.
If you refer to Fig. 2.1 of Chapter 2, this illustrates the notions of specular
reflectance, the diffuse reflectance, the regular transmission, and the diffuse
transmission. The light from the source is incident on the object from the
upper left. A retroreflected component may exist and if so, it retraces the path
of the incident beam but in the opposite direction. The regular or “specular”
component of reflection traces a path that has the same angle with respect
to the normal of the object as the incident beam, but on the opposite side of
the normal. This is an illustration of the well-known law for mirror-like
reflection. In addition to the specular component, there may be “diffuse” com-
ponents where the light is reflected at many angles and not just the specular or
retroreflected angle. Diffuse reflections are shown at the left hemisphere in
the figure. The origin of the diffuse components may be thought to arise from
roughness or scattering centers just below the surface where the light is inci-
dent. Light that propagates through the object is subject to Snell’s Law (if it is
mostly transparent), absorption, and scattering and then emerges from the
object. The regularly transmitted beam takes the same angle with respect to
the object normal as the incident beam assuming that the refractive index
on the emerging side is the same as the incident side. There may or may
not be diffuse components of transmission depending on scattering within
and also at the exit surface of the object. Refer to Chapters 2 and 6 for a com-
plete description of diffuse reflectance and transmittance.

An opaque object will not allow a beam to be transmitted through it, and if
there is some surface gloss, the total components of reflection are due only to
the specular component and the sum of all the diffuse components. Consider
now what happens if the left hemisphere constitutes the surface of an integrat-
ing sphere. The radiance of the sphere wall is due to the integration of the
specular ray and that of the diffuse components, and in this case, the sphere
is operating in reflectance “SpeCular Included” mode, referred to as “SCI”
(formerly, RSIN or SPIN). If the specular ray is omitted, perhaps either by
adding a light trap at the point where the ray strikes the sphere wall or by add-
ing a small hole to allow it to escape, the sphere operates in reflectance
“SpeCular Excluded” mode, referred to as “SCE” (formerly, RSEX or SPEX).
If the object primarily has a matte finish, there is no specular component, and
the two modes are essentially indistinguishable. Furthermore, the specular and
diffuse components can have significantly different color properties. Thus
with instruments that employ an integrating sphere, the reported color of
objects having surface gloss will be different in the SCI mode compared to
the SCE mode. The user must be aware of this difference. Generally, the rule
of thumb is the following. When measuring plane surfaces with high gloss,
use SCE mode to eliminate the component of gloss, as this does not contribute
to surface color. In the case of plane surfaces with intermediate gloss and pos-
sibly texture (e.g., textiles), measurements may be made in the SCI mode, but
the correlation with visual color judgment may be poor. It is better to use
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0°:45° or 45°:0° geometry discussed below. In the case of low gloss, matte
specimens, either SCI or SCE geometries may be used. Bare metal surfaces
should generally be measured with the specular component included. See
Ref. [26] for general guidelines for measuring color using an instrument
employing hemispherical geometry.

The CIE has established recommendations for hemispherical illumination
using integrating spheres, and ASTM has established standard guidelines
[27,28] for the measurement of reflection and transmission. If the sample to
be measured is illuminated directly by an integrating sphere and the viewing
angle does not exceed 10° from the normal to the surface of the sample, the
reader may recognize this condition as the “di:0°” and “de:0°” geometries if
the specular component is included or excluded, respectively. The integrating
sphere may be of any diameter provided the total area of all sphere ports does
not exceed 10% of the total internal reflecting surface area, and the angle
between the axis and an arbitrary ray of the viewing beam should not
exceed 5°. Helmholtz reciprocity (described in Chapter 2) applies so that the
sample may be illuminated by a beam whose axis does not exceed 10° from
the sample normal, and the reflected flux is collected by an integrating sphere.
The geometry is then referred to as “0°:di”” and “0°:de” if the specular compo-
nent is included or excluded, respectively. Refer to CIE Publication 15.3 (see
Ref. [29] herein) for a complete description of the geometric conditions for illu-
mination and viewing in colorimetry, including the nomenclature to be used.

A schematic for a practical color-measuring instrument that uses hemi-
spherical illumination by means of an integrating sphere is shown in
Fig. 10.8. The sample is located at the measuring port of the sphere and illumi-
nated diffusely by the light from the source reflecting from the sphere wall. The
center of the view port is inclined at an angle 6 with respect to the normal of the
sample. The center of the SCE port is also inclined at 6 with respect to the nor-
mal, thus providing a means to locate either a light trap or an opening at the port
to allow the specular ray to be trapped or to exit. This configuration can be
designated as “d:0,” where 0 can take any value up to 10° if the CIE/ASTM
guidelines are to be followed. Typically, 6 is either 6° or 8°. A practical limit
to the sphere size and 0 is set by the dimensions of the SCE port. Referring to
Fig. 10.8, the distance of the center of the SCE port to the axis of the sphere,
which is the sample normal, is approximately given by the distance d. Suppose
d is just a little larger than the radius of the SCE port and has a value of 15 mm
(suppose the SCE port has a 25 mm diameter). Then

Dtan0 =d, (10.16)

where D is the diameter of the sphere. The product is therefore fixed at
15 mm. If 6=10°, the maximum permitted, then the diameter of the sphere
can only be as small as 85 mm. Typically, 0 is either 6° or 8° so that D
becomes 143 or 107 mm, respectively. Assuming 6°, the notation would thus
become “d:6°.” The SCE port may lead to significant errors in comparisons of
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Sample

FIGURE 10.8 Schematic for sample measurement using an integrating sphere for illumination.

specular-excluded measurements of the same sample among instruments
using spheres of different diameters and different size SCE ports.

If the sample is not opaque, light will propagate through the first surface,
and transmission and scatter components will be generated, if they are not
completely absorbed within the object. Some of the scattered components
may be reflected back to the first surface where they will exit, thereby contri-
buting to the diffuse components of the first surface. This added effect due to
hazy, turbid, or translucent samples may be significant depending on the sam-
ple. The apparent surface color is affected by the size of the illuminated
region of the sample, and interpretations of color may vary between instru-
ments if the sample port sizes are not identical. Sample port sizes depend
upon the area of the sample that is desired to be viewed. Typically, the sample
port diameter is 25 mm. Other sizes may be used as dictated by the needs of
the customer, with the caveat that at no time may the edge of the port be seen
by the detector monitoring the light exiting the view port.

The surface color of objects is perceived because of the diffuse reflection
(or diffuse transmission) only. Although sphere measurements can be used, it
is generally recognized that 45°:0° and 0°:45° illumination/viewing geome-
tries are best for measuring color since they produce results that correlate well
with human perception, especially when surface texture or gloss is taken into
account. ASTM International publishes a standard test method for the mea-
surement of reflectance factor and color using a spectrophotometer in the
45°:0° geometry [30] and another similar test method when using a filter
colorimeter [31].

Figure 10.9 shows a simplistic schematic of instruments that use 45° illu-
mination and 0° viewing. On the left-hand side of Fig. 10.9, light is incident at
a 45° angle with respect to the normal of the sample. The object is shown to
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FIGURE 10.9 Schematic of a simplified 45°:0° configuration.

generate diffuse components, some of which are collected by the observer
looking down the axis which is the normal to the object. Unidirectional illu-
mination is shown; that is, the light is incident from only one azimuth and ele-
vation (45°). For this illumination scheme, some objects (e.g., textiles, plastic
pellets, and food) may exhibit directionality, meaning that the instrument
readings will vary as the object is rotated about the normal, in the plane of
the object. In this case, bidirectional, or even better, circumferential illumina-
tion is preferred, as shown on the right-hand side of Fig. 10.9, to reduce the
sensitivity to object orientation. Direct rays from the source are blocked by
an opaque screen, and an annular cone of illuminating rays is intercepted by
a cylindrical mirror and directed to the object. Because of Helmholtz reciproc-
ity [32], the illumination and viewing angles may be interchanged and should
lead to identical results, provided the extent of the angular divergence of the
illumination and viewing beams are the same. Geometric recommendations
for the limits to the illumination and viewing fields can be found in the vari-
ous ASTM guidelines and Standard Practices given in the References section.

10.3.2 Source Considerations

Optical sources for use in handheld and benchtop colorimeters and spectro-
photometers are typically continuous wave (CW) tungsten, quartz—tungsten—
halogen, or xenon flash. Xenon is particularly well suited as a daylight simu-
lator because of its relatively high UV content and its spectral similarity to
standard illuminant D65. Power supplies must be designed with consistency
and stability in mind, especially if a separate instrument channel is not dedi-
cated to monitor the light output.

In the case of tungsten lamps employed in tristimulus colorimeters,
current stability and actual current value are both a concern, as variations will
alter the relative spectral power distribution, thereby modifying the range of
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wavelengths intercepted by the observer filters during photodetection. This
leads to a change in calibration and therefore errors in reported color. In the
case of xenon flash, the spatial variations of the position of the arc can be par-
ticularly troublesome and will manifest themselves as reading repeatability
failure if the light projection optics are not designed to mitigate the potential
variations. In either case, cost is always a consideration, as is the potential for
obsolescence. For example, high power, high brightness, and selectably
addressable LEDs coupled to appropriate phosphors could replace both tung-
sten and xenon as a source of light in colorimetric instruments. Such LEDs are
small, consume very little power, and have high stability with very long life.
White organic LEDs [33] are also the subject of much research, particularly in
solid-state lighting applications, and these may one day be utilized.

10.3.3 Detection and Signal Processing Considerations

Since the spectral range required for colorimetric measurements only spans
the visible, silicon detectors, which have high sensitivity in this region, are
commonly used. They may be packaged as discrete devices or in linear or
square arrays. Discrete devices are typically employed for tristimulus colori-
meters, and either linear or square arrays in the case of spectrophotometers.

Figure 10.10 shows a schematic of a generic tristimulus colorimeter. Light
from the source is directed by the source optics to the sample under measure-
ment. The source optics may be designed to produce 45° or 0° illumination.
Light that is diffusely reflected by the sample is collected by the sample optics
(at either 0° or 45°) and directed to a suite of filters and photodetectors. Three
such filters and photodetectors are shown, but sometimes four are used where
two are dedicated to replicating the “X”” observer function. The output of the
photodiode amplifiers may or may not be digitized.

The spectral transmittance of the individual filters can be designed to rep-
licate the standard observer functions when the source has a relative spectral
power distribution similar to that of standard illuminant A. However, since
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FIGURE 10.10 Schematic of a generic colorimeter.
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many colorimetric specifications are written with the illuminant C in mind,
this constraint can be taken into account and the filter transmittance may be
appropriately modified.

A schematic of a dual-channel system that might represent a spectropho-
tometer is shown in Fig. 10.11. In this case, the colorimeter filter suite is
replaced by grating spectrometer which disperses the collected light into its
constituent wavelengths. The advantage of the second channel is that optical
source variations can be divided out on a wavelength-by-wavelength basis.

Let’s assume the output of the array detector and the processing electron-
ics is a voltage V. There is a voltage associated with the sample signal, Vump,
and a voltage associated with the monitor signal, V,,,,. Thus, the signal ratio
73 =Vsamp/Vmon is determined. The subscript 4 designates that there are as
many such ratios as wavelengths that are reported.

The photometric scale of the instrument is established when the instrument
is calibrated. Typically, a white standard is measured, thereby producing a ref-
erence signal ratio r,,. To allow for the measurement of fluorescent materials
or materials whose reflectance factor is greater than unity, the sample scale is
set so that the signal corresponding to the white sample is usually about half
way to the maximum value allowed by the electronics. Next, a light trap is
measured to set the dark signal, producing a dark signal ratio r4;. A linear
photometric scale is assumed (which may or may not actually be the case
but techniques described in Section 10.3.4 are later used to linearize the
scale), and the ratio, rs, obtained for an arbitrary sample presented to the
measurement port is

(r;—raz)
Fgp =———". (10.17)
(rwi—ra1)
If the reference sample is used for the arbitrary sample, r,; =1, while if the
light trap is used, r,;=0. To complete the transfer to the reflectance scale,
Eq. (10.17) is multiplied by the value of the reflectance factor R,,, for the ref-
erence standard, so that the reported reflectance factor of the sample of the
sample is simply
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FIGURE 10.11 Schematic of a generic spectrophotometer.
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Ry =Ry; 1. (10.18)

Instruments are usually delivered with a reference standard. Its reflectance
factor R,,, is determined by transferring a calibration of a known standard
of similar design, traceable to the PRD.

Since the individual pixels comprising the array detector usually have a
physical extent that spans a much smaller wavelength than the wavelength
band that is desired, typically 5 or 10 nm, their individual outputs are com-
bined and weighted into constant triangular passbands centered on each
reported wavelength, with a full width at half maximum (FWHM) commensu-
rate with the reporting interval, as recommended by ASTM E308. Triangular
passbands are normally employed, but their actual shape is not critical assum-
ing that techniques (refer to Section 10.3.4 and Eq. 10.19) are ultimately used
to minimize the effect of bandpass variations.

The wavelength scale for spectrophotometers employing array detectors is
usually established by viewing monochromatic light of known wavelengths
(e.g., lasers or the output of spectral calibration lamps; see Chapter 3) and
then calculating the positions of the centroids of the monochromatic lines in
pixel space, thus mapping wavelength to pixel number. For best results, the
entrance aperture of the instrument should be illuminated in a manner identi-
cal to that used when actually measuring reflectance while the wavelength
calibration is performed.

10.3.4 Uncertainties

The progression from measurement to surface color specification goes from
measured spectral reflectance factor, to calculated tristimulus values, and
chromaticity coordinates or color space values. Therefore, to arrive at the
uncertainties in the final values describing the surface color of a specimen,
the uncertainties in spectral reflectance factor, R(4), must be propagated
through the calculations. The uncertainty associated with the quantitative
description of the color of an object is often necessary for determining the
acceptability of that object for its intended application. Uncertainties are also
required for establishing the traceability of a measurement to an NMI. Deter-
mining the uncertainty in the measured color of a specimen has been a topic
of interest for many years [34—43]. Chapter 1 outlines the general approach to
propagating uncertainties in a measurement.

Uncertainties in the final color values can be calculated using two different
approaches described in Ref. [44]. In the first, the uncertainties in R(1) are
propagated through uncertainties in the tristimulus values, which are then
used to calculate the uncertainties in the chromaticity coordinates or color
space values. In the second approach, the tristimulus definitions are substi-
tuted into the definitions of the final color values to obtain equations in terms
of the R(Z). The uncertainties in the final color values given by these
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equations are calculated directly from the uncertainties in the R(Z). In both
approaches, the correlations between the uncertainties in R(4) at different
wavelengths must be included in the calculations.

The common sources of uncertainty in color measurements are signal
noise, offset in the signal, and uncertainties in the standard and the wave-
length. Signal noise is the result of random processes in both the optical
source and detector. Offsets in the signal can arise from several sources
including an improper zero, misalignment of the specimen, and stray light.
An improper zero adds a constant value to all signals, while misalignment
of the specimen is the result of a difference in location, with respect to the ref-
erence plane, between the specimen and the standard. For example, if the
specimen and standard are physically different, it may not be possible to align
one of the front surfaces with the reference plane. This can introduce sample
recess errors. Heterochromatic stray light is radiant flux that reaches the
detector at wavelengths outside the nominal spectral bandwidth of the illumi-
nation, which adds a value to each signal. This value depends upon the spec-
tral shape of the illumination, the spectral reflectance of both the specimen
and standard, and the responsivity of the receiver. The standard has an uncer-
tainty from its calibration, and there is an uncertainty associated with the
wavelength setting of the measuring instrument. Uncertainties in the normal-
ized tristimulus weighting factors W, ;, W, ;, and W.; can be an additional
source of uncertainty for reflectance colorimetry. For example, the weighting
factors chosen for the calculation may not be appropriate for the spectral
bandwidth and interval of the measuring instrument. For complete uncertainty
analysis, the correlations between signals at the same wavelength and between
reflectance factors at different wavelengths for each of these sources should
be considered in the analysis [45,46].

In a more simplistic approach, spectrophotometric errors are categorized
as arising from systematic errors such as those generated by detector nonlin-
earity, wavelength registration, and bandpass variations. Random errors due
to noise, drift, and sample presentation can contribute to the inaccuracy of a
measurement; however, the systematic errors are of most concern to the man-
ufacturers who strive to achieve reproducibility in their instruments. Results
are said to be reproducible when the measurement of color is the same among
different instruments of the same design. This is extremely important when
the instruments are used over several years for quality and process control,
especially in production facilities that might be separated by hundreds or
thousands of miles!

Most manufacturers rely on “profile-based correction” (PBC) to model the
systematic errors and to tighten reproducibility (sometimes referred to as
“interinstrument agreement”). The approach was first described by Robert-
son [47] and further investigated by Berns and Petersen [39] who employed
multivariate regression. A suite of stable colored standards which span the
gamut of perceived color, typically the BCRA tile set series II from Ceram
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(now Lucideon) [48], are used to diagnose the systematic errors. The spectral
reflectance (which may be SCI, SCE, 45°:0° or 0°:45°) of the colors compris-
ing the tile set is first assigned by measuring the tiles with several instruments
of the same type. These are normally the first or “pilot” instruments produced
by the manufacturer. After vetting for obvious outliers, the average reflec-
tance of each color as measured by the set of pilot instruments is computed,
and these results become the assigned (but not traceable to any calibration)
values of reflectance, R(4), for the PBC algorithm.

The errors are normally modeled as arising from five contributions: an off-
set error, such as that due to stray light or the use of a light trap with finite
instead of zero reflectance; a photometric linear scale error, where the output
at the top of scale is emphasized more than the bottom of the scale; a wave-
length registration error, arising from an improper calibration of the wave-
length scale which is proportional to the first derivative of the reflectance
curve; a bandpass error, arising from a variation of the instrument bandpass
with wavelength which is proportional to the second derivative of the reflec-
tance curve; and a nonlinear photometric scale error, typically taken to be
quadratic and arising from nonlinearity in the detector. With these in mind,
the model equation that relates the difference between the assigned reflec-
tance, R, and the reported reflectance, R,

2
RA—R:C1+C2R+C3%+C4d7nR+C5(100—R)R, (10.19)
d. dA2

where the model terms are described above. By subjecting the reported reflec-
tance to linear regression, the values for the model terms c¢;—cs which mini-
mize the difference over the suite of colors are found. The coefficients
represent the sensitivity coefficients in this diagnostic model of the systematic
errors. These coefficients are normally stored in the instrument memory and

applied whenever a subsequent measurement is taken.

In the interest of some kind of traceability (but not in the rigorous sense as
described earlier), the photometric top of scale of the instrument, that is, its
white standard, is usually assigned by referencing its reflectance to that of a
similar standard that was calibrated by an NMI such as NIST, or to a process
such as that described by ASTM E259. Since the BCRA tiles are known to be
thermochromic, it is important to observe constant environmental conditions
when the PBC algorithm is implemented.

10.4 GONIOAPPARENT MATERIALS

Pigments are being manufactured with new and unique appearance attri-
butes [49]. For example, gonioapparent materials such as metallic and pearl-
escent coatings exhibit differences in their perceived color with changes in
the illumination or viewing angle, or both [50]. These coatings are very
important to the generation of many unique effects used in the printing of
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currency, formulation of cosmetics, and application of paint to automobiles.
For example, metallic coatings were developed in the 1930s, and today about
80% of all automobiles have metallic finishes [51]. These gonioapparent
properties require exceptional processing conditions and characterization
methods, which are different from the traditional single geometry method.
The necessary set of measurement geometries is determined by the complex-
ity of the scattering mechanisms present in these coatings. The combination of
one illumination angle and three viewing angles is sufficient for the colori-
metric characterization of metallic coatings but is not sufficient for the char-
acterization of pearlescent interference coatings [52,53].

Table 10.1 shows a comparison of the optical characteristics of traditional
color pigments and gonioapparent coatings. For all of these coatings, the front
surface is a clear, smooth overcoat. The reflective properties of this overcoat
are investigated at the specular geometry. In traditional color pigments, part of
the incident light is absorbed, while the rest is diffusely scattered. Therefore,
the perceived color is relatively independent of the measuring geometry,
including the illumination and viewing angles, and the traditional single
geometry of 0°:45° is sufficient to characterize the color of these coatings.
In contrast, the primary interaction of light with metallic coatings is specular
reflection from the flakes, and the perceived brightness depends on the view-
ing angle, but is independent of the illumination angle, while the perceived
chroma and hue are independent of the measuring geometry. Metallic coatings
appear brighter as they are rotated away from the viewer.

Pearl interference pigments or pearlescent coatings usually consist of thin
metal oxide layers on transparent mica platelets, and their perceived chroma,
hue, and brightness depend on both the illumination and viewing angles. The

TABLE 10.1 Comparison of the Optical Characteristics of Absorption
and Gonioapparent (Metallic and Pearlescent) Coatings

Type of Coating Absorption Metallic Pearlescent

Optical principle of
ptical principle o \\\

pigments (first order) .‘%’ "
. - — __
. . -

Diffuse scattering  Specular
or absorption reflection Thin-film pearl
(mica) interference

Perceived chroma and Independent of Independent of  Dependent on

hue geometry geometry geometry

Perceived brightness Independent of Dependenton  Dependent on
geometry geometry geometry

o /
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unique pearlescent effect occurs because transparent shiny mica platelets
allow a portion of the incident light to be transmitted. When the transmitted
portion of the light meets further boundary surfaces with different refractive
indices, a portion of the light is reflected. The total reflected light is then
made up of portions that have traveled on different paths, producing optical
interference.

Parallel alignment of the platelet pigments in a gonioapparent coating is
essential for their unique effect. The wide angular dispersion of reflected light
in gonioapparent coatings means that they can be fully characterized only if
evaluated from many directions [54,55]. For example, the color of metallic
coatings can be accurately characterized with an illumination angle of 45°
and aspecular angles of 15°, 25°, and 110°. The aspecular angle is the viewing
angle measured from the specular angle toward the sample normal. ASTM
E2194-03 describes the measurement protocol including the recommended
geometries and tolerances for the measuring instruments [56]. The number
of measuring geometries needed to characterize pearlescent coatings is greater
than that for metallic coatings. ASTM E2539-12 describes the measuring
instrument requirements and parameters needed to make color measurements
of thin-film interference pigmented coatings [57]. Instrument makers designed
and built instruments that comply with the measurement geometries and spe-
cifications prescribed in these standards.

10.5 GEOMETRICAL ATTRIBUTES

Geometrical attributes are those attributes that vary the spatial or angular dis-
tribution of the light without significantly changing the spectral distribution
[1]. Most objects have some degree of surface texture that determines the
visual appearance. The smaller surface texture with lateral dimensions in
the range of 0.01 mm results in a reduction in the gloss value and the first
glimpse of reflection haze. As the surface texture increases to greater than
1 mm, the quality of the image forming starts to be affected, like distinctness
of image (DOI).

There is no standard observer for the geometrical attributes, as there is for
color. The geometrical scales are established by fabricating a set of samples
with the attribute under investigation. Trained observers will visually rank
these samples. The angular distribution of the reflected/transmitted light, or
goniodistribution, is then measured under different measurement conditions,
including incident and viewing angle, source and detector aperture, spectral
power distribution of the illuminating source, and spectral responsivity of
the detector. The scale is established when the correlation between the visual
and experimental measurements is optimized. Visual assessment of these attri-
butes is subject to error introduced by lighting condition and the size, color,
and orientation of the surface being measured.
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The total appearance of objects depends on the structure size and the view-
ing distance. Therefore, the measurement results depend on the type of mea-
suring instrument, measurement geometry, calibration of the instrument, and
the surface characteristics of the object to be measured. In order to be able
to compare the measured values, the standardization of instruments has
become increasingly important. This has resulted in the development of stan-
dard test method documents that give prescriptions on the instruments speci-
fications including measurement geometry, source and detector apertures,
spectral power distribution of the illumination source, and spectral power sen-
sitivity of the detector.

10.5.1 Specular Gloss

Gloss is the perception by an observer of the mirror-like appearance of a sur-
face and describes the ability of a surface to reflect light in the specular direc-
tion [58,59]. This perception changes whenever there is a change in the
relative position or spectral distribution of the source, the sample, and the
observer. Gloss is the second most utilized appearance attribute, after color,
to evaluate the quality of products such as automotive coatings, textiles, and
papers. High-gloss finishes are often used to make the products more visually
appealing. Gloss is quantified by measuring the light reflected at the specular
angle and is created in the uppermost surface layer of the object. Therefore,
specular gloss strongly depends on the smoothness of the surface of the
object. Different standard geometries are used to determine the specular gloss
of materials for different applications. Table 10.2 lists examples of these geo-
metries and their applications. These geometries were selected based on their

\

TABLE 10.2 Standard Geometries for Specular Gloss Measurements

and Their Applications

Specular Angle (°)  Applications

20 High gloss of plastic films, appliances, and automotive finishes,
typically greater than 70 gloss units

30 High gloss of image-reflecting surfaces

45 Porcelain enamels and plastics

60 Paints and plastics with gloss units between 10 and 70

75 Coated waxes and papers

85 Low gloss of flat matte paints and camouflage coatings, typically
for less than 10 gloss units

o /
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ability to produce optimum discrimination between samples and to correlate
with visual rankings.

The measurement of specular gloss consists of comparing the luminous
reflectance from a test sample to that from a calibrated gloss standard, under
the same experimental conditions. Therefore, gloss is a dimensionless and
psychophysical quantity whose accurate determination depends on the charac-
teristics of the measuring instrument and on the gloss standard. Several docu-
mentary standards describe the proper measurement conditions to determine
specular gloss for specific surfaces. In particular, the ISO 2813 [60] and the
ASTM D523 [61] describe the measurement procedure for specular gloss at
20°, 60°, and 85° geometries for nonmetallic paint samples from low- to
high-gloss levels. These documentary standards specify the incident beam to
be a collimated unpolarized beam, the specular angles, the source and receptor
apertures, and the spectral flux distribution of the source and spectral response
of the receptor. Problems with these documentary standards have been identi-
fied and are well documented [62,63]. The illumination beam is collimated
with a spectral flux distribution approximating that of illuminant C. The lumi-
nous flux in the reflected beam is measured with a receiver having a spectral
responsivity that approximates the CIE spectral luminous efficiency function
V. Figure 10.12 shows the spectral power distribution of the source and the
spectral response of the detector. The dimensions of the source and receptor
apertures are predetermined by the specular geometry, focal length of the col-
limator lens in the system, test material, and the correlation with visual rank-
ing. The theoretical standard for specular gloss measurements is a highly
polished planar black glass with a refractive index for the sodium D line
(Ap=589.3 nm) of np=1.567. To set the specular gloss scale, the specular
gloss of this theoretical standard has an assigned value of 100 for each of
the three standard specular geometries of 20°, 60°, and 85°. For primary gloss
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FIGURE 10.12 Spectral distributions of illuminant C (dashed line) and the CIE spectral lumi-
nous efficiency function (solid line).
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standards with a refractive index different from np=1.567, their specular
gloss is computed from the refractive index and the Fresnel equations (see
Chapter 2).

Measuring the specular gloss of a test sample involves the ratio of the
luminous reflectances of the test sample and primary standard [64]. The spec-
ular gloss of a test sample at a nominal angle 6, is given by

_pv,t(go)
pv,s(eo) '

where G4(0p) is the specular gloss of the primary standard and p, (0p) and
pv.s(0p) are the specular luminous reflectances of the test sample and primary
standard, respectively. Furthermore, the specular gloss of the primary standard
is given by

G(0o) = Gs(bo)

(10.20)

ps(e()v )VD)

Gs(09) =Go(0p)- .
( 0) 0( 0) Po(QO,AD)

, (10.21)
where G(0y) is the specular gloss of the theoretical standard and p,(6,, Ap) and
po(0y, Ap) are the specular reflectances of the primary and theoretical stan-
dards, respectively, at a wavelength 1p=1589.3 nm. Combining Egs. (10.20)
and (10.21), the specular gloss of the sample under test is given by

ps(eﬂ, /LD) . pv,t(go)
pO(QO’ )“D) pv,s(go) '

For each of the three standard geometries (20°, 60°, and 85°), the specular
gloss of the theoretical standard is defined as Gy(fp)=100. The specular
reflectance p from the surface of a dielectric sample depends on the incident
angle 0 defined relative to the normal of the sample, the index of refraction at
the wavelength 4, and the polarization ¢ (p or s) of the incident radiant flux.
The specular reflectance as a function of these variables is given by the Fresnel
equations, Eq. (2.142). The specular reflectance for unpolarized incident
radiant flux is calculated from

1
p(0, A)*E

The specular reflectances at the standard angles of illumination for unpolar-
ized radiant flux for the theoretical standard, po(6y, Ap), are calculated from
Eq. (10.23) and are listed in Table 10.3.

The specular gloss of the primary standard depends on its reflectance p.
However, the documentary standards are ambiguous concerning the definition
of this reflectance, since the reflectance is slightly wavelength dependent. One
approach is to use the calculated py(6y, Ap) of the primary standard for its
index of refraction at Ap=2589.3 nm. Other approaches determine the specular
gloss of the standard by an integrated average of the reflectance, weighted by

Gi(0p) =Go(0o)-

(10.22)

[p(0,4,p)+p(0, 4,5)]. (10.23)



Spectrophotometry

\
TABLE 10.3 Specular Reflectance py(0, Ap) of the Theoretical Gloss
Standard for Each Standard Illumination Angle at Wavelength
Ap=589.3 nm
Illumination Angle (°) Po(6, Ap)
20 0.049078
60 0.100056
85 0.619148
/

the product of the illuminant C, the CIE spectral luminous efficiency function,
and the angular spread of the probing beam.

The components of uncertainty associated with gloss measurements are
divided into those arising from experimentally measured quantities and those
arising from deviations from standard recommendations. The components of
uncertainties arising from the illuminator are the stability of the light source,
polarization and angular distribution of the illuminator, and deviations of the
illuminator spectral power distribution to the illuminant C. The components of
uncertainties arising from the sample compartment include the errors in the
angular positioning of the incident and viewing angle, repeatability of the
angular setting, and sample alignment and repeatability of sample positioning.
The components of uncertainties arising from the detector include responsiv-
ity and linearity of the detector, signal noise, and deviations from the speci-
fied spectral responsivity of the CIE spectral luminous efficiency function.
The ISO 2813 standard specifies that gloss should be reported to the nearest
full gloss unit. Therefore, the calibration of the reference instrument and pri-
mary standard should have an uncertainty of less than one gloss unit.

In addition, there are documentary standards for other applications. TAPPI
T480 describes the measurement protocol for specular gloss at 75° for low to
high gloss of coated or uncoated paper [65]. In this case, the primary standard
has a defined refractive index of 1.54 at the helium-D line, 587.6 nm. For very
high gloss paper like waxed paper or high-gloss ink films, TAPPI T653 is
recommended [66].

10.5.2 Haze

The haziness of an object is the result of the scattering of the incident light
due to particles dispersed in the substance, transmission haze, or, by imperfec-
tion on the surface, reflection haze. The perceived haze is described as the
cloudiness of a product and is an important appearance attribute which is used
to assess the quality of objects such as plastics, glass, and liquids.
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10.5.2.1 Transmission Haze

Transmission haze is defined as the forward scatter of light going through the
specimen. The ASTM method D1003-95 is the standard test method for haze
and luminous transmittance of transparent plastics [67]. This standard
describes the specification for the geometrical and spectral requirements of
the measuring instrument and the measurement sequence. Measurement pro-
blems with this standard have been identified and documented [68,69]. This
standard test method only applies to materials with haze values less than
30%, and for greater haze values, diffuse transmittance should be measured.
Two procedures are described in this document for the measurement of haze:
Procedure A uses a hazemeter, while Procedure B uses a spectrophotometer.
Haze measurements are most commonly performed using a hazemeter, which
is a purpose-built instrument. A spectrophotometer can be used provided it
meets the recommendations of the standard. A schematic of a traditional haze-
meter is shown in Fig. 10.13 [70].

According to the standard recommendations, the spectral power distribu-
tion of the source shall simulate the illuminant C or alternatively CIE standard
illuminant A and the spectral responsivity of the detector shall simulate the
CIE 1964 standard observer. This instrument uses a single collimated beam
of light and an integrating sphere coated with a highly reflecting material to
collect the transmitted flux. The standard recommendations also include
dimensional specifications and locations for the sample, light trap, reflectance
standard, and detector for the integrating sphere. The incident light enters
through the sample port and can either go straight to a light trap or reflectance
white standard or the sphere is rotated so the incident light hits the sphere
wall. The reflectance white standard and the sphere wall should have similar
reflectivity properties to reduce the error associated with the reflectance stan-
dard. The pivotable-sphere type instrument does not have this error as long as
the sphere wall is uniform over its surface. When measuring transmission
haze, the percentage of light diffusely scattered more than 2.5° from the inci-
dent is compared to the total light transmitted. The percent haze is given by

Color filter Sogrce

(CIE Source C) \

Entrance/sample

port Light trap

_

Detector Exit port

FIGURE 10.13 Schematic of a traditional hazemeter.
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Tdiffu se

% Haze = x 100, (10.24)

total
where T= % transmission. Percent haze is reported to the nearest 0.1 %. The
measurement of the diffuse transmittance component, 7 gi¢pse, 1S given by

[T4—T5(T2/T1)]

T, , (10.25)

T diffuse =
where T is the measurement of the incident light by rotating the sphere so the
incident beam hits the internal wall of the sphere or the white reflectance stan-
dard, T, is the measurement of the total light transmitted by the sample, T3 is
the measurement of the scattered light by the instrument, and T, is the mea-
surement of the light scattered by the instrument and sample. The measure-
ment of the total diffuse component, Ty, is giving by

T

— 10.2
T (10.26)

Tyota =
where T is the measurement of the total light transmittance by the sample and
T, is the measurement of the incident light by rotating the sphere so the inci-
dent beam hits the internal wall of the sphere or the white reflectance stan-
dard. The percent haze measurement equation simplifies to

%Haze = (E&) x 100. (10.27)
I, T,
Haze standards used to check the performance of these instruments consist of
plastic chips with a range of percentage haze from 1% to 30%.

