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Optical fiber based supercontinuum light sources combine the brightness
of lasers with the broad bandwidth of incandescent lamps and thus are
promising candidates for sources in spectroscopic applications requiring
high brightness and broad bandwidth. Herein, near-infrared (IR) Fourier
transform (FT) spectrometry with a supercontinuum (SC) light source is
investigated. The efficient, collimated propagation of broad bandwidth SC
light through an 18 m path length multipass cell is demonstrated. A
normalized spectral difference is calculated for the SC spectrum on
consecutive FT mirror scans and is found to vary by less than 0.5%,
indicating excellent spectral stability. The rms noise on zero absorbance
lines is obtained as a function of the number of mirror scans at 0.125, 2,
and 16 cm~! resolution for both the SC and conventional tungsten lamp
source. The SC source has approximately a factor of ten times more noise
than the lamp under comparable conditions for each resolution and data
acquisition time. This clearly indicates that spectral acquisition with the
SC source is not detector noise limited. NIR-FT spectra of methane and
methyl salicylate, acquired with both the SC and lamp source, are
reported. These spectra illustrate the advantage the SC source has over
the incandescent source in that it can efficiently traverse long path lengths,
thus providing a sensitivity advantage. The spectra also demonstrate the
disadvantage of the SC source with respect to the lamp in the increased
level of amplitude noise. Prospects for the future use of SC sources in
absorption spectroscopy, including possible noise mitigation strategies, are
briefly discussed.

Index Headings: Near-infrared spectroscopy; NIR spectroscopy; Super-
continuum radiation; Fourier transform infrared spectroscopy; FT-IR
spectroscopy.

INTRODUCTION

Incandescent light sources have long been utilized in
infrared (IR) spectroscopy, both in the mid-infrared (MIR),
where references to the ubiquitous globar date to at least 1929,
and in the near-infrared (NIR), where a quartz tungsten halogen
lamp has long been the standard choice. These sources are
cheap, compact, and powerful; they are and will continue to be
the workhorses of IR spectroscopy. However, there are some
applications for which thermal sources are poorly suited. High
resolution spectroscopy of gases is an application in which the
narrow bandwidth of certain types of IR lasers (e.g., lead salt?
and quantum cascade? lasers) has been exploited. Another class
of applications requires higher brightness levels than can be
provided by an incandescent source that, while radiating high
power levels, does so into all directions (47 steradians), as
opposed to the collimated output of a laser. Examples of these
applications include long path length absorption spectroscopy
that requires collimated long distance propagation* or micros-
copy in the near-field> or even at diffraction limited spot sizes.°
Typically lasers are chosen for these applications, effectively
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addressing the brightness deficiency while reducing the
bandwidth of the source. This is not a trivial trade-off as the
power of IR spectroscopy as an analytical tool is often
dependent on measuring the sample response across a broad
spectral range. The ideal source for these applications would
have laser brightness coupled with the bandwidth of a thermal
source. In fact, synchrotron radiation does possess this
combination of qualities to some degree and has been exploited
for diffraction-limited IR microscopy.” Naturally, a compara-
ble, portable light source would be highly desirable.

In 2000, the efficient generation of so-called visible
supercontinuum (SC) radiation by pumping photonic crystal
fibers (PCF) with ultrafast, nanojoule laser pulses was
reported.®? A report of SC generation in mechanically tapered
fibers followed shortly thereafter.'® These light sources have
octave spanning bandwidth emitting from the near diffraction
limited core of the optical fiber, thus effectively mimicking a
near point source. Consequently, these sources possess very
high brightness, enabling efficient collimation for long distance
propagation and diffraction-limited focusing. Subsequent work
has broadened the types of pump sources and fibers used and
has expanded the spectral ranges over which these devices
function.!! These spectral ranges include the NIR, for which
commercial products are now available, and to a limited extent
the MIR, wherein the absorption losses in silica-based fibers
dictate recourse to less conventional fiber materials, including
chalcogenides,'? fluorides,'3~!> and tellurite PCFs.!® Picqué
and co-workers have recently reported on the use of a
laboratory-constructed NIR supercontinuum source for high
resolution Fourier transform infrared (FT-IR) spectroscopy of
gases.!” Given the increasing availability of commercial SC
light sources it is timely to investigate further the question of
whether they are suitable for FT-IR spectroscopy in applica-
tions that require high brightness and to compare their
performance against standard incandescent sources.

