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ABSTRACT
Using dual optical frequency comb (OFC) spectroscopy in the longwave infrared (LWIR), we demonstrate standoff
detection of trace amounts of target compounds on diffusely scattering surfaces. The OFC is based on quantum cascade
lasers (QCL) that emit ~1 Watt of optical power under cw operation at room temperature over coherent comb
bandwidths approaching 100 cm-1. We overlap two nearly identical 1250 cm-1 QCL OFC sources so that the two
interfering optical combs create via heterodyne a single comb in the radio frequency (rf) that represents the entire optical
spectrum in a single acquisition. In a laboratory scale demonstration we show detection of two spectrally distinct
fluorinated silicone oils, poly(methyl-3,3,3-trifluoropropylsiloxane) and KrytoxTM, that act as LWIR simulants for
security relevant compounds whose room temperature vapor pressure is too low to be detected in the gas phase. These
target compounds are applied at mass loadings of 0.3 to 90 µg/cm2 to sanded aluminum surfaces. Only the diffusely
scattered light is collected by a primary collection optic and focused onto a high speed (0.5 GHz bandwidth)
thermoelectrically cooled mercury cadmium telluride (MCT) detector. At standoff distances of both 0.3 and 1 meter, we
demonstrate 3 µg/cm2 and 1 µg/cm2 detection limits against poly(methyl-3,3,3-trifluoropropylsiloxane) and KrytoxTM,
respectively.
Keywords: Standoff Detection, Quantum Cascade Laser, Dual Comb Spectroscopy, Longwave Infra-red, Diffusely
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1. INTRODUCTION
Due to recent advances in quantum cascade laser (QCL) optical frequency combs (OFC)1-5 it is now possible to perform
dual comb spectroscopy in a size-, weight-, and power-efficient package. Frequency combs are characterized by equally
spaced mode and a constant phase relation between the modes. In QCLs, the natural dispersion of the materials gives
dispersive Fabry-Perot modes. The frequency comb regime is reached thanks to four wave mixing (FWM) that allows
locking of all the modes. For dual comb spectroscopy6-9, two combs with slightly different comb spacing are combined
on a fast detector (Figure 1). Each pair of lines beats together and gives rise to a corresponding frequency domain peak
in the RF, effectively transferring the optical spectrum to the RF. By placing an absorbing molecule on the path of one or
both laser beams, the intensity of the lines in the optical domain is affected and transfers directly to the RF multiheterodyne signal. The single pair of OFCs emit over the optical spectral region of interest and due to heterodyne mixing
between the combs, by sampling the detector the entire optical spectrum is read out simultaneously in a single
acquisition with no moving parts or spectrally resolving elements at the detector, thereby eliminating many of the timedomain spectral artifacts introduced by other spectral techniques. Since the QCL OFC sources are high brightness
lasers, operation at meter-scale stand-off distances is possible with currently available detectors. Due to the spatial
roughness scale of real surfaces, the retro-reflected light is primarily diffuse, so in practice, optimized sensor systems are
ultimately limited by the speckle, which occurs anytime a detector of finite size is used to sample only a fraction the
back-reflected light from a source of finite aperture. One of the important outcomes of this work is the demonstration
that highly sensitive detection using coherent OFC sources is possible using diffusely reflected light.
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Figure 1. Dual quantum cascade laser (QCL) optical frequency comb (OFC) spectroscopy in a standoff configuration. Both
OFCs (blue and red) are spatially overlapped and address the absorption features of target compound(s) present on a realworld surface. Diffusely scattered light is collected by a primary optic and focused onto a fast detector. Via heterodyning
the detected optical signal is shifted to the RF (dark green) where the entire optical spectrum can be read out directly in a
single acquisition with no moving parts or frequency selective elements at the detector.