The components of uncertainty associated with transmission haze mea-
surements are divided into those arising from experimentally measured quan-
tities and those arising from deviations from the standard recommendations.
The predominant components of uncertainties associated with the measured
quantities are the stability of the source, unwanted scattered light, linearity
of the detectors, reflectance of the integrating sphere coating, and reflectance
and stability of the reference standard. The components of uncertainties aris-
ing from the standard recommendation include deviations of the illuminator
spectral power distribution to the illuminant C, deviations from the spectral
responsivity of the detector to the specified spectral responsivity, and devia-
tions from the specified geometrical requirements for the integrating sphere.

10.5.2.2 Reflection Haze

Reflection haze is a measure of the spread of the specular component
reflected from a surface and is caused by microscopic defects in the surface
which scattered light adjacent to the direction of the specular reflection.
Opaque objects with haze exhibit a milky finish or a halo effect around the
reflection of a bright light source. Surface haze is a defect encountered in
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most coating applications including the automotive industry. Narrow-angle
reflection haze is the measurement of the reflected light spread 2° from the
specular reflection. The measurement of the reflected light spread 5° from
the specular reflection is known as the wide-angle reflection haze. The ASTM
standard D 4039 is the standard test method for measuring reflection haze of
nonmetallic high-gloss surfaces [71]. This measurement method is based on
the “Two-Parameter Gloss Methods” by Nimerrof [72]. The reflection haze
index, H, is given by

H = Ggy— Gy, (10.28)

where Ggg is the 60° specular gloss and G is the 20° specular gloss. The
measurements for determining the specular gloss are specified in ASTM
D523, “Standard Test Method for Specular Gloss.” Because the specular gloss
values of 20° and 60° depend on the refractive index of the samples, compar-
ison of reflection haze index is limited to specimens with similar refractive
index. The narrow-angle reflection haze is the measurement of the 2° specular
component spread on either side of the specular component. This measure-
ment is more sensitive than the traditional specular gloss measurement. In
many cases, two samples can have the same specular gloss value, but their
appearance is very different. The receptor apertures of the traditional gloss-
meter are too large to measure the difference, and it is only when you measure
the reflection a few degrees away from the specular geometry that you can be
sensitive to the differences between their appearances.

10.5.3 Distinctness of Image

A glossmeter is the most commonly used instrument to measure coating
reflective appearance quality. However, it provides no information about the
imaging forming qualities of a surface. This means that two samples with
identical gloss values can have very different visual appearances. The receptor
apertures used in the traditional glossmeter are too large, and the measure-
ments are not sensitive to diffuse scattering due to surface defects [73].

Distinctness of Image (DOI) is a parameter which describes the visual dis-
tortion (blur) seen in the reflected image of an object from a high-gloss sur-
face. The ASTM standard D5767-99 is the standard test method for the
instrumental measurement of the spread of a beam of light after it has been
reflected from a surface [74]. DOI is obtained by comparing the specular
reflectance to that measured when the angle is changed slightly from the spec-
ular direction. The scale of DOI is a function of the sharpness of the reflected
image from the object. DOI of 100 is defined for a surface which reflects an
image perfectly without any distortion. A surface with no image clarity has a
DOI of zero. The measurement of DOI is more sensitive than specular gloss
for shiny surfaces and is used to characterize the visual appearance of high-
gloss surfaces such as mirrors.
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Orange peel is a surface defect that affects the image quality of the object
and results in poor DOI. As orange peel reduces, the DOI improves. Orange
peel is a subjective term used to describe a wavy pattern of light and dark
areas on a high-gloss surface, like that found in many automotive finishes
that resemble the skin of an orange. The surface defects in this observed
orange peel are in the wavelength range of 0.1-30 mm. The visual scale
for orange peel is based on ACT panels [75] or powder coating smoothness
scale. This set consists of ten 101.6 mm X 152.4 mm panels which are
painted black and ranked in a scale from 1, corresponding to high roughness
and orange peel, to 10, corresponding to a very smooth coated surface. The
operator judges which panel is closest visually to the test sample and assigns
a numerical value.
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11.1 INTRODUCTION

In this chapter, we cover the use of spectrophotometry in the pharmaceutical
industry. It would not be unreasonable to state that these spectroscopic tech-
niques constitute a large part of the analytical processes used in this industry,
with the list expanding all the time. For example, modern products are taking
advantage of new delivery methods, so that many are no longer simple solu-
tions or powders, but complex colloids. In many cases, the particle size and
distribution is critical to the functionality of the drugs, and a high degree of
quality control (QC) of the dissolution process is required. In this specific
application, ultraviolet (UV) and fluorescence spectrophotometers invariably
provide the detectors for the instrumental-based systems. Coincidentally, they
also perform the same role for the multitude of high-pressure liquid chroma-
tography (HPLC) applications, which have their own unique control require-
ments, and are therefore not discussed in this chapter.

Much of the need for accurate optical property measurements stems from
the need to control the purity and dose of the drugs, in the development,
manufacturing, and QC of the product, and therefore at the beginning of the
chapter, we discuss an overview of these processes.

Regulatory demands also place “evidence of control” requirements on the
composition and stability of the pharmaceutical products, and thereby the
proof data associated with this process. Spectrophotometric methods play an
important role in the generation of this data, and the evaluation of the risks
associated with this process, thereby assisting compliance. The validation of
these processes is explained with respect to analytical control of the instru-
ment systems and methodology used.

The practical implementation of the general quality concepts, to the control
of ultraviolet—visible (UV—vis), near-infrared (NIR), mid-infrared (mid-IR), and
fluorescence spectrophotometric systems is then discussed, together with exam-
ples of the specific applications areas in which each of these techniques
are used.

Finally, the possible way regulation will influence the future use of spec-
trophotometry in the pharmaceutical industry is discussed.

11.2 INTRODUCTION TO THE PHARMACEUTICAL
INDUSTRY

Pharmaceutical product development consists of a series of logical and system-
atic processes. When successful, the final outcome is a commercially available
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dosage form. However, this process can easily become a protracted and compli-
cated process if there is a lack of control in any of the steps. The industry con-
tinues to change and evolve to match the regulatory demands placed on it, with
the emphasis being increasingly placed on a risk-based approach. Two key
documents introduced in recent years to support these concepts are the Process
Analytical Technology (PAT) and the Quality by Design (QbD) guidance. Con-
version of the validation and verification requirements detailed below will need
to evolve to a risk-based protocol as this concept is generally adopted.

During the past 10 years, there have been global regulatory changes
toward risk-based and lifecycle approaches to Current Good Manufacturing
Practices (cGMPs) and regulatory issues relating to chemistry, manufacturing,
and controls led particularly by the United States (US) Food and Drug Admin-
istration (FDA). In 2004, the FDA proposed that there should be science-
based regulation of product quality [1].

11.2.1  Process Analytical Technology

As a consequence of the 2004 proposal, the FDA developed PAT guidance [1].
The FDA emphasized that one goal of the PAT guidance was to tailor the
agency’s usual regulatory scrutiny to meet the needs of PAT-based innovations
that improve the scientific basis for establishing regulatory specifications.

Clearly, in order to implement this philosophy, there would have to be a
structured quality system of document standards, guidance documents, etc.
Given the complexity of the task, the FDA turned to an international standards
body, namely, ASTM International, formally known as the American Society
for Testing and Materials (ASTM), and in response to this request, Committee
ES55 on “Manufacture of Pharmaceutical Products” was formed in 2003.

11.2.2 Quality by Design

In November 2013, European regulators announced that they, along with the
FDA, had released a second question-and-answer document intended to pro-
vide guidance to industry on the concept of QbD. The QbD concept is well
known within most regulatory circles. Simply stated, it is the belief that qual-
ity should be designed, not tested, into the final product, including its
manufacturing processes. In theory (and regulators say in practice as well),
this results in fewer compliance problems because a manufacturer addresses
problems before they exist, and more systematically when they occur. In the
pharmaceutical sector, QbD concepts are broadly incorporated into the regu-
latory systems of any region that uses the International Conference on Harmo-
nisation of Technical Requirements for Registration of Pharmaceuticals for
Human Use (ICH) and its Q8 [2], Q9 [3], Q10 [4], and Q11 [5] documents.
Both FDA and the European Medicines Agency (EMA) have been pushing
QbD concepts heavily in recent years.
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11.2.3 Product Development Cycle

The overall cycle of pharmaceutical product development is summarized in
Fig. 11.1.

The clinical study of drug development is the most obvious and best known
to laypersons and scientists. However, many associated behind-the-scene activ-
ities are also actively pursued in a parallel and timely manner to ensure the suc-
cess of pharmaceutical product development. Clinical and commercial success
cannot be achieved without successful completion of these other activities. It is
important to note that the clinical phase boxes in Fig. 11.1 may not be aligned
exactly chronologically with other development activities.

Historically, the time period for pharmaceutical drug product development
has been in the order of 10-15 years. As in most commercial manufacturing
organizations, with the ever-increasing demand for new products to add to
the portfolio, there is constant pressure to reduce the time utilized to complete
the development process, and make the product available to the market. How-
ever, the potential reduction in time achieved by this acceleration is often
being offset by the increasing complexity and numbers required to achieve
compliance in phase III clinical trials.

11.2.4 Discovery Research

In the discovery research phase of drug development, new compounds need to
be created to meet targeted medical needs, hypotheses for model compounds

Discovery
research

Pro,dl.i(:t E> Phase | E> Phase Il E> Phase lll E> Market
decision

Define Optimize Definitive Manufacture
formulation/ I:> formulation/ E:> stability I:> process E> Manufacturing

synthetic route synthesis manufacture validation

Develop earl Support early
analﬁica\y E> development E> Develop final I:> Final analytical E> Quality control
y formulation/ method method lab
method i
synthesis

FIGURE 11.1 Overview of the drug development process.
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are proposed, and various scientific leads are utilized to create and design new
molecules. Thousands of molecules of similar structure are synthesized to
develop a structure—activity relationship for the model. To reach this stage,
large pharmaceutical companies rely on new technologies, such as combinato-
rial chemistry and high-throughput screening. These array technologies may
have some form of associated spectroscopic measurement, for example, fluo-
rescence correlation spectroscopy (FCS) and are the cornerstones in drug dis-
covery. The new technologies increase the choice of compounds that can be
synthesized and screened. Various in vivo and in vitro models are used to
determine the value of these new candidate compounds. The sequencing of
the complete human genome completed in 2000 through the Human Genome
Project [6], is providing the basis for many possible targets for drug discovery
through-genomics, proteonomics, and bioinformatics.

Analytical Development of Active Pharmaceutical Ingredient (API) and
Drug Products. Early methods to support synthetic and formulation develop-
ments are often developed in the form of potency assay, impurities/related
substance assay, dissolution, identity, chiral method, and content uniformity.
These analytical methods are developed and validated in a fast and timely
manner to support all phase II studies, and invariably are either spectroscopic
or chromatographic by design.

Common Studies Performed on the API and Drug Product. At this stage of
the development, it is important to gain preliminary information of the stabil-
ity of the API and drug product. Therefore, open dish (i.e., nonprotected) sta-
bility studies are carried out to understand the chemical and physical stability
of both the API and the drug product. Preliminary studies of packaging stabil-
ity are conducted to obtain a preliminary assessment of the packaging materi-
als that can be used, and photostability and thermal studies are conducted to
determine the light and thermal stability of the API and drug product. Spectro-
scopic procedures, particular in the UV region, are critical in producing this
data on stability and packaging suitability.

Impurities Level in New Drug Product. As the new drug product formula-
tion progresses to this late stage of development, impurity profiles may differ
from those of earlier formulations. The rationale for reporting and control of
impurities in the new drug product and recommended storage conditions are
often decided at this stage. Degradation products and those arising from
excipient interaction and/or container closure systems will be isolated and
identified. The impurity profile of the representative commercial process will
be compared with the drug product used in development, and an investigation
will be triggered if any difference is observed. Key spectroscopic areas used
in these processes are the powerful qualitative techniques of NIR and mid-
IR spectrophotometry, usually coupled with advanced chemometric processes.
Identification of degradation products is required for those that are unusually
potent and produce toxic effects at low levels.

Primary and developmental stability studies help scientists understand the
degradation pathways. These studies are designed to get information on the
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stability of the drug product, expected expiry date, and recommended storage
conditions. All specified degradation products, unspecified degradation pro-
ducts, and total degradation products are monitored in these studies.

Impurities in API. Treatment of the impurities in the API is similar to that
for the new drug product. Impurities in the API include organic impurities
(process and drug related), inorganic impurities, and residual solvents. QC
analytical procedures are developed and validated to ensure appropriate detec-
tion and quantitation of the impurities. Specification limits for impurities are
set based on data from stability studies and chemical development studies.
A rationale for the inclusion or exclusion of impurities is set at this stage.
The limits set should not be above the safety level or below the limit of the
manufacturing process and analytical capability.

11.3 QUALITY SYSTEM FOR THE ANALYTICAL LABORATORY

Global regulatory requirements have become more similar as the result of delib-
erate harmonization under the auspices of the ICH, which brings together the reg-
ulatory authorities and pharmaceutical industry of Europe, Japan, and the United
States to discuss scientific and technical aspects of drug registration, with the aim
that analytical methods for global products must be able to meet global regulatory
requirements. Using these protocols, it should be possible, for example, for a
method to be developed and validated in the United States, and used without
revalidation or additional support validation for use, in Japan or Europe. Within
any given organization, the achievement of this objective is the responsibility
of senior management and requires participation and commitment by personnel
in many different functions at all levels within the establishment and by its sup-
pliers. To achieve this objective reliably, there must be a comprehensively
designed and correctly implemented system of quality standards incorporating
Good Manufacturing Practices (GMP). It should be fully documented and effec-
tively monitored. All parts of the quality systems should be adequately resourced
with qualified personnel and suitable premises, equipment, and facilities.

11.3.1  Consideration for Quality Systems in Data Quality
Assurance/Control

There are four critical components involved in the generation of reliable and con-
sistent data (quality data) [7]. Figure 11.2 shows these components as layered
activities within a quality triangle. Each layer adds to the overall quality. Analyti-
cal Instrument Qualification (AIQ) forms the base for generating quality data, and
the other components essential for generating quality data are analytical method
validation, system suitability tests, and QC check samples. Detailed below are
the general considerations for these key areas. Later in the chapter, in the sections
detailing the spectroscopic instrumentation used to assist compliance and control,
the specific requirements relating to each technique will be discussed.
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QC
check
samples

System suitability
tests

Analytical method validation

/Analytical instrument qualification \

FIGURE 11.2 Components of data quality, redrawn and from United States Pharmacopeia
(USP) <1058>.

Validation versus Qualification. In this chapter, the term validation is used
for manufacturing processes, analytical procedures, and software procedures
and the term qualification is used for the instrumental systems. Thus, the
phrase “AIQ” is used for the process of ensuring that a spectrophotometer is
suitable for its intended application.

11.3.1.1 Analytical Instrument Qualification

Spectrophotometers are just one group in the large variety of laboratory
equipment, instruments, and computerized analytical systems, used in the
pharmaceutical industry to acquire data to help ensure that products are suit-
able for their intended use. An analyst’s primary objective is to consistently
obtain reliable and valid data suitable for the intended purpose. Depending
on the applications, users validate their procedures, calibrate their instru-
ments, and perform additional instrument checks, such as system suitability
tests and analysis of in-process QC check samples to help ensure that the
acquired data are reliable. With the increasing sophistication and automation
of analytical instruments, an increasing demand has been placed on users to
qualify their instruments, both initially and on a continuing basis.

AIQ is the collection of documented evidence that an instrument performs
suitably for its intended purpose, and thereby the use of a qualified instrument
contributes to confidence in the validity of generated data. Instrument qualifi-
cation is not a single continuous process, but instead results from several dis-
crete activities. For convenience, these activities can be grouped into four
phases: design qualification (DQ), installation qualification (IQ), operational
qualification (OQ), and performance qualification (PQ). Some AIQ activities
cover more than one qualification phase, and analysts potentially could per-
form them during more than one of the phases. However, in many instances,
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there is need for specific order to the AIQ activities; for example, 1Q must
occur first in order to initiate other qualification activities.

DQ—Design Qualification. Design Qualification is the documented col-
lection of activities that define the functional and operational specifications
of the instrument and criteria for selection of the vendor, based on the
intended purpose of the instrument.

1Q—Installation Qualification. Installation Qualification is the documen-
ted collection of activities necessary to establish that an instrument is deliv-
ered as designed and specified, and is properly installed in the selected
environment, deemed suitable for the instrument.

In all of the spectroscopic techniques described later in this chapter, evi-
dence in compliance with the above definition is always required, but there
are no specific additional requirements for these techniques, and therefore
IQ is not discussed in the appropriate sections. In the OQ and PQ sections,
additional technique-specific requirements are highlighted.

OQ—Operational Qualification. After a successful 1Q, the instrument is
ready for OQ testing. OQ is the documented collection of activities necessary
to demonstrate that an instrument will function according to its operational
specification testing in the selected environment.

PQO—Performance Qualification. PQ is the documented collection of
activities necessary to demonstrate that an instrument consistently performs
according to the specifications defined by the user and is appropriate for the
intended use. After IQ and OQ have been performed, the instrument’s
continued suitability for its intended use is demonstrated through PQ.

Clearly, in a routine situation, only PQ may need to be performed on a reg-
ular basis, and OQ less frequently, for example, after maintenance or repair
operations have been carried out on the instrument.

It should be remembered that AIQ does not prove that the analytical results
generated by the spectrophotometer are correct. AIQ demonstrates that the instru-
ment itself is working appropriately. However, many other factors contribute to
the final result like sampling procedures, reagent quality, and sample handling.

Qualification of the instrument will assist the instrument user in making
several important judgments, namely:

e Is the instrument performing to its manufacturer’s specifications?

e Does it meet the requirements of the quality environment of the labora-
tory, for example, a pharmacopoeia?

e Is it performing suitably for the determination to be carried out?

While the pharmacopoeias and other standards may give generic recommen-
dations for instrument performance, for a specific test, the required perfor-
mance characteristics may be different and are usually given in the
monograph for the test method. Furthermore, they can change over time, so
claims by instrument manufacturers that a spectrophotometer is, for example,
“pharmacopoeia compliant™ should be treated with caution.
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DQ: Design qualification SOPs
1Q: Installation qualification

0Q: Operational qualification
PQ: Performance qualification

DQ |— IQ 4| o0qQ PQ

| Calibration

FIGURE 11.3 Timing, applicability, and activities for each phase of Analytical Instrument
Qualification (AIQ).

In a regulated environment, the onus of proof is on the user to justify and
prove, by the qualification of the system, that the instrument is “fit for purpose”
and capable of providing the required accuracy and precision of data (Fig. 11.3).

11.3.1.2 Analytical Method Validation

Analytical method validation is the collection of documented evidence that an
analytical procedure is suitable for its intended use. Use of a validated proce-
dure with qualified analytical instrument systems provides confidence that the
procedure will generate test data of acceptable quality.

Validation. Validation of an analytical procedure is the process by which it
is established, by laboratory studies, that the performance characteristics of
the procedure meet the requirements for the intended analytical applications.
Typical analytical performance characteristics that should be considered
in the validation of the types of procedures described in this document are
shown below:

**Typical Analytical Performance Characteristics Used in Method
Validation

Accuracy

Precision

Specificity

Detection limit (DL)
Quantitation limit (QL)
Linearity

Range

Robustness
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The effects of processing conditions and potential for segregation of materials
should be considered when obtaining a representative sample to be used for
validation of procedures. The ICH documents give guidance on the necessity
for revalidation in the following circumstances: changes in the synthesis of
the drug substance, changes in the composition of the drug product, and
changes in the analytical procedure. The validity of an analytical procedure
can be verified only by laboratory studies. Therefore, documentation of the
successful completion of such studies is a basic requirement for determining
whether a procedure is suitable for its intended application(s).

11.3.1.3 Method Verification

Verification consists of assessing selected analytical performance characteris-
tics to generate appropriate, relevant data rather than repeating the validation
process. In the US, this requirement is established in 21 CFR 211.194(a)(2) of
the current cGMP regulations [8], which states that the “suitability of all test-
ing methods used shall be verified under actual conditions of use.”

The verification process is the assessment of whether the procedure can be
used for its intended purpose, under the actual conditions of use for a specified
drug substance and/or drug product matrix. Users should have the appropriate
experience, knowledge, and training to understand and be able to perform the pro-
cedures as written. Verification should be conducted by the user that the results
will provide confidence that the procedure will perform suitably as intended.

Verification Requirements. Verification requirements should be based on
an assessment of the complexity of both the procedure and the particular
material to which the procedure is applied. Although complete revalidation
of a method is not required to verify the suitability of a procedure under actual
conditions of use, some of the analytical performance characteristics listed
under Section 11.5.4 may be used for the verification process. Only those
characteristics that are considered to be appropriate for the verification of
the particular procedure need to be evaluated. The process of assessing the
suitability of an analytical test procedure under the conditions of actual use
may or may not require actual laboratory verification of each analytical per-
formance characteristic. The degree and extent of the verification process
may depend on the level of training and experience of the user, on the type
of procedure and its associated equipment or instrumentation, on the specific
procedural steps, and on which pharmaceutical product is being tested.

Verification should assess whether the procedure is suitable for the drug
substance and/or the drug product matrix, taking into account the drug sub-
stance’s synthetic route, the method of manufacture for the drug product, or
both, if applicable. Verification should include an assessment of elements
such as the effect of the matrix on the recovery of impurities and drug sub-
stances from the drug product matrix, as well as the suitability of chro-
matographic conditions and column, the appropriateness of detector signal
response, etc.
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As an example, an assessment of specificity is a key parameter in verifying
that a procedure is suitable for use in assaying drug substances and drug pro-
ducts. For instance, acceptable specificity for a chromatographic method may
be verified by conformance with system suitability resolution requirements
(if specified in the procedure). However, drug substances from different suppli-
ers may have different impurity profiles that are not addressed by the compen-
dial test procedure. Similarly, the nonactive ingredient (excipients) in a drug
product can vary widely among manufacturers and may have the potential to
directly interfere with the procedure or cause the formation of impurities that
are not addressed by the compendial procedure. In addition, drug products con-
taining different excipients, antioxidants, buffers, or container extractives may
affect the recovery of the drug substance from the matrix. In these cases, a more
thorough assessment of the matrix effects may be required to demonstrate suit-
ability of the procedure for the particular drug substance or product. Other ana-
lytical performance characteristics such as an assessment of the DL or QL and
precision for impurities procedures may be useful to demonstrate the suitability
of the compendial procedure under actual conditions of use.

11.3.1.4 System Suitability Tests

System suitability tests verify that the system will perform in accordance with
the criteria set forth in the procedure. These tests are performed along with the
sample analyses to ensure that the system’s performance is acceptable at the
time of the test.

11.3.1.5 QC Check Samples

Many analysts carry out their tests on instruments standardized using refer-
ence materials and/or calibration standards. Some analyses also require the
inclusion of QC check samples to provide an in-process or ongoing assurance
of the test’s suitable performance. In this manner, AIQ and analytical method
validation contribute to the quality of analysis before analysts conduct the
tests. System suitability tests and QC checks help ensure the quality of analyt-
ical results immediately before or during sample analysis.

11.4 UV AND VISIBLE SPECTROPHOTOMETRY

UV-vis spectrophotometry is one of the most widely used techniques in ana-
lytical chemistry, capable of producing accurate and precise results. For these
reasons, procedures using this technique are found in analytical, clinical, and
research laboratories, and find extensive use in quality assurance. As dis-
cussed earlier, in the pharmaceutical environment, validation is key to the
generation of quality data. In these situations, it is essential to check instru-
ment performance on a regular basis against reference materials having
known characteristics that will provide that evidence.
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Certified Reference Materials (CRMs) have been developed to give ana-
lytical chemists a convenient and dependable way of ensuring that their
UV-vis instruments are performing to the requirements of their analytical
methods. These materials are manufactured and calibrated under strictly con-
trolled conditions that conform to all the relevant international standards.

Why Do We Need Reference Materials? To confirm the performance of an
analytical instrument, it will be necessary to calibrate or test its performance
against standards having known properties, and the pharmaceutical industry
will require that any materials used to qualify an instrument can themselves
be shown to be traceable to nationally or internationally recognized standards.
Such standards are referred to as CRMs and must themselves be manufactured
and calibrated under closely controlled conditions.

What is a CRM? As defined by ISO/REMCO (the International Standards
Organisation Committee on Reference Materials) [9], a CRM is a

Reference material, characterised by a metrologically valid procedure for one or more
specified properties, accompanied by a certificate that provides the value of the speci-
fied property, its associated uncertainty, and a statement of metrological traceability.

Traceability. Traceability is a key concept in calibration and validation pro-
cesses and is defined in ISO/IEC (International Organization for Standardiza-
tion/International Electrotechnical Commission) Guide 99:2007 International
Vocabulary of Metrology (VIM) [10]—as the

property of a measurement result whereby the result can be related to a reference
through a documented unbroken chain of calibrations, each contributing to the mea-
surement uncertainty

International agreements between National Metrology Institutes (NMlIs) at a
high level by the Bureau International des Poids et Mesures (BIPM) mean that
measurements made against traceable references in one country will be
accepted in any other country that is a signatory within the agreement.

CRMs—The Manufacturing Environment. Historically, producers of
CRMs have used either ISO/IEC 17025 [11] or ISO Guide 34 [12] to control
their production processes but in 2004 the International Laboratory Accredita-
tion Co-operation (ILAC), ruled that to be a Reference Material Producer,
manufacturers should be accredited to both these standards simultaneously.
There is considerable overlap between the two standards, but essentially
ISO/IEC 17025 is mainly concerned with the technical and management com-
petencies required to operate a testing and calibration laboratory, whereas
ISO Guide 34 is more concerned with the supplier’s organizational and pro-
duction control systems. It also requires suppliers to operate a customer sup-
port and technical advice service. Any company accredited to these standards
will be subject to regular inspections by the national accrediting body.

On October 26, 2012 at the 16th ILAC General Assembly in Rio De
Janeirio, Brazil, the following resolution was adopted:
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As ISO Guide 34:2009 includes normative references to ISO/IEC 17025 and ISO
15189, the General Assembly resolves that accreditation of reference material produ-
cers is conducted in accordance with ISO Guide 34:2009 alone.

In practice, the normative reference to ISO/IEC 17025 still requires the use of
all appropriate and relevant sections of this standard, for the manufacture and
production of a CRM. By definition, measured value assignments can only be
effectively produced in an ISO/IEC 17025 controlled environment.

11.4.1 Qualification of UV and Visible Spectrophotometers

Instrument parameters checked as part of OQ and PQ of a UV—vis spectropho-
tometer include:

Wavelength calibration
Photometric accuracy
Photometric linearity
Photometric precision
Resolution/bandwidth
Stray light

These can all be checked using CRMs. The following notes briefly describe the
various reference materials available for the OQ and PQ. Table 11.1 shows those
reference materials accepted by various standardization bodies for compliance.

11.4.1.1 Operational Qualification

Acceptance criteria for critical instrument parameters that establish “fitness
for purpose” are verified during IQ and OQ. Specifications for particular
instruments and applications can vary depending on the analytical procedure
used and the desired accuracy of the final result.

Wherever possible in the following procedures, analysts should employ
CRMs in preference to laboratory-prepared solutions. CRMs obtained from
a recognized accredited source include independently verified traceable value
assignments with associated calculated uncertainty. These CRMs should be
obtained from a recognized accredited source and include independently ver-
ified traceable value assignments with associated calculated uncertainty.
CRMs should be kept clean and free from dust. Recertification should be per-
formed periodically to maintain the validity of the qualification.

11.4.1.1.1  Wavelength Calibration

Accurate wavelength calibration is fundamental to good analytical results by
UV-vis spectrophotometry. Most methods involve measurements at absorp-
tion maxima in the spectrum of the substance being measured, so clearly if
the wavelength calibration of the instrument is incorrect, errors can be intro-
duced. The sharper the absorption band being measured, the greater is this
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TABLE 11.1 Compliance References
Parameter ~ Wavelength
Tested Region EP DAB USP ASTM TGA BP Material
Photometric UV o o ° ° . e Potassium
accuracy dichromate
solution
Photometric ~ Visible ) Potassium
accuracy dichromate
solution
Photometric ~ Visible ° ° ° e ND glass filters
accuracy
Wavelength ~ UV-visible o o ° ° ° e Holmium oxide
calibration solution
Wavelength  UV-visible . ) ) e Holmium oxide
calibration glass filter
Wavelength  Visible ° ° ° e  Didymium glass
calibration filter
Wavelength  Visible . Didymium oxide
calibration solution
Wavelength  Far UV e o . . . e  Rare earth oxide
calibration solution
Wavelength  UV-visible ) . . e  Samarium oxide
calibration solution
Resolution/ UV-visible o o ° ° ° e Toluene in hexane
bandwidth
Resolution/ uv . Benzene vapor
bandwidth
Stray light UV-visible o @ ° ° ° e  Stray light cut-off

filters

Key: EP (Ph. Eur.), European Pharmacopoeia; DAB, Deutsches Arzneibuch (German
Pharmacopoeia); USP, United States Pharmacopeia; ASTM, ASTM International; TGA, Therapeutic
Goods Administration (Australia); BP, British Pharmacopoeia.

/

error. The absorption bands encountered in visible spectrophotometry are
often quite broad, so minor wavelength errors may not seem too important
at first sight, particularly if analytical standards are being used to calibrate
the analysis. It is likely, however, that when wavelength errors exist, problems
will be encountered when comparing results between laboratories and cer-
tainly when extinction coefficients are being determined or used to derive
concentration values.
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Calibration at the exact wavelength required for measurement may not be
possible as no suitable wavelength standard may be available, but wavelength
calibration should be checked at more than one wavelength, ideally bracketing
the wavelength to be used for analysis. In some UV instruments, the facility
exists to use an emission line (or sometimes two) from the installed Deuterium
lamp to check the wavelength calibration. In principle, these are the best possi-
ble standards as they are fundamental atomic lines, but only two usable lines are
available, both in the visible region at 486.0 and 656.1 nm. Even if both are
used, they could not be said to qualify the UV range of the instrument.

A variety of wavelength CRMs are available to cover wavelengths from
the far UV to the NIR. Solutions and solid filters containing rare earth ele-
ments are particularly useful, as these elements have sharp absorption bands
in the UV, visible, and NIR regions of the spectrum. The most popular is hol-
mium oxide, either incorporated into a solid filter (filter 11) or as holmium
oxide solution in perchloric acid and sealed by heat fusion into a quartz cell.
The solution offers 14 certified peaks from 240 to 650 nm and the filter 11,
from 270 to 640 nm. “Didymium,” a mixture of neodymium and praseodym-
ium, is also popular and is available as either a filter (11 peaks from 430 to
890 nm) or as a solution reference (14 peaks from 290 to 870 nm). Samarium
perchlorate is particularly useful for wavelengths from 230 to 560 nm, as it
has 14 sharp peaks in this widely used region of the spectrum. For the far
UV, a special rare earth reference cell has been developed having five
certified peaks between 200 and 300 nm [13].

11.4.1.1.2 Photometric Accuracy, Linearity, and Precision

These parameters, also referred to as absorbance accuracy etc., describe the
quantitative accuracy of the instrument, and as such are probably the most fre-
quently checked. They test not only the optical performance of the instrument
but also the quantitative accuracy of its electronic measuring system. It should
be noted that deficiencies in any of the foregoing optical parameters could
lead to errors in photometric accuracy.

International and national regulatory bodies recognize two reference mate-
rials for determining the accuracy and linearity of the absorbance scale of a
UV absorption spectrophotometer. Potassium dichromate dissolved in dilute
perchloric acid is recommended for use in the UV region. When prepared in
0.001 M perchloric acid, potassium dichromate gives a spectral scan contain-
ing characteristic peaks at 257 and 350 nm, and troughs at 235 and 313 nm.
Potassium dichromate references are available in a range of concentrations:
20, 40, 60, 80, 100, 140, 160, 180, 200, 240, and 600 mg/L. and 0.001 M per-
chloric acid blank, in UV quartz cells that have been permanently sealed by
heat fusion. Absorbance values are certified at 235, 257, 313, 350 nm
(20-240 mg/L), and 430 nm (600 mg/L) (Table 11.2).
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TABLE 11.2 Typical Absorbance Values for Potassium Dichromate Solutions
in 0.001 M Perchloric Acid in a 1-cm Cuvette

235 nm 257 nm 313 nm 350 nm 430 nm
20 mg/l 0.246 0.286 0.096 0.214
40 mg/l 0.493 0.574 0.193 0.428
60 mg/| 0.743 0.865 0.290 0.643
80 mg/l 0.994 1.157 0.387 0.858
100 mg/l 1.247 1.452 0.484 1.074
120 mg/l 1.501 1.749 0.582 1.290
140 mg/| 1.758 2.050 0.679 1.506
160 mg/l 2.016 2.351 0.777 1.723
180 mg/l 2.275 2.655 0.875 1.940
200 mg/l 2.536 2.960 0.974 2.157
240 mg/l 3.043 3.552 1.168 2.589
600 mg/I 0.954

/

Neutral density (ND) glass filters are recommended for the visible region
(440-635 nm). Schott NG-type glasses have been used for over 30 years for
the validation of the absorbance scale and linearity of spectrophotometers in
the visible region. When manufactured to a specific thickness, filters with a
range of transmittance and absorbance values can be produced. The spectral
scan of these materials is essentially flat. ND filters are usually supplied in
sets of three filters of varying transmission together with an empty aluminum
holder, to be used as a blank, absorbance (A) and transmittance (7)) values are
certified at 440, 465, 546.1, 590, and 635 nm and the full range of filters cov-
ers nominal values from 0.03 to 3.5 A.