It is instructive to briefly consider the physical processes that
give rise to supercontinuum generation in optical fibers. In
general, a combination of phenomena including stimulated
Raman scattering, soliton fission, self-phase modulation,
modulation instability, and dispersive wave generation lead
to SC generation. The relative importance of each process is
dependent on the pump wavelength and pulse width along with
the dispersion properties of the fiber.!' It is reasonable to
presume that the nonlinear nature of the SC generation process
might lead to significant amplitude variation in the output,
particularly given that the pulsed pump sources also typically
have non-trivial amplitude fluctuations. This has potentially
significant consequences for FT spectrometry if the noise
spectrum of the source has significant amplitude at the
frequencies relevant to the interferogram. This type of noise
(fluctuation noise) is multiplicative in Fourier spectroscopy,!®
likely compromising the ultimately attainable signal-to-noise
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Fic. 1. FT-IR spectra of NIR supercontinuum source (solid line) and tungsten
lamp (dashed line) with peak amplitude normalized to one.

(S/N) ratio. Notably, there are cancellation strategies for this
type of noise but they are not straightforward to implement
using the interferometer designs that currently dominate the
commercial FT-IR market.'” The noise issue is potentially a
major hurdle for implementation of these sources and thus a
quantitative understanding of their noise characteristics is
critical to evaluating their potential utility.

This paper describes an evaluation of the performance of a
commercial SC source in NIR-FT spectrometry in an
application that requires high brightness. The noise on so-
called zero absorbance lines recorded with an SC source is
compared to those recorded with a conventional lamp source at
various resolutions as a function of the number of mirror scans.
The spectra of several gases are recorded using a 18 m
multipass cell with the SC source. These spectra are
benchmarked against spectra measured with a tungsten lamp
source in a 2 m cell with similar analyte concentrations. These
data allow an assessment of the practical utility of current
generation NIR SC sources in FT spectrometry. Experimental
conditions in which these sources show some advantage over
the conventional sources will be discussed along with some
possible directions for further development.

EXPERIMENTAL

The NIR SC source generates up to 6 W of light spanning
wavelengths from 450 nm to 2500 nm at a repetition rate of 80
MHz. The light is coupled into a transport fiber inside the laser
housing and exits the fiber into a collimating lens. The light is
then steered into a multipass absorption gas cell, based on an
astigmatic variant of the off-axis Herriot configuration,®
aligned in the 90 pass configuration, yielding a path length
of 18 m. The input aperture radius of this cell is 0.44 cm. The
light exiting the cell is attenuated with broadband neutral
density filters to avoid detector saturation and spectrally filtered
to remove residual light at the pump wavelength (1064 nm) and
shorter wavelengths. This is done to preserve the dynamic
range of the detector by eliminating any response due to
spectral intensity outside the range of interest. The SC light is
inserted into the beam path of an FT-IR (Bruker IFS 66V)*

* Certain commercial products or equipment are identified so as to specify
adequately the experimental procedure. In no case does such identification
imply recommendation or endorsement by NIST, nor does it imply that it
is necessarily the best available for the purpose.

