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Abstract

To shorten the long calibration chain when using the conventional source-based approach and
therefore to reduce spectroradiometer’s calibration uncertainty, we developed a detector-based
approach to calibrate spectroradiometers directly against a transfer trap detector using a
tunable laser. Two different detector-based methods are used for the calibration and their
calibration results are in very good agreement with each other. The calibration result is also
compared with that obtained using a working standard FEL lamp and the agreement is within
the expanded uncertainties (k=2) of the working standard FEL lamp. This detector-based
approach enables new, independent realizations of spectral irradiance or radiance scales on
spectroradiometers. Such spectroradiometers can be used as instrument-based primary or
transfer standards to disseminate spectral irradiance or radiance scale with a smaller
uncertainty.

Keywords: Detector-based Calibration, New Method, Spectroradiometer, Tunable Laser.

1 Introduction

Spectroradiometers are typically calibrated against broadband transfer-standard sources (e.g.,
deuterium lamps for the deep ultraviolet (UV) region and quartz tungsten halogen lamps for the
UV, visible, and infrared (IR) regions). Using this conventional source-based calibration
approach, however, the uncertainty in measured spectral irradiance or radiance responsivity of
a spectroradiometer is dominated by the transfer-standard sources, which is typically about 1 %
in the visible and IR regions and much larger in the UV region. Such a high uncertainty arises
because of a long chain of calibration in calibrating the transfer-standard sources. For example,
when an FEL lamp is used for calibrating a spectroradiometer, the scale of the FEL lamp is
derived and transferred in sequence from (1) primary cryogenic radiometer, (2) transfer trap
detector, (3) reference field radiometer, (4) gold point blackbody, and (5) high temperature
blackbody. To shorten the long calibration chain and therefore to reduce spectroradiometer’s
calibration uncertainty, we describe a new method for calibration of spectroradiometers directly
against a transfer trap detector (i.e., bypassing most of the scale transfers mentioned above)
using tunable lasers.

2 The new calibration method

The NIST automated calibration facility for calibration of detectors (Zong et al.
2012) (Woodward et al. 2018) is improved so it can also be used for calibration of
spectroradiometers. A schematic for calibration of an irradiance spectroradiometer is shown in
Figure 1. A fully automated tunable optical parametric oscillator (OPQO) laser is used for this
calibration, which has a tunable range from 210 nm to 2400 nm. The repetition rate of the OPO
is one kilohertz (kHz) and its pulse width is five nanosecond (ns). The laser beam is guided into
a 50 mm diameter integrating sphere using a multimode fiber so that the test spectroradiometer
or standard trap detector is illuminated with a uniform beam. A laser spectrum analyser (LSA)
having a spectral range of 180 nm to 1000 nm is used for measurement of the wavelength of
OPO laser. The absolute wavelength standard uncertainty measured by the LSA is 5 pm and
relative wavelength standard uncertainty is 1 pm. The wavelength scale of the
spectroradiometer is calibrated against the LSA with a standard uncertainty on the order of a
picometer (Zong 2017).
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The calibration is based on the measurement of the total energy of a pulsed OPO train. This
avoids measurement difficulties arising from the OPO’s pulse-to-pulse fluctuations (more than
10 %) and extremely low duty cycle (approximately 10-°%). The length of the pulsed OPO train is
controlled by the laser shutter and varies from 1 s to 10 s depending on the laser power. A
monitor detector is mounted near the test spectroradiometer or standard trap detector to
measure the relative total energy of an OPO pulse train.

The standard trap detector and the irradiance probe of the test spectroradiometer are each
mounted, in turn, to the center of the optical beam for the calibration using the substitution
method. Two current integrators (also called charge amplifiers) (not shown) are used for
simultaneous measurements of the total electric charge (unit: coulomb, symbol: C) from the
standard trap detector and the monitor detector, respectively.

@50 mm Pulse train, i(t) Monitor detector

integrating  Baffle
M [P/ Irradiance probe

sphere
\ Standard Trap

detector

~._Multimode
fiber
Laser

/ shutter

Spectroradiometer

Single
mode fiber

CJ

1 kHz OPO

Laser spectrum
analyzer

Figure 1 — Schematic for calibration of a spectroradiometer

Before the calibration, the stray light of the spectroradiometer is characterized and corrected
(Zong et al. 2006) so that the spectroradiometer’s response outside its bandpass is negligible.
Two different methods, the slit scattering function (SSF) method and the line spread function
(LSF) method, can be used for the calibration of spectroradiometers.