For those working outside these wavelength limits, two further materials
are available. While not prescribed for pharmacopoeial compliance, they are
widely recognized as absorbance references. These are nicotinic acid solutions
for the far UV (210-260 nm) [13] and metal-on-quartz filters calibrated over
the wavelength range of 250-635 nm.

11.4.1.1.3 Resolution

Resolution is the ability of the instrument to discriminate between two adja-
cent absorbance bands. This is usually described in terms of the spectral band-
width (SBW) of the instrument, as defined in Chapter 3 which describes the
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range of wavelengths coming from the exit slit of the instrument’s monochro-
mator. As SBW increases, the measured peak absorption decreases and spec-
tral detail is reduced and eventually obscured completely (Fig. 11.4).

Clearly, the smaller the SBW, the more accurately the instrument will
measure the true absorbance of the absorption band. Sensitivity to the analyte
will also improve. For the instrument, the SBW is defined as the width, at half
the maximum intensity, of the band of light leaving the monochromator, see
Fig. 11.5.

The accuracy of the measured absorbance will depend on the ratio of the
SBW to the natural bandwidth (NBW) of the absorbing substance. The
NBW is the width of the sample absorption band at half the absorption maxi-
mum. As a general rule, for satisfactory measurement, the SBW of the instru-
ment should be 10% or less of the NBW of the absorption peak being
measured.

This might suggest that a narrow SBW should always be used, but this
invariably means the use of narrow slit widths. Narrow slits will also reduce
the energy throughput and hence may adversely affect the signal-to-noise ratio
(SNR) and hence the precision of the measurement. As SBW can have a signif-
icant effect on analytical performance, it is usually specified in the analytical
method. The SBW of an instrument is usually quoted in the manufacturer’s
specification, but may need to be verified by testing against a suitable reference
material, particularly if repairs or maintenance have been performed on the
instrument’s optical system.
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0 1.0 nm SBW
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FIGURE 11.4 Effect of SBW on the measured absorbance of a samarium perchlorate wave-
length standard.
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FIGURE 11.5 SBW: definition.

The most widely used reference for qualifying the SBW of a spectropho-
tometer is a solution of 0.020% toluene in hexane. This is supplied in a per-
manently heat-sealed quartz cell, with a hexane blank. Another approach is
a benzene vapor reference. This contains 0.01 mL of benzene, which at room
temperature is in the vapor state, sealed into a UV quartz cell. At SBWs less
than 1 nm, the benzene vapor spectrum has characteristic features that may or
may not be displayed, dependent on the SBW of the spectrophotometer. Note
that benzene vapor will not work well with most photodiode array spectro-
photometers as these instruments provide abridged spectral data where the
peaks may not be resolved well enough to be useable. A toluene in methanol
reference is also available for instrument resolution validation when using
derivative spectroscopy.

11.4.1.1.4 Stray Light

Stray light, also called Stray Radiant Energy or Power, has previously been
discussed in Chapter 3. As the detector cannot discriminate between the ana-
lytical wavelength and the stray light, the stray light contributes to the detec-
tor signal and introduces an error in the measured absorption. The stray light
is not absorbed even at high concentrations of the absorbing species, so its
effect is a negative deviation from the linear relationship between concentra-
tion and absorbance (the Beer—Lambert Law) on which most quantitative
determinations are based (Fig. 11.6).

Stray light is wavelength and instrument dependent. It can be present at any
wavelength but is most noticeable when the energy throughput of the system at
the analytical wavelength is relatively low, for example, in the far UV region.
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FIGURE 11.6 Illustration of the effect of stray light on linearity of absorbance measurements.

The usual way of assessing stray light is to measure, at the desired analytical
wavelength, a sample that totally absorbs the radiation at that wavelength, but
transmits at all other wavelengths. Any light detected by the instrument is then
stray light. Practically, the usual method is to use cut-off filters or solutions that
cut-off all light near the analytical wavelength. Figure 11.7 shows the spectra of
some solutions specified in different standards for the evaluation of stray light.

Alkali halide salt solutions have very sharp transitional (cut-off) spectra,
giving excellent filtering characteristics. Hence, below the specified “cut-
off” wavelength, any indication of light transmittance must be stray light.
The test for stray light is important even if the spectrophotometer is not used
below 260 nm, because it is an excellent indication of the overall performance
of the instrument optics, including grating and deuterium lamp (Table 11.3).

11.4.1.2 Performance Qualification

The purpose of PQ is to determine that the instrument is capable of meeting
the user’s requirements for all the parameters that may affect the quality of
the measurement and to ensure that it will function properly over extended
periods of time.

With few exceptions, pharmacopoeial spectrophotometric tests and assays
call for comparison against an appropriate reference standard. This helps
ensure measurement under identical conditions for the test specimen and the
reference substance. These conditions could include wavelength setting,
SBW selection, cell placement and correction, and transmittance levels. Cells
that exhibit identical transmittance at a given wavelength may differ
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230

270 290

TABLE 11.3 Stray Light Solutions h
Material Cut-off (nm) Concentration
Sodium nitrite 390 50 mg/L aqueous
Acetone 326 Spectroscopic grade
Potassium iodide 260 10 mg/L aqueous
Sodium iodide 260 10 mg/L aqueous
Lithium carbonate 227 Saturated aqueous
Sodium chloride 205 10 mg/L aqueous
Potassium chloride 200 12 mg/L aqueous
/

considerably in transmittance at other wavelengths. Appropriate cell correc-

tions should be established and used where required.

Comparisons of a test specimen with a reference standard are best made at
a peak of spectral absorption for the compound concerned. Assays that pre-
scribe spectrophotometry give the commonly accepted wavelength for peak
spectral absorption of the substance in question. Different spectrophotometers

may show minor variation in the apparent wavelength of this peak. Good
practice demands that comparisons be made at the wavelength at which peak

absorption occurs.
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The expressions “similar preparation” and ‘“similar solution” as used in
tests and assays involving spectrophotometry indicate that the reference com-
parator, generally a reference standard, should be prepared and observed in an
identical manner for all practical purposes to that used for the test specimen.
Usually, when analysts make up the solution of the specified reference stan-
dard, they prepare a solution of about (i.e., within 10%) the desired concentra-
tion, and they calculate the absorptivity on the basis of the exact amount
weighed out. If a previously dried specimen of the reference standard has
not been used, the absorptivity is calculated on the anhydrous basis. The
expressions “concomitantly determine” and “concomitantly measure” as used
in tests and assays involving spectrophotometry indicate that the absorbances
of both the solution-containing the test specimen and the solution-containing
the reference specimen, relative to the specified test blank, must be measured
in immediate succession.

Sample Solution Preparation. For determinations using UV or visible
spectrophotometry, the specimen generally is dissolved in a solvent. Unless
otherwise directed in the monograph, analysts make determinations at room
temperature using a path length of 1 cm. Many solvents are suitable for these
ranges, including water, alcohols, chloroform, lower hydrocarbons, ethers,
and dilute solutions of strong acids and alkalis. Precautions should be taken
to use solvents that are free from contaminants that absorb in the spectral
region under examination. For the solvent, analysts typically should use
water-free methanol or alcohol or alcohol denatured by the addition of meth-
anol but without benzene or other interfering impurities. Solvents of special
spectrophotometric quality, guaranteed to be free from contaminants, are
available commercially from several sources. Some other analytical reagent-
grade organic solvents may contain traces of impurities that absorb strongly
in the UV region. New lots of these solvents should be checked for their trans-
parency, and analysts should take care to use the same lot of solvent for prep-
aration of the test solution, the standard solution, and the blank. Best practice
is to use solvents that transmit more than 40% (39.9%T=0.399 A) at the
wavelength of interest.

Assays in the visible region usually call for concomitantly comparing the
absorbance produced by the assay preparation with that produced by a stan-
dard preparation containing approximately an equal quantity of a reference
standard. In some situations, analysts can omit the use of a reference stan-
dard (e.g., when spectrophotometric assays are made with routine frequency)
when a suitable standard curve is available and is prepared with the appro-
priate reference standard, and when the substance assayed conforms to
Beer’s Law within the range of about 75-125% of the final concentration
used in the assay. Under these circumstances, the absorbance found in the
assay may be interpolated on the standard curve, and the assay result can
be calculated. Such standard curves should be confirmed frequently and
always when a new spectrophotometer or new lots of reagents are put
nto use.
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11.4.2 Validation and Verification

Validation. The objective of UV—vis method validation is to demonstrate that
the measurement is suitable for its intended purpose, including quantitative
determination of the main component in a drug substance or a drug product
(Category I assays), quantitative determination of impurities or limit tests
(Category II), and identification tests (Category IV). Depending on the cate-
gory of the test, the analytical method validation process for UV-vis requires
testing for linearity, range, accuracy, specificity, precision, DL, QL, and
robustness. These analytical performance characteristics apply to externally
standardized procedures and those that use standard additions.

Verification. The objective of an UV—vis procedure verification is to dem-
onstrate the suitability of a test procedure under actual conditions of use. Per-
formance characteristics that verify the suitability of an UV—-vis procedure are
similar to those required for any analytical procedure. Verification should be
performed using a reference material and a well-defined matrix. Verification
of compendial UV-vis procedures should at minimum include the execution
of the validation parameters for specificity, accuracy, precision, and QL, when
appropriate, as indicated under “Validation.”

11.4.3 Pharmaceutical Applications (UV-vis)

Of the four spectrophotometric techniques described in this chapter, currently
the number of UV-vis procedures in use in the pharmaceutical industry prob-
ably accounts for more than all of the other three, that is, NIR, mid-IR, and
fluorescence, combined.

The reasons for this preference are many, and varied, and owe as much
to the history of the technique, as to the physical and chemical aspects.
UV-vis spectrophotometry has been available as an instrumental technique
for almost 70 years, since April 1947, when Applied Physics Corporation
delivered the first commercial recording UV—vis spectrophotometer, a Cary
11, to Mellon Institute in Pittsburgh, USA. Given the availability of the
instrumentation, and the fundamental linear relationship, thanks to Beer’s
Law; in the second half of the twentieth century, a vast array of chromo-
genic reagents and procedures were developed for the analytical quantitation
of most elements in the periodic table. While many of these procedures have
been superseded by elemental spectroscopic techniques such as inductively
coupled plasma and related techniques; it has been often said that UV—vis
is the “screwdriver of spectroscopy,” that is, the tool found in everybody’s
toolbox, and as such will be found in most analytical laboratories across
the world.

In the United States Pharmacopeia (USP), UV-vis still provides the
majority of the spectrophotometric procedures, and quantifying this state-
ment, there are still over two hundred specific monographs containing
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UV-vis measurements in the current version (USP36-NF31), not counting
any related HPLC methods using UV-vis detection. Not surprisingly, 99%
of these procedures are quantitative in nature, with very few qualitative meth-
ods used for identification. These methods in use can be categorized as
shown in Fig. 11.8.

As shown in Fig. 11.8, a significant percentage of UV—vis is used for dis-
solution testing of tablets and products in the pharmaceutical industry
(Category III). Dissolution is a characterization test commonly used by the
pharmaceutical industry to guide formulation design and control product qual-
ity. It is also the only test that measures the rate of in vitro drug release as a
function of time, which can reflect either reproducibility of the product
manufacturing process or, in limited cases, in vivo drug release.

In this technique, the UV—vis spectrophotometer is used as the detector,
linked to a dissolution bath, and can be configured in a variety of options
using various pumping systems, switching values, etc.

The three leading pharmacopoeia’s, namely, the European Pharmacopoeia
(EP), Japanese Pharmacopoeia (JP), and USP, all have their own mandatory
control chapters for defining the physical characteristics of these systems,
methodology, etc., which have been (Fig. 11.9) harmonized by the ICH in their
document “Evaluation and Recommendation of Pharmacopoeial texts for use in
the ICH Regions on Dissolution Test General Chapter, Q4B Annex 7(R2).”

A recently published paper [15] clearly demonstrates the important
information that can be obtained from these dissolution studies. The varia-
tion in the drug release profile from four different sources is shown in
Fig. 11.10.

Identification UV-vis in USP
1%

FIGURE 11.8 Application mix of UV-vis procedures found in the USP.
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FIGURE 11.9 A typical dissolution bath, configured for paddle dissolution [14].
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FIGURE 11.10 Comparative in vitro dissolution profiles of acetaminophen tablets [15].
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11.5 NIR SPECTROMETRY

The NIR spectral region lies approximately between 780 and 2500 nm
(4000-12,800 cm ™ ") bridging the more well known and analytically used
regions of the UV—vis (190-780 nm) and the infrared (4000-600 cm™ Y. Until
relatively recently, it has been called the “forgotten” region.

NIR spectrometry is a branch of vibrational spectroscopy that shares many
of the principles that apply to other spectroscopic measurements. The NIR
spectral region comprises two subranges associated with detectors used in
the initial development of NIR instrumentation. The short wavelength
(Herschel or silicon region) extends from approximately 780-1100 nm
(12,821-9000 cm_l); and longer wavelengths, between 1100 and 2500 nm
(9000—4000 cm 1) compose the traditional (lead sulfide (PbS)) NIR region.

Vibrational spectroscopy in the NIR region is dominated by overtones and
combinations that are much weaker than the fundamental mid-IR vibrations
from which they originate. Because molar absorptivities in the NIR range
are low, radiation can penetrate several millimeters into materials, including
solids. Many materials, such as glass, are relatively transparent in this region.
Fiber-optic technology is readily implemented in the NIR range, which allows
monitoring of processes in environments that might otherwise be inaccessible.

Given the range and diversity of type of NIR systems now available for
use in the pharmaceutical industry, for example, the small handheld units
being used for raw material checking; the instrument qualification tests and
acceptance criteria described below may not be appropriate for all instrument
configurations. In such cases, alternative instrument qualification and perfor-
mance checks should be scientifically justified and documented. In addition,
validation parameters discussed in this chapter may not be applicable for all
applications of NIR spectrometry. Validation parameters characterized for a
specific NIR application should demonstrate suitability of the NIR application
for its intended use.

Transmission and Reflection. The most common measurements performed
in the NIR spectral range are transmission and reflection spectrometry. Inci-
dent NIR radiation is absorbed or scattered by the sample and is measured
as transmittance, T or reflectance, R, respectively. Transflection spectrometry
is a hybrid of transmission and reflection wherein a reflector is placed behind
the sample so that the optical path through the sample and back to the detector
is doubled compared to a transmission measurement of a sample of the same
thickness. Transflection is used to describe any double-pass transmission tech-
nique. The light may be reflected from a diffuse or specular (mirror) reflector
placed behind the sample. This configuration can be adapted to share instru-
ment geometry with certain reflection or fiber-optic probe systems in which
the source and the detector are on the same side of the sample.

Most reflection measurements in the NIR are made of scattering samples
such as powders and slurries. For such materials, NIR radiation can penetrate
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a substantial distance into the sample, where it can be absorbed when the
wavelength of the radiation corresponds to a transition between the ground
vibrational state of the analyte and either a harmonic of a given vibrational
mode (an overtone) or the sum of two or more different modes (a combination
band). Nonabsorbed radiation is scattered back from the sample to the detec-
tor. NIR reflection spectra are accessed by calculating and plotting log(1/R)
versus wavelength. This logarithmic form is the pseudo-absorbance of the
material and is commonly called absorbance.

11.5.1 Factors That Affect NIR Spectra

The following list is not exhaustive, but it includes many of the major factors
that affect NIR spectra.

Sample Temperature. Sample temperature influences spectra obtained
from aqueous solutions and other hydrogen-bonded liquids, and a differ-
ence of a few degrees may result in significant spectral changes. Temper-
ature may also affect spectra obtained from less polar liquids, as well as
solids that contain solvents and/or water.

Moisture and Solvent. Moisture and solvent present in the sample material
and analytical system may change the spectrum of the sample. Both
absorption by moisture and solvent and their influence on hydrogen bond-
ing of the APIs and excipients can change the NIR spectrum.

Sample Thickness. Sample thickness is a known source of spectral varia-
bility and must be understood and/or controlled. The sample thickness in
transmission mode is typically controlled by using a fixed optical path
length for the sample. In diffuse reflection mode, the sample thickness is
typically controlled by using samples that are “infinitely thick” relative
to the detectable penetration depth of NIR light into a solid material. Here,
“infinite thickness” implies that the reflection spectrum does not change if
the thickness of the sample is increased.

Sample Optical Properties. In solids, both surface- and bulk-scattering
properties of calibration standards and analytical samples must be taken into
account. Surface morphology and refractive index properties affect the scat-
tering properties of solid materials. For powder materials, particle size and
bulk density influence scattering properties and the NIR spectrum.
Polymorphism. Variation in crystalline structure (polymorphism)
from materials with the same chemical composition can influence NIR
spectral response. Different polymorphs and amorphous forms of solid
material may be distinguished from one another on the basis of their
NIR spectral properties. Similarly, different crystalline hydration or sol-
vation states of the same material can display different NIR spectral
properties.
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Age of Samples. Samples may exhibit changes in their chemical, physical, or
optical properties over time. Care must be taken to ensure that both samples
and standards used for NIR analysis are suitable for the intended application.

11.5.2 Instrumentation

All NIR measurements are based on exposing material to incident NIR light
radiation and measuring the attenuation of the emerging (transmitted, scattered,
or reflected) light. Several spectrophotometers are available; they are based on
different operating principles—for example: filters, grating-based dispersive,
acousto-optical tunable filter, Fourier-transform near-infrared (FT-NIR), and
liquid crystal tunable filter. Silicon (Si), PbS, indium gallium arsenide, and
deuterated triglycine sulfate (DTGS) are common detector materials. Conven-
tional cuvette sample holders, fiber-optic probes, transmission dip cells, and
spinning or traversing sample holders are common examples of sample inter-
faces for introducing the sample to the optical train of a spectrometer.

The selection of specific NIR instrumentation and sampling accessories
should be based on the intended application, and particular attention should
be paid to the suitability of the sampling interface for the type of sample that
will be analyzed.

NIR Reference Spectra. NIR references, by providing known stable mea-
surements to which other measurements can be compared, are used to min-
imize instrumental variations that would affect the measurement.
Transmittance. The measurement of transmittance requires a background
reference spectrum for determining the absorption by the sample relative
to the background. Suitable transmittance reference materials depend on
the specific NIR application and include air, an empty cell, a solvent
blank, or a reference sample.

Reflectance. The measurement of reflectance requires the measurement of
a reference reflection spectrum to determine the attenuation of reflected
light relative to the unattenuated incident beam. The reflectance spectrum
is calculated as the ratio of the single-beam spectrum of the sample to that
of the reference material. Suitable reflectance reference materials depend
on the specific NIR application and include ceramic, perfluorinated poly-
mers, gold, and other suitable materials.

11.5.3 Qualification of NIR Instruments
11.5.3.1 Operational Qualification

Because there are so many different approaches for measuring NIR spectra,
OQ using standards with known spectral properties is recommended [16].
Using external traceable reference standard materials does not justify omitting
the instrument’s internal QC procedures. As is the case with any spectroscopic
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device, wavelength uncertainty, photometric linearity, and noise characteris-
tics of NIR instruments should be qualified against target specifications for
the intended application.

11.5.3.2 Performance Qualification

Performance qualification demonstrates that the NIR measurement consis-
tently operates within target specifications defined by the user for a specific
application; it is often referred to as system suitability. Performance qualifica-
tion for NIR measurements can include comparing a sample or standard spec-
trum to previously recorded spectra. Comparisons of spectra taken over time
from identical and stable samples or reference standard materials can form
the basis for evaluating the long-term stability of an NIR measurement sys-
tem. The objective is to demonstrate that no abnormal wavelength shift or
change in detector sensitivity has occurred during ongoing analysis.

Characterizing Instrument Performance. Specific procedures, acceptance
criteria, and time intervals for characterizing NIR instrument performance
depend on the instrument and intended application. Many NIR applications
use previously validated models that relate NIR spectral response to a physi-
cal or chemical property of interest. Demonstrating stable instrument perfor-
mance over extended periods of time provides some assurance that reliable
measurements can be taken from sample spectra using previously validated
NIR models.

11.5.3.2.1 Wavelength Accuracy

In order for NIR spectrometry to yield accurate results for determinations per-
formed by the application of multivariate statistical algorithms, the spectrum
of the instrument that is used for the measurement, either on a wavenumber
or a wavelength scale, must closely match the spectrum of the spectrometer
used to acquire the calibration spectra. Similarly, the accuracy with which cali-
bration data are transferred from instrument-to-instrument may be limited
because of differences in the wavelength scale of the two instruments, thus pre-
cluding a broader use of NIR spectrometry. NIR spectra from sample and/or
reference standard materials can be used to demonstrate an instrument’s suit-
able wavelength dispersion performance against target specifications.

The USP NIR System Suitability Reference Standard or the National Insti-
tute of Standards and Technology (NIST) SRM 2036 for reflectance measure-
ment and NIST SRM 2035 for transmittance measurement can be used for
wavelength verification. Suitable materials for demonstrating wavelength dis-
persion performance include polystyrene, mixtures of rare earth oxides, and
absorption by water vapor for instruments that use an interferometer for wave-
length dispersion. With appropriate justification, alternative standards may be
used. Wavelength uncertainty typically is characterized from a single spec-
trum (collected with the same spectral resolution to obtain the standard value)



Spectrophotometry in Pharmaceutical Industry 437

using a minimum of three peaks that cover a suitable spectral range of the
instrument. Typical tolerances for agreement with standard values are
+1.0 nm below 2000 nm and £1.5 nm from 2000 to 2500 nm. Alternative tol-
erances may be used when justified for specific applications.

11.5.3.2.2 Photometric Linearity and Response Stability

NIR spectra from samples and/or reference standard materials with known rela-
tive transmittance or reflectance can be used to demonstrate a suitable relation-
ship between NIR light attenuation (due to absorption) and instrument
response. For reflectance measurements, commercially available reflectance
standards with known reflectance properties are often used. Spectra obtained
from reflection standards are subject to variability as a result of the difference
between the experimental conditions under which they were factory calibrated
and those under which they are subsequently put to use. Hence, the reflectance
values supplied with a set of calibration standards may not be useful in the
attempt to establish an “absolute” calibration for a given instrument. Provided
that: (1) the standards do not change chemically or physically, (2) the same ref-
erence background is also used to obtain the standard values, and (3) the instru-
ment measures each standard under identical conditions (including precise
sample positioning), the reproducibility of the photometric scale will be estab-
lished over the range of standards. Subsequent measurements on the identical
set of standards give information on long-term stability. Photometric linearity
is typically characterized using a minimum of four reference standards in the
range from 10% to 90% reflection (or transmission). NIR applications based
on measuring an absorbance larger than 1.0 may require standards with reflectiv-
ity properties between 2% and 5% reflection (or transmission) for characterizing
instrument performance at low reflectance. The purpose is to demonstrate a lin-
ear relationship between NIR reflectance and/or transmittance and instrument
response over the scanning range of the instrument. Typical tolerances for a lin-
ear relationship are 1.00+0.05 for the slope and 0.00+0.05 for the intercept of a
plot of the measured photometric response versus standard photometric response.
Alternative tolerances may occur when justified for specific applications.

11.5.3.2.3 Spectroscopic Noise

NIR instrument software may include built-in procedures to automatically
determine system noise and to provide a statistical report of noise or SNR
over the instrument’s operating range. In addition, it may be desirable to sup-
plement such checks with measurements that do not rely directly on
manufacturer-supplied procedures. Typical procedures involve measuring
spectra of traceable reference materials with high and low reflectance. Toler-
ances for these procedures should demonstrate suitable SNR for the intended
application.
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High-Flux Noise. Instrument noise is evaluated at high-light flux by mea-
suring reflectance or transmittance of the reference standard, with the refer-
ence material (e.g., 99% reflection standard) acting as both the sample and
the background reference.

Low-Flux Noise. The same procedure may be used with a lower reflectiv-
ity reference material (e.g., 10% reflectance standard) to determine system
noise at reduced light flux. The source, optics, detector, and electronics make
significant contributions to the noise under these conditions.

11.5.4 Method Validation

The objective of NIR method validation, as is the case with the validation of
any analytical procedure, is to demonstrate that the measurement is suitable
for its intended purpose. NIR spectrometry is somewhat different from con-
ventional analytical techniques because validation of the former generally is
achieved by the assessment of chemometric parameters, but these parameters
can still be related to the fundamental validation characteristics required for
any analytical method.

Data pretreatment is often a vital step in the chemometric analysis of NIR
spectral data. Data pretreatment can be defined as the mathematical transfor-
mation of NIR spectral data to enhance spectral features and/or remove or
reduce unwanted sources of variation prior to using the spectrum. Calibration
is the process of developing a mathematical relationship between NIR spectral
response and properties of samples. Many suitable chemometric algorithms
for data pretreatment and calibration exist; the selection should be based on
sound scientific judgment and suitability for the intended application.

11.5.4.1 Ongoing Method Evaluation

Validated NIR methods should be subject to ongoing performance evaluation,
which may include monitoring accuracy, precision, and other suitable method
parameters. If performance is unacceptable, corrective action is necessary. It
involves conducting an investigation to identify the cause of change in
method performance and may indicate that the NIR method is not suitable
for continued use. Improving the NIR method to meet measurement suitability
criteria may require additional method development and documentation of
validation experiments demonstrating that the improved method is suitable
for the intended application. The extent of revalidation required depends on
the cause of change in method performance and the nature of corrective action
required in order to establish suitable method performance. Appropriate
change controls should be implemented to document ongoing method
improvement activities.

Revalidation of a qualitative model may be necessary as a result of the
following:
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Addition of a new material to the spectral reference library

Changes in the physical properties of the material

Changes in the source of material supply

Identification of previously unknown critical attribute(s) of material(s).
Revalidation of a quantitative model may be necessary as a result of the
following:

e Changes in the composition of the test sample or finished product
Changes in the manufacturing process

Changes in the sources or grades of raw materials

Changes in the reference analytical method

Major changes in instrument hardware

Outliers. Sample spectra that produce an NIR response that differs from the
qualitative or quantitative calibration model may produce an outlier. This does
not necessarily indicate an out-of-specification result; but rather an outlier
indicates that further testing of the sample may be required and is dependent
on the particular NIR method. If subsequent testing of the sample by an
appropriate method indicates that the property of interest is within specifica-
tions, then the sample meets its specifications. Outlier samples may be
incorporated into an updated calibration model subsequent to execution and
documentation of suitable validation studies.

11.5.4.2 Method Transfer

Controls and measures for demonstrating the suitability of NIR method per-
formance following method transfer are similar to those required for any ana-
Iytical procedure. Exceptions to general principles for conducting method
transfer for NIR methods should be justified on a case-by-case basis. The
transfer of an NIR method is often performed by using an NIR calibration
model on a second instrument that is similar to the primary instrument used
to develop and validate the method. When a calibration model is transferred
to another instrument, procedures and criteria must be applied to demonstrate
that the calibration model meets suitable measurement criteria on the second
instrument. The selection of an appropriate calibration model transfer proce-
dure should be based on sound scientific judgment.

11.5.5 Pharmaceutical Applications (NIR)

The NIR (900-2500 nm) region was largely neglected by analysts for many
years because of the complex nature of the spectra produced by water, proteins,
etc., in this region. However, thanks to the many and varied multivariate math-
ematical calibration approaches now available, broadly described by the term
“chemometrics,” it has recently found new and important applications, in the
pharmaceutical industry for raw material and quality assurance procedures.
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These applications often involve comparing an NIR spectrum from a sample
to reference spectra and assessing similarities against acceptance criteria devel-
oped and validated for a specific application. In contrast, applications of quanti-
tative analysis involve the development of a predictive relationship between NIR
spectral attributes and sample properties. These applications typically use numer-
ical models to quantitatively predict chemical and/or physical properties of the
sample on the basis of NIR spectral attributes. Examples include; moisture con-
tent, API content uniformity, hardness, particle size, packing density, etc.

Initially, it was the arrival of FT-NIR instruments in the 1990s and the
increasing awareness of the NIR’s unique information content in the signal
that can provide both physical and chemical information that catalyzed the
deployment of NIR spectrometry systems for both qualitative and quantitative
purposes within the industry.

It is the versatility of the available sample presentation modes in NIR, that
is, fiber-optic probe-based systems, and latterly, small handheld units, com-
bined with the availability of powerful signal process electronics that has
revolutionized the use of the technique in two main pharmaceutical areas out-
side of the QC laboratory.

Firstly, in the goods-in receiving area of the raw materials warehouse, bulk
materials may now be checked for identity and compliance to specification,
immediately on receipt. As is the case with other spectroscopy measurements,
interactions between NIR radiation and matter provide information that can be
for both qualitative and quantitative assessment of the chemical composition
of samples. In addition, qualitative and quantitative characterization of a sam-
ple’s physical properties can be made because of the sample’s influence on
NIR spectra. Example application uses include the identification of funda-
mentally chemically different compounds, APIs, excipients, dyes, packaging
material, polymorphs, isomers, and physical characteristics, such as crystal-
line versus amorphous.

Secondly, NIR spectrometry provides an invaluable tool in assisting com-
pliance with the PAT initiative, because probes can easily be mounted within
process streams, mixers, etc., to allow qualitative analysis of, for example,
reaction pathways, drying of a product [17,18], granulation, blending and/or
content uniformity, monitoring of blister packed final product, etc. In
Ref. [17], NIR is used to track the drying process of an API, and in
Ref. [18], the correlation between NIR spectral measurement and actual mois-
ture content of a freeze-dried lyophilized preparation of folinic acid calcium
salt (Leucovorin Ca) is described (Fig. 11.11).

11.6 MID-IR SPECTROMETRY

Mid-IR spectrometry is an instrumental method used in mostly qualitative
identification procedures, and like its NIR counterpart can be used for quanti-
tative analysis, often using a chemometric approach. The method involves
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FIGURE 11.11 Effect of change of moisture content between 2.65% and 8.04% on the FT-NIR
spectrum of lyophilized Leucovorin Ca [18].

measurement of the absorption of electromagnetic radiation over the wave-
number range between 4000 and 400 cm ™' (2.5 and 25 pm) caused by the
promotion of molecules from the ground state of their vibrational modes to
an excited vibrational state.

Vibrational modes involve the motion of all atoms of the molecule. When
molecules contain a certain functional group, the transitions often occur in
narrow spectral ranges. In this case, the wavenumbers at which these transi-
tions occur are known as group frequencies. When a vibrational mode
involves atomic motions of more than just a few atoms, the frequencies occur
over wider spectral ranges and are not characteristic of a particular functional
group but are more characteristic of the molecules as a whole. Such bands are
known as fingerprint bands. All strong bands that absorb at wavenumbers
above 1500 cm™' are group frequencies. Strong bands that absorb below
1500 cm ™! can be either group frequencies or fingerprint bands.

11.6.1 Qualification of IR Spectrophotometers
11.6.1.1 Operational Qualification

While the science of mid-IR spectrometry may be performed on both
dispersive and Fourier-transform IR (FT-IR) spectrometers, almost without
exception those currently in use in the pharmaceutical industry are
FT-IR [19].
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11.6.1.1.1 Wavenumber Accuracy

The most commonly used wavenumber standard for infrared (IR) spectrome-
try is an approximately 35-um thick, matte polystyrene film. The spectrum of
such a film has several sharp bands at 3060.0, 2849.5, 1942.9, 1601.2, 1583.0,
1154.5, and 1028.3 cm™'. The most frequently used is located at about
1601.2 cm™'. The wavenumber of maximum response of the chosen band
can be measured using the center-of-gravity, polynomial spline procedure,
or other peak-picking algorithms.

11.6.1.1.2 Photometric Accuracy

There is no good way of measuring the absolute photometric accuracy of an
FT-IR spectrometer. Photometric accuracy is partially covered in Chapter 4;
however, a recognized procedure in the Pharmaceutical industry, for verifying
the accuracy of the instrument’s zero-energy level is to check the region of the
single-beam spectrum below the detector cut-off between 200 and 300 cm ™!
when a DTGS detector is used and between 400 and 300 cm ™' when a mer-
cury cadmium telluride (MCT) detector is used. The average value of the
single-beam spectrum in this region should be less than 1000 times the maxi-
mum value of the signal in the single-beam spectrum. This criterion is usually
met when a DTGS detector is used but is rarely met with an MCT detector.

11.6.1.1.3  Sensitivity

The sensitivity of the instrument can be determined by measuring two single-
beam spectra under exactly the same conditions and calculating their ratio to
produce what is commonly known as a 100% line. The noise level in different
spectral regions can be estimated either as the peak-to-peak noise, that is, the
difference between the maximum and minimum values of the percent trans-
mission in the selected spectral region(s), or the root-mean-square (RMS)
noise, that is, the standard deviation of the spectrum in that region. The
RMS noise level is the preferred metric because this calculation involves all
the data in the selected region rather than just the two most deviant points.
Typical measurement conditions to test the sensitivity of an FT-IR spectrom-
eter equipped with a DTGS detector are 16 coadded scans, a resolution of
2cm ™', and Norton-Beer medium apodization. The most commonly used
spectral region is 2200-2000 cm ' because (a) this is where the performance
of most mid-IR spectrometers is highest and (b) no common atmospheric
interferent such as H,O or CO, absorbs strongly in this region. However,
other regions should be tested close to the ends of the spectrum, such as
650—450 cm ™' and 4000-3800 cm~'. The SNR of the spectrometer operating
with certain parameters in a given spectral region is estimated as 100/(RMS
noise level in percent transmission).
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11.6.1.1.4  Stability

The short- and long-term stability of the instrument also can be estimated
from the deviation of the 100% line from 100% T at the short wavelength
(high wavenumber) end of the spectrum. Short-term stability is estimated by
measuring the two single-beam spectra a few minutes apart and calculating
the 100% line. The long-term stability is measured by increasing the time
between the two measurements to several hours.