The longwave infrared (LWIR), nominally from 7 to 14 µm, spectral region is of particular relevance for national
security because most of the relevant compounds such as explosives, chemical warfare agents, and toxic industrial
compounds, have strong absorption features in this region. These features are the fundamental molecular ro-vibrational
transitions and therefore orders of magnitude stronger than their overtones in the shortwave- and near-infrared, allowing
for highly sensitive detection. Finally, these features provide specificity because unlike many of the absorption features
in the shorter wavelength regimes that originate from common molecular structures such as the C-H stretch present in all
hydrocarbons, they are unique to each specific compound. At room temperature and standard atmospheric conductions,
individual transitions cannot be resolved. Features that are tens of cm-1 wide represent manifolds of transitions and
require a resolution of only a few cm-1 to discriminate, making an OFC with ~100 cm-1 span and sub-cm-1 resolution
ideal for this detection approach.

2. EXPERIMENT
We identified the following candidate chemical compounds to simulate the signatures of security related target
compounds, in the LWIR: poly(methyl-3,3,3-trifluoropropylsiloxane) called “fluorinated silicone oil (FSO)” from Alfa
Aesar, KrytoxTM vacuum oil, grade 1514 from Sigma Aldrich, polydimethylsiloxane called “Dimethicone (SF-96)” from
ClearCo, and UCON OSP-150 lubricant 1H601606 (UCON) from Dow Chemical. These compounds share similar
characteristics. All of these compounds are clear (in the visible) oily liquids at room temperature with 40°C viscosity
~150 mm2/s. Because they are fluorinated, they have unique, strong absorption features in the LWIR. Figure 2 shows
their LWIR spectrum, where the inset provides further detail in the 1180-1250 cm-1 spectral region with overlapping
with the QCL comb emission.

Figure 2. Reference spectra for representative simulant compounds.

Figure 3 shows just the target and signal detector region of the overall setup with, in this case, a 0.3 meter standoff
distance. With no focusing lens the laser spot was approximately 6mm in diameter at the target. With our collection
optics, this spot size overfills the detector, so we also took data with a 100cm lens in the beam path reducing the laser
spot size at the target to ~3mm diameter. To simulate a diffusely reflective surface, substrates were prepared using
0.031 inch (= 0.79mm) thick 6061 aluminum sheet stock. The sheet stock was sanded using a random orbit sander with
#60 (= 250µm) grit sand paper and cut into 20x20mm coupons. Target compound was transferred by pressing a clean lab
tissue saturated with a sample of the target firmly into the center of the coupon to form an approximately 14mm diameter
spot of compound on the surface. To make samples with reduced mass loading, these initial samples were wiped using
the same technique but with a fresh lab tissue. Since an unknown amount of target is transferred and subsequently
partially removed, each sample is independently measured in a Fourier Transform InfraRed (FTIR) spectrometer
configured for reflectance measurements. The absorption cross-section of FSO and Krytox was independently measured
using a Nicolet 4700 FTIR spectrometer and a liquid spectrophotometer cell with a calibrated path length. A series of
dilutions by volume was created by mixing each target with a spectrally flat solvent. The resulting absorption
measurements as a function of known target concentration was fit with a line to determine the absorption cross-section in
cm2/µg of the dominant feature within the OFC span to within ±2%. In this manner we were able to connect a measure
absorption with a known mass loading.
Based on our observations from fixed and moving targets, we conclude that speckle from the diffusely reflective surface
causes variation the total amount of reflected light. We evaluated both fixed, switched, and spinning samples. As shown
in Figure 3, switched samples were mounted to a Brandstrom Instruments A1263-2 shutter blade that actuates between
two positions 90 degrees apart about the shutter motor’s rotation axis, so that the shutter moves first one then the other
sample to a position centered onto the beam. We evaluated both manual switching, where the shutter blade was rotated
manually approximately halfway through the data acquisition sequence, and electronic switching, where a function
generator actuated the shutter and gated the dual comb acquisition system every 2 seconds. In both cases when the
spectra from a blank coupon was used to normalize the spectrum from the sample coupon, the absolute reflectance level
and the baseline shape were not properly normalized. These observations were highly repeatable from data file to data
file but not when different blank coupons were used or even if the same blank coupon was moved slightly relative to the
laser spot.

Figure 3. Setup for standoff detection showing diffusely scattering target (insets), collection optic, and signal detector.