2.1 SSF method (or overfill method)

The SSF of an array spectroradiometer is the responsivity function of a pixel while the
wavelength of the incident monochromatic source changes (Zong et al. 2006). If the SSF of a
pixel is obtained by finely tuning the laser wavelength across the entire bandpass of the pixel,
the sum of the response within the bandpass represents the signal when the spectroradiometer
measures an imaginary broadband source with discrete wavelengths which spectrally overfills
the bandpass of the pixel. Due to rapid rise-and-fall nature and narrow bandpass of an SSF,
the wavelength of the laser should be tuned in a fine step (e.g., 0.1 nm) and the bandwidth of
the laser should be sufficiently narrow to minimize the convolution error arising from the finite
bandpass and finite bandwidth of the laser. Using this method, each pixel is considered as a
filter-radiometer.

The spectral irradiance responsivity at a pixel i for an equal energy source illuminant E, Ry,
(unit: count-s"/W-m-2.nm"), is given by

"
R '=Z(—'R - A7 )
A & Q}Vl'trap trap\"J ) step
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where

y,M unit: count, is the signal of the pixel “i” at OPO wavelength A,, corrected by monitor

signal and dark signal;

Q}"[,trap unit: C, is the electric charge of the standard trap detector at OPO wavelength A,
corrected by monitor signal and dark signal;

Rirap(As) unit: A/W-m-2, is the responsivity of the standard trap detector at wavelength A,

Alustep  UNit: nm, is the wavelength interval of the scan.

As shown in Equation 1, the accuracy of wavelength interval, 44, .p, is critical to achieve a
small calibration uncertainty because A4, .p is small (e.g., 0.1 nm).

2.2 LSF method (or underfill method)

LSF of an array spectroradiometer is the description of the response at every pixel to a
particular incident monochromatic light (Zong et al. 2006). If the detector array has no or
negligible pixel-to-pixel spatial non-uniformity of responsivity within the bandpass of the
spectroradiometer, and has no or negligible dead region between adjacent pixels, which is
generally true for many charge-coupled-device (CCD) instruments, a measured LSF, at pixel j
with wavelength 4;, can be directly used for obtaining the spectral power responsivity of the
spectroradiometer at wavelength 4, R;j (unit: count-s*'/W-m-), by

Yic Y
Ri = lM l 'Rtrap(/ij)
jtrap (2)
where
yM unit: count, is the signal of the pixel “/” within the bandpass, corrected by monitor signal
and dark signal;
let/t[rap unit: C, is the electric charge of the standard trap detector at OPO wavelength 4,

corrected by monitor signal and dark signal;
Ruap(4j) unit: A/W-m=2, is the responsivity of the standard trap detector at wavelength A;.

Using this LSF method, the spectral width of a pixel of the spectroradiometer is underfilled by
the bandwidth of the laser, and the output signals of the spectroradiometer on multiple pixels
within the bandpass is deconvoluted to be at 1 pixel. Note in practice, it is not required to tune
the laser wavelength to be exactly on a pixel. The spectral power responsivity at a pixel can be
obtained by interpolation. The spectral irradiance responsivity of the spectroradiometer at pixel
j with wavelength 2;, R.j (unit: count-s™'/W-m2.nm"), can be converted from the obtained
spectral power responsivity, Rj, by

(3)
where
Al unit: nm, is the spectral width of pixel j that can be determined by measuring pixel-to-
pixel wavelength interval, 4155, at pixel j;
Ci is the correction factor for non-uniformity of spectroradiometer’s spectral power

responsivity on pixel j, which is the ratio of the average spectral power responsivity over
the spectral width of pixel j to the spectral power responsivity at the center of pixel j.

To convert the spectral power responsivity to spectral irradiance responsivity, the spectral
width, 44;, commonly in the range of 1 nm, must be determined with an uncertainty of picometers
to achieve a small uncertainty for spectral irradiance responsivity (Zong 2017).