11.6.1.1.5 Signal Averaging

The SNR should increase with the square root of the number of coadded
scans. To test the signal-averaging capability, measure the SNR with the fol-
lowing numbers of scans: N=1, 4, 16, 64, 256, 1024, and 4096. A plot of
SNR versus VN is linear if the instrument is correctly averaging signals. An
alternative means of testing this is to plot log SNR versus log N. This plot
should be linear with a slope of 2.00.

11.6.1.2 Performance Qualification

The purpose of PQ is to determine that the instrument is capable of meeting
the user’s requirements for all the parameters that may affect the quality of the
measurement.

Procedure. Mid-IR spectra can be measured by transmission, external
reflection, internal reflection (often called attenuated total reflection), diffuse
reflection, and photoacoustic spectrometry (PAS). Different sample prepara-
tion techniques are available for these options. The most common sample
preparation techniques are outlined below:

e KBr Discs. KBr will coalesce under high pressure and can be formed into
self-supporting disks that are transparent to mid-IR radiation to about
400 cm™'. Commercial presses and dies in a range of diameters are avail-
able for the preparation of alkali-halide and similar disks.

e Mineral Oil Mulls. 10-20 mg of the sample is placed into an agate or
mullite mortar and then ground to a fine powder, and a small drop of
the mulling agent is added. This is then mixed into a uniform paste, which
is transferred to the center of a clean IR-transparent window (e.g., KBr,
NaCl, AgBr, or Csl). A second matching window is placed on top of the
mull, and the mull is squeezed to form a thin translucent film that is free
from bubbles.

The most widely use mulling agent for the mid-IR region is a saturated
hydrocarbon mineral oil (liquid paraffin, Nujol).

e Compression Cells. A compression cell is useful when measuring a small
or limited-quantity solid sample such as a single particle of an API or
excipient, a contaminant such as a short length of fiber, or a small fragment
from a packaging material. This is particularly the case for investigations
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using an IR microscope system. When using a compression cell, the sam-
ple is placed between the windows of the cell, the cell is then tightened,
and the sample thickness is reduced to an optimum for a transmission
measurement. Because of the high strength of diamond, it is commonly
used as the window material of compression cells.

o Self-Supported Polymer Films. The mid-IR transmission spectrum of
many polymers used as packaging materials is recorded from samples
prepared as thin self-supporting films using hot compression molding or
microtoming.

e Capillary Films. Nonvolatile liquids can be examined neat in the form of a
thin layer sandwiched between two matching windows that are transparent
to mid-IR radiation. The liquid layer must be free of bubbles and must
completely cover the diameter of the IR beam focused on the sample.

e Liquids and Solutions in Transmission Cells. For the examination of liquid
and solution samples, transmission cell assemblies that comprise a window
pair, spacer, filling ports, and a holder are available commercially in both
macro- and microsample configurations. For laboratory applications,
spacers typically are formed from lead, polytetrafluoroethylene, or polyeth-
ylene terephthalate and can be supplied, depending on spacer materials, in
standard thickness path lengths from approximately 6 um to 1 mm or larger.

e Gases. Mid-IR transmission cells for static or flow-through gas and vapor
sampling are available in a wide range of materials to suit the application,
from laboratory to process scale. In the laboratory, the traditional gas cell
has been a 10-cm long cylinder made from borosilicate glass or stainless
steel with an approximately 40-mm aperture at each end. Each open end
is covered with an end cap that contains one of a pair of mid-IR—
transparent windows constructed from, for example, KBr, ZnSe, or CaF,.

o Attenuated Total Reflection (ATR). Attenuated total reflectance spectrom-
etry relies on the optical phenomenon of radiation passing through a
medium of high refractive index at a certain angle of incidence entirely
reflected internally at a boundary in contact with a material of lower
refractive index. The medium of high refractive index is also known as
the internal reflection element (IRE). The sample under examination
should be placed in close contact with the IRE such as diamond, germa-
nium, ZnSe, or another suitable material of high refractive index. Ensure
close and uniform contact between the substance and the whole crystal
surface by applying pressure or by dissolving the substance in an appropri-
ate solvent and then covering the IRE with the solution and evaporating to
dryness.

o Diffuse Reflection. The most important and commonly used form of sam-
ple preparation for diffuse reflection is to dilute the sample by intimately
mixing it with 90-99% of nonabsorbing diluents such as finely powdered
KBr or KCI. The sample dilution has the added benefit of reducing absorp-
tion band intensities to an appropriate level.
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e Microscopic Sampling. Coupling a light microscope with a mid-IR spec-
trometer allows spectra to be obtained from very small samples and is gen-
erally applied in transmittance or reflectance modes.

11.6.2 Validation and Verification

Validation. The objective of an IR method validation is to demonstrate that
the measurement is suitable for its intended purpose, including: quantitative
determination of the main component in a drug substance or a drug product
(Category I assays), quantitative determination of impurities or limit tests
(Category II), and identification tests (Category IV). Depending on the cate-
gory of the test, the analytical procedure validation process for IR requires
the testing of linearity, range, accuracy, specificity, precision, DL, quantita-
tion limit, and robustness.

If the IR method results from a chemometrics model calculated against the
response of another analytical technology (e.g., HPLC), then the same princi-
ples described in NIR spectrometry, specifically Section 11.5.4, can be applied.

11.6.3 Pharmaceutical Applications (Mid-IR)

Given that mid-IR is essentially a qualitative technique, applications of mid-
IR spectrometry in the pharmaceutical industry, range widely from the basic
identification and characterization of drug formulations to the study of kinetic
pathways in new topic drug delivery systems.

Combining the various measurement modes and sample preparation tech-
niques already described, provides a matrix of combinations, providing oppor-
tunities to exploit the advantages of mid-IR spectrometry. Again like NIR
spectrometry, quantitation can be possible by the use of the appropriate che-
mometric technique, for example, the determination of methamphetamine
using ATR which is illustrated in Fig. 11.12 for two different concentration
levels [20].

ATR-based methodology can be used to study drug release in semisolid
formulations, drug penetration, and influence of penetration modifiers and
also provide in in vivo studies. It can also be used to obtain images of the sur-
face of the skin and the spatial distribution of protein and lipid rich domains.

PAS can also be applied to measure drug content in semisolid and solid
formulations, to determine drug penetration into artificial and biological
membranes. The big advantage of this technique is the possibility of spectral
depth profiling.

The small sample size made available by microscopic sampling can also
be used, for example, to visualize the drug and excipient distribution in phar-
maceutical formulations such as tablets and therapeutic transdermal system,
contaminants in pharmaceutical samples, the mechanism of drug release,
and study of penetrability of cosmetic ingredients in human hair.
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FIGURE 11.12 Typical ATR spectra of methamphetamine: (a) high concentration (78.6%) and
(b) low concentration (10.3% cut with MSM (methylsulphonylmethane)) [20].

Mixtures of unknown materials may be found during the development and
manufacturing of biopharmaceutical drug products. Their physiochemical
properties must be identified to determine the root cause and to take correc-
tive and preventive actions. Mid-IR spectrometry is widely employed as a
powerful analytical tool to obtain the fingerprints of unknown materials, and
by combining microspectroscopic techniques with spectral library searching,
functional group analysis, and knowledge of the materials used in the pro-
cesses, these incidents of unknown contaminants can be investigated.

11.7 FLUORESCENCE SPECTROMETRY

Fluorescence is a two-step process that requires absorption of light at a spe-
cific wavelength (excitation) followed by emission of light, usually at a higher
wavelength. The emission of light is termed fluorescence.

The most common type of fluorescent sample is a submicromolar transpar-
ent solution that absorbs light following the Beer—Lambert—Bouguer Law and
that fluoresces with an intensity that is directly proportional to the concentra-
tion, the absorptivity, and the fluorescence quantum yield of the fluorescent
species or fluorophore.

Unlike absorption spectrometry, where deviation from linearity is the
exception, fluorescence linearity can be affected by a number of sample-
related effects; see Chapter 7.
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A conventional fluorescence spectrometer has both excitation and emis-
sion wavelength selectors. The analyst collects a spectrum by fixing the wave-
length of one of the selectors and scanning the other wavelength selector over
a specified range.

Fluorescence methods also are termed background free because little exci-
tation light reaches the detector. This characteristic makes fluorescence detec-
tion highly sensitive, down to single-molecule detection in some cases.
Fluorescence detection also can be highly specific because a fluorophore
emits a characteristic emission spectrum. Specificity and sensitivity are two
of the more important strengths of fluorescence methods.

11.7.1 Qualification of Fluorescence Instruments

The purpose of this section is to provide test methods and acceptance criteria
to ensure that the instrument is suitable for its intended use (OQ) and that it
will continue to function properly over extended time periods (PQ) [21].

As with any spectrometric device, analysts must qualify a spectrofluorom-
eter for accuracy and precision for both wavelength scale and relative inten-
sity or detector signal scale. They also must establish sensitivity. OQ should
span the operational ranges required within the laboratory for both intensity
and wavelength scales.

11.7.1.1 Operational Qualification

The tolerances given in both the instrument OQ and PQ are applicable for
general use. Specifications for particular instruments and applications can
vary depending on the analytical procedure used and the desired accuracy
of the final result.

Wherever possible, analysts should use CRMs for purposes of calibration
in the steps detailed below in preference to laboratory-prepared solutions.
When CRMs are obtained from a recognized accredited source, they have
independently verified traceable value assignments with associated calculated
uncertainties.

The criteria for acceptable instrument performance given in the following
subsections are applicable for general use unless specified otherwise. Two
general types of instrumental measurements are differentiated here: spectral,
that is, those that measure intensity versus wavelength, and fixed, that is,
those that measure intensity at a fixed wavelength and bandwidth.

11.7.1.1.1  Wavelength Accuracy

The level of confidence of measured peak positions is defined by wavelength
accuracy for spectral measurements. Determining and calibrating the wave-
length accuracy (see Section 7.6.1.4) at two points (one for emission and
one for excitation) often are sufficient to qualify an instrument for this



448 Spectrophotometry

parameter because the relative wavelength accuracy typically does not change
importantly, for example, on the order of 1 nm, across an instrument’s effec-
tive wavelength range. However, determination of the accuracy of many
wavelengths across the desired wavelength range demonstrates if further cali-
bration, beyond a single point, is needed. Multipoint calibration involves mea-
suring wavelength biases at multiple wavelengths and correcting for the
wavelength dependence of the bias. A single-point calibration often can be
applied to the wavelength axis in an instrument’s software before data are col-
lected, but a multipoint calibration may require that the correction be applied
to spectra after they are collected. Additional information can be found in
Chapter 7.

For fixed measurements, the wavelength position and bandwidth should be
reproducible. For filter-based wavelength selection, this requires only that the
same filter be used when analysts compare data over time. If a different filter
must be used, for example, when data are compared across instruments and
laboratories, then the transmission curves of the filters must be compared.

Atomic Line Spectra. This procedure is described as the fundamental
method because the emission lines produced from a discharge lamp are char-
acteristic of the source element, and, as a fundamental physical standard,
these wavelengths have been measured with an uncertainty of no more than
£0.01 nm. In solution spectrofluorometry, the wavelength bias required rarely
exceeds 1.0 nm. For these reasons, the atomic line standard values are cited
without uncertainty. For this method, the lamp should be placed at the source
position in the spectrofluorometer.

A commonly employed low-pressure mercury lamp has a number of
intense lines that cover a large part of the UV and visible range, that is,
253.7,296.7, 365.0, 404.7, 435.8, 546.1, 577.0, and 579.1 nm. Manufacturers
often use two Xenon lines from the source at 260.5 and 541.9 nm as an inter-
nal calibration check because the accuracy of both the excitation and emission
monochromators can be verified and can be used for diagnostic purposes.

Use of Rare Earth Oxide Solutions. This procedure uses a solution of a
rare earth oxide prepared by dissolution in acid media. The most frequently
used is holmium oxide in perchloric acid in combination with a diffuse reflec-
tor located at the sample position. Suitable CRMs are available commercially.
The wavelength selector not being scanned should be removed; if removal is
not practicable, it should be set to zero order (in this position, a grating
behaves like a mirror reflecting all wavelengths). The diffuse reflector is
scanned with and without the rare earth sample in place, and the ratio of the
two intensities is calculated to obtain an effective transmittance spectrum.
Minima in the intensity ratio correspond to absorption peaks of the sample.
For a 40 mg/L solution of holmium oxide in perchloric acid, 1.0 nm SBW
and a path length of 1 cm, 14 minima have established [22] wavelengths of
241.1, 249.9, 278.1, 287.2, 333.5, 345.4, 361.3, 385.6, 416.3, 451.3, 467.8,
485.2, 536.6, and 640.5 nm.
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TABLE 11.4 Dopant, Excitation, and Emission Data for Selected Reference
Materials
Dopant Excitation A (nm) Emission 4 (nm)
p-Terphenyl 295 338
Ovalene 342 482
Tetraphenylbutadiene 348 422
Anthracene 360 402

/

If the operational range of the spectrometer lies outside 240—650 nm, other
certified rare earth oxides or other solutions are used. Didymium (a mixture of
neodymium and praseodymium) is available as a traceable standard in both
solution and glass presentations. Didymium is similar in preparation to the
holmium materials and has useful peak characteristics in the 730-870 nm
region.

Use of Polymethylmethacrylate (PMMA)-Doped References. This proce-
dure uses solid reference materials manufactured by polymerization of a vari-
ety of fluorescent active aromatic ring compounds into an inert PMMA
matrix. These materials are supplied as polished blocks for use in a standard
cuvette holder (see Table 11.4).

Wavelength precision should be determined over the operational range
using at least six replicate measurements. The standard deviation should not
exceed =1 nm.

11.7.1.1.2 Performance Verification

Results from day-to-day testing of photostable intensity standards are used to
verify the performance of an instrument. If the measured intensity does not
change from that observed when the instrument was qualified, then instrument
performance has not changed and remains qualified. Using such standards to
determine an artifact-based or quasi-absolute intensity scale potentially
enables measured intensities and instrument sensitivity to be compared over
time or between instruments. Intensity measurements should be within the lin-
ear range of the instrument’s detection system before analysts attempt inten-
sity comparisons.

For instruments with filter-based wavelength selection, analysts should use
fluorescence standards for spectral correction to determine expected intensity
differences caused by filters with different transmission profiles. By compen-
sating for these intensity differences due to spectral mismatch, the analyst can
determine a quasi-absolute intensity scale for these instruments. Analysts
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should approach instrument-to-instrument comparisons with particular caution
because of the relatively large and difficult-to-quantify uncertainties involved.

Use of Low-Conductivity (18 MQ2) water. The Raman band of water is
used to measure SNRs in fluorescent instruments. The Raman band of water
is inherently reproducible and does not degrade with time. Water is conve-
nient to obtain in a pure state and allows interlaboratory comparisons to be
made with a high level of confidence. No preparation or dilution is required.
The Raman band is a low-level signal that provides a good test for both the
optics and the electronics of an instrumental system.

The Raman band of water is not caused by fluorescence but is a result of
Raman scattering. For water, the Raman band is always red-shifted
3382 cm ™' relative to the excitation. This band usually is measured by excita-
tion at 350 nm, resulting in a Raman peak at 397 nm, but radiation up to
500 nm also can be used as the excitation wavelength, and the corresponding
emission peak is 602 nm.

Use of Intensity Standards. Several solid-doped fluorescent materials are
available. These polymers or glasses enable the relative spectral correction
and day-to-day PQ of fluorescence instruments across the UV, visible, and
NIR regions from 320 to 830 nm. The high photostability of the materials
makes them particularly useful as day-to-day intensity standards, even when
spectral correction is not needed or when the excitation wavelength differs
from that used for certification.

Available from commercial vendors and from NIST as SRMs 2940 (orange
emission), 2941 (green emission), 2942 (UV emission), 2943 (blue emission),
and 2944 (red/NIR emission), these references are available in the form of a
solid glass, standard-sized cuvette (12.5 mm X 12.5 mm x 45 mm) with three
polished long faces for 90° detection and one frosted long face for front-face
or epifluorescence detection, and come with a certified, steady-state emission
spectrum, along with the estimated total uncertainties.

Alternatively, analysts can use fluorophores in solution that have been
shown to be stable. Commercial vendors provide a 1 mg/L solution of quinine
sulfate dihydrate in 0.105 M perchloric acid that has been fully characterized
by NIST as SRM 9364, and a series of day-to-day intensity standards is avail-
able from the German Federal Institute for Materials Research and Testing
(BAM).

As previously described, the pharmaceutical industry relies on validated
methodology, produced on qualified instrumentation. The essential transfer
of these fluorescence-based protocols, between for example, development
and manufacturing, may involve instrumentation from different vendors, dif-
ferent physical locations, etc., and therefore must be constructed using cor-
rected spectra.

In a recent paper [23], the NIST reference spectrum for quinine sulfate
was compared with uncorrected and corrected spectra of quinine sulfate
and analyzed on three commercially available spectrofluorometers. The
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FIGURE 11.13 NIST reference spectrum of quinine sulfate compared to uncorrected quinine
sulfate and corrected quinine sulfate emission collected on three spectrofluorometers, “a,” “b,”
and “c.” Redrawn from Ref. [23].

differences reported highlight the importance of always using corrected
spectra. As shown in Fig. 11.13, before correction, none of the quinine sulfate
spectra collected on the three instruments exhibited good agreement with the
NIST reference spectrum across the whole wavelength range (370-550 nm).
Specifically, none of the uncorrected spectra had an emission peak position
centered at 450 nm as does the NIST spectrum. Spectrofluorometers “a” and
“c” showed slightly blue-shifted peak positions, whereas “b” shows an emis-
sion peak slightly to the red of 450 nm. Furthermore, the overall shapes of the
spectra did not agree with the NIST reference spectrum. For example, “a” had
an emission curve that is broader than the NIST spectrum at wavelengths
shorter than the peak position (i.e., <450 nm) and shallower than the NIST
spectrum at longer wavelengths (>450 nm).

11.7.1.2 Qualitative and Quantitative Fluorescence
Measurements

Two general classes of procedural measurements, namely qualitative and
quantitative measurements are commonly performed by fluorescence
spectrometry:

o Qualitative Fluorescence Measurements. Qualitative fluorescence mea-
surements are used to detect the presence of particular analytes and yield
a positive or negative answer. The excitation and emission wavelengths
often are selected at the peak maximum of the fluorophore to be detected.
The observation of fluorescence at the peak position above the limit of
detection (usually three times the noise level) indicates a positive result.

o Quantitative Fluorescence Measurements. Quantitative fluorescence mea-
surements are used to determine amounts or concentrations of analytes in
unknown samples. These quantities may be determined in absolute units
such as moles or moles per liter or in relative units such as the ratio of
the concentrations of two fluorescent analytes contained in a single
unknown solution. These determinations use the following proportionality
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relating fluorescence signal (S) at a given pair of excitation and emission
wavelengths (i, 1) to fluorescent analyte concentration (c):

S oc I().QRdOC¢C

Iy, intensity of the excitation beam

Q, fraction of the fluorescence collected by the detection system
Ry, responsivity of the detection system

o, absorption coefficient

@, fluorescence quantum yield

¢, concentration of the fluorescent analyte.

This linear proportionality with concentration applies to optically dilute sam-
ples, for example, solutions with an absorbance of less than 0.05 at a path
length of 1 cm.

11.7.1.3 Good Spectroscopic Practice

Comparisons of a test specimen with a reference standard are best made at a
peak of spectral emission for the compound of interest. Assays based on spec-
trofluorometry give the commonly accepted wavelengths for excitation and
peak spectral emission of the substance in question. Different spectrofluorom-
eters may show minor variation in the apparent wavelength of this peak. Com-
parisons should be made at the wavelength at which peak emission occurs. If
this differs from the wavelength specified in the monograph by more than
£1 nm in the range of 200-400 nm or by more than £2 nm in the range of
400-800 nm, recalibration of the instrument may be indicated.

Use of Reference Standards. With few exceptions, pharmacopoeial spec-
trofluorometric procedures provide results by comparison against a reference
standard. This ensures measurement under identical conditions for the test
specimen and the reference standard. These conditions could include wave-
length setting, SBW selection, cell placement and correction, and intensity
levels. Cells that exhibit identical optical fluorescence characteristics at a spe-
cific wavelength may differ considerably at other wavelengths. Analysts
should establish and use appropriate cell corrections where required.

The terms similar preparation and similar solution in tests and assays that
involve spectrofluorometry indicate that the reference standard should be
prepared and observed in a manner that is identical to that used for the sample
under test. Usually, when a solution of the specified reference standard is
prepared at (i.e., within 10% of ) the desired concentration, the fluorescence
intensity is calculated on the basis of the exact amount weighed out. If they
have not used a previously dried specimen of the reference standard, analysts
should correct this intensity on the anhydrous basis. The expressions concom-
itantly determine and concomitantly measured as used in procedures that
involve spectrofluorometry indicate that the intensities of both the sample
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solution and the standard solution, relative to the specified test blank, should
be measured in immediate succession.

Sample Solution Preparation. For determinations using UV or visible spec-
trofluorometry, the specimen generally is dissolved in a solvent. Unless other-
wise directed in the monograph, determinations are made at room temperature
using a path length of 1 cm. Many solvents are suitable for these spectral
ranges, including water, alcohols, chloroform, lower hydrocarbons, ethers,
and dilute solutions of strong acids and alkalis. Solvents should be free from
contaminants that fluoresce in the spectral region under examination. For the
solvent, water-free methanol or alcohol or alcohol that has been denatured by
the addition of methanol but does not contain benzene or other interfering
impurities should be used. Spectrophotometric-quality solvents that are guaran-
teed to be free from contaminants are available commercially from several
sources, but some analytical reagent-grade organic solvents may contain traces
of impurities that fluoresce strongly in the UV region. New lots of these sol-
vents should be checked for their transparency, and analysts should take care
to use the same lot of solvent for preparation of the test solution, the standard
solution, and the blank. Solvents that do not have an interfering fluorescence
signature at the wavelength(s) of interest are optimal. In normal usage, the fluo-
rescence baseline intensity should not be more than 2% of the expected mea-
surement signal unless a larger value previously has been justified.

Assays in the visible region usually call for comparing concomitantly the
fluorescence intensities produced by the sample solution with that produced
by a standard solution that contains approximately an equal quantity of a ref-
erence standard. In some situations, it may be permissible to omit the use of a
reference standard. This is true when spectrofluorometric assays are made
with routine frequency, when a suitable standard curve is available and is
prepared with the appropriate reference standard, and when the substance
assayed conforms to Beer’s Law within the range of about 75-125% of the
final concentration used in the assay. Under these circumstances, the fluores-
cence intensity found in the assay can be interpolated on the standard curve,
and the assay result can be calculated. Such standard curves should be con-
firmed frequently and always when a new spectrofluorometer or new lots of
reagents are put into use.

11.7.2 Validation and Verification

Validation. The process for analytical procedure validation for fluorescence
requires testing for linearity, range, accuracy, specificity, precision, DL, quantita-
tion limit, and robustness. These analytical performance characteristics apply to
externally standardized procedures and those that use standard additions.
Indirect Measurement Requirements. Some fluorescence procedures
employ chromogenic derivatization, where a chemical reaction is used to
produce the fluorophore. Generally, the requirements for the analytical
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performance characteristics should be used. In some instances, the required
accuracy and precision for the direct measurements may not be achievable.
Under these circumstances, the accuracy and precision requirements may be
widened by as much as 50%. However, any such widening must be justified
on scientific grounds and with documented evidence. Under these circum-
stances, the amount of replication required to produce a scientifically sound
reportable value may be increased.

11.7.3 Pharmaceutical Applications (Fluorescence)

Fluorescence spectroscopy is an important investigational tool in many areas
of analytical science, due to its extremely high sensitivity and selectivity, and
the pharmaceutical industry is no exception. With many uses across a broad
range of chemical, biochemical and medical research, it has become an essen-
tial technique allowing detailed, real-time investigation of the structure and
dynamics of intact biological systems with extremely high resolution. It is
particularly heavily used in pharmaceutical development where FCS has
almost completely replaced radiochemical labeling in combinatorial chemis-
try and high-throughput screening [24].

Additionally, fluorescence methods in use can be categorized into the
types already described.

Category I: Assay procedure for the API. Fluorescence can be used either
as the detector for HPLC procedures, or directly (by comparison with a refer-
ence material), for example, Riboflavin, where the excitation wavelength is
444 nm, and the emission wavelength is 530 nm [25].

Category I1: Impurities. Fluorescence is used for the determination of both
organic and inorganic impurities, by reaction with the appropriate fluorogenic
reagents. For example, aminobutanol in ethambutanol hydrochloride may be
determined by derivatization with fluorescamine, where the excitation wave-
length is 385 nm, and the emission wavelength is 485 nm [26]; and aluminum
in sodium chloride may be quantified by the formation of the complex with
8-hydroxyquinoline, with the excitation wavelength at 392 nm and the emis-
sion wavelength at 518 nm [27].

Category IIl: Dissolution. Fluorescence detection is used for dissolution
testing of tablets and products in the pharmaceutical industry when the use
of UV absorption is not appropriate. Such a case is in the characterization
of bromocriptine mesylate tablets, where the excitation wavelength is
315 nm, and the emission wavelength is 445 nm (Fig. 11.14) [28].

11.8 WHERE NEXT?

As we have seen, in the highly regulated environment of the pharmaceutical
industry; fundamental, simple, qualitative and quantitative spectrophotometric
applications, and the associated instrument systems can be fully specified
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FIGURE 11.14 Reaction of 8-hydroxyquinoline with aluminium.

against defined control parameters, using established methodology, CRMs,
etc., and the “evidence of control” established.

However, also, as discussed, various regulatory initiatives are driving the
industry toward a risk-based approach for the complete process, which is
moving the testing requirements out of the laboratory and on to the
manufacturing floor, into the warehouse, etc. To solve the problems asso-
ciated with producing spectrophotometric data within these regulatory envir-
onments, instrument systems have inevitably become more complex in their
physical design, use of software algorithms, etc., even though they may
appear simple in their operation.

This complexity poses its own set of challenges to the personnel tasked
with the validation and verification of the measurement process, but there is
“light at the end of the tunnel,” as key personnel within the industry debate
the way forward, using a lifecycle approach for analytical method validation,
involving new key concepts, such as the analytical target profile [29].
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12.1 INTRODUCTION

Remote sensing is the study of imagery and measurements made from balloon,
aircraft, or in-orbit sensors. These sensors can provide routine and continuous
sampling over large areas. In the case of space-borne sensors, global observa-
tions are made possible. The usage of satellite-borne instruments for scientific
exploration began in the latter half of the twentieth century. The longest run-
ning program for monitoring the Earth is the Landsat enterprise. The first
Landsat sensor was launched in 1972, and the most recent was that of Landsat
8, in 2013. Images from Landsat sensors have been used in agriculture, car-
tography, geology, forestry, regional planning, surveillance, and education
applications. By the 1980s, spectra that spanned the entire solar-reflected
range, from 400 to 2500 nm, were made available due to the Airborne Visi-
ble/Infrared Imaging Spectrometer (AVIRIS) [1]. These data have been used
in investigations of atmospheric correction, ecology and vegetation, geology
and soils, inland and coastal waters, the atmosphere, snow and ice hydrology,
biomass burning, environmental hazards, human infrastructure, satellite data
simulation and calibration, commercial applications, and spectral algorithms
and modeling. This chapter discusses a few of these applications, specifically
the retrieval of greenhouse gas abundance, and the study of cloud radiative
effects, snow and ice, and volcano monitoring. It is concluded with a brief dis-
cussion on calibration.

12.2 MEASUREMENT OF ATMOSPHERIC CARBON DIOXIDE

It is well known that carbon dioxide (CO,) concentration is rising in the atmo-
sphere as a result of anthropogenic activities, such as fossil fuel burning and
forest clearing. As CO, is a greenhouse gas and implicated as a contributor
to global warming, the detection and measurement of atmospheric CO, is
an important science. Carbon cycle researchers strive to better understand
the sources and sinks of CO, and the processes that control greenhouse gas
exchanges between the Earth’s surface and its atmosphere. We know that
more than half of the CO, emissions into the atmosphere are taken up by
the land and ocean systems, but we do not know if or when this exchange will
decrease or saturate, reducing uptake from the atmosphere.

Beyond the scientific goal of monitoring carbon fluxes, there is also a
political need to establish accurate observing systems for quantifying sources
and sinks of greenhouse gases on national levels in the context of the Kyoto
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[2] protocol and its likely successors. The accuracy requirements for this goal
are substantially higher than for the scientific objectives, because small
changes in fluxes need to be measured over relatively small geographical
areas and for long time periods.

Various methods to measure atmospheric greenhouse gases from the
ground exist [3]. One technique makes use of direct measurement from
towers. There are over 300 towers coordinated, through the FluxNet project
alone, that use the eddy correlation technique. These towers measure wind
speeds and direction, gas amounts, temperature, pressure, and humidity, at
each tower. By doing so, they can determine gas fluxes. Another ground net-
work is TCCON (Total Carbon Column Observing Network). Measurement
stations exist at some two dozen sites around the world. These are ground-
based Fourier Transform Spectrometers (FTSs) that record direct solar spec-
tra at near-infrared (NIR) wavelengths. From these spectra, accurate and
precise column-averaged abundance of CO,, CH4, N,O, HF, CO, H,O,
and HDO are retrieved. Ground networks, such as these, provide datasets
of high precision and sensitivity to CO, near the surface, where sources
and sinks are located. They have also contributed to our understanding of
atmospheric CO, growth rate.

In addition to ground-based measurements, space-based determinations are
possible. These have the advantages of global coverage and on-going tempo-
ral measurements. They collect data over regions where ground stations can-
not be deployed, such as over oceans, large forest regions, and remote areas of
the globe. The quantity that we want measure on local to regional scales is the
flux of CO, into or out of the atmosphere. We cannot measure these fluxes
directly using space-based remote sensing observations, but we can acquire
spatially and temporally resolved observations of the dry air mole fraction.
This is a volume mixing ratio measured relative to dry air. By assimilating
these spatially and temporally resolved concentration measurements into an
atmospheric transport model, we can infer the flux distribution of interest.
Although natural processes and human emissions can change the atmospheric
CO, mixing ratio by as much as 8% near the surface (>30 ppm out of the
~385 ppm background), the amplitude of these variations decreases rapidly
with altitude, such that CO, variations rarely exceed 2% (8 ppm) on regional
to global scales. East-west variations are typically no larger than 0.3-0.5%.
Because of this, modeling studies show that space-based measurements of
CO, will dramatically improve our understanding of surface fluxes only if
they have the accuracy, precision, coverage, spatial resolution, and temporal
sampling needed to describe CO, variations with amplitudes no larger than
0.3-0.5 % (1-2 ppm) on scales ranging from <100 km over continents to
~1000 km over the ocean.

Greenhouse gas retrieval from space is an emerging technology, and there-
fore reliant upon the ground datasets for validation. Measurements of CO, from
space have been reported by several sensors, including SCTAMACHY [4],
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AIRS (Atmospheric Infrared Sounder) [5], GOSAT (Greenhouse gases Observ-
ing SATellite) [6,7], and OCO-2 (Orbiting Carbon Observatory) [8]. The latter
two have been built specifically for greenhouse gas measurements from space.
GOSAT was successfully launched in 2009. GOSAT contains several instru-
ments, including the Thermal And Near infrared Sensor for carbon
Observations-Fourier Transform Spectrometer (TANSO-FTS), where Tanso
means ‘“carbon” in Japanese. An attempt to launch the first OCO was also
made that year; however the OCO sensor failed to achieve orbit upon launch.
The replacement, OCO-2 is scheduled for launch in 2014. Both OCO-2 and the
TANSO-FTS instrument aboard GOSAT make measurements in three NIR
bands: one at 0.76 pm containing significant O, absorption (the so-called O,
A-band), one at 1.6 um containing weak CO, absorption, and one near
2.1 um containing strong CO, absorption. High-resolution detection is required
within each of these bands. GOSAT meets this need by use of an interferome-
ter design. Conversely, the OCO design incorporates three, co-boresighted,
imaging grating spectrometers.

The GOSAT and OCO-2 sensors measure optical radiation emitted by
the sun and reflected either at the surface or through atmospheric scattering.
One feature of these sensors is that they have nearly a uniform sensitivity to
CO, from the surface up through the middle troposphere. This is highly
desirable, and not true for sensors that measure in the thermal infrared
(TIR). The reflected radiation they measure shows spectral variations
(changes with wavelength) as a result of contributions from the sun, surface,
and atmospheric absorption and scattering processes. The spectral nature of
the sun can be described as a collection of absorption lines, called Fraunho-
fer lines, superimposed on a continuum. The variation in surface reflectance
is relatively smooth. Across the OCO-2 bands, this reflectance is approxi-
mated as a linear function of wavelength. At some wavelengths, called the
“atmospheric window” channels, the atmosphere is nearly transparent and
the radiance at the top of the atmosphere is dominated by the sun and sur-
face contributions. At other wavelengths, the atmosphere is absorbing and
the measurement is also a function of the amount of absorbing material in
the atmosphere. Figure 12.1 shows these absorption features, intermixed
between the continuum, as would be observed at the spectral resolution of
AVIRIS. In actuality there are rapid spectral variations, the result of many
individual absorption lines. Such spectra are shown in Fig. 12.2, as
measured by the OCO sensor. The depth of these lines is directly related
to the amount of absorbing material along the atmospheric path, although
the temperature and composition vertical profiles also impact the absorption.
Therefore, with a measurement with a very high spectral resolution, it is
possible to identify the absorption lines of various gases and to retrieve their
concentration from the relative depth. Because the line absorption is a func-
tion of the atmospheric pressure, the technique may be used to retrieve a
vertical profile with a very low vertical resolution.
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FIGURE 12.2 Spectra from the O,, weak CO,, and strong CO, OCO-2 bands. Data were taken
using sunlight reflected from a diffuse panel during thermal vacuum instrument testing.