The multi-heterodyne signal from the detector provides only the difference or relative optical frequency between OFC1
and OFC2. We determine the absolute optical frequency by characterizing each OFC individually in an FTIR
spectrometer. Figure 4 shows spectra for a range of drive currents at the temperature closest to the following operating
conditions used during the testing: Laser 1 current 0.9A and at +26.2°C, Laser 2 current 1.2A at +45.8°C. For the drive
current closest to the operating conditions a range of temperatures is also plotted. This comb performance with each
OFC emitting ~0.5W of optical power spanning over 80 cm-1 was achieved by compensating the inherent material and
waveguide dispersion by varying the coupling overlap of the optical mode with the plasmon mode supported by the top
metal contact.10,11 The overlap of these modes was optimized by controlling the thickness of the top cladding layer
applied during wafer processing.
Signal and reference path dual-OFC heterodyne signal was acquired by Vigo PVI-4TE-10.6-1x1 mercury-cadiumtelluride (MCT) detectors with ~6ns response time sampled at 1.6 GHz by an Agilent digitizer for 20ms. The reference
channel is used to track the comb envelope offset and repetition frequencies by dividing each 20ms dataset into 1000
segments and computing a cross-correlation of the fast Fourier transform (FFT) of each segment. This derived comb
tracking information is used both to compensate for the comb drift for time scales slower than 20µs and to locate each
comb tooth. For the signal and reference channel each comb tooth is individually isolated with an infinite impulse
response (IIR) filter and shifted to dc with a Hilbert transform to determine its amplitude. Normalizing signal comb
tooth amplitude with its corresponding amplitude from the reference comb gives a comb envelope that is insensitive to
laser power variations on the 20ms timescale.

Figure 4. Optical emission spectra as for different injection currents and temperatures near room temperature for both QCL
OFCs.

3. RESULTS
We have measured the optical absorption spectrum of samples of FSO and Krytox with mass loadings ∼1-30 µg/cm2
using dual comb spectroscopy based on quantum cascade lasers. These measurements were performed from diffusely
scattering surfaces at stand-off distances of up to 1 meter. These stand-off measurements have ∼0.1% optical collection
efficiency and the sensitivity is limited by the effect of speckle on the baseline diffuse scattering return. We have
evaluated the effect of diffuse reflectance on the optical spectrum by measuring a series of diffusely reflecting blanks.
The dominant contribution is from speckle that varies from target to target and even from position to position on the
same target. (NOW, get into details of how this was evaluated)
We first evaluated a series of blank targets at a standoff distance of 0.31m. For this geometry with a 3mm diameter laser
spot, we estimate that the geometrical collection efficiency is ~ 0.16%. However, there is sufficient laser power, that an
OD 1.0 attenuator in the signal path is required to minimize the amount of light scattering back into the lasers. We
independently determined that the fraction of back reflected light must be less than 0.1% to avoid introducing noise in
the OFCs. Figure 5 shows spectral measurements from a series of blanks named B1, B2, B3, B4, and IG. IG is a 1 inch
diameter InfraGold surface from LabSphere. The F2B1 measurement is a repeat measurement of the B1 target but with
the target removed and re-installed to show the effect of different measurement locations within a single target. Each of
these curves is the average of 40 repeated 20 ms long acquisitions. Figure 5 right shows these same data normalized by
the mean of the spectra from the Bx blanks in the left figure. Note that the 1.973 cm-1 oscillations that remain after the
bin averaging are completely eliminated, indicating that these oscillations are stable in amplitude and spectral position.
We attribute this oscillating background to etalon interference fringes in the optical setup. However, the absolute
reflectance level and low order (up to third order polynomial) shape of the baseline varies slowly with time. Because of
this, in order to make quantitative measurements of target compounds, the third order polynomial dependence of the
baseline away from the target spectral features is removed.
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Figure 5. (left) Raw comb envelope from blank samples. (Right) same data but normalized by mean of all blanks.

To highlight the challenge of using an independent sample or sample position to correct for baseline variation, we took
measurements by applying the oil in place without moving the substrate relative to incident laser beam. In this series of
experiments a blank sample is mounted to the sample holder and a comb measurement is acquired. FSO is applied in
place with a single dab from a saturated lab tissue and another comb measurement is taken. With a fresh tissue, a