following the last curved mirror, ensuring collimated propaga-
tion through the Michelson interferometer. A silicon coated,
CaF, beam splitter is used along with an Indium Antimonide
detector. In general, the attenuation was varied to allow full use
of the A/D converters of the detection circuit with the lowest
gain. Notably, even after 18 m propagation there was ample
overhead from the 6 W source such that significant attenuation
was required. The lamp spectra were recorded using a 2 m path
length cell inserted into the sample compartment of the FT-IR
spectrometer. The same detector was utilized and the amplifier
gain settings were matched to those used in the SC
measurements to the extent possible. The spectra and zero
absorbance lines were recorded in rapid scan with resolutions
of 0.125, 2, and 16 cm™!, using a helium-neon laser modulation
frequency of 40 kHz with signal averaging over the number of
mirror scans noted in the text. A Jacquinot stop was not used
for the measurements taken with the SC source, while a 0.5
mm stop was used for acquisition of spectra with the lamp
source at 0.125 cm™! resolution. Note that the 80 MHz pulse
frequency of the laser source is essentially continuous wave
(cw) with respect to the Fourier modulation frequencies. A
three-term Blackman—Harris apodization function was utilized.

The noise impacting measurements made with the two
sources was evaluated by analysis of so-called zero absorbance

lines,
I«
Ay = —log (—) )
A

where x represents the number of mirror scans and y is the
number of scans utilized for the background. The value of y
was chosen to minimize noise due to the background. In the
case of the 2 and 16 cm™! resolution series, x ranged from 2
through 512 with a y value of 1024, wherein the case of the
0.125 cm~! resolution series x ranged from 2 through 128 with
a y value of 256. The rms noise level was quantified by
calculating the standard deviation in Ag over the spectral range
from 6000 to 6800 cm™!, near the peak of the SC source
spectrum.

Spectra were obtained for gas samples from several sources
including a gas cylinder mixture of 0.19% CH, in N»,% and
methyl salicylate (MES) in nitrogen. The MES vapor stream
was prepared by flowing nitrogen at 0.2 L min~! through a
saturation cell containing liquid MES. The saturation cell was
maintained at 20 °C by a temperature-controlled bath. The
mole fraction of MES in the vapor stream was approximately
100 umol mol~!.

RESULTS AND DISCUSSION

Figure 1 is a plot of the SC source spectrum compared to that
of the traditional tungsten lamp source spectrum as measured in
the FT-IR where the respective peak intensities have been set
equal to 1 to facilitate comparison. The apparent short
wavelength cut-off in the SC source spectrum is due to the
long-pass filter used to exclude SC pump laser radiation (1064
nm) while the long wavelength edge is a measure (modified by
the instrument response function of the FT-IR) of the declining
efficiency of the SC generation process at long wavelengths.
This decline is presumably largely due to material absorption in

¥ The 0.19% CH4 in N, gas cylinder mixture was prepared at NIST in
conjunction with the gas standards reference materials program (2008).
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Fic. 2. (a) Two indistinguishable FT-IR spectra of supercontinuum source
(solid and dashed) acquired in consecutive single mirror scans at 2 cm™!
resolution. (b) Normalized spectral difference (see definition in Eq. 2) between
scan 1 and 2 spectra shown in (a).

the nonlinear fiber. The water overtone bands, centered around
7200 and 5300 cm !, respectively, are present in the SC
spectrum as it was not possible to purge the spectrometer in the
configuration employed to allow insertion of the SC beam at
the appropriate point in the interferometer. This issue could be
resolved if required; however, the gas species measured for this
work have bands lacking significant overlap with the water
overtones.

Clearly the SC source has comparable bandwidth in the NIR
region to the tungsten lamp, sufficient to measure a wide
variety of species with significant absorption features in this
region. The other important feature of the spectra lies in the
path length traversed for each source. The SC source light
propagated through a multipass cell of 18 m path length with
enough efficiency that significant attenuation was still required
to avoid detector saturation. It is instructive to consider the
relative spectral intensities measured for the SC source and the
tungsten lamp. Neutral density of 2 (attenuation of 100X) was
required to yield comparable signals at the detector after the SC
source propagated through the 18 m multipass cell (90
reflections) and light from the tungsten source propagated
through the 2 m cell (19 reflections). This is a realization of one
of the postulated benefits of utilizing a supercontinuum as a
spectroscopic source; collimated propagation akin to that of a
laser, with the bandwidth of an incandescent source. No
measurements have yet been undertaken to assess the limits on
what path lengths might be accessible with this source, but
certainly another order of magnitude greater than that
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demonstrated here (>100 m) seems quite plausible. Indeed, a
recent report demonstrates the use of a NIR SC for open path
monitoring using dispersive detection over a 300 m path
length.?! This strongly suggests that supercontinuum sources
have the potential to greatly impact the utility of NIR FT
spectroscopy in open path monitoring and stand-off detection
applications. However, a quantitative understanding of source
noise is clearly required for a full assessment of the potential of
SC sources in this type of application.