For CO, retrieval, the regions of interest are at wavelengths around 1.6
and 2 um. Here, the absorption lines are well distinct from those of other
gases. The differential absorption technique requires clear sky along the line
of sight. It also requires the sun to be sufficiently high above the horizon so
as to limit scattering in the atmosphere. These requirements limit the time-
space sampling capabilities. In particular, no night measurement is possible,
and high latitudes are not sampled during the winter season. This is a
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limitation in the attempt to quantify processes such as winter ecosystem respi-
ration. Another constraint is that the surface reflectance must be large enough
as it has a direct impact on the signal-to-noise ratio (SNR). Over land, natural
surfaces are relatively dark at the wavelengths of interest, in particular when
they are snow-covered. However, the low SNR problem exists mostly over
water which is extremely dark in the infrared, and therefore not suitable for
the measuring technique, except in the direction of the glint spot, where the
light yield is greatly amplified.

The OCO science team is currently using their CO, retrieval algorithm
on GOSAT data, under a collaboration agreement between NASA
(National Aerospace and Space Administration) and JAXA (Japanese
Aerospace eXploration Agency). The discussion to follow summarizes the
OCO retrieval approach, as currently implemented on GOSAT data [9]
and depicted in Fig. 12.3. It is implied that although results to date have
been obtained through the processing of GOSAT data, these same algo-
rithms will be used on OCO-2 datasets, following launch. Whereas GOSAT
measures top-of-atmosphere (TOA) radiances in two polarized states, the
OCO algorithm combines these and processes the total observed radiance.
In the analysis, a prescreening step first removes cloudy data and then
other bad data including those with a solar zenith angle greater than 85°.
A best guess as to the geophysical parameters at each of the viewed loca-
tions is next made. This collection of parameters is called the state vector
and includes vertical profiles of temperature, humidity, aerosol, and carbon
dioxide, as well as surface pressure, and surface reflectance. The state
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FIGURE 12.3 Flowchart showing the basic steps for the end-to-end CO, retrieval [9].
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vector will be modified during the retrieval process, until the TOA pre-
dicted from it matches that measured by GOSAT.

The first guess to the state vector is constructed as follows. Surface pres-
sure and profiles of temperature and water vapor are taken from 3-hourly
European Centre for Medium-Range Weather Forecasting (ECMWF) model
forecast fields, interpolated linearly in space and time to the GOSAT field-
of-view. The surface is assumed to be Lambertian, reflecting optical radiation
equally in all directions. This is a valid assumption, in that there is very little
atmospheric scattering, under clear conditions and at GOSAT wavelengths.
Without atmospheric scattering, knowledge of surface reflectance with angle
is not needed. The surface reflectance itself is estimated from the level of
the continuum in the observed spectrum of each band, assuming a clear sky,
absorption-free atmosphere. For atmospheric scattering, four types are
included in the model: water cloud, ice cloud, and two different types of aero-
sol. By combining them appropriately, the retrieval can reproduce the TOA in
all three spectral bands. The first aerosol type is a mixture of course and fine-
mode dust, while the second is a carbonaceous mixture, as taken from the
aerosol climatology of Ref. [10]. The nature of the retrieval is such that values
that start at zero a priori will stay at zero. Thus, the retrieval is incapable of
putting aerosols at pressures lower than about 300 hPa and cannot put scat-
terers of any type at pressures lower than 100 hPa, both of which are physi-
cally sensible restrictions.

The solar model, also required in the simulation of TOA, is the product of
two parts. The first is a high-resolution, empirical line list for the full solar
disk, with over 20,000 lines. The line list is based on a series of balloon
and telescope observations of the disk center. The solar continuum model is
a ninth-order polynomial fit to the NIR part of the solar spectrum, measured
by the SOLSPEC (Solar Spectral irradiance measurements) instrument [11].
Other than the variation in the sun—earth distance that modulates the overall
intensity, the solar continuum is assumed to be time invariant; sunspots and
other solar activity are currently ignored. These two spectra are multiplied
to obtain the solar spectrum at high resolution.

Once the a priori state vector is assembled for a given observation, a radi-
ative transfer code is used to simulate TOA from the state vector. The process
of computing TOA from a state vector is called the forward model. In actual-
ity, the inverse is required. That is, the retrieval must take the space-borne
radiance measurements and infer the state vector. This is done by using the
a priori state vector, running the forward model, then from these determining
what changes to this state vector are needed to minimize the residuals
between the measured TOA and modeled spectra.

Input to the forward model includes the viewing geometry and instrument
line-shape (ILS) (spectral response terms). As stated, the model simulates
TOA spectra in the three NIR bands, as would be produced by GOSAT. To
do the model breaks the atmosphere into 20 layers, at equally spaced pressure
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FIGURE 12.4 Globally retrieved CO,, July 2012, as processed by version B3.4 of the OCO-2
code.

levels. As the state vector is retrieved at these 20 layers, vertical estimates of
carbon dioxide are made. The code computes absorption and scattering as
radiation propagates through each layer. It also produces radiance Jacobians,
which are derivatives of the radiances with respect to all the state vector para-
meters. These derivatives are used by the inverse model to adjust the state
vector to its retrieved state.

Since the column amount of measured CO, would naturally vary depending
on surface elevation, it is desirable to report CO, scaled by surface pressure. For
the OCO community, they elect to use the retrieval of O, as a proxy for surface
pressure. This can be done because this gas is evenly mixed in the atmosphere.
Figure 12.4 shows a global CO, map, for July 2012. These retrievals were made
using GOSAT data, as processed by the OCO-2 processing algorithm.

On-going research into this retrieval algorithm includes improved proces-
sing algorithms that account for atmospheric scattering affects. Several of
these algorithms have shown relatively good agreement as compared with
simultaneous and collocated TCCON observations [9].

12.3 THE REMOTE SENSING OF CLOUDS IN THE EARTH’S
ATMOSPHERE

This section explores a few of the modern applications of spectrophotometry
to the remote sensing of clouds. The examples chosen are by no means
exhaustive and have been chosen subjectively to be illustrative of the range
of possibilities.
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12.3.1 Why Clouds?

Modern geophysics is actively pursuing a quantitative understanding of the
properties of clouds, primarily because of their importance to the Earth’s cli-
mate system, and motivated by rapid technological advances in global remote
sensing. There are two key areas of interest. One is the broadband radiometric
effect of clouds on the global distribution of radiant energy, and any long-
term changes that can be detected. The other is the connection between clouds
and the hydrological cycle, especially the net release of latent heat, and its
vertical distribution. In order to properly understand or model either of these
areas, detailed knowledge of cloud morphology, cloud phase (and if glaciated,
ice crystal habit), particle density, and particle size-distribution is required, at
least to the point where reliable parameterizations or reproducible statistical
summaries can be developed or used.

An important example is the dominant contribution of clouds to the plan-
etary albedo. While the TOA broadband result can be measured fairly well,
explaining its origin requires consideration of spectral reflection across the
entire solar spectrum, 90% of which lies in the wavelength range of
0.33-2.1 um. The spectral albedo is relatively independent of wavelength in
the visible portion of this range, but becomes progressively more complex
in the solar infrared due to absorption by water vapor, which takes place
mainly in the column above the cloud, and due to absorption by condensed
water within the cloud in the spectral regions between the vapor
absorption bands.

Of similar importance is the role of upper tropospheric clouds to the green-
house effect, with transmission and absorption of longwave radiation by thin
cirrus clouds being of special interest. Ninety percent of the longwave radiant
energy lies in the wavelength range of 6.3-43 um. The spectral nature of gas-
eous absorption, particularly not only by water vapor but also by carbon diox-
ide, and to a lesser extent by ozone and other minor gases, dominates this
spectral region, with cloud boundaries acting like grey bodies, and being most
effective in the window regions between the gaseous absorption bands. Key
variables here tend to be the altitudes and temperatures of the cloud
boundaries.

Turning to the hydrological importance of clouds, the relationship between
hydrology and radiation is crucial to understanding the role of clouds in the
climate system, but is often imprecisely measured. Here, the main variable
of interest is the cloud water content. On a global scale, most clouds are
low-level (i.e., with altitudes at approximately 1 km above the surface) bound-
ary layer clouds that are relatively dry, with column water amounts on the
order of 10 g m 2. As such, they play a smaller role in global hydrology com-
pared with the much thicker and wetter cumulonimbus and nimbostratus
clouds that make up about 10% of global clouds. These provide most of the
global precipitation and have water contents on the order of 1000 g m 2.
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To first order, there is a linear relationship between cloud water content and
cloud optical depth, so that in the context of passive remote sensing, once
the optical depth has been determined, together with a measure of effective
radius, 7., the column water content, W, can be estimated from the relationship

_ 2pt

= 12.1
3r.’ (2.1

where p is the liquid water density and 7 is the cloud optical thickness.'

12.3.2 The Spectrophotometry of Clouds: Forward Problem

The standard radiative transfer, described previously in this chapter, can of
course be applied to clouds, and a variety of solution techniques [12] were
developed for this in the latter half of twentieth century. These became pro-
gressively more sophisticated as the available computers became more power-
ful, but as a generalization suffered from two major limitations: they applied
only to monochromatic radiative transfer, and only to plane-parallel (i.e., one-
dimensional) media. For cloud remote sensing, the monochromatic limitation
was not a major limitation, except for the treatment of broadband energetics
where the combination of droplet scattering and gaseous absorption makes
the problem more challenging. But the one-dimensional approach ultimately
proved fatal to serious cloud remote sensing because real-world clouds show
very strong horizontal variability. At near-visible wavelengths, the radiation
field within a cloud is only weakly absorbed, and the resultant multiple scat-
tering means that the entire field is strongly affected by the full morphology
of the cloud, so that clouds can only occasionally be approximated as being
locally plane parallel (the Independent Pixel Approximation [13]). This is
especially true of cumulus cloud fields and deep convective clouds, but is also
true of stratiform cloud decks that often show variations in local shortwave
radiances by two orders of magnitude over horizontal distances of 10 km,
and almost always present a rough top surface that affects the anisotropy of
reflected radiation. Even the Helmholtz Principle of reciprocity does not apply
to clouds when taken in its usual directional form [14]. Instead, it must be
replaced by its more general form, and this is not of much use in a geophys-
ical context. This is because the directional form assumes no horizontal varia-
tions in either the illumination from the sun or the reflected radiance, in order
to reverse their directions. While the solar illumination is reasonably invari-
ant, reflection from heterogeneous clouds may be highly variable, making
the directional problem non reciprocal (as then the solar illumination would
have to vary spatially too).

1. The symbol 7 is commonly used for optical thickness by the remote sensing community. The
CIE International Lighting Vocabulary (ILV), which forms the basis for the nomenclature used for
most of this book, assigns the symbol ¢ for optical thickness.
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Because of this greater challenge, solutions to the radiative transfer prob-
lem in three-dimensions were developed specifically for use in cloud fields.
The two most useful of these currently are the Monte Carlo approach to radi-
ative transfer (which is extremely versatile and can in principle handle all
types of problems), and the spherical-harmonics discrete-ordinates approach
(SHDOM) in three-dimensions. These and other techniques are well described
by Ref. [15] and tips on their practical implementation are available through
the Intercomparison of 3D Radiation Codes (I3RC) [16]. Suffice it to say that
with modern computational power, the forward monochromatic radiative
transfer problem for fields of heterogeneous water clouds is now essentially
solved. The main practical problem is one of specifying the three-dimensional
distribution of cloud microphysical quantities that act as the input field to the
model. Radiative transfer in ice clouds has not yet been completely solved, as
the crystals are decidedly nonspherical, and in general may not be randomly
oriented. However, there are quite reasonable approximations that can be
applied [17].

The problem of non-monochromatic radiative transfer in clouds could be
treated by direct integration over wavelength, but such a line-by-line approach
coupled with multiple scattering is not practical. Instead, there are two reason-
ably efficient solutions for narrowband or broadband radiation. For simpler
problems, the spectrum is divided into a finite sum of equivalent monochro-
matic regions with coefficients chosen using the correlated-k approach [18].
More generally, the Monte Carlo output can be used to generate monochro-
matic photon pathlength distributions for conservative scattering, and these
may then be convoluted with a narrowband transmission function, applying
van de Hulst’s equivalence theorem [19] to obtain the narrowband radiance.
That is, the narrowband radiance

| (A2
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can be obtained from the Monte Carlo solution, following [20] as
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0
where p(/)d! is the fraction of photons emerging with pathlengths between /
and /+d/ from an equivalent conservative cloud with the same scattering
coefficients, found from the Monte Carlo model; E; is the spectral irradiance
illuminating the scene before any absorption takes place, assumed to be
slowly varying with wavelength; T[4,A/,y] is the narrowband transmission
through an absorbing gas of amount y, obtained separately from a narrowband
transmission model. Note that T decreases monotonically with y, but need not
do so exponentially; y, is the absorber amount encountered before the cloud
top is reached, and is essential for example when there is water vapor above
the cloud top; and k; is the volume absorption coefficient of the cloud
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droplets, assumed to be slowly varying with wavelength. The total broadband
radiance is found similarly by summing over its narrowband components,

n

Ly =" L;Ak, (12.4)

i=1

where n is on the order of 10.

12.3.3 The Spectrophotometry of Clouds: Inverse Problems

Clouds present a significant remote sensing challenge. Being essentially
white, they provide little information when viewed spectrally at visible wave-
lengths. The single-scatter albedo, a, of pure water cloud droplets is so close
to unity (1 —a~ 107", that light may be scattered over a thousand times
before emerging from a very thick cloud. Consequently, the scattered radiance
that is ultimately measured by a distant sensor is usually more affected by the
geometric shape (morphology) of the cloud than by its intrinsic properties. As
the wavelength is lengthened into the solar infrared, however, the imaginary
part of the refractive index of water rises, the single-scatter albedo drops
below unity, and the scattered light becomes dependent on low order scatter.
Now, it is far more sensitive to droplet properties, especially the effective
radius of the droplet size distribution. Unfortunately, by the same token, the
lack of multiple scattering means that the scattered radiance comes only from
the illuminated portion of the cloud boundary, and interior properties are
unavailable at these wavelengths.

As the wavelength used increases further, typically starting at 3.7 pm, and
continuing through the TIR window of the atmosphere, clouds make their
presence felt through their emission, and remotely measured radiances now
give information mainly about the temperature of the cloud boundary. The
exception is thin cirrus, which combines aspects of both emission and trans-
mission that can be a blessing or a curse to the remote sensor, depending on
the context. Here, there is just enough difference in the scattering properties
of ice crystals at wavelengths between 8 and 12 um that information about
thin cirrus cloud microphysics can sometimes be obtained [21].

Here, we consider a few examples of the cloud properties that can be
measured from space, starting first with a plane-parallel case, and proceeding
to examples that take into account the horizontal heterogeneity of clouds.

12.3.4 The Nakajima and King Approach for Plane-Parallel
Clouds

For plane-parallel clouds and a given viewing geometry, the measured spectral
radiance is a function of mainly the cloud optical thickness, 7, the asymmetry
parameter, g, and the single-scatter albedo, a. To first order, these depend
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only on cloud thickness and effective radius, so that a forward model of radi-
ative transfer can be used to yield maps of spectral radiance as a function of ©
and r, [22]. The inverse problem is then reduced to some version of matching
two or more measured spectral radiances to the optimal solution for 7 and r,
using a look-up procedure.

12.3.5 The Optical Depth of Thin Clouds in General

Horvath and Davies [23] used the multiangle capability of the Multiangle
Imaging SpectroRadiometer (MISR) instrument on the Terra satellite to
examine optical depth retrievals using the one-dimensional assumption. They
showed that the inversion of radiances measured simultaneously from nine
different viewing directions generally yielded nine different estimates of
cloud optical depth if the cloud was assumed to be plane parallel. While this
highlights the problem of cloud heterogeneity, multiple measurements can be
used to reduce the uncertainty in optical depth, and at least provide a measure
of uncertainty in the retrieval [24].

12.3.6 The Optical Depth of Thick Clouds

The spectral radiance reflected by a cloud of given type must increase mono-
tonically as the cloud thickness increases. However, this increase tends to sat-
urate for optical depths (1/e) greater than ~50. In other words, once the cloud
becomes bright enough, the effect of adding more thickness becomes hard to
measure. Yet, it is the thick clouds that are of most interest in terms of their
hydrological contribution. The saturation of reflected radiances affects both
plane parallel and heterogeneous clouds, but for the latter there is at times a
solution to the thick problem. Reference [25] showed that when the side of
a deep convective cloud is visible, the multiangle approach can yield both a
measure of the cloud geometry as well radiances at multiple angles. Instead
of performing an inversion directly for 7, they used an iterative Monte Carlo
model of three-dimensional radiative transfer to find a best fit to the extinction
coefficient. Once this was found, the total optical depth could be estimated
from the product of extinction coefficient and geometric cloud depth.

12.3.7 Cloud Altitude

While cloud altitude is often estimated by using measured brightness temper-
ature or by CO, slicing [26], this is an indirect approach that also needs
knowledge about the atmospheric temperature structure to relate temperature
or pressure to height. Direct measurement can of course be made using
space-borne lidar [27], but cloud heights can also be measured directly using
measurements of reflected solar radiance—provided these are made at rea-
sonably high spatial resolution simultaneously from at least two directions.
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This approach takes advantage of the fact that most clouds are not plane par-
allel giving rise to spatial contrast patterns of reflectivity at cloud top that can
be matched from two directions. The resulting parallax provides a stereo esti-
mate of cloud-top height that is independent of the atmospheric temperature
structure, and that is insensitive to radiometric calibration. In the case of
MISR, for example, the effective, global, annual cloud-top height can be
measured to within a sampling error of about 8 m [28].

12.3.8 Cloud Motion Vectors

Given more angles, and a short but finite time between measurements from
different angles, the stereo approach of the previous section can be extended
to also yield height-resolved cloud motion vectors (or cloud-tracked winds).
The nine cameras on MISR, for example, span a time interval of about
7 min from the most oblique forward view to the most oblique aft view,
allowing two sets of camera triplets to estimate the cloud motion vector with
a good degree of quality control [29]. As for the cloud altitudes, this technique
relies on the presence of cloud heterogeneity to provide sufficient contrast in
the reflectivity patterns for the stereo matchers to work.

12.4 THE RETRIEVAL OF SNOW PROPERTIES

Snow and ice are important natural, economic, and political resources. They
store freshwater, reducing flood risk; and runoff from snow and ice melt pro-
duces hydropower and contributes to the water supply for drinking, agricul-
ture, recreation, and wildlife. In many parts of the world, large populations
depend heavily on snowpack for their water supply.

Snow and ice also play a significant role in the Earth’s climate with strong
leverage on the energy balance. Similar to clouds, fresh snow reflects most of
its incident solar light, while other natural surface types absorb most of the
light and convert it to thermal energy. Thus, it is believed that small changes
in the cryosphere can have large effects on Earth’s climate and life, for exam-
ple, due to sea level rise.

To understand changes in the cryosphere, it is essential to understand and
predict snow properties over time using measurements from microphysical to
global scales. Significant progress in this area has been made over the past
decades thanks to emerging remote sensing tools, which enable retrieval of
snow properties in a quantitative and effective manner. Comprehensive over-
views of common remote sensing techniques and instruments for the mapping
of snow properties are given by Dozier and Painter [30], Nolin [31], and Dietz
et al. [32].

In this section, we provide an overview on the use of spectroscopy and
methods to determine the snow cover, grain size, albedo, and radiative forcing
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of light-absorbing impurities. More details on the related methods and pro-
ducts are provided in Refs. [33,34].

12.4.1 Snow-Covered Area

Snow cover is an important observable. It has been estimated from space remote
sensing techniques since the launch of TIROS-6 in 1962. The strong intensity
contrast between the signals of snow and other surfaces allows simple binary
retrievals. However, more than half a century later, we still struggle to distin-
guish snow from clouds with passive optical remote sensing techniques.

The Normalized Difference Snow Index was developed to detect fully snow-
covered pixels [35,36]. Linear spectral mixture analysis methods were intro-
duced by Rosenthal and Dozier [37,38] to derive snow-covered areas including
partially snow-covered pixels from multispectral data. The linear approxima-
tion requires that surface types (e.g., snow, vegetation, rocks, etc.) not exchange
photons. An exchange of photons would lead to nonlinear spectral mixtures. The
vastly improved spectral information from imaging spectrometer instruments,
such AVIRIS, adds important constraints for the inversion of the mixed spectral
signatures. Painter [39] and Sommerfield [40] showed the improvements of the
fractional snow-covered area retrievals based on this approach.

12.4.2 Snow-Grain Size

The properties of a snowpack are influenced by snow accumulation, densifi-
cation, and thermodynamically driven metamorphism. The size and shape of
snow grains can provide information about the occurrence of these processes.
Snow crystals can grow to complex shapes (e.g., depth-hoar) or become more
round and clustered due to melt—freeze processes [41,42]. Snow-grain size can
be used as a first-order approximation for snow density, which is a prerequi-
site together with the snow volume to determine how much water is contained
in the snowpack (snow water equivalent) [42]. Larger grain sizes are asso-
ciated with an increased snow density and a reduction in broadband albedo,
an effect which is often used in snow remote sensing techniques [43,44].

The scientific observation of snow grains has a long tradition dating back
to Kepler in 1611 [45,46] and Descartes in 1635 [47], to name only a few.
New measurement methods, such as contact spectroscopy, X-ray tomography,
and mathematical models, have emerged and improve our understanding of
snow properties. However, the complexity and variability of the snow matrix
requires us to complement snow-grain size estimates with additional size
parameters [48,49]. The snow-grain size parameters retrieved by different
methods, including remote sensing approaches, are not directly intercompar-
able, which complicates validation efforts.

Spectroscopy applications in the visual, NIR, and shortwave infrared
region make use of the fact that the absorption of light is related to snow-grain
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size. Light absorption by water ice crystals is generally weak in the ultra-
violet through visual spectral region (0.2-0.7 pm) and increasingly effective
toward longer wavelengths up to the microwave region (ca. 500 um). Local
maxima in ice absorption suitable for spectroscopy are found at 1.03, 1.26,
1.49, and 2.0 um [50]. The first and second maxima distinguish absorption
due to ice versus liquid water. This distinction is especially important in melt-
ing snow conditions.

Painter [38] suggested fitting absolute intensity measurements at 1.03 um
to a look-up based on radiative transfer model results of snow directional
reflectance with respect to the optical effective snow-grain size. This method
was refined by Nolin and Dozier [51] using the integral of the absorption fea-
ture scaled by its continuum. The new approach is more robust to errors in the
absolute signal due to terrain and radiometric calibration uncertainties. How-
ever, the old method remains superior in the case of spectral calibration uncer-
tainties. Painter ef al. [52] combined this new method with a linear spectral
mixture analysis approach to retrieve the snow-grain size simultaneously with
the snow-covered area. This combined approach allows a first-order approxi-
mation of the water contained in the snow based on assumptions of the snow
depth and of the relationship between snow-grain size and snow density.

A limitation of optical snow-grain size remote sensing methods is their
dependence on corrections for atmospheric water vapor, which absorbs light
in a very similar way as water ice crystals. Liquid water- and light-absorbing
impurities, such as dust particles, in the snow pack can also change the
retrieval results [53,54].

12.4.3 Snow Albedo

Snow and clouds reflect most of the solar radiation and are therefore an
important, yet not fully understood factor of the Earth’s energy balance [55].
Their high variability in time and space can alter the total broadband albedo of
the surface significantly. Snow albedo is a physical surface property, which
directly influences the energy fluxes (direct and diffuse solar irradiance, ther-
mal and latent heat) together with terrain features, the atmosphere, and the
intensity of solar radiation. Furthermore, the albedo of snow determines
how much of the solar radiation is being absorbed and driving snowmelt pro-
cesses directly. Snow albedo is therefore an important variable to predict
water runoff from snow in hydrological catchments.

Calibrated optical remote sensing instruments measure the radiances
reflected by a surface and scattered by the atmosphere. For snow observations,
effects of atmospheric extinction have to be removed first and normalized by
the irradiance at the surface to obtain the directional reflectance of the surface.
This quantity still depends on the combination of solar, viewing, and terrain
geometry, as well as surface properties. Models are normally used to account
for these effects in the atmosphere and at the surface, which are often referred
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to as atmospheric and bidirectional reflectance distribution function correc-
tion, respectively. One possible approach to convert the observed directional
reflectance R°™ to the observed albedo A°™ is to apply the anisotropy factor,
which describes the ratio of a modeled albedo A™ to the modeled directional
reflectance function R™" at a given solar and observation geometry, such that:

mdl
A% = ROPS___ (12.5)

Spectroscopy instruments provide continuous spectral data, which are
required to retrieve the broadband, or spectrally integrated albedo weighted
by the spectral (indicated by A subscript) solar irradiance at the surface, ET%":

JASER A,

Aobs _
JEP AL

(12.6)
The directional snow reflectance and the snow albedo are both inversely
related to the snow-grain size, where growing snow grains tend to reduce
the albedo particularly at wavelengths beyond 0.85 um [56,57].

12.4.4 Radiative Forcing of Light-Absorbing Impurities in Snow

Another important observable, based on spectroscopy, is the radiative forcing
of light-absorbing impurities in snow. These impurities consist of dust, soot
particles, and other absorbing particles brought into the snowpack via dry
and wet deposition.

As the snow melts, light-absorbing impurities accumulate at the snow sur-
face, accelerating the snowmelt. They also tend to increase snow-grain size,
thus reducing the albedo further. Finally, when snow thins to a few centi-
meters, solar radiance is absorbed by the underlying surface and enhances
snowmelt. This self-reinforcing mechanism (positive feedback) impacts the
energy balance on all scales [58].

The additional absorption is derived from the difference between a mod-
eled clean snow albedo and the observed snow albedo, scaled by the available
instantaneous irradiance at the snow surface:

RF = JE;}”‘ (AP —AS) AL (12.7)

The influence of light-absorbing impurities on the snow albedo is most prom-
inent in the visible part of the spectra where the snow is strongly reflecting. It
is therefore sufficient to derive the spectral integration in this spectral range.
In addition, the irradiance term can be integrated over time and adjusted for
cloudy conditions in order to provide a total radiative forcing for the
corresponding timespan to improve snowmelt prediction models. An example
of snow-grain size, albedo, and radiative forcing retrieval products as
described in this section is shown in Fig. 12.5.
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FIGURE 12.5 Snow-grain size (left), albedo (middle), and radiative forcing (right) retrieval pro-
ducts. The underlying data were acquired with AVIRIS on the ER-2 platform over the Juan Moun-
tains, Colorado, on June 15, 2011 [34].

12.4.5 Benefits of Imaging Spectroscopy in Combination with
Other Observations for Snow Remote Sensing

Recent studies, based on in situ field spectroscopy and energy flux tower mea-
surements, have shown how strong the effects of light-absorbing impurities
are on snowmelt in mountains [59,60]. Complete coverage of the solar spec-
tral range is an important characteristic of spectroscopy instruments allowing
quantitative retrievals of broadband snow albedo as well as the radiative forc-
ing of light-absorbing impurities in snow. As a complement to the in situ mea-
surements, airborne imaging spectroscopy observations allow us to retrieve
snow-grain size, albedo, and radiative forcing of snow impurities on large
scales, which in turn allow us to extend our understanding of spatial and tem-
poral aspects of snowmelt processes to even larger scales [33,34].

Retrievals based on remote sensing data, however, are sensitive to sensor
calibration, atmospheric correction, and digital surface model uncertainties.
Distinguishing the impacts due to light-absorbing impurities in snow from
those due to absorbing aerosols in the atmosphere remains a challenge. Seidel
and Popp [61] showed that the optical depth of absorbing aerosols over snow
can be retrieved with sufficient sensitivity, given that the snow reflectance is
known at least in one location. Moreover, a combination of imaging spectros-
copy with multiangle polarization data, for example AVIRIS and AirMSPI
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(AIRborne Multiangle SpectroPolarimetric Imager) [62], allows simultaneous
retrievals of atmospheric and snow surface properties. The Airborne Snow
Observatory, at NASA’s Jet Propulsion Laboratory, has shown how a combi-
nation of imaging spectroscopy and lidar data has improved the retrievals of
snow properties, snow depth, and snow water equivalent.

12.5 VOLCANIC UNREST

In this section, we summarize remote spectroscopic methods used to charac-
terize and detect unrest on dormant and active volcanoes, a natural hazards
application of some of the above-described remote sensing techniques. For
the past three decades, remote sensing of volcanoes has been routinely per-
formed by volcano observatories and research groups, using ground-based,
airborne, and space-borne (satellite-based) sensors. Applications include
baseline characterization of volcanic landforms, long-term characterization
of pre-eruptive unrest, short-term thermal, and gas compositional monitoring
for prediction of eruptions during unrest, as well as posteruptive ash disper-
sion studies.

12.5.1 Early Remote Sensing Methods

Earliest instrumental applications of remote spectroscopy to volcanoes were
upward-looking optical extinction measurements performed after the 1902
Pelée (Martinique) [63] and Katmai (Alaska) 1912 eruptions [64]. After the
1963 Agung (Bali, Indonesia) eruption, aerosol optical depth variations were
already observed by several observatories and research groups [65-67].

Since the early 1970s, Correlation Spectroscopy in the Ultraviolet
(CoSPECQ), originally developed for quantification of stack emissions, quickly
became standard instrumentation to measure sulfur dioxide (SO,) plume var-
iations before eruptions in order to assess, monitor, and predict volcanic
unrest [68,69]. Airborne spectroscopic methods in the TIR first confirmed
the thermally active fissures on top of the 1980 pre-eruptive lateral bulge on
Mount St. Helens (USA), but image processing and interpretation were not
yet fast enough to provide near-real-time information for observational vol-
cano monitoring operations [70]. First satellite observations of SO, from
volcanoes using the Total Ozone Mapping Spectrometer (TOMS) instrument
on the Nimbus-7 satellite were successfully done for the 1982 El Chichdn
eruption [71]. TOMS could only detect major eruptions but a vibrant scientific
field emerged from there.

12.5.2 Applications and Relevance

Today, remote spectroscopic methods constitute one of the major backbone
methods of operational volcano observatories, together with seismic
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monitoring, and other ground-based geophysical and geochemical methods.
Information derived from all these methods permeate through the entire obser-
vatory task chain. Volcano observatories are nonresearch institutions that
operationally monitor the several hundred potentially active and unrestful
volcanoes worldwide. Their tasks include baseline characterization and hazard
zonation, long-term geophysical and geochemical monitoring, short-term
unrest monitoring, and eruption prediction, issuing alert level changes to
authorities, providing Volcanic Ash Advisory Centers (VAACs) with source
term information during eruptions, outreach, education, and mitigation
planning, as well as communication with decision authorities, civil defense,
nongovernment organizations, the public, and the press. Figure 12.6 shows
VAAC region boundaries, along with active volcanoes and major air routes.

To understand the magnitude of this application, the Volcano Observa-
tories’ umbrella organization, the World Organization of Volcano Obser-
vatories (WOVO) has over 70 active member agencies, some of which
operate multiple individual observatories. For example, one of these member
organizations, Indonesia’s government agency tasked with monitoring it’s
over 130 active volcanoes (Center for Volcanology and Geological Hazard
Mitigation), currently staffs 76 instrumented observatories [71]. More typi-
cally, one of the five volcano observatories currently (i.e., in late 2013) oper-
ated by the U.S. Geological Survey, the Alaska Volcano Observatory,
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FIGURE 12.6 Global active volcanic regions and Volcanic Ash Advisory Centers (VAACs).
The London VAAC (highlighted) responded to the 2010 Eyjafjallajokull eruption [72].
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monitors 20 volcanoes in Alaska and the Aleutians. Together, all observa-
tories actively monitor hundreds of active and potentially active volcanoes.
WOVO principally operates within two projects, both of which routinely
and centrally use remote sensing spectroscopy data: (a) WOVQ’s global data-
base of volcanic unrest (WOVOdat), which is primarily used by and for oper-
ational observatories, and (b) the VAAC, which are cosponsored between
WOVO (relaying source term information like injection heights, erupted ash
and gas mass flux, volcano alert levels, and eruption forecasts) and regional
meteorological offices (dispersion modeling and plume forecasting).

12.5.3 Imaging of Volcanic Landforms, Eruption Detection,
and Degassing

Volcano observatories use space-borne and occasionally airborne remote spec-
troscopic imaging methods in their daily operations to assess ground deforma-
tion, degassing behavior, vegetation changes, to map out hazard zones and
eruption product areas, volumes, and directions. For example, space-borne
imagery and data are obtained from several NASA and ESA (European Space
Agency) satellite instruments, including ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer, aboard the Terra satellite), gen-
erations of Landsat, MODIS (Moderate Resolution Imaging Spectroradi-
ometer, aboard the Terra and Aqua satellites), various RADAR (Radio
Detection And Ranging) missions, as well as TOMS, GOME (Global Ozone
Monitoring Experiment, aboard the ESA’s ESR-2 satellite), and OMI (Ozone
Monitoring Instrument, aboard NASA’s Aura satellite). These (among others)
instruments are used in their individual capabilities to detect thermal anoma-
lies, swiftly detect eruptions otherwise unnoticed (frequently used in the Aleu-
tians, Kamchatka, and in East Africa, where no dense ground instrumentation
networks exist), derive long-term inflation—deflation episodes using Synthetic
Aperture RADAR Interferometry (InSAR), and map out SO, plumes.