This LSF method does not require super fine scanning wavelength interval and super narrow
bandwidth of the laser compared to the SSF method. Further, spectral irradiance responsivity
at the particular wavelength can even be calibrated using a fixed wavelength laser (such as a
He-Ne laser), which is very useful to check or monitor the change of the spectroradiometer in
many applications.
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3 Results of experimental calibration

As an example, a CCD-array spectroradiometer with the spectral range from 300 nm to 1100 nm
was calibrated using the new LSF methods described above. The calibration system was first
evaluated for measurement repeatability. As shown in Figure 2, the measured
spectroradiometer’s responsivity at 558 nm varies within 0.1 % with 5 s integration time for each
data point.
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Figure 2 — Measurement repeatability of the spectroradiometer

The wavelength scale of the spectroradiometer is calibrated together with the spectral power
responsivity with scanning interval of 1 nm from 350 nm 1000 nm. This limited calibration
spectral range is because a trap detector may be damaged by the deep UV light and it is not
stable above 1000 nm without controlling its temperature. The determined pixel-to-pixel
wavelength interval is shown in Figure 3. After smoothing, the error of the spectroradiometer’s
pixel-to-pixel wavelength interval is reduced to a few picometers.
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Figure 3 — Determined pixel-to-pixel wavelength interval

The spectroradiometer is also calibrated using the SSF method with a scanning interval of
0.1 nm. The spectral irradiance responsivities obtained using the SSF method are compared
with those obtained using the LSF method. As shown in the Figure 4, the difference in the
calibration results is approximately 0.05 %. Thus, the two methods are equivalent in terms of
the calibration results for this spectroradiometer.
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Figure 4 — Comparison of calibration results between using LSF method and using SSF method

The spectral irradiance results obtained using the detector-based LSF method are also
compared to those obtained using the conventional source-based method. A spectral irradiance
working standard FEL lamp is used for calibrating the spectroradiometer to obtain the spectral
irradiance responsivities. Figure 5 shows the difference of the two calibration results. In the
visible region from 450 nm to 700 nm, the difference does not vary much with the wavelength
and it is within the expanded uncertainty (k=2) of the working standard FEL lamp. Outside
450 nm to 700 nm, the fluctuation of the difference is caused by a number of factors such as a
low signal-to-noise ratio with the LSF method due to spectroradiometer’s low responsivity and
low laser power, and a large pixel-to-pixel wavelength uncertainty, etc. The glitch around
410 nm is associated with the rapid change of the pixel-to-pixel wavelength interval. The deep
valley around 940 nm is mainly due to very low signal-to-noise ratio (<10:1) with the LSF method
resulting from the sharp absorption band of the spectroradiometer’s optical fiber.

The output laser of the OPO is its idler above 710 nm and the laser bandwidth increases rapidly
with the wavelength (Zong 2012). To reduce the wavelength uncertainty above 710 nm, the
OPOQ'’s signal wavelength and pump laser wavelength are measured using the LSA, and the
OPO'’s idler wavelength is calculated using the measured signal wavelength and pump laser
wavelength (as opposed to directly measurement).
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Figure 5 — Comparison of calibration results between using the detector-based LSF method
and using the conventional source-based method.
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4 Summary

A detector-based approach for calibrating array spectroradiometers has been developed for
reducing calibration uncertainties. Two different detector-based methods, SSF method and LSF
method, are used for calibrating a CCD-array spectroradiometer and their calibration results
are in very good agreement with each other. The calibration result using the LSF method is also
compared with that obtained using a working standard FEL lamp and the agreement is within
the expanded uncertainties (k=2) of the working standard FEL lamp. The uncertainty of this
detector-based calibration approach is being analysed and is expected to be much smaller than
that of the conventional source-based calibration approach.

This newly developed approach enables a new, independent realization of spectral irradiance
responsivity or radiance responsivity scales on spectroradiometers. Such spectroradiometers
can be used as instrument-based primary or transfer standards to disseminate spectral
irradiance or radiance scales with a smaller uncertainty. The detector-based calibration
approach also eliminates the out-of-range stray-light error that is often the dominant source of
calibration error in the UV region when a broadband standard source is used.
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