An immediate question raised by Fig. 1 is how stable the SC
spectrum is from mirror scan to mirror scan. That is, is the
overall spectral shape changing significantly on the time scale
of the mirror scan? A series of single scan spectra were
recorded at resolutions of 0.125, 2, and 16 cm™!. In general, the
reproducibility of the spectral shape from scan to scan was
excellent at each resolution and overlain spectra were difficult
to differentiate. This is illustrated in Fig. 2a, in which two
consecutively recorded single mirror scan spectra at 2 cm™!
resolution are plotted over the spectral range of 4500 to 9000
cm™! (the spectral region for which there is significant source
intensity). The time gap between the measurements was on the
order of 30 s. The differences are generally smaller than the
line thickness in the plot, making visual distinction of the two
spectra essentially impossible. To evaluate the variation
quantitatively, a normalized spectral difference, D(v), was
calculated at each frequency,

L(v) = (V)

P =)

(2)

where [I,(v) is the intensity recorded in scan n at the
wavenumber v. Note that this quantity is just [1 — T(v)] where
T is the transmittance. This quantity is plotted in Fig. 2b for the
scans shown in Fig. 2a. (Note that there is some unknown type
of low frequency modulation in the data that makes the spectra
appear smoothed beyond what would be expected at 2 cm™!
resolution). The source of this modulation is unknown. Aside
from a few outlying points, the differences stayed within plus
or minus a half percent and there is no systematic variation
with frequency as one would expect for significant shifts in
spectral shape. These observations apply equally well to the
data taken at 0.125 and 16 cm™! resolution, indicating that the
spectral character of the SC source output is temporally stable,
at least for the time scales relevant to the FT mirror scans.
To further the exploration of noise in the SC source in
comparison to that in the tungsten lamp, the series of zero
absorbance lines described earlier was analyzed. Figure 3
shows the relationship between the rms noise and number of
scans over a series of zero absorbance line acquisitions for both
the SC source and the tungsten lamp taken at 0.125 cm™!
resolution. Note that these measurements reflect transmission
through the 18 m path cell in the case of the SC and the 2 m
path cell in the case of the tungsten lamp. The values are
plotted on a log—log scale to allow for easy comparison of the
two sources. The solid line indicates the relationship expected
in the detector noise limited regime wherein, assuming constant
signal levels, the zero absorbance line rms noise drops
proportionally to the square root of the measurement time or,
in this case, the number of mirror scans.'® Note that deviation
from this line indicates the presence of noise sources other than
the detector. The SC source is roughly an order of magnitude
noisier than the tungsten lamp source across the entire range of
mirror scans indicating that source, or fluctuation noise, is an
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Fic. 3. Log—log plot of rms noise on a series of zero absorbance lines
recorded at 0.125 cm™! resolution plotted against the square root of the number
of mirror scans for the tungsten lamp source (triangles) and the supercontinuum
source (circles). Solid line indicates expected scaling in detector noise limited
regime.