12.5.3.1 Gas Monitoring of Continuous, Quiescent Volcanic
Emissions

Dormant and active volcanoes continuously emit gases through craters, flanks,
active vents, and fissures. Episodes of eruptive activity are often preceded by an
increase in degassing up to months before cataclysmic events. Such increases
are thought to be caused by changes in the magmatic reservoirs kilometers
underground such as deep recharge, mixing, and crystallization, and by conduit
processes. However, detection of early deep signals can be masked by strong
hydrothermal systems. While early signals may not be diagnostic, they do per-
mit early warning and increased monitoring activity. Gases emitted are usually
dominated by varying degrees of water vapor, but some meteoric water can
have been entrained after gas exsolution from the magma. The principal and
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strongly dominating component of anhydrous volcanic gas is CO,, accompa-
nied by minor components such as SO,, CHy, H,S, H,, CO, halides, and a large
variety of inorganic and organic trace species [73,74]. Methods used to detect
and monitor these gases comprise ground-based closed- and open-path spectro-
scopic methods, but airborne and space-borne methods are showing promising
advances recently as well.

Open-path ground-based methods include solar occultation spectroscopy
through the plume (mainly for CO, using FTS instruments), and differential
optical absorption spectroscopy (DOAS) in the UV, which is used to monitor
plume gas fluxes of SO, in campaign (mobile) or stationary (monitoring)
mode. Recently, the latter have seen worldwide application in standardized
slant-column scanning miniaturized automated DOAS systems in the 50+
instruments global NOVAC network [75,76]. Most recent developments
employ UV camera systems to monitor degassing laterally, with capabilities
to perform DOAS in image processing in an automated fashion, deriving most
accurate real-time series of SO, emissions [77,78]. Closed-path methods,
using either an FTS with across-crater mirror systems or magma as a radiation
source, can measure multiple chemical gas species for monitoring composi-
tional changes of CO,, CHy, H,, HCL, and others [79]. Diffuse surface flux
systems employ nondispersive NIR sensors for monitoring flank CO, emis-
sions indicative of deeper magmatic processes [80]—however, these are not
remote sensing methods sensu stricto, but rather remotely operated in situ
spectroscopic methods.

Airborne methods have been successfully applied for multiple gas species
in Japan [81]. Satellite platforms and sensors including TOMS, GOME, and
OMI are used to assess SO, emissions routinely [82,83] and volcanic CO,
detection might become a reality soon, with advances from JAXA’s GOSAT
satellite and the 2014 launch of NASA’s OCO-2 satellite. Furthermore, infra-
red spectroscopy has successfully been used to detect eruptions even as far as
extraterrestrial volcanism on Jupiter’s moon Io [83].

12.5.3.2 Volcanic Eruption Plumes

Once an explosive volcanic eruption occurs, the resulting particle plume
(Note: “volcanic ash” is not an incineration product but finely blasted pieces
of quenched magma: microscopic shards of glassy rock) is of concern for
any air-assisted combustion engine on the ground and in the air. Volcanic
ash entrained in jet engines can melt onto parts of the engine and form a rock
coating which may quickly result in engine failure. Several such deleterious
ash aircraft encounters have occurred in the past, and consequently, the avia-
tion industry, and its regulating agencies are concerned with early warning
and prediction of areas where potential ash aircraft encounters may occur.
Globally, VAACs disseminate such information.

Famously, the 2010 Eyjafjallajokull eruption in Iceland, a small eruption
in terms of amount of energy, gases, and magma produced, also produced a
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vast amount of ash in a runaway effect of magmatic heat-induced glacial ice
melt which kept fracturing the magmatic surface, exposing fresh magma con-
tinuously. The European airspace was closed down for weeks. The validation
of ash dispersal models by the London VAAC was conducted by several
European nations, using specialized airborne remote sensing instruments like
spectral lidar, as well as using various satellite remote sensing products sensi-
tive in the spectral regions where volcanic ash absorbs. Limb sounding air-
craft mounted active infrared spectroscopic instruments (AVOID system,
Airborne Volcanic Object Imaging Detector) have recently been implemented
by a variety of air carriers [84].

Sulfur dioxide detection in eruption plumes has to take into account the
observationally and thermodynamically well-known gas—particle conversion
from SO, to sulfate in cooling plumes, facilitated by available condensation
nuclei in the form of ash particles. Therefore, a variety of particle shapes from
concave surfaced glass fragments to microlites (microscopic crystals) and
spherical droplets are known to occur, which ideally should be taken into
account in models of particle-light interactions and in radiative transfer models.

Detection of thermal anomalies and surface characterization in the TIR is a
now well-established technique and applied to volcanoes using Landsat TIR
bands, MODIS, and ASTER scenes [85]. A global volcanic hot spot tracking
software application called MODVOLC (MODIS Volcano Detection, using
MODIS bands 21, 22, and 32) and its resulting data, are freely available via
the World Wide Web [86].

Newer and available sophisticated volcanic gas and ash plume identifica-
tion and tracking routines promise a greater degree of national autonomy
for observatories and VAACs alike: for example, the Plume Tracker soft-
ware [87] enables users to select spectral information from a variety of avail-
able sensors and products themselves, and to identify, track, and quantify
different aerosol retrievals, thermal signals, and SO, burdens.

12.6 CALIBRATION

Most remote sensing systems measure incident light” using several channels,
where each channel is designed with a specified color sensitivity. That is, the
instrument’s perchannel output is designed to be a function of both the
amount of incident light as well as its wavelength. The color selection may
be achieved by using spectral filters within the instrument, or may be accom-
plished by use of a grating that disperses light according to the wavelength.
These systems, if used for scientific studies, are calibrated for their radiomet-
ric and spectral response. The radiometric calibration relates the sensor output
digital count to the sensor-incident radiance. For space-borne systems, this is
first done prior to launch. For visible-sensing instruments, a large flat-field

2. “Light” is used loosely in this section to mean “optical radiation.”



480 Spectrophotometry

source, such as that from an integrating sphere, is characterized by a reference
detector or by comparison to a reference source. This determines the output in
absolute units. Traceability is made to SI (Systeme International d’ Unites)
units, a standard agreed upon by the international science community. SI
traceability is typically facilitated by a national standards laboratory, which
in turn disseminates this traceability to commercial vendors. These vendors,
in turn, transfer this traceability through secondary detector and source stan-
dards that they make available to the calibration laboratories. For thermal
sensing instrument or channels, a blackbody source is used. Radiometric
response determinations are typically made to a relative uncertainty of 3%
to meet the science requirements.

Once on-orbit, sensors begin to degrade. This is especially true in the initial
months following launch. In order to maintain radiometric response knowledge,
experiments must continue on throughout the sensor’s mission life. These
experiments might utilize on-board sources, such as lamps or solar-reflecting
diffuser plates. Sensors that utilize on-board calibrators, and those that do not
have this capability, both make use of Earth-views to determine radiometric cal-
ibration. Vicarious calibration experiments are those for which the surface and
atmospheric state are measured at uniform areas, such as desert playa. These
measurements can be made by field teams, or by using automated facilities [88].
With these data, the sensor-incident radiance can be computed for the specific
fly-by time. The comparison of this radiance to the sensor output while viewing
the test site provides an update to the radiometric response.

Equally important to the radiometric response is the determination of the
spectral response of a system. It is rare that these measurements are made
on-orbit; hence, the laboratory preflight determination is assumed to be valid
over time. For the determination, a broad-band source, such as a tungsten—
halogen lamp, is typically used. This is fed into a monochromator, which in
turn uses internal gratings to disperse the light, and direct monochromatic
light onto the sensor under test. The spectral response is the output response
of the sensor versus wavelength of illumination. The characterization should
measure both the in-band response, near the region of peak sensitivity, and
also the far-wing response. As this distribution can only be determined in a
relative sense, it is normalized such that the area under this curve is unity.

It is common practice to summarize a sensor’s spectral properties by tabu-
lating the center wavelength and spectral width. This has been done by quot-
ing the wavelength-of-peak response, and full-width half-maximum (FWHM).
The latter is given by wavelengths at which the response falls to half of its
peak value. These parameters can be misleading in cases where the SRF
may be double-peaked, asymmetric, or have a large out-of-band response.
A better representation can be obtained from an equivalent square band
response analysis [89].

For instruments with very narrow spectral response functions, a tunable
diode laser can be used, or an FTS. For OCO preflight testing, both these tech-
niques were used [90], as summarized here. The spectral calibration includes
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two characteristics: the spectral dispersion and the ILS function of each detec-
tor element. The spectral dispersion describes the wavelength at which each
detector element had its centroid response. The ILS, also commonly referred
to as the spectral response function, represents the response of a single detec-
tor element to any wavelength of light incident upon that element. The ILS
and dispersion parameters were determined using laser-diode sources, and
validated using solar spectra collected by the instrument and compared
against simultaneously collected spectra from a collocated high-resolution
FTS observing the same spectral regions.

The challenge for OCO ILS determination was that it needed to be analyzed
for an enormous amount of data: three bands, eight footprints per band, and
1016 spectral pixels per footprint yield in theory 24,384 individual ILS func-
tions. Luckily, the physics of the OCO instrument design indicates that the
ILS and centroid wavelength response (dispersion) of OCO should vary
smoothly in the spectral dimension across each band, mitigating the challenge.
The ILS functions and spectral dispersion experiments were conducted with
three separate tunable diode lasers having instantaneous line widths <1 MHz,
one for each of the OCO bands. Each tunable diode-laser test consisted of
setting the lasers to a specific wavelength, waiting for frequency, and intensity
stabilization, averaging several seconds of data, and then scanning the laser
wavelength by a small fraction of the FWHM to repeat the process. The lasers
typically required tens of seconds to properly stabilize at the desired wave-
length. Scanning the entire spectral range of each band would have taken many
days, and thus, was impractical. Therefore, detailed ILS characterizations were
performed over a limited set of wavelengths that spanned each spectral range
and could be interpreted to parameterize all of the ILS functions.

Once these scans were completed, the wavelength of peak response was
made known for each detector element (pixel), as shown in Fig. 12.7. A Gauss-
ian fit to the centroid wavelength response enabled a simple determination of
the spectral dispersion for each of eight spatial footprints and three spectral
bands of the OCO instrument. It was found that the centroid wavelengths of
the pixels of a given footprint had a spacing that varied smoothly across the
band in question and could be described by a fourth order polynomial.

12.7 SUMMARY

Remote sensing measurements, and the spectral analysis of these data, provide
scientists with a rich information source to better understand Earth processes.
Sensors such as GOSAT and OCO-2 have been built to measure CO, sources
and sinks. These data will allow improved modeling of carbon fluxes and
yield improved predictive tools for understanding greenhouse warming.
A quantitative understanding of clouds, snow, and ice properties are also
important to understanding Earth’s climate system. They are important contri-
butors to the global fluxes of radiant energy, as well as the hydrological cycle.
Remote sensing measurements allow researchers to determine cloud and snow
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FIGURE 12.7 Data recorded from the laser scans as seen by each of several neighboring pixels
in the O, A-band. (a) The signal from a set of 11 pixels is displayed in different colors. (b) These
channels are combined to give a single set of data with a much higher resolution, as shown by the
colored circles. Additional pixels with smaller responses are shown as black diamonds; their
wavelength centroids were approximated. These pixels contained information on the far wings.
The red vertical lines (dark gray in print) near the top of panel (b) represent the wavelength
positions used to represent the ILS on a fixed wavelength grid [90].

cover, grain size, albedo, and the radiative forcing of light. For snow, the
study of absorbing impurities is an important research area in the study of
the cryosphere. Along with ever evolving models and the combination with
other instruments, such as lidar and AirMSPI, we are able to improve our
observations of cloud and snow properties to understand better their role in
our climate. Remote sensing observations are a major source of information
for those who study volcano hazards, perform long-term geophysical and geo-
chemical monitoring, short-term unrest monitoring, and eruption prediction,
frequently resulting in the issuing of alert level changes to authorities. These
are but a few examples of an emerging and ever-expanding science.
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13.1 INTRODUCTION

Instrumental spectrophotometry became commercially available about 1940
with the introduction of Arnold Beckman’s DU spectrophotometer (Model
D Ultraviolet). That instrument and its early competitors’ machines were
designed for manual selection of analytical wavelength and visual reading
and logging of the instrument’s analog output values. As time progressed,
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wavelength scanning versus direct graphing of the photometer’s output
became the norm. Instrument complexity continued to increase to include
fluorescence analysis and the simultaneous scanning of both illumination
input and output wavelengths, but direct graphical outputs were still the norm,
and instruments grew to the size of large desks.

About 1950, a microscope was interfaced with an existing, direct reading
spectrophotometer, creating the first microspectrophotometer (MSP). In 1959,
another MSP system was invented the allowed the use of dual (sample vs. refer-
ence) beams. Microscopy had the potential to greatly expand the application of
spectrophotometry as a scientific tool, but commercial development and wide
use of the technique grew slowly. Narosi [1] provides some early history of MSP.

The advent of semiconductors, integrated circuits, and the personal computer
led to a rapid reduction in spectrophotometer instrument size and complexity and
added the ability to store and mathematically evaluate spectrophotometric data.
These developments also removed the need for dual beam optics and facilitated
the application of spectroscopy to microscope systems. Interestingly, the semi-
conductor industry itself became an early driving force in the use of MSP, with
its need for accurate measurements of microscopic thin films and features. This
synergy continues today.

Commercial MSPs appeared as new microscopes were designed to inter-
face with monochromators, and multiple types of illumination and new, broad
wavelength range optics were adapted to existing microscopes. At the same
time, scientists in such diverse fields as physics, biology, chemistry, and engi-
neering became more interested in using the MSP to analyze ever smaller and
thinner samples in addition to new sample types. Ultraviolet (UV), visible
(vis), and near-infrared (NIR) illumination was a relatively standard part of
the existing microscopy instrument design package. This capability added to
the interest in the MSP in large part due to UV—-vis—NIR spectrophotometry
filling an energy gap in analytical analysis, between that of infrared and elec-
tron or X-ray excitation.

The UV—-vis—NIR energy range of roughly 1-5 eV encompasses the bond
energies between the atoms of a majority of compounds and crystal structures,
and of the interfacial bonds between atomic and molecular structures. The
excitation of samples within this energy range and the resultant absorption,
fluorescence, or phosphorescence produced, as well as the possible time or
angular dependence of energy absorption, offer insights into a host of chemical
and physical properties within the samples.

13.2 MICROSPECTROPHOTOMETER INSTRUMENT DESIGN
AND CONSTRUCTION

The MSP is a purpose-designed instrument intended to measure the electronic
spectra of either microscopic samples or microscopic specimen areas on much
larger samples. As with spectrometers for macroscale samples, there are many
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types of MSPs. MSPs have been built for infrared, Raman, cathodolumines-
cence, and even nuclear magnetic resonance spectroscopy. The topic of this
section is the MSP designed to operate from the deep ultraviolet, through
the visible and into the NIR region. The modern MSP can be configured to
collect electronic spectra by transmission or absorbance through the sample,
emission from the sample, or reflectance from the sample. Additionally, it
can collect all of these spectra with the same system. A typical system will
also allow the user to acquire images of the sample being measured and many
systems offer additional features such as the ability to map the spectral
response from a surface with micron-scale spatial resolution. With the addition
of specialized algorithms, the MSP can also be used to measure the thickness
of thin films or act as a colorimeter for microscopic samples.

The MSP is a hyphenated instrument that integrates a light microscope
with a UV—vis—NIR spectrophotometer (see Fig. 13.1). The spectrophotome-
ter measures the intensity of various wavelengths of light from the ultraviolet
through the visible and NIR regions. The microscope is an imaging tool
designed to enlarge an image of microscopic objects so that they may be stud-
ied easily. Integrated as the UV-vis—NIR MSP, such a device can acquire
absorbance, reflectance, and emission spectra with sampling areas on the
micron scale.

13.2.1 The Microscope

The microscope component of an MSP system can be represented by a wide
array of microscope platforms, from discrete component optical bench systems
to phase contrast, polarized light, UV—vis, or fluorescence systems. They can
be designed to provide a single analytical measurement type such as spectral
reflectance or multiple types of measurement. The former has its obvious
limitations, while the multiple measurement instruments might sacrifice per-
formance in some measurement modes in order to provide application versa-
tility. This wide selection o f instruments and options demands that the users
be well informed in their microscopy knowledge and performance needs in
order to select the best instrument for their application(s).

The wavelength region(s) of interest as well as the type of samples to be
measured will also have a profound effect on the selection of illumination
type and optical path. The most versatile instruments will feature multiple
illumination sources, ranging from tungsten filament to a variety of arc lamps,
and will also probably employ Schwarzschild-type objectives and metalized
front surfaced mirrors to avoid illuminant energy attenuation, chromatic aber-
rations, and polarization of the illumination and sample light beams. More
specialized or limited systems might perform well with quartz optics, normal
optical glass, or fluoride beam path components.

The illumination system will typically need to utilize stabilized power
supplies: the short-term stability and long-term drift specifications of lamp
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FIGURE 13.1 The MSP can acquire images and spectra of microscopic samples in the UV-vis—
NIR. Image courtesy of CRAIC Technologies, Inc.

voltage will be a significant point of system selection. Although the eye can
readily adapt to small voltage-based shifts or drifts in intensity and changes
in color balance, modern detectors require very stable illumination to function
accurately and precisely. A typical, high-quality microscope for normal opti-
cal or video monitor viewing will generally not be adequate for this task. Sim-
ply adding a spectrophotometer module to an existing optical microscope will
generally not provide the optimum spectral performance.
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The highest performance MSPs utilize custom-built microscopes that are
optimized for the application. In order to cover such a broad spectral range
while maintaining good image and spectral quality, the microscope must be
integrated with the spectrophotometer. Standard optical microscopes, if used,
limit the usable spectral range of the MSP as they only cover a small portion
of the visible region due to the materials used for the optics as well as the light
sources themselves.

13.2.2 The Spectrophotometer

The primary challenge in the original design of the MSP revolved around
reducing photometer noise and increasing photometer sensitivity, or more spe-
cifically, increasing signal-to-noise (S/N) ratio. This was a profound challenge
with the first spectral scanning, direct-recording systems. The most sensitive,
broad-spectrum detector available at the time was the photomultiplier tube
(PMT). PMT driver/amplifier electronics were well developed with stable dri-
vers and low noise, analog amplification designs. The major drawback of the
PMT was in its relatively slow dynamic response and its need for a scanning
monochromator in the MSP system.

The second challenge was to provide a compact, precise, and accurate,
broad-spectrum monochromator. This challenge and its solution revolved
around the dispersive element of the system. Prismatic dispersive elements
limited the spectral range and energy throughput of the monochromator.
Ruled gratings, and later holographic gratings, resolved these shortcomings
but still required relatively bulky and slow moving servo-mechanical drive
systems and associated power supplies. These moving parts also increased
maintenance, precision, and reliability challenges, although well-designed
systems operated well; had extended dynamic range; and were precise, accu-
rate, and robust. Their primary limitations were that they were physically
large, had no NIR capability, and had slow acquisition rates that needed sev-
eral minutes to acquire a single absorbance spectrum over a limited spectral
range. Despite these limitations, PMT-based systems with scanning mono-
chromators are suitable for many applications.

The advent of large area, multiple element semiconductor detectors, such
as photodiode arrays and later charge-coupled devices (CCDs), allowed
MSP designers to eliminate the mechanical scanning component of the sys-
tem, to extend the detection range to longer wavelengths, and to reduce acqui-
sition times to a fraction of a second. These systems still required a dispersive
grating and an associated entrance slit but had no exit slit and recorded the
entire spectrum as a unit divided across the number of detector elements.
The resolution of the semiconductor detector-based systems is controlled by
a combination of physical detector length, the number of detector elements
across that length, and the distance of the detector from the entrance slit
and grating. As distance increases, detector length and associated detector
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elements can be increased to improve resolution but light intensity decreases
and the S/N ratio can degrade. Currently, CCDs have become the norm for
MSP detectors in the UV-vis region, while InGaAs arrays cover the NIR
region.

Once again, detector noise is a design challenge due to the inherent
thermal-electron noise in the detector elements. With the current power of
computer hardware and software, the ability to collect and average multiple
spectra in subsecond times and to also decrease the detector element sampling
rate can go a long way toward increasing S/N. But noise can still be a problem
at the extremes of the illuminating optical system’s spectrum, where intensity
approaches zero. The S/N can then be further improved by applying thermo-
electric (Peltier) cooling to the detector element. Detector cooling is especially
critical when using InGaAs arrays for NIR microspectroscopy.

Today, the useful short wavelength limit for MSPs is approximately 200 nm
(~50,000 cm™") and the long wavelength limit is approximately 2100 nm
(~4800 cm ™ "), with an associated dynamic range of about three absorbance
units (A) or a minimum transmittance (7)) of about 0.1%T. This dynamic range
can be increased at the expense of narrowing the scanned spectral region to better
optimize the MSP for that region.

For optimum MSP performance, the spectrophotometer should also be
purpose-built for microspectroscopy. It requires a high dynamic range since
users commonly switch between different types of measurements requiring
differing levels of sensitivity: changing from transmittance or reflectance
microspectroscopy to fluorescence microspectroscopy in order to measure dif-
ferent types of spectra of the same sample for example. This allows the user to
obtain different types of spectra from exactly the same location on the sample
with the same instrument.

It should be noted that detectors, illumination systems, microscopes, and
optical systems will continue to evolve and change as new technology and
new user demands develop. As an example, where sample area selection
and microscope viewing were once done through the microscope oculars,
they are now generally selected and viewed on the computer screen. Though
convenient, this does not remove the need to use the microscope’s optical
viewing system to align and focus a number of microscope components,
from the illuminating lamp or arc, to apertures and to the various objective
elements.

13.2.3 Computer Interface and Software Control

The most dramatic changes have occurred in the controlling hardware and
software. The very first commercial systems utilized purpose-built computers
and had limited data analysis and storage capabilities. With the advent of the
personal computer and graphical operating systems, the MSP has changed in
terms of both operation and capabilities. The modern MSP uses a personal
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computer running the latest operating systems. Sophisticated software
packages are designed to provide integrated control of the instrument, includ-
ing running all facets of the spectrophotometer, imaging systems, and the
microscope. Modern software can even run a fully automated MSP in which
all aspects of the measurements are computer controlled. This includes
mapping features in which spectral measurements can be acquired of many
predefined areas over a large sample surface. A four-dimensional data cube
can then be created including the X and Y spatial axes of the sample surface
in addition to the axes for wavelength range and intensity (or absorbance or
reflectance depending upon the type of measurement). This degree of com-
puter control can also have its drawbacks, in that a system can produce appar-
ently useful data, even when it is not running properly or is malfunctioning.
There is no substitute for a user having a deep knowledge of microscopy, their
instrument, and their samples.

Modern software also includes many sophisticated data analysis features
that can add to the capabilities of the MSP. This includes basic arithmetic
to sophisticated statistical analysis of the data to the creation and manipulation
of databases. Software can also add capabilities such as the ability to perform
colorimetric measurements and to determine the thickness of multilayer films
of microscopic sampling areas. This latter capability is especially useful in the
semiconductor industry in which film thickness is measured at many locations
across a wafer and then a map of the thickness is generated for the wafer with
high spatial resolution.

13.2.4 MSP System Capabilities

Macro (optically unaided, or “naked eye”) spectrophotometry systems have a
long history of use in virtually all areas of the color control industry, from
paint and pigments to fabrics and dyes, stains, inks, color television, and video
monitors; plastics; and illuminating lamps to paper manufacturing. Some of
these are diffuse reflectance spectrophotometry systems that utilize an inte-
grating sphere and use sample sizes up to 25-50 mm in diameter.

Some macro- and microsystem designs employ selectable or continuously
variable goniometer-based mounting assemblies for their illuminators and
detector assemblies, to evaluate the angular dependence of spectrophotometric
data. (The addition of a single condensing lens to an optical imaging beam
path can constitute a “micro”’assembly.) As an example, the angular depen-
dence of automotive paint surface color has become an important measure-
ment, as pigment companies produce new products, such as holographic
pigments, that produce color “flop” or change with the viewing angle. Mea-
suring and controlling this flop effect and the application of these “effect”
pigmented paint films are vital to an industry that might assemble a vehicle
from prepainted parts produced in different factories. The automotive repair
industry also relies on such measurements as repair shops shift to buying
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prepainted parts in order to reduce their use of paint booths. This practice is
especially true in shops that customize new cars in order to satisfy buyers at
new car dealerships. Pigment manufacturers also need to measure the interfer-
ence colors of pigments made by layering one or more thin dielectric films on
an otherwise colorless substrate such as glass, mica, and aluminum.

Architectural glazing materials have also seen the need for thin-film anal-
ysis as new products utilize a wide range of interference effects to produce
different window colors or to provide environmental protection from heat or
ultraviolet light. The advent of large area, continuous process, sputter coaters
have helped make these products economical to produce.

Each of these aforementioned applications utilizes either diffuse or
spectral reflectance measurements, but MSP systems also offer an array of
transmittance and emission-based measuring setups. These formats allow the
analysis of gemstones, glass, thin films, light-emitting diodes, liquid crystal
displays, biotechnological devices, and advanced materials for nanotechnol-
ogy and much more.

13.3 USING THE MSP SYSTEM

Integration of the major components of the MSP (the spectrophotometer,
microscope, and software) is critically important. While the spectrophotome-
ter and microscope are optimized for microspectroscopy, integrating the two
seamlessly enables them to work together and yield the highest quality spec-
tra. The microscope—spectrophotometer interface must meet several design
challenges. Most importantly, the interface must direct the electromagnetic
energy collected by the microscope from the sample into the spectrophotom-
eter. The user also needs to visualize the sample measurement area as part of a
larger field of view. This is done by having the entrance aperture of the spec-
trophotometer in the same focal plane as the sample image. The sample stage
is then moved until the image of the entrance aperture is over the sampling
area. In Fig. 13.2, the black square in the center of the image is the entrance
aperture of the spectrophotometer. The imaging and the spectroscopy are car-
ried out simultaneously to make the MSP easier to use.

Figure 13.3 is a simple optical diagram of an MSP configured for absorbance
microspectroscopy. In the figure, the microscope optics focus light onto the
sample. Some photons will be absorbed by the molecules in the sample and
the remaining light will be collected by the microscope objective after being
transmitted through the sample. From the objective, the light is focused onto
the entrance aperture of the spectrophotometer. As this aperture has a mirrored
surface, most of the light is reflected from the entrance aperture surface onto the
camera. Thus, the spectrophotometer entrance aperture is imaged so that it
appears as a black square on the sample (see Fig. 13.2). This allows for easy
usage of the MSP. The light that passes through the entrance aperture then
passes into the spectrophotometer where a spectrum is measured.
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FIGURE 13.2 Image of a liquid crystal display with an MSP. The black square in the center of
the image is the entrance aperture for the spectrophotometer and is on the same focal plane as the
sample. The user simply moves the sample stage, so the black square is superimposed on the area
to be measured.
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FIGURE 13.3 Schematic showing the optical path for an MSP configured for absorbance micro-
spectroscopy and imaging. Image courtesy of CRAIC Technologies, Inc.
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The microscope can be configured with different illumination schemes
depending upon the type of experiment to be performed. Figure 13.3 shows
a diagram of an MSP configured to measure the transmission spectrum of a
microscopic sample. Similarly, incident white light illumination allows for
reflectance microspectroscopy from the deep UV to the near IR. Incident illu-
mination at wavelengths in the excitation range of photoluminescent samples
can also be used for fluorescence or phosphorescence microspectroscopy.
Additional features can also be incorporated in the MSP to add more capabil-
ities. The most common one is the ability to measure the thickness of microspot
areas of thin films for semiconductor metrology.

13.4 CURRENT APPLICATIONS OF MSP IN INDUSTRY
AND RESEARCH

13.4.1 Forensic Applications of MSP

The prosaic assumption is that forensic science is only applied to criminal
cases and investigations. In a more inclusive definition, forensic science is
the application of science to the resolution of legal questions or disputes. This
definition yields a wide array of forensic science applications from patent
challenges, to environmental regulation violations, paternity disputes, tort
law, or claims of civil damages, and of course criminal cases of assault, bur-
glary, homicide, forgery, poisoning, explosives device evaluations, and hit
and run accident investigations. MSP can be applied to any of these cases that
involve the presence or transfer of microscopic colored materials or materials
with UV absorbers.

Paint transfers occur in a variety of circumstances, including accidental
over spraying during commercial painting, accidental or intentional vehicular
impacts with other vehicles or structures, ingestion of paints by children,
criminal damage or assault using painted weapons, bullets passing through
or glancing off painted surfaces, and pigmented inks used in producing forged
documents or currency.

Below is an example of paint fragment analysis that might be used to pro-
duce distinguishing MSP spectra, either by diffuse reflectance or by transmis-
sion analysis. Figure 13.4 shows opposite sides of an automotive paint film,
mounted on a scanning electron microscope sample stub. Both the red color
or “base” coat of the paint film (on the right) and the bottom primer coat
(on the left) can provide spectra for use in comparative analysis. Primer spec-
tra can be useful in that they are often more variable than the overlaying base
coat and can provide discriminating data between different samples that are
otherwise intended to appear to be the same color. But, whether two colors
are the “same” is a question of visual perception.

Sometimes, MSP information can also be derived from thin sections of
paint films, such as the red paint film shown in Fig. 13.5, which is a section
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FIGURE 13.4 Typical paint film sample (scale: 1 mm per division).

FIGURE 13.5 Cross section, ~100 x.

of the paint film shown in Fig. 13.4. The section shows that the film includes
a clear coat, red color coat, and at least one primer layer that appears opaque.
In this case, the diffuse reflectance spectrum of the primer surface would be
more useful for comparison than the transmission spectrum of the cross-
sectioned primer spectrum.

A similar situation is shown in Fig. 13.6 which is a section of a white paint
fragment. Clear coat, color coat, primer, and electro-coat layers are shown in
this section, but it is not obvious that the color coat is white.
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FIGURE 13.7 Comparison of averaged transmission MSP spectra of PR-4’s #772 and #804.

Figure 13.7 exhibits a typical example of the importance of careful MSP
validation and operation, in that they show the transmission (plotted in absor-
bance units) curves of two red (Chrysler Primrose Red, color code PR-4) paint
films from two Dodge Durango vehicles, painted a year apart, at the same fac-
tory. The vehicles were intended to be the same color, and indeed, they cannot
be distinguished by the naked eye under daylight illumination.

Samples of the two paint films were mounted, side by side, in the same
polymer sectioning block and microtomed together, to insure that their com-
parative thicknesses were the same. Multiple spectra were run at different
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points along each color layer and each sample set was averaged. A comparison
of the two averaged sets clearly shows that one sample has lower overall
absorption in the blue-to-yellow region and higher absorption in the red region
of the spectrum with a crossover at about 680 nm.

These samples are metameric and that point would be essential informa-
tion in any forensic comparison of the paints. The manufacturer was obvi-
ously happy with both paint films. This is what makes MSP so essential in
forensic color analysis, in order to take advantage of situations where it would
be economically disadvantageous for a manufacturer to control paint colors
more closely than the eye can perceive under normal viewing conditions.
A general guideline to the use of MSP in forensic paint examinations is given
by ASTM E2808-11 [2].

Figure 13.8 gives an example of distinguishing the deep UV absorbance of
two different textile fibers that appear to be the same color. Although the vis-
ible region of the spectra will not distinguish the two fibers, the deep UV
region shows a distinct difference between them. That difference is character-
istic of different UV absorbers or fluorescent optical brighteners that are
added to fiber polymer systems to either protect the fabrics from sunlight
deterioration or enhance their appearance after washing.

The MSP evaluation of gemstones and colored glass samples is shown in
Section 13.4.7, and a general discussion of forensic MSP applications, includ-
ing dyes, inks, paints, and fibers, is given by Eyring [3]. Some references
relating to the application of MSP to fiber analysis are given by other authors
[4-7]. Tt is obvious that MSP has been recognized as a useful forensic tool for
quite some time.

Absorbance

0.00

200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 775 800 825 850
Wavelength (nm)

FIGURE 13.8 Fiber “B” (blue; dark gray in print) versus fiber “C” (red; light gray in print)

UV-vis—NIR absorbance spectra.
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13.4.2 Microspot Thin-Film Thickness

Thin films range from atomic or molecular monolayers to microns thick. They
can form naturally but are also manufactured for use in many different appli-
cations. An example of a naturally forming film is the oxide layer that forms
on aluminum and lends it resistance to further oxidation. Aluminum compo-
nents are therefore resistant to the degradation caused by rust seen in compo-
nents made out of iron. Interestingly, one of the early applications of thin-film
coatings was the deposition of zinc on iron and steel components so that they
were rust resistant.

Two common industrial applications of thin films are their usage in build-
ing semiconductors and as optical coatings. With semiconductors, materials
are deposited layer by layer and circuits are etched in extensive processes
needed for the construction of integrated circuits [8]. By using materials with
different properties in each layer, such as conductors, semiconductors, and
insulators, complex integrated circuits can be built. However, the thickness
of each of these layers must be known accurately in order for the devices to
yield consistent results. Optic devices are also created using thin films. In
optics, thin films are used as protective layers and antireflective and reflective
coatings [9]. Again, multiple layers of different materials are combined to
yield various optical affects. As such, the thickness of such coatings must
be closely monitored in order to yield the desired results from the optical
device.

Optical interference patterns are a commonly used method to determine
the thickness of thin films [10]. See Section 2.6.3 for more detail on the the-
ory of these optical phenomena. MSPs can measure the optical interference
pattern by illuminating the device with a broadband beam. The incident light
is reflected from both the upper and lower boundaries of the film (see
Fig. 13.9). When both rays are reflected, they interfere with one another in
a manner that can be characterized by the Fresnel equations. This degree of
interference depends upon the difference in phase of the two rays, a factor
determined by the refractive index of the film material, the wavelength of
the light, the angle of incidence, and the thickness of the film. With white
light, the interference patterns appear as multicolored bands. The MSP mea-
sures the spectrum of light from the thin film (see Fig. 13.10) and, using var-
iations of the Fresnel equations and knowledge of the film material,
determines the thickness of the film by fitting the spectral data to a model
of that film.