important component of the overall noise in the SC case. This
is a clear indication that detector noise is not the limiting source
of noise in the SC case and thus this is not an optimal source
for FT-IR spectrometry from the perspective of noise
reduction. This observation also applies to similar data series
recorded at resolutions of 2 cm ™! and 16 cm™!. This finding has
significant ramifications for the use of these sources in FT-NIR
spectroscopy as ultimately the greater noise floor for the SC
source will limit the sensitivity attainable with this source.
Two significant findings regarding the characteristics of a
commercial NIR SC laser utilized as a source for FT
spectroscopy have been described thus far. First, the SC source
can propagate in a collimated manner over long distances
(>>18 m), distance regimes that are challenging with
incandescent sources.?> Note that the measured divergence
angle for the SC source is nominally 0.5°.23 This opens up new
possibilities in open path monitoring and stand-off detection or
the prospect of enhanced sensitivity in trace gas detection in
multi-pass configurations. However, this advantage is mitigat-
ed to some extent by the presence of source noise that increases
the noise floor about a factor of ten over that of a conventional
source. This suggests that the SC might be the best source in
cases where the path length advantage is exploited to an extent
sufficient to outweigh the source noise disadvantage, or when
long distance propagation is a necessity and an incandescent
source is unable to deliver sufficient photon flux to the detector.
However, in applications involving typical laboratory-scale
short path lengths, the SC source is clearly at a disadvantage
due to the source noise (not to mention cost). As a means of
further illustrating the tradeoffs between path length and noise,
the spectra of several gases were recorded with the conven-
tional tungsten lamp source and the SC and compared.
Near-infrared spectra of methane (0.2% in N,) were recorded
at 0.125 and 2 cm™! resolution in order to illustrate the
performance of the SC source in applications relevant to trace,
small gas molecule monitoring. The total pressure in the
multipass cells was 100 torr for the 0.125 cm™! resolution data
where the data is averaged over 256 mirror scans. These
spectra are shown in Fig. 4a wherein the top spectra is that
recorded with the lamp source (2 m path) while the bottom
spectra is that recorded with the SC source (18 m path). Note
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Fic. 4. (a) FT-IR spectra of 2v; overtone band of methane acquired at 0.125

cm™! resolution with the tungsten lamp source (upper spectrum, right y-axis

scale) and with the supercontinuum source (lower spectrum, left y-axis scale).
The total pressure was nominally 100 Torr of 0.2% methane in N in a
multipass cell of path length 2 m (tungsten lamp) or 18 m (supercontinuum).
(b) FT-IR spectra of 2v; overtone band of methane acquired at 2.0 cm™!
resolution with the tungsten lamp source (upper spectrum, right y-axis scale)
and with the supercontinuum source (lower spectrum, left y-axis scale). The
total pressure was nominally 760 torr of 0.2% methane in N5 in a multipass cell
of path length 2 m (tungsten lamp) or 18 m (supercontinuum).

that the absorbance values for the lamp source are described by
the right y-axis tick labels, a factor of ten lower than those of
the SC source shown on the left y-axis tick labels. Additionally
the lamp source spectrum is offset vertically to facilitate visual
comparison. The absorbance values reflect the longer path
length for the SC measurement as they appear to be slightly
less than a factor of ten greater than those of the lamp
spectrum, in reasonable agreement with the 9:1 path length
ratio between the two cells. These spectra encompass the P, Q,
and R branches of the 1.66 um 2vs; overtone band of
methane.?* The data shown in Fig. 3, coupled with the path
length difference in the two cells, suggest that the S/N ratios in
these spectra should be approximately the same, as the noise
floor is nominally a factor of ten higher in the SC case, roughly
canceling the increased signal level due to the longer path
length. The S/N in the SC methane spectra is somewhat worse
than the lamp spectra, although the expectations for similar S/N
are based only on approximate considerations. The character of
the noise is different in the two spectra, with the lamp spectra
showing a relatively low frequency ripple (likely due to an
etalon originating from the cell) along with a high frequency
component similar to that dominating the SC spectrum. These
spectra nicely capture the strengths and weaknesses of the SC
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Fic. 5. FT-IR spectra of a methyl salicylate overtone band acquired at 16.0
cm~! resolution with the tungsten lamp source (upper spectrum, dashed line,
right y-axis scale) through a 2 m path length and with the supercontinuum
source (lower spectrum, solid line, left y-axis scale) through an 18 m path
length.

source compared to the lamp. The SC source is impacted by a
higher noise level yet it can be effectively deployed over much
longer path lengths, which can compensate for the noise
disadvantage.

Figure 4b shows comparable spectra of the 2v; overtone
band region of methane taken at 2 cm™! resolution over 1024
mirror scans for which the total pressure in the multipass cells
was nominally 760 torr. As in Fig. 3a the lamp source spectrum
(top) is described by the y-axis labels on the right while the SC
source spectrum (bottom) is described by those on the left.
Note that there again appears to be some secondary spectral
structure in the lamp spectrum that is, in this case,
demonstrably absent from the SC spectrum. Nevertheless, the
spectra are generally quite comparable.

Figure 5 shows the near-infrared overtone spectrum of MES
acquired at 16 cm~! resolution. This analyte was chosen to
evaluate the utility of this source in detection of larger volatile
organic molecules, for which low spectral resolution is
adequate. As in Fig. 4 the lamp source spectrum (top) is
described by the y-axis labels on the right while the SC source
spectrum (bottom) is described by those on the left. As in the
previous spectra, the absorbance magnitudes differ by roughly
the amount expected on the basis of the path length differences.
The spectra are generally comparable, suggesting that the SC
source might prove valuable in applications involving low
resolution detection of large molecules in open-path standoff
detection applications.

An interesting side-note to these spectra is that the visible
portion of the SC radiation apparently photolyzed the MES in
the multipass cell. When the filter used to block the light to the
high energy side of the pump wavelength (1064 nm down
through the visible) was placed after the multipass cell, the
MES signal disappeared. Placing the filter prior to the
multipass cell resulted in the reappearance of the signal from
the MES flowing through the cell. The overall intensity of the
source is quite high (6 W) and a significant fraction of that
power is distributed over the visible spectrum. Little intensity is
emitted at wavelengths less than 450 nm; absorption losses in
the fiber are likely to be significant in this region. This
observation might prove relevant to other analytes and also
points to possible concerns for applications where eye-safe
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deployment is an issue. Nevertheless, proper spectral filtering
can mitigate this issue.

An outstanding question is what size reduction in SC source
noise is possible with improvements in design. In the best case,
the SC noise level might be reduced to that of the shot noise on
the pump laser and the spontaneous Raman scattering in the
fiber amplified by the operative nonlinear processes giving rise
to SC generation.?> To what extent currently available sources
approach this limit is not clear, particularly given the variety of
processes involved in SC generation. It may be the case that
these fundamental noise sources will ultimately limit the utility
of SC in FT detection schemes. However, a number of
mitigation strategies are possible. In particular, some strategy
for real-time noise cancellation, either using matched detectors
or a dual beam interferometer,'® should yield some improve-
ment. Alternatives to FT detection could also prove to be useful
platforms for exploring source noise mitigation strategies.
Advances in IR detector materials have enabled recent
advances in dispersive detection techniques using a diffraction
grating and planar array detector.?® Additionally, the use of
long fibers of known dispersion coupled with high speed
detection electronics to detect the spectrum of light transmitted
through the fiber in the time domain has also recently been
reported.”’ Clearly further work is required to assess the
viability of these strategies for noise reduction with an SC
source.

Given the novelty of this source technology, it is reasonable
to expect the design improvements in the SC itself might also
yield lower levels of source noise. However, even if
fundamental limitations on the source noise limit the ultimate
performance of SC sources in conventional FT spectrometry,
strategies to compensate for this noise exist. Another potential
advance may be found in the development of MIR SC sources,
which would allow spectrometry with fundamental vibrational
bands. Of course, this would yield large increases in sensitivity
and greater chemical specificity. Accordingly, the development
of sources in this spectral region is being pursued by a number
of groups.'>71° Tt seems clear that, at least in applications that
demand SC brightness, this new source technology has great
potential.
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