MSPs are commonly used for thin-film thickness measurements as they
possess a number of advantages. First, they do not contact the device and
therefore are less likely to contaminate it. Second, the measurements are per-
formed rapidly and can even be done inline of a manufacturing process. Third,
they can also be used to measure a wide variety of films with a large range of
thicknesses. Fourth, these instruments can be configured to measure either the
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FIGURE 13.9 Image of light rays reflecting off top and bottom boundary layers of a thin film.
The substrate is opaque in this diagram.
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FIGURE 13.10 Interference spectrum from a thin film measured with an MSP. The film is
502-nm thick SiO, on a silicon substrate. This spectrum is not normalized but is relative to silicon
which was used as the reference material.

reflected or transmitted spectral interference so that film thickness measure-
ments can be made on both opaque and transparent substrates. Fifth, they
can measure the thickness of stacks of multiple films. Finally, MSPs can mea-
sure the thickness of microscopic sample areas. This allows them to be used
as metrology devices for microscopic circuits as well as to create film thick-
ness maps with high spatial resolution to determine the film thickness varia-
tion across a device.
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13.4.3 Graphene and Carbon Nanotubes

Carbon has many forms. Graphene is a lattice of carbon atoms with each unit
cell in a hexagonal pattern. It is essentially a two-dimensional sheet of carbon
atoms that is one atom thick. Carbon nanotubes have a three-dimensional
structure that can be described as cylindrical carbon molecules with a small
diameter relative to the length of the tube. Both materials exhibit unique phys-
ical, optical, and electrical features, though their characteristics differ from
one another and those of other forms of carbon. These materials can also be
engineered to have specific properties and thus represent another type of
metamaterial.

MSPs are used to study the optical characteristics of graphene. Character-
izing this material is still ongoing [11] as is development of devices and appli-
cations that use it [12]. Graphene structures are also being developed that
have variable optical characteristics [13]. By studying the optical spectra of
these materials under different conditions, such as temperature, the electronic
and physical structures of these materials may be better understood. Such
work is also leading to the engineering of new graphene materials because
of an enhanced understanding of their physics and chemistry (Fig. 13.11).

Carbon nanotubes have dramatically different properties [14,15] to that of
graphene and other allotropes of carbon. This cylindrical form of carbon is
finding use in many different applications, and quality control testing of it
can be done by optical spectroscopy. Minor changes to the structure of carbon
nanotubes yield detectable changes in the optical spectrum, hence the utility of
microspectroscopy in production of these materials [16]. The optical properties
of the carbon nanotubes themselves are also of interest [17]. For example,
MSPs are used to study the optical switching performance of carbon nanotubes
and characterize their novel nonlinear optical properties (Fig. 13.12).
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FIGURE 13.11 Absorbance spectrum of a single layer graphene film on a quartz substrate.
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FIGURE 13.12 Absorbance microscopic spectra of nanotubes formed both with and without
gold nanoparticles. Image courtesy of Viadimir V. Tsukruk, Georgia Institute of Technology.

13.4.4 Heavy Element Chemistry

The chemistry and physical properties of heavy elements are quite unique and
are receiving more attention as potential applications are developed. One
fruitful field is in the research into actinide compounds. Since only thorium,
uranium, and to a lesser extent plutonium are found in nature, much about
these elements is still to be understood. As such, complexes with actinides
are constantly being developed and utilized for different fields. For example,
actinides are radioactive and have been used in everything from nuclear weap-
ons to radioisotopic power supplies. Understanding the chemistry of solid-
state actinide compounds is critical, and this is done by measuring the
UV-vis—NIR absorption spectra and fluorescent emission spectra of single
crystals. This yields information about the electronic states of these materials
in various complexes. It also enhances understanding of the oxidation states of
the actinides and on how actinides [18] form bonds with other atoms and dif-
fer from lanthanides in similar complexes [19].

Lanthanide complexes are also a topic of study, alongside the actinides, in
that while their electronic structures are similar, their chemistry and physical
properties can be quite different.

MSPs are an important tool for this research. This is because many of
these compounds are synthesized as microscopic crystals and in very small
amounts [20]. Any study of their solid-state electronic structure is therefore
done with single crystals by absorption microspectroscopy with supplemen-
tary data coming from fluorescent emission microspectroscopy. Interestingly,
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FIGURE 13.13 UV-vis spectrum of a holmium oxide glass standard taken with an MSP.

the electronic spectra of these materials yield complex spectra that can be
termed as “fingerprint” spectra in that they can be used to readily identify these
compounds. In fact, materials such as holmium oxide (see Fig. 13.13) are used to
calibrate the wavelength axes of spectrophotometers and MSPs due to their
complex electronic spectra that feature numerous peaks [21].

13.4.5 Lignins

Lignin is a biopolymer commonly found in the cell walls of wood [22].
Cellulosic fibers are embedded in a matrix of lignin to form the majority of
the structure of wood [23]. Different types of wood are differentiated by the
percentage volume of lignin as well as the types and orientations of this bio-
polymer. Also, the distribution of lignin within the cell walls aids in the deter-
mination of the type of wood as well as determining the physical properties of
the material [24].

MSPs are used to study the properties of wood, lignin, and cellulose in a
number of different manners. Both absorbance and fluorescent emission
microspectroscopy are used to measure the distribution of lignin within the
cellular walls. Because of the high spatial resolution of the instrument, cross
sections of the woody material may be mounted on quartz slides and the dis-
tribution mapped within the section. This is mainly done with ultraviolet
absorbance microspectroscopy as these materials absorb strongly in the UV
region.

Fluorescence emission microspectroscopy has also been utilized to mea-
sure the orientation of cellulosic microfibrils in wood that has been subjected
to rot [25]. One major advantage to using ultraviolet fluorescence in this study
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FIGURE 13.14 Fluorescence emission spectra of Tracheid Radial wall of Red Maple.

Counts

is that none of the samples needed to be stained and images of the materials
could be simultaneously captured with the spectra. The variations in both
the intensity and shape of the emission spectra can show differences in the lig-
nin compositions of different types of fibers. These differences in the spectra
of the different types of fibers can be supported by other histochemical tests
(Fig. 13.14).

13.4.6 Cellulosic Nanomaterials

The demand for high-performance, engineered materials is steadily growing.
So it is the demand for recyclable materials and green manufacturing pro-
cesses. Substances that may potentially fit these requirements are cellulosic
nanomaterials. Crystalline cellulose has mechanical properties similar to
that of other reinforcement materials while having a reactive surface on
which functional groups may be added to yield different surface proper-
ties [26]. Cellulosic nanomaterials can be made from readily available
materials such as wood, plants, bacteria, and algae. However, different source
materials yield different types and shapes of cellulosic nanomaterials all
of which can be optimized for different properties by bioengineering. From
these, cellulosic nanocrystals in the form of whiskers are obtained. Again,
the actual shape of the whiskers is determined by the source material. Other
structures are also found and research is being conducted into their physical
properties.

Cellulosic nanomaterials in suspension act as liquid crystals (see
Fig. 13.15). Much of the optical and physical characteristics of a liquid crys-
tal are due to the asymmetric rod structure, and this is seen with cellulosic
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nanocrystals. Some of the unique structural features of these materials, such
as the helical twist normal to the rod axis, can be the cause of features such
as optical bandgaps which can be studied by MSPs. These materials also
exhibit other optical phenomena such as birefringence which is not a prop-
erty seen in common cellulose. The addition of functional groups can also
change the optical properties of this material.

MSPs can be used in this field as with other nanomaterials. Absorption and
emission microspectroscopy [27,28] can aid in studying their electronic struc-
ture (see Fig. 13.16). And as these materials can be optimized for various opti-
cal effects, the engineering processes can be monitored by microspectroscopy.
The major advantages of microspectroscopy are that these compounds can be
studied in both solid form and a suspension. Additionally, an MSP can ana-
lyze a single fiber in order to better characterize and tune its properties or
can be used to understand the spectral variation across a sample with
micron-scale spatial resolution.

13.4.7 The MSP Analysis of Gemstones and Glass Fragments

13.4.7.1 Synthetic Versus Natural Gems

Synthetic gem manufacturing has a long history of successes and failures as
chemists have tried to replicate nature’s rare beauty. As Kunz [29] stated in
1886, “and there is little reason to fear that the true ruby will ever lose the
place it has occupied for so many centuries. These stones [man-made Geneva
rubies] show the triumph of modern science in chemistry, it is true; and
although some may be willing to have the easily attainable, there are others

FIGURE 13.15 Image of cellulosic nanomaterials in an aqueous solution on a quartz slide under
a quartz cover slip. The black square in the center is the entrance aperture of the MSP. The aper-
ture is 12 pm x 12 pm.
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FIGURE 13.16 UV-vis—NIR microscopic spectra of nanocrystalline cellulose. Note the absor-
bance peaks both at 244 nm and at 1451 nm.

who will almost want, what the true ruby is becoming today, the unattainable.
One will be nature’s gem and the other the gem made by man.” The rubies
Kunz was describing were not of gem quality, and his concern was expressed
long before rubies were the necessary heart of early lasers.

Since that time, synthetic gem manufacturing has been an ongoing research
and commercial enterprise and is described in depth by Nassau [30], where
he notes the first gem quality ruby being produced in 1902 by Verneuil [31].
It is important to note that these gems are described as “synthetic” or sometimes
“artificial,” and they are not described as “imitation” or “fake” until they are in
the hands of a fraudulent gem dealer who claims they are nature’s own.

Given that fraud is often a human occupation, the detection of fake gems
has been a constant effort within the jewelry world. This leads to the develop-
ment of the Chelsea Colour Filter for emeralds in 1934 that transmitted light
in the 570 and 690 nm regions where true emeralds get their color and helped
single out synthetic stones with different transmittance regions. Coinciden-
tally, the Chelsea Filter offers insight into what several other minerals such
as ruby and sapphire “are not” but they cannot confirm what a mineral “is.”
As synthetic gem compositions changed with new formulas
and manufacturing processes, the Chelsea filter became less useful and addi-
tional filter types were developed, such as the Hanneman Gem Filter Set [32].
A splendid discussion of all of these filters is given by John Harris and the
GemLab.UK [33], with examples of the filters’ transmission spectra.

The advent of microspectrophotometry offered the obvious advantage of
more accurate and precise gem color analysis but was hampered by the severe
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refraction effects at the air—gem interface. This problem can be solved by sub-
merging a gem in a colorless liquid of relatively high refractive index such as
microscope objective immersion oil of ng=1.515. The oil does not have to
exactly match the ny of the sample stone to be effective in removing detrimen-
tal refractions. A 3-mm deep immersion well is shown in Fig. 13.17 and wells
of various depths are easily made. Parallel surfaces of the slide and the top
edge of the well are essential. Normal bowl shaped well slides are not well
suited for this application.

The resulting complete transmission spectra of immersed gems offer a rapid,
nondestructive, and accurate comparison of natural and synthetic materials.
A discussion of this gemstone color measurement application is given by
Martin and Eyring [34]. Future work in this area will include the use of a com-
bination of the MSP with Chelsea and other filter types in the beam path to
more accurately determine and differentiate the filter induced color shifts on
gems in both plane and polarized light, which are now only visually evaluated.

13.4.7.2 Discrimination of Similar Glass Fragment Colors

The possible origin of glass fragments can be an issue in many different sce-
narios, from accidental contaminants in food or drink to intentional malicious
assaults, a hit and run accident or a fight in a bar. Unfortunately, in any of
these scenarios, each individual glass fragment is a separate analytical item.
One cannot assume that two pieces of colored glass lying on a barroom floor
came from the same bottle. Proximity does not prove similarity or common
origin.

A spectroscopist working on a glass fragment comparison is faced with
first sorting out a possible pile of glass particles and color that can be difficult
to visually judge due to the variety of particle shapes and thicknesses at hand.
Microspectrophotometry can be the first step in sorting and analyzing a col-
lection of fragments. Figure 13.18 shows the effect of viewing immersed frag-
ments versus viewing them in air.

FIGURE 13.17 Quartz well slides with 3-mm well. Image courtesy of CRAIC Technologies, Inc.
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FIGURE 13.18 Immersion effect.
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FIGURE 13.19 Average maxima of four absorbance groups of green glass samples.

The spectra in Fig. 13.19 are those of 25 different green glass bottle frag-
ments. Microspectrophotometric analysis sorted them into four distinct groups
for further analysis. In addition, although one of the spectra (green curve) falls
in the second group from the left, its spectra are quite different from the average
of the group. This type of variation offers even more differentiation of fragments.

A list of the samples and their maximum absorbance values is shown in
Fig. 13.20, which illustrates the roughly 10 nm difference in absorbance max-
ima shown in Fig. 13.19.

A detailed discussion of this work and the associated refractive indices and
elemental compositions of the green glass samples will appear in the journal
The Microscope [35] where it is in prepublication review as of this writing.
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FIGURE 13.20 Wavelength maximum MSP absorbance values of green glass samples.

13.4.8 Identifying Protein Crystals

Crystallization of biological macromolecules has helped further our under-
standing of their three-dimensional structures, the way they interact with
one another, and the mechanism behind their function [36]. The analysis of
protein crystals is a critical aspect of this research. However, while the tech-
niques to grow and analyze the crystalline structure are mature, rapid means
to locate and identify the crystals themselves are problematic [37]. Two types
of microspectroscopy have been used to locate, identify, and qualify protein
crystals [38] prior to X-ray crystallographic analysis. This ability to isolate
and qualify the protein crystals prior to X-ray analysis has the potential to
greatly speed up research in this field.

Protein can contain tryptophan residues. Tryptophan strongly absorbs light
at 280 nm while emitting at approximately 353 nm by what is known as
“intrinsic protein fluorescence.” Other residues in protein also absorb in this
region but not nearly as strongly. A common method of protein crystal growth
utilizes evaporative diffusion in which a salt-protein solution is the source
material for any crystals that form. However, a drawback to this method is
that salt crystals also form and they cannot be readily differentiated from
any protein crystals. To date, most qualifying techniques have yielded ambig-
uous results and are often destructive. However, by using an MSP, one can
readily distinguish and qualify the protein crystal prior to preparing it for
X-ray crystallography.

Fluorescence microspectroscopy was the first technique to be used to qual-
ify protein crystals rapidly and accurately. Crystalline material can be ana-
lyzed either in solution or after having been recovered. The MSP excites the
crystal with 280 nm light and then observes the emission at 353 nm. If there
is no emission, then the crystal is salt. This test is accurate but care must be
taken not to denature the crystal with extended exposure to ultraviolet light
which can occur since the emission is quite weak. Similarly, there are many
mechanisms which can cause quenching of the fluorescent emission.
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Another technique is to directly observe the absorbance of the protein
crystal at 280 nm. As salt crystals do not contain tryptophan, they do not yield
an absorbance spectrum when analyzed by this method (see Figs. 13.21 and
13.22). The advantages of this method are that it requires a much shorter
exposure time to ultraviolet light and it is much faster. It is also quite effective
in locating high-purity protein crystals. However, it does require the use of
UV transparent cells and mounting materials in order to transmit UV light
for microspectroscopy.

FIGURE 13.21 Ultraviolet absorbance image of a protein crystal.
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FIGURE 13.22 Ultraviolet—visible absorbance spectrum of a single protein crystal.
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13.4.9 Gold and Silver Nanomaterials

In the last decade, there has been a large amount of work done to develop and
study gold and silver nanostructures that exhibit plasmonic characteristics
[39,40]. These metamaterials can be tuned to exhibit specific optical charac-
teristics under well-defined conditions. As such, they are finding applications
in highly sensitive detectors used in biomedicine, biology, physics, and chem-
istry. Further advances and fine-tuning of these engineered materials have the
potential to enhance them to even the single-molecule detection level. They
could then be used in the treatment of many diseases, detection of biological
and chemical weapons, as well as advancing our understanding of the physics
of metamaterials and plasmonics.

Gold and silver nanoparticles have been developed that exhibit surface
plasmon resonance (see Fig. 13.23). Surface plasmon resonance occurs when
light is reflected off these metallic nanoparticles. The result is a novel spectral
response that is characteristic of the size, shape, and composition of the metal-
lic nanoparticles. As surface plasmon resonance is a boundary effect, changes
in the surface of the gold or silver nanomaterials, such as the adsorption of a
target molecule, cause a change in the spectral characteristics of these nanos-
tructures. Thus, surface plasmon resonance-based sensors can be very sensi-
tive to minute changes in their environment.

Many types and shapes of gold and silver nanoparticles [41] and films
have been developed in order to better understand the physics and chemistry
of these unique materials. Devices have also been built that either exhibit sur-
face plasmon resonance [42], such as gold nanowells, or contain nanoparticles
that do, such as lab-on-a-chip sensors (see Fig. 13.24). MSPs are used for
much of this research and development for their ability to study devices with
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FIGURE 13.23 Reflectance spectrum of gold nanoparticles deposited on glass surface. This

spectrum is not normalized but is relative to glass which was used as the reference material.
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FIGURE 13.24 Changes in optical characteristics of surface plasmon resonance-based liquid
sensor film in wet (purple; dark gray in print) and dry (green; light gray in print) conditions.

a high spatial resolution. An MSP can measure the reflectance or transmission
spectrum of individual sensors or it can be used to spectrally characterize the
plasmonic variations across a surface containing nanowells. MSPs are also
used in the creation of nanomaterials and devices in order to ensure that the
device patterns and nanoparticles shapes and sizes conform to predicted
designs and optical characteristics [43].

13.5 CONCLUSION

The MSP is a device that combines the magnification capabilities of the opti-
cal microscope with the abilities of a spectrophotometer. Such instruments are
capable of measuring absorbance and reflectance spectra from the deep UV
through the visible and into the NIR regions. They also have the capabilities
to measure emission and polarization spectra in addition to acquiring the
corresponding UV, visible, and NIR images.

These combined capabilities mean that MSPs are used in both laboratory
and production environments for many different fields. These include the
analysis of trace evidence in a forensic laboratory, grading the energy content
of coal to measuring the thickness of thin films on a semiconductor produc-
tion line. In research, the modern MSP is used to study metamaterials, to
devise methods of storing radioactive waste, and to develop the next genera-
tion of microsensors. A hybrid instrument, the UV—-vis—NIR MSP, serves to
open the micro-world to spectroscopic analysis.
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Mueller matrix, 41-42, 316-317
noise-equivalent, 303, 309-311
out-of-plane, 305-309, 319-322, 325,
326-328, 327f
polarization, 41, 42-43, 316-317
Rayleigh—Rice theory, 282
reference standards, 192, 318-321, 318f
relationship to reflectance, 30-32, 185-186,
185¢
remote sensing, 472473
ultraviolet, 316
Bidirectional scattering-surface reflectance
distribution function (BSSRDF),
28-30
ideal, 32-34
Bidirectional transmittance distribution
function (BTDF), 28-30
measurement, 317
Rayleigh-Rice theory, 64-65
Bihemispherical reflectance, 1857, 195-196,
199
Birefringence, 507-508
Bispectral BRDF (BBRDF), 36-38, 227, 235
Bispectral fluorescence colorimeters, 250-251
Blackbody
color temperature, 373, 373f
heat transfer, 334-335
ideal, 18-19, 334
radiation, 18-19, 334-335
reference, 336-337, 339, 342-343, 343f,
344, 348t, 358, 359, 360f, 479-480
source, 89-90, 89f, 114-115
BRDF. See Bidirectional reflectance
distribution function (BRDF)
Brewster angle, 46, 47
Brightness
fluorescent, 214, 224, 231, 232, 252, 253
perceived, 395, 395¢
BSSRDF. See Bidirectional scattering-surface
reflectance distribution function
(BSSRDF)
BTDF. See Bidirectional transmittance
distribution function (BTDF)

C
Calibrated detector (CD), 251, 278-279, 281
Calibrated reflector (CR), 251, 278-279, 279f
Calibrated source (CS), 251,265,279, 279f, 281
Calibration

atomic line lamps, 262, 423, 448
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rare earth standards, 85-86, 87f, 139,
4221, 423, 436-437, 448, 449
water Raman band, 263, 283, 450
in color measurements, 375-376, 380, 393
in emissivity measurements, 340-342, 3481,
359
fluorescence, 278-286
mirror, 146147, 151, 153-154, 156158,
167-168, 171-172
remote sensing, 479481
sources (CS), 251
vicarious, 480
wavelength, 84-87, 113—114, 263-264, 392,
421-423, 4221, 436437, 447448
Candela, 20
Carbon dioxide (CO,), 121, 135
atmospheric, 458-464
in laboratory measurements, 121, 135, 135f,
359
Carbon nanotubes, 504, 505f
Cat’s eye reflector, 117-118. See also Corner
cube reflector
Cauchy relationship, 78-79, 87
Cavity ringdown, 171-172
CCD. See Detector, charge coupled device
(CCD)
Cellulose, 506, 507-508, 509f
Center burst. See Zero path difference
Center mount, 213, 213f
Certified reference materials (CRM), 208-209,
282, 420, 423, 447, 448, 454455
Changeover points, 149
Chirp, 107
Chopper. See Lock-in detection
Chroma compression, 381
Chromaticity coordinates, 234, 285, 377-380,
379
CIELAB, 285, 378, 380-383, 382f
CIELUYV, 378-380
CIEXYZ, 378
CIE 1924 spectral luminous efficiency, 20f,
371-372
Clouds, 52, 53-54, 464-470
Coated glass, 148, 153, 159
Coatings
Kubelka—Munk analysis, 52-54, 223
metallic, 77-78, 81, 394-395, 396
pearlescent, 394-395, 395¢, 396
thick films, 49-51
Coblentz sphere, 202-203, 202f
Coblentz, W.W., 202
Coherency matrix, 4041
Color, 367-404
CIE 1964 color matching functions, 372
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CIE 1931 standard colorimetric observer,
376, 377-378
difference, 380-383
geometry, 367, 370, 387-388, 395, 3951, 397
hue, 368, 378, 380, 381, 382f, 395, 395¢
lightness, 368, 378, 380, 381
matching functions, 371-372
metamerism, 376-377, 384
saturation, 368
temperature, 284, 373, 373f
Colorimeter, 375, 384, 388, 390, 391, 490491
Combinatorial chemistry, 412-413, 454
Commission Internationale de 1’Eclairage
(CIE), 13, 186-187, 368
Comparison methods, 212-214
Compression cells, 443
Computer control, 139, 300, 345-347,
494-495
Concentration, analyte, 223-224, 230, 231,
245-246,274-275, 283, 426, 445, 451
Confidence level, 6-7, 7t, 147, 154156
Conical-directional reflectance, 185-186, 185¢
Conical-hemispherical reflectance, 185¢
Constitutive constants. See Optical constants
Constitutive relations, 22
Corner cube reflector, 117118, 121-122, 339f
Correlated color temperature (CCT), 284, 373
Cosine space, 319-321
Critical angle, 47
Cuvette, 85-86, 213, 231, 244-245, 270,
274-275, 286, 424t, 435, 449, 450

D
Daylight illuminant. See Illuminant, CIE: D50,
D55, D65 and D75
Degradation products, 413-414
Delta function, 33, 103
Depolarizer, 159—
Detection gate, 246, 277
Detection limit (DL), 417, 419, 430, 445, 453
Detector, 90-93
charge coupled device (CCD), 87-88, 240,
242-243, 269, 493-494
in color measurement, 375-376, 383-394
complementary metal oxide semiconductor
(CMOS), 91
deuterated triglycine sulfate (DTGS), 120,
435, 442
dynamic range, 84, 91, 120, 136-137, 139,
242-243, 264-265, 300-301, 494
in FTS, 119, 120, 121
germanium (Ge), 90-91, 120
indium antimonide (InSb), 120, 126, 132133
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Detector (Continued)
indium gallium arsenide (InGaAs), 90-91,
111-112, 120, 149, 158, 494
lead sulfide (PbS), 90-91, 149, 433, 435
mercury cadmium telluride (MCT, HgCdTe),
109-110, 120, 126, 132-133, 136,
339f, 442
multichannel, 84, 240, 242-243
nonequivalence, 128-129
photodiode array, 87-88, 240, 242, 493-494
photomultiplier tube (PMT), 87-88, 90-91,
92, 149, 158, 241-243, 262,263, 264,
266f, 279, 280f, 300-301, 304, 493
photopic, 239-240
pyroelectrics, 90-91, 120, 128-129, 131,
133, 139
silicon (Si), 87-88, 91, 242-243, 300-301,
390, 433, 435
spectral sensitivity, 90-91
standard, 278-286
thermopile, 90-91, 119-120, 260, 359
triglycine sulfate (TGS), 338-339
uniformity, 90-91, 92, 133, 136137, 139,
300-301, 313
Diamond turned optics, 292, 325, 326f
Differential optical absorption spectroscopy
(DOAS), 478
Diffraction equation, 74, 323, 326-328
Diffuser, 37, 92, 184, 205, 262, 267, 293,
383-384, 479480
Directional-conical reflectance, 185¢
Directional-hemispherical reflectance, 32, 34,
185¢, 198-200, 202, 203, 213
Discovery research, 412-414
Dispersion
FTS elements, 107-108
in gases, 113
prism, 2-3, 78-81, 80f, 87
Dispersive element, 68—71, 82—83, 84, 493
Dispersive spectrometer, 67-93
Dissolution, 410, 413, 431, 432f, 448, 454
Dissolution bath, 432f
Distinctness of image (DOI), 396, 403—-404
Donaldson radiance factor matrix, 210, 2267,
235-237, 273, 274
Double beam, 163f, 170, 213f, 240
Drift, 110, 113, 121, 124-125, 135-136, 154,
163-164, 250, 281, 339, 393, 491-492
Drude model, 336

E

Earth observing systems. See Satellite-borne
instruments
Electrical pickup, 124

Index

Electromagnetics, 12—13, 20-26, 59-65
Ellipsometer, 338, 352-354
Emissivity, 38-39, 334-362
blackbody comparison method, 338-340
ceramics, 357-362
cold crucible technique, 354-355
containerless techniques, 351-357
Kirchhoff’s law, 38-39, 184, 334, 338, 345
long wavelengths, 336
molten metals, 349-357
near ambient temperature, 338345
oxidized metals, 345-349
volumetric, 357
X-point, 350-351
Emittance. See Emissivity
Energy, radiant, 13—-14
photon, 37-38
Stokes vector, 41
Erb, W., 200
Error analysis. See Uncertainty, analysis
Eulerian cradle, 305, 306f, 307
Evidence of control, 410, 454-455
Excitation-emission matrix (EEM), 226z, 232.
See also Donaldson radiance factor
matrix
Extinction coefficient, 34-36, 226¢, 231, 338,
421-422
in clouds, 469
in paint coatings, 52, 54
Extinction cross section, 35-36
Extreme ultraviolet (EUV), 305, 323
Extrinsic molecular property, 229

F
Fabry—Perot fringes, 135-136, 137
Facet scattering model, 54-59
Fellgett’s advantage, 110-111
Field of view (FOV), 190, 195-196, 296, 297,
300, 301-302, 303, 304, 326f, 344,
370, 371, 372, 496
Field stop, 115-116, 130, 132, 297f, 300-301
Films, 48-49, 107, 117, 156158, 213, 395, 396,
397-398, 490, 495496, 498, 503f
capillary, 444
self-supported polymer, 444
standard observer, 417
thick, 49-51
thickness measurement, 348-349, 502-503
thin, 4849, 213, 490491, 495-496, 498,
502-503, 515
Filter
attenuating, 254, 265, 278
balancing, 239-240
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bandpass, 88, 239-240, 245-246, 247, 270,
277-278

cutoff, 252, 254

fluorescence weakening, 254

neutral density, 36, 126, 131, 132f, 137, 232,
254

Fluorescence resonance energy transfer
(FRET), 276-277
Fluorescence

abridged measurements, 239-240

analytical applications, 223-225, 226t, 228,
230-232, 244-247, 256, 259-260,
263, 264-265, 270, 281

anisotropy, 225t, 268, 282

bispectral measurements, 238-239,
250-251, 271272

colorimetric applications, 223, 224-230,
226t, 232-237, 247-256, 264-265,
268-269, 270, 272-273, 278, 284

in color measurements, 385

diagonal fluorescence, 272-273

in diffuse reflectance measurements, 205,
210-211

emission range, 222, 231-232, 234, 235

emission spectrum, 2257, 227-228, 238, 239,
240, 241, 251, 264-265, 281, 286,
447, 450

epifluorescence, 244245, 244f, 450

excitation-emission matrix, 226¢, 232

excitation range, 222, 254, 264, 269, 270,
281, 498

excitation spectrum, 225¢, 227-229, 238,
239, 241, 281-282, 286, 385

front face geometry, 244f, 245, 282, 450

general considerations, 36-38

0°/90° geometry, 244-245, 260, 274-275,
282, 286

instrumentation, 240-243, 244-260

lifetime, 222-223, 241-242, 246, 277

microsecond, 246

in microspectrophotometry, 489-490, 491,
494, 498, 501, 505-507, 507f, 512

one-monochromator method, 234, 240,
245-246, 248-249, 248f, 252-256,
255f,260-261,261f,265,270-271,284

qualitative vs. quantitative measurements,
451-452

quantum efficiency, 225¢, 226¢, 229, 230,
234-235, 258-259, 260

quantum yield, 225¢, 226¢, 229, 230,
231-232, 234-235, 256-260, 277,
280, 281-282, 286

quenching, 229, 243, 276-277, 286, 512

523

reflection overspill, 272-273
sampling effects, 228, 271-274
spectrofluorimeter, 241, 249-250, 278
reference, 251, 265, 267, 267f
spectrometry, 231, 446454
spectrophotometer, 241, 262-263, 264, 269,
410
standards, 224, 238-239, 248, 251, 252, 253,
256-257, 258-259, 260, 265, 271,
278-286, 449450, 449¢, 452-453
steady state, 223, 241-242, 246, 450
terminology, 224-237
two-monochromator method, 238, 240,
250-251, 260-261, 264-265,
270-271, 284
yield, 226¢, 230, 234-235 (see
also Fluorescence, quantum yield)
Fluorescence weakening method, 254-255,
255f, 256
Fluorescent lamp illuminant. See Illuminant,
CIE: F2, F7 and F12
Fluorescent whitening agents (FWA), 224,
228, 229f, 252, 385
Fluorometer, 223, 231-232, 244-246, 247,
260, 263, 281, 447, 448, 450451,
451f, 452-453.
See also Fluorescence,
spectrofluorimeter
Flux, radiant. See Power radiant
Focusing, 69-70, 691, 73-74, 78, 82, 83-84,
133, 247, 298, 300
Forensics, 498-501
Fourier expansion, 20-21, 25-26, 60-61
Fourier transform infrared spectrometer
(FTIR). See Fourier transform
spectrometer (FTS)
Fourier transform interferometer, 104
Fourier transform spectrometer (FTS), 98—140
in emissivity measurements, 338-339, 339f,
340,341-342,343, 343f,344, 345,358
Fresnel-Huygens principle, 180181
Genzel interferometer, 122—123, 122f
Michelson interferometer, 98—101, 98f, 100f,
1141, 117118, 121-123
in regular reflectance and transmittance
measurements, 112—-113, 149-151,
156-158, 176, 176f
in remote sensing, 459460, 478, 480481
Fresnel reflection, 4447
FTS. See Fourier transform spectrometer (FTS)
FWA. See Fluorescent whitening agents
(FWA)



524

G

Ganz—Griesser method, 253
Gases
in emissivity measurements, 352—354, 359
in fluorescence measurements, 277
in FTS, 113, 114-115, 121
in remote sensing, 458460, 461462, 465,
466, 467468, 469-470, 475, 477-479
in UV scattering measurements, 316
Gems, 496, 501, 508-510
General Electric Corporation, 3
Geometric extent, 17f, 43—44
Glass fragments, 479, 508-511, 511f
Glazing, 154, 496
Gloss
appearance, 249, 368, 369-370, 386-387,
388, 396, 397-399, 397, 400, 400¢,
402-403, 404
in diffuse reflectance measurements, 204,
205, 208-209, 213
standard geometries, 397¢
Gloss trap. See Specular excluded
GMP. See Good manufacturing practices (GMP)
Gonioappearance, 367, 394-396, 395¢
Goniometer
in angle-resolved measurements, 301, 303,
316
in-plane, 304-305, 305/
out-of-plane, 305-309, 306f, 308f
robotic arm, 307-308, 307f
in FTS, 136-137
in microspectrophotometry, 495-496
in specular reflectance measurements,
170, 171f
Good manufacturing practices (GMP), 414
Graphene, 504
Grating, 69, 74-78, 74f, 81-83, 83f, 84-85,
84f, 87, 88
blazing, 76f, 77-78
changeover, 149, 150
comparison with FTS, 112-114, 134
efficiency, 75-76, 76f, 87, 267, 269
equation, 74, 277-278, 323, 326-328
groove density, 74, 149—-150
holographic, 77-78, 77f, 493, 495-496
Ground-based measurements
Total Carbon Column Observing Network
(TCCON), 459, 464
Grum, F., 191-192

H

Hagen-Rubens relationship, 336
Hardy, A.C., 3

Index

Harmonics, in FTS, 126, 129
Haze, 368, 369-370, 400-403
reflection, 402403
transmission, 401-402
Heating
ceramic, 89-90, 114-115,351, 352, 360f, 362
gas burner, 358-361, 360f
induction, 353, 354-355
laser, 356-357, 358
resistive, 351
Heavy element, 505-506
Helium-neon (HeNe) laser, 106, 118-119, 343,
343f
Helmholtz equation, 22
Helmbholtz reciprocity. See Reciprocity,
Helmholtz
Hemispherical-conical reflectance, 185¢
Hemispherical-directional reflectance, 185z,
186-187, 198-199, 207f, 213-214
HeNe laser. See Helium-neon (HeNe) laser
High throughput screening, 412413, 454
HSRE. See Stray radiant energy,
heterochromatic
Hue. See Color, Hue
Human visual system (HVS), 239-240, 368,
369f, 370, 371, 376-377
Humidity. See Water vapor
HVS. See Human visual system (HVS)

|
Ice
atmospheric, 463, 465, 467, 468, 481-482
ground, 459, 470, 471-472, 478-479,
481-482
IFE. See Inner filter effects (IFE)
Tlluminance, 19-20
Illuminant, CIE
A, 373, 374f, 390-391, 401402
C, 253, 284, 373-374, 374f, 390-391,
398-399, 398f, 400, 401-402
D65, 253, 253, 255f, 256, 284, 374, 374f, 389
D50, D55 and D75, 374
F2, F7 and F12, 374
white point, 375, 378-380
Illuminator, in angle-resolved measurements,
295-296, 298-299
ILS. See Instrument line shape (ILS)
ILV. See International lighting vocabulary
(ILV)
Impedance of free space, 23, 98-99
Impurities
in diffuse reflectance standards, 206-207,
210-211
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in emissivity measurements, 352, 362
in fluorescence measurements, 243,
276-2717, 286
in pharmaceuticals, 413, 414, 418, 420, 429,
430, 445, 453, 454
snow, 471-473, 481-482
Index matching, 509-510
Indicatrix, 180-181
Induction furnace, 353
Inner filter effects (IFE), 257, 274-275, 276
Instrument line shape (ILS), 103, 104, 111,
270-271, 280, 463-464, 480481,
482f
Instrument signature, 301-303, 302f, 313, 316,
323, 324f
Integrating sphere
in angle-resolved measurements, 295, 296f,
297f, 300-301, 300f, 317
baffles, 187-188, 190-191, 193, 197-199,
200, 270, 296f
coating materials, 191-192
in color and appearance measurements, 384,
386-387, 388f, 401402, 401f
in diffuse reflectance and transmittance,
179219
recommended geometries, 186—187
in dispersive spectrometer, 73—74, 84-85, 92
in emissivity measurements, 345-349
in fluorescence measurements, 227, 233,
235, 249, 250, 251, 256, 258-259,
260, 261f, 278, 279f
in FTS, 132-133, 136-139, 138f
general principles, 187-193
homogeneity, 192—-193
multiplier, 188—189
in regular reflectance and transmittance,
146, 147-148, 148f, 151, 152f, 153,
156158, 160-161, 161f, 163f, 165,
170, 173-174
in remote sensing, 481-482
theory, 187-195
Intensity, radiant, 17, 18
relationship to fields, 24-25
spectral, 18
Interferometer. See Fourier transform
interferometer
Interlaboratory comparison, 137-138, 153,
158, 159, 450, 467
International lighting vocabulary (ILV), 13,
37, 225t, 226¢t, 233, 234-235
Interreflections, 93, 121-122, 129-130, 129f,
1301, 139, 163, 223
Intrinsic molecular property, 36, 186187, 231
Irradiance, 14-15
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relationship to fields, 23-24
spectral, 18, 130, 233-234, 281, 467468
stokes vector, 41

)

Jacquinot’s advantage, 112
Jacquinot stop, 115-116

K

KBr. See Potassium bromide (KBr)

Kirchhoff relationship, 38-39, 184, 334, 338,
345

Korte, H., 200

Kubelka—Munk theory, 52-54, 223

L
Lambertian, 33-34, 37, 84-85, 114-115, 181,
182, 188-189, 190, 191-192, 193,
199-200, 250, 293, 304, 318-319,
321-322, 463
Laser, 19, 23
in angle-resolved scattering, 297f, 298,
299, 300, 301, 302f, 309,
313-315, 316
in color measurements, 392
crystals, 263
in dispersive methods, 73-74, 87-88, 90
in emissivity measurements, 343, 343f,
353-356, 357, 358-361, 360f
in fluorescence measurements,
239, 245, 247
in FTS, 98, 99-101, 106, 113, 114f,
115, 117, 118-119, 133,
135, 140
heating, 353, 356-357, 358, 359-361, 360f
mirrors, 144, 171-172, 173-174
remote sensing calibration, 312, 480481
speckle, 298, 313-314
LED. See Light emitting diode (LED)
Levitation, 353-354
electromagnetic, 353-354, 354f
electrostatic, 355-356, 356f
Lifetime, luminescence, 222-223, 241-242,
246, 277
Light emitting diode (LED), 193, 230,
239-240, 245-246, 247, 389-390,
496
Lightness. See Color, lightness
Light trap, 213, 214-215, 215f, 250, 270,
386-388, 391-392, 394, 401-402,
401f
Lignins, 506-507
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Linearity
in angle-resolved measurements, 304, 313,
315
in color and appearance measurements,
391-392, 393-394, 400, 402
in dispersive applications, 90-91, 92, 93, 93f
in emissivity measurements, 336-337, 340,
344
in fluorescence measurements, 241, 252,
264, 265, 266, 266f, 274-275, 286
in Fourier transform methods, 101-103, 113,
120, 126, 128-129, 134, 136-137, 139
in pharmaceutical applications, 417, 421,
423-424, 427f, 430, 445-446, 454
in regular reflectance and transmittance,
145, 149, 156-158
Linear shift invariance, 326-328
Lippert equation, 275
Liquid crystal, 435, 496, 497f, 507-508
Liquids, 229, 235, 244-245, 256, 257, 260,
2717, 308-309, 349-350, 351,
352-355, 356-357, 400, 434, 444
Little, W.F., 198-199
Littrow geometry, 74-75, 76, 76f, 77,
82-83, 83f
Lock-in detection, 90-92, 110, 130-131, 297f,
298-299, 304, 353-354, 359
Luckey, G.W., 191-192
Luminance, 19-20
Luminous flux, 19-20
Luminous intensity, 19-20

M

Massachusetts Institute of Technology, 3

Maxwell equations, 21-22, 24-26

Measurement equation, 5, 6, 16, 145-146, 165,
311, 401402

Metamerism. See Color, metamerism

Methamphetamine, 445, 446f

Method transfer, 439

Michelson interferometer. See Fourier
transform spectrometer, Michelson
interferometer

Microarray (MA). See Microwell plate

Microscope, 136, 247, 443, 490-493, 494495,
496, 498, 515

Microscopic sampling, 445, 495

Microspectrophotometer (MSP), 489-515

Microwell plate (MP), 245, 247

Mid infrared (Mid-IR) spectrometry, 440-446

Mineral oil mulls, 443

Mirror, moving, 98—103, 98f, 104, 105f, 107,
114f, 117-119, 123, 339f, 343

Index

Mirror, reference, 136, 144, 146-147, 151,
154-156, 155¢, 166-168, 171-172
Misalignment, 113, 124125, 132-133, 146147,
151-153, 156158, 165, 173, 393
Moisture, 434, 440, 441f
Molar absorption coefficient, 36, 231.
See also Specific absorbance
Molar extinction coefficient, 36, 226¢, 231.
See also Specific absorbance
Molecular optical properties, 224225, 231-232
Monitor detector, 240, 241f, 242, 262,
278-279, 280, 281, 299, 391, 391f
Monochromator
aberrations, 6869, 73-74, 83-84
in angle resolved scattering, 296f, 297,
314-315
in color measurements, 384—385
comparison to FTS, 104, 119-120, 137-138
Czemy-Turner, 82-83, 83f, 84, 84f, 345-347
dispersive analyzer, 68-70, 71, 73-74, 75,
78-79, 81, 82-85, 87-90, 92
double, 73, 88
Ebert—Fastie, 82-83, 83f
in fluorescence measurements, 238, 239,
240, 241-242, 241f, 245, 251, 261,
262, 263, 264, 266-267, 270-271,
2717, 280
Littrow, 82-83, 83f
in microspectrophotometry, 412
in pharmaceutical applications, 425, 448
prism premonochromator, 75, 81
in reflectance and transmittance
measurements, 150
in remote sensing, 480, 490
stray light, 68—69, 73, 81, 83, 87
MP. See Microwell plate (MP)
MSP. See Microspectrophotometer (MSP)
Mueller matrix, 41-43, 292, 316-317
Multichannel spectrometer. See Polychromator
Multilayer coatings, 48—49, 133, 144,
171-172, 173-174, 292, 323
Multiple reflections
in emissivity measurements, 339-340
in a transparent optic, 148, 160-161
Multiplexing, 110-112, 113, 124, 137, 295, 297
Munsell system, 370-371, 378, 380, 381-383,
382f

N
Nanomaterials, 507-508, 508f, 514-515, 514f
Naperian absorption coefficient.

See Absorption coefficient
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National metrology institute (NMI), 137-138,
193, 204, 272-273, 282, 312,
383-384, 392, 394
Near infrared (NIR) spectrometry, 433440
NEP. See Power radiant, noise equivalent
Newton, Isaac, 2-3
NIR spectrometry. See Near infrared (NIR)
spectrometry
Nitrogen cooling, 120, 316, 338-339, 344
Nitrogen gas (N,), 121, 211
NMI. See National metrology institute (NMI)
Noise, 87-88, 91-92
in angle-resolved measurements, 299,
301-302, 303, 309-311, 316, 323
in color and appearance measurements, 383,
393, 400
in diffuse reflectance measurements, 202,
213-214
in emissivity measurements, 337-338,
353-354
in fluorescence measurements, 246
in FTS, 104, 106-108, 110-112, 117-118,
120, 124, 125-126, 135-136
high and low flux noise, 438
in regular reflectance and transmittance
measurements, 159—-160
spectroscopic, 437
Nonlinearity. See Linearity
Nonspherical optics
ellipsoidal mirror, 115-116, 202
paraboloidal mirror, 115-116
toroidal mirror, 83-84
Normalization
in BRDF measurments, 315-316
relative normalization, 315
specular normalization, 316
fluorescence measurements, 228, 264,
270-271, 281
Normalized data (for fluorescence
measurements), 251, 279-280
Nyquist frequency, 106, 118-119, 124

O

Opacity, 204, 205, 207

OPD. See Optical path difference (OPD)

Optical constants, 20-21, 144, 338, 348,
353-354. See also Refractive index

Optical density. See Absorbance

Optical depth, of clouds, 465-466, 469,
474-475

Optical head, 240
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Optical path difference (OPD), 98-99,
100f, 101-103, 102f, 104, 105-107,
1051, 109f, 111, 113, 117-119,
123, 124, 126, 127f, 130-131,
341-342

Optical Society of America, 3

Optical theorem, 35-36

Orange peel, 368, 404

Order sorting, 75, 81, 83, 270, 277-278

Outliers, 393-394, 439

P
Paint, 52, 53f, 54, 394-395, 397¢, 398-399,
404, 495496
black, 321-322, 322f
fluorescent, 236f, 285f
forensics, 498-501, 4997, 500f, 501f
PAT. See Process analytical technology (PAT)
Pen lamp, 262-263. See also Atomic line
spectra
Perfectly reflecting diffuser (PRD), 182—-183,
190, 201-202, 203-204, 205, 227,
232, 233-234, 235-236, 247, 248,
286, 383-384, 391-392.
See also Lambertian
Permeability, 22
Permittivity, 22
Phase
anomalous, 341-342
correction, 107-110, 109, 119, 125-126,
125f, 341-342
error, 107-110, 119, 125-126, 135-136,
341-342
function, 52
Phosphorescence, 27-28, 222-223, 246, 490,
498
Photobleaching, 246
Photodegradation, 246
Photodiode array (PDA). See Detector,
photodiode array
Photoluminescence. See Fluorescence
Photoluminescent quantum yield, 226¢,
234-235, 286
Photoluminescent radiant yield, 2261,
234-235, 259
Photomultiplier (PMT). See Detector,
photomultiplier
Physical transfer standards (PTS), 251,
260-261, 265, 278-281
Planck’s Law, 18-19, 38-39, 334-335, 343
Plasmon, 514-515, 515
PMMA. See Polymethylmethacrylate (PMMA)
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Polarization, 20-21, 30, 39-42, 44-45
in angle-resolved measurements, 292, 299,
301-302, 316-317, 321-322, 323
anisotropy, 268
degree of, 150, 266-269
in fluorescence measurements, 251,
266-267, 268-269, 278, 281, 286
in FTS, 123, 133-134
in gratings, 76, 76f, 78
in regular reflectance and transmittance,
144, 146-147, 149, 150-151, 150f,
156, 159-160, 159f, 163-164, 165,
167-168, 169-170, 173, 176f
remote sensing, 474475
Polarizer, 123, 159-160, 163f, 175, 261-262,
265-266, 268-269, 296f, 297f, 299
extinction ratio, 160
Glan—-Thompson, 160
wire grid, 160
Polychromator, 68-70, 75, 84, 84f, 87-88, 242
Polymethylmethacrylate (PMMA), 449
Polymorphism, 434
Polytetrafluoroethylene (PTFE)
fluorescence in, 211, 260
integrating sphere coating, 158, 191,
192, 260
packed/pressed powder, 209, 211, 248,
258-259, 315, 318, 318f, 319-322,
3201
sintered, 206f, 209-210, 211, 260, 286, 315,
317, 318-319
Potassium bromide (KBr), 116, 117, 139-140,
338-339, 339f, 443, 444
Power radiant, 13
noise equivalent (NEP), 91-92, 110-111,
120
spectral, 18-19, 36-37, 227
stokes vector radiant, 41
Power spectral density function (PSD), of a
surface, 59, 65, 322-325, 324f
Poynting vector, 23-24, 25-26, 98-101
PRD. See Perfectly reflecting diffuser (PRD)
Precision, 3, 4-5
Precision aperture, 116, 3001, 312
Prism, 2-3, 69, 75, 78-83, 80f, 81f, 87, 112,
118-119, 123, 137
Process analytical technology (PAT), 411, 440
Product development cycle, 412
Profile based correction (PBC), 393-394
Proteins, 244-245, 268, 439, 445, 512-513,
513f
PTFE. See Polytetrafluoroethylene (PTFE)
PTS. See Physical transfer standards (PTS)

Index

Purge, 114-115, 114f, 117, 121, 134, 135,
139-140, 316
Pyrometer, 352, 356-357

Q
QbD. See Quality by design (QbD)
QC. See Quality control (QC)
QL. See Quantitation limit (QL)
Qualification
analytical instrument qualification (AIQ),
415417, 4171, 419
design (DQ), 415416
installation (IQ), 415-416, 421
operational (0Q), 415416, 421-427,
435-436, 447451
performance (PQ), 415-416, 421, 427-429,
443-445, 447, 450
Quality by design (QbD), 411
Quality control (QC), 410, 414, 415, 419,
435-436, 440
Quality system, 411, 414419
Quantitation limit (QL), 417, 419, 430,
445, 453
Quantum efficiency, fluorescence, 2257, 229,
230, 234-235, 260
external, 229, 235, 258-259
internal, 230
Quantum efficiency, spectral
of the fluorescence process, 2261, 234-235,
259
Quantum properties, 37-38
Quantum yield
absolute methods, 259-260
fluorescence, 225, 229, 230, 231-232
photoluminescent, 2267, 234-235
relative methods, 256-259
Quartz tungsten halogen (QTH). See Source:
optical radiation, quartz tungsten
halogen (QTH)

R
Radiance, 1617
correcting for background, 342
relationship to fields, 25
spectral, 18-19, 67
stokes vector, 41
top of atmosphere (TOA), 462-463, 465
Radiance coefficient, 292-293
Radiance factor, 183, 185-186, 201-202, 204,
236
bispectral, 232, 234, 258-259, 272-273
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bispectral luminescent, 36-38, 226¢, 227,
232, 233, 235, 236f, 237t, 251, 259,
268-269, 272, 281, 284, 285f

Donaldson matrix (see Donaldson radiance
factor matrix)

luminescent, 233-234, 251, 255f, 269

reflected, 233-234, 236, 251, 254, 255-256,
255f, 269, 272, 280, 285f

spectral, 233-234, 254, 258-259, 279, 286

total spectral, 226¢, 233-234, 235-236, 249,
252, 254, 285, 285f

Radiant energy. See Energy, radiant
Radiant intensity. See Intensity, radiant
Radiant power. See Power radiant
Radiant yield, photoluminescent, 226,
234-235, 259
Radiation heat transfer, 334-335, 348-349
Radiative transfer, 52, 466, 467, 469, 472, 479
Raman band, of water, 263, 283, 450
Raw data (as for fluorescence measurements).
See Uncorrected data
Rayleigh—Rice theory, 59-65
Ray tracing, 55-57, 326
Reabsorption, 257, 274-275
Receiver, 296f, 297-301, 297f, 300f, 305f,
308-309, 313-314, 315, 316, 317,
327f, 393, 398-399
Reciprocity, Helmholtz, 30, 33-34, 292,
337-338, 387, 388-389, 466
Mueller matrix, 42-43
Reference-free methods. See Absolute
measurements
Reference materials (RMs). See Reference
standards
Reference standards
cleaning, 205, 207, 211, 243
diffuse reflectance
barium sulfate (BaSQy), 191-192, 208,
211, 248, 258-259
ceramics, 205, 206, 206f, 209, 211
magnesium oxide (MgO), 203, 206-208
opal glasses, 205, 206/, 208-209,
210-211, 210f
polytetrafluoroethylene (PTFE), 2061,
209-210, 211, 248, 259, 286, 315,
317, 318, 318f, 320f
Vitrolite, 206-208
fluorescence
color standards, 284-285
quantum yield standards, 286

handling, 211-212, 243

mirror, 136, 144, 146-147, 151, 154, 1551,
156, 166-168
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primary, 182, 204, 247, 286, 399400
requirements, 204-205
transfer, 204-205, 248, 251, 276-277,
278-281, 282-283
working, 204, 205
Reflectance, 19, 20-21, 30-32
angle-resolved, measurement, 292-317,
321-322, 325, 326-328
definition, 19, 30-32
diffuse, 30-32, 180181, 182-216
Benford method, 195-197
Coblentz sphere method, 202-203
first Taylor method, 195-197
goniometric method, 203, 318-321
Korte—Schmidt method, 200-202
Kubelka—Munk, 52-54
models, 52-65
nomenclature, 184187, 185¢, 186f, 187t
recommended geometries, 187, 1877
relative methods, 212-214
Sharp-Little method, 198—199
third Taylor method, 197-198
van den Akker method, 199-200
intrinsic, 54
in microspectrophotometry, 491, 494-496,
503f, 514f
regular (see Reflectance, specular)
specular, 32-33, 44-47, 48-51, 48f, 50f,
144-170, 171-176
distinctness of image, 396, 403
films, 48-49, 153
in FTS, 136-137
gloss, 204, 205, 208-209, 212-213, 368,
369-370, 386-387, 388, 396,
397-400, 402403, 404
high reflectance, 171-176
low reflectance, 153—154
normal incidence, 150158
oblique incidence, 158-170
total internal, 4647
Reflectance accessories
1V, 153, 173-174, 175176, 176f
retro-mirror pair, 166, 167f
VN, 151-153, 152f
VW, 153, 172-174, 172f, 173f, 174f,
175-176, 175f
Reflectance factor, 182183, 184, 185-186,
198-199,228,234,292-293,337-338,
347f, 383-384, 388, 391-392, 393
Reflection coefficients
Fresnel, 45-46
scattering, 64—65, 322-323
thin film, 49-50
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Refraction, 2-3, 4344, 78-79, 144, 180-181,
184, 275-276, 509-510
double, 88, 270
index of, 20-21, 22, 24, 30, 34-35, 49-50
air, 301-302
effect on fluorescence, 275-276, 283
effect on reflection and transmission,
44-45, 144145, 147-148, 160-161,
338, 385-386, 434, 502, 509-510
gloss standards, 398-400, 402-403
measurement of, 113, 137
prism, 78-79, 79f, 87
Refractive index, 137, 275-276
Remote sensing, 458-482
Reproducibility, 8, 126, 154-156, 164,
206-207, 250, 264, 284, 352, 375,
383, 385, 393-394, 431, 437
Resistive heating, rapid, 352-353
Resistivity, of liquids vs. solids, 349-350
Resolution. See also Bandpass function
angular, 294-295, 296, 298, 300
spatial, 298
wavelength, 68—69, 78, 81-82, 84-85, 101,
104, 105-106, 111, 112-114,
115-116, 117-118, 123, 124, 132,
135, 135, 137, 138-139, 149-150,
383, 419, 426
Resolving power, 81-82, 104, 105-106, 111, 112
Retroreflection, 180-181, 306, 309
Robot, 307-308, 307f
Roughness, 33, 184, 202, 292, 322-325,
326-328, 334, 385-386, 404
large scale, 54-59
during oxidation, 348-349, 349f, 351
slightly rough, 59-65, 322-325

S
Sample holder, 34, 200, 213, 240, 243,
244-245, 303, 307-308, 316,
319-321, 339-340, 339f, 340f, 344,
359-361, 360f, 435
Sampling interval, 106-107, 124
Satellite-borne instruments
advanced spaceborne thermal emission and
reflection radiometer (ASTER), 477,
479
airborne visible/infrared imaging
spectrometer (AVIRIS), 458, 460,
461f, 471, 474475, 474f
atmospheric infrared sounder (AIRS),
459-460
global ozone monitoring experiment
(GOME), 477, 478

Index

greenhouse gases observing satellite
(GOSAT), 459460, 462-464, 478,
481-482
landsat, 458, 461f, 477, 479
moderate resolution imaging
spectroradiometer (MODIS), 392, 477
orbiting carbon observatory (OCO),
459-460, 461f, 462-463, 464, 464f,
478, 480481
ozone monitoring instrument (OMI), 477, 478
SCanning Imaging Absorption spectroMeter
for Atmospheric CHartographY
(SCIAMACHY), 459-460
total ozone mapping spectrometer (TOMS),
475, 477, 478
Saturation. See Color, saturation
Scan length, 101-106
Scatter
total integrated (TIS), 202
total scatter (TS), 202
Scattering, 1-2, 12-13, 20-21
in angle-resolved measurements
(see Instrument signature)
anisotropic surfaces, 325
elastic, 28, 36-37, 239
generalized scattering function, 27-28
grain boundary, 358-359
inelastic, 26-27, 184, 213-214
Lambertian, 33-34
models, 52-59
facet, 54-59
Kubelka—Munk, 52-54
Rayleigh—Rice, 59-65
multilayer mirrors, 292, 323
Rayleigh scatter, 301-302, 303, 316
roughness, 33, 54-65, 184, 202, 292,
322-325, 326-328
volume, 52-54, 53f, 184, 211, 318, 322-323
Schmidt, M., 200
Schwarzschild objective, 491
Secondary beams, 148, 160-161, 163
Self-absorption, 228, 229
Sellmeier equation, 78-79
Sensitivity
alignment and geometry, 120, 130, 135-136,
156-158, 262-263, 298, 388-389
analyte, 425, 447, 454
carbon dioxide (CO,), 459
color, 381-383, 479-480
detector, 87-88, 90-91, 137, 149, 181, 262,
269, 298, 299, 300-301, 304,
338-339, 390, 436
human visual system, 3697, 376-377
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instrument, 114, 300, 303, 309, 316, 442,
449, 479480, 494
measurement, 224-225, 250, 261-262,
270, 299, 349-350, 447,
453-454, 494
optical depth, 474-475
polarization, 266268, 317
spectral, 251, 261-262, 334-335, 397
Sequence, measurement, 154158, 155¢,
163-164, 167-168, 401
Shadow and obscuration function, 59
Sharp, C.H., 198-199
Shutter, 270, 299, 347-348, 347f
Signal to noise ratio (SNR), 91-92, 106-107,
110-112, 119, 120, 124, 126,
132133, 134, 139, 213-214, 246,
353-354, 383, 425, 437, 442, 443,
450, 461462
Singlet—singlet transition, 222
Size of source effect, 344
Skull melting, 354355, 356-357
Snell’s law of refraction, 30, 43-44, 4647, 144,
180-181, 184, 275-276, 385-386
applied to prism, 78-81
Snow
Albedo, 471, 472473, 474, 474f, 481482
covered area, 471, 472
grain size, 470473, 474, 474f
impurities, 470471, 472, 473, 474-475,
481-482
SNR. See Signal to noise ratio (SNR)
Software, 104, 105-106, 110, 139, 146,
307-308, 415, 437, 447-448, 455,
479, 494-495, 496
Solar energy, 2, 34, 144
Solar occultation spectroscopy, 478
Solar protection, 216
Solid angle, 13, 15-17, 15f, 27, 31, 36-37, 43,
55-57, 105, 110-111, 115-116,
144145, 183, 184-186, 185¢, 292,
293-295, 296, 297, 298, 299, 303,
315, 317
and f/number, 70-71, 105-106
projected, 15/, 29, 201-202, 233-234,
294-295, 299
Snell’s law, 43
Solutions, liquid, 85-86, 92, 230, 231, 243,
244-245, 258, 258f, 259f, 260, 263,
265, 266f, 275, 278, 282, 286, 410,
421, 422t, 423, 424, 424¢, 426, 427,
428f, 4281, 429, 434, 444, 446, 447,
448, 449, 450, 451, 452-453,
507-508, 512
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Solvent
blank, 231, 257, 270, 435
cleaning, 211, 243
effects, 257, 275, 283
impurities, 276, 286, 429, 453
oxygen in, 277
residual, 414, 434
solution, 92, 257, 258, 429, 444, 453
Solvent-matrix interactions, 257, 275, 283
Source, optical radiation, 3—4, 88-90
aging, 262, 384
blackbody, 89-90, 338, 340, 373, 479-480
in color measurements, 368369, 372-373,
374, 375, 376-377, 384-386,
387-391, 390f, 391f, 393, 396,
397-399, 400, 401403, 401f
deuterium (D,), 84-85, 89-90, 89f, 115,
423, 427
fluctuations, 112, 124, 241-242, 299
for FTS, 114-115
globar, 114-115
laser, 87-88, 90, 98, 115, 239, 245-246,
247, 297f, 298-299, 300, 301-302,
302f, 309, 313-315, 316, 480481,
482f
mercury xenon (HgXe), 115
Nernst glower, 89-90
quartz tungsten halogen (QTH), 89-90, 89f,
115, 279, 280f, 345-347, 347f, 389
silicon nitride (Si3Ny), 345-347, 347f
size effect (see Size of source effect)
spectral distribution, 89f
standard, 278
synchrotron, 115, 316
tungsten, 89-90, 261, 261f, 279, 281, 373,
389-390, 491
xenon, 89-90, 89f, 241, 255f, 256, 261, 261f,
262, 281, 389-390
Spatial filter, 297f, 298-299
Spatial frequency, 65, 322-325
Specific absorbance, 36, 2261, 231
Speckle, 298, 313-314
Spectral analyzer, 68-70, 68f, 69f, 75, 76, 77,
78, 79-84, 87
Spectral concentration, 18, 67, 227, 235,
264-265
Spectral efficiency factor, 2261, 232-233,
239-240, 251, 264
Spectral irradiance. See Irradiance, spectral
Spectral power. See Power radiant, spectral
Spectral radiance. See Radiance, spectral
Spectral radiance factor. See Radiance factor,
spectral
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Spectral radiant intensity. See Intensity,
radiant, spectral
Spectrofluorimeter. See Fluorescence,
spectrophotometer
Specular excluded (SCE), 202, 250, 386-388
Specular included (SCI), 202, 212-213,
214-215, 250, 386-387
SRE. See Stray radiant energy (SRE)
Stability
drug product, 410, 413, 414
instrument, 124—125, 126, 138-139, 140,
266, 436, 443, 491
mechanical, 106-107, 121
photo-, 282, 283, 286, 413, 450
response, 437
sample, 205, 207, 208, 282, 284, 356-357,
401-402
source, 89-90, 114-115, 313, 359-361,
389-390, 400, 402
thermal, 124125, 284, 345, 358-359, 362
Standard deviation, 6-8, 146147, 154156,
284, 303, 313-314, 442
Standard illuminant. See Illuminant
Standard observer, 368, 372f, 375, 384,
390-391, 396, 401-402
Stefan-Boltzmann law, 334-335
Stokes shift, 222-223, 275, 286
Stokes vector, 4043, 316-317
Stray light, 3, 5, 68—69, 73, 81, 83, 84, 87-88,
134, 149, 153, 163-164, 167-168,
245, 251, 260, 269-270, 277, 292,
296, 298, 300, 314-315, 317,
321-322, 326, 393, 394, 421, 4221,
426427, 427f, 428f, 428t.
See also Stray radiant energy
Stray radiant energy (SRE), 73, 87, 88, 93f,
269-270, 426
heterochromatic (HSRE), 88, 270
isochromatic, 88, 269-270
Student’s r-distribution, 6, 147, 154—156
Substitution methods, 136, 212, 213, 250,
258-259
Sulfur dioxide (SO,), 475, 477478, 479
Sumpner, W.E., 189
Surround, viewing, 370
Synchronous scan, 239

T

Taylor, A.H., 195

Technically corrected data (for fluorescence
measurements), 228, 229f, 251, 258,
260, 283

Index

Textiles, 54, 216, 386-387, 388-389, 397-398
Texture, surface, 2, 205, 210-211, 386-387,
388, 396
Thermal conduction, 334-335, 358
Thermal radiation, 334-337, 344, 351,
353-354. See also Emissivity;
Planck’s law
Thermochromism, 68, 205, 209, 213-214, 394
Thermometer, 334-335, 336, 339-340, 339/,
343, 350-351, 358-359
Three point support, 151, 359-361
Throughput, 77, 82, 110-111, 112-113, 114,
116, 121-122, 136-137, 166-167,
168, 191, 193, 212, 262, 280, 425,
426, 493
Time gate, 246, 277
Traceability, 4, 85-86, 139-140, 204, 205, 278,
284,292, 312-313, 342-343, 343f,
383-384, 391-392, 394, 420, 421,
435-436, 437, 447, 449, 479-480
Translucency, 192, 207, 208, 214, 388
Transmission spectrometry, 433, 443-445
Transmittance, 1-2, 4, 20-21, 30-32, 34-35,
36, 38-39, 93
atmospheric, 461f
bidirectional, 317
color, 367, 370, 375, 383, 384, 390-391,
401-402
diffuse, 32, 65, 181, 183-184, 186187,
1871, 212, 213, 214-216, 215f
in fluorescence measurements, 229, 230,
238, 239, 254, 255f, 256, 261-262,
261f, 266f, 270, 276
fresnel, 45-46, 49-51
in FTS, 110, 126, 128-129, 128f, 129f, 130,
1301, 131, 132-133, 132f, 134,
136-138, 138f, 153154, 156-158
Kubelka—Munk, 53-54
in microspectrophotometry, 494, 496, 509
Mueller matrix, 42
normal incidence, 147148, 150-158
oblique incidence, 158-170
in pharmaceutical measurements, 424,
427-428, 433, 435, 436437, 438,
445, 448
recommended geometries, 187¢
regular, 144, 145-146, 150-170, 171-176
standards, 85-86, 87f
Transmittance factor, 184
Triplet—singlet transition, 222-223
Tristimulus values, CIE, 234, 253, 285,
371-372, 372f, 375-376, 377, 378,
383-384, 392-393
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True spectra (for fluorescent measurements),
228, 276, 279, 280f, 282-283

Tungsten lamp. See Source, optical radiation,
quartz tungsten halogen (QTH)

Turbidity, 277, 388. See also Scattering

Two-monochromator method, 238, 240,
250-251, 260-261, 264-265,
270-271, 284

U
Ulbricht, F.R., 190
Ulbricht sphere. See Integrating sphere
Uncertainty
analysis, 4, 5-6, 311-315, 393
BRDF measurements, 300-301, 303,
311-315
color measurements, 392-393
combined, 5
covariance, 5-6
diffuse reflectance, 192, 203-204, 214
emissivity measurements, 342—343,
344-345
expanded, 6
fluorescence measurements, 262-263,
265-266, 278
FTS, 123, 124-125, 125f, 126, 130,
132134, 135-139, 135f, 138f
general discussion, 4-8
gloss measurements, 400
haze measurements, 402
pharmaceutical measurements, 420, 421,
435-437, 448
regular reflectance and transmittance, 145,
146-147, 151, 154-158, 159, 160,
164, 165, 166f, 168, 169f, 171-172,
173, 176
remote sensing, 469, 479—480
standard, 5-6
types A and B, 6-8
Uncorrected data (for fluorescence
measurements), 228, 236f, 238-240,
284-285, 285f
Uniformity
detector, 90-91, 92, 132133, 135-137, 139,
313, 314-315
material, 204, 205, 207, 260, 413, 440
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source, 90-91, 92, 132-133
temperature, 345, 358-359

\"
Validation, 410411, 414, 415, 417-418, 419,
420, 424, 426, 430, 433, 438-439,
445, 453454, 455, 459460, 471,
478-479, 500
van den Akker, J.A., 199
Vector perturbation theory, 59, 322-323
Verification, 264, 283, 284, 410411, 418,
430, 436437, 445, 449, 453454,
455
Vibrations
lattice, 116, 137, 357
mechanical, 112, 119, 122-123, 124, 323,
325
molecular, 222-223, 433-434,
440-441
Volcanic ash, 475-479, 476f
Volcanos, 458, 475-478, 479

w
Water vapor, 121, 135, 436437, 463, 465,
467-468, 472, 477-478
Wavelength scale. See Calibration, wavelength
‘Wavenumber, definition, 98-99
Wavenumber scale. See Calibration,
wavelength
Waves
plane, 23-24
spherical, 24-25
Welch-Satterthwaite formula, 67
White light interferometry (WLI), 323-325,
324f, 326f
Whiteness, 224, 232, 253, 271, 285, 385
Wien’s displacement law, 335-336
Wood’s anomalies, 76, 76f, 238, 267, 268-269,
281

4

Zeiss Elrepho®, 208, 214

Zero path difference (ZPD), 98-99, 101-103,
107, 110, 117-118, 119, 120, 126,
1287, 140, 341-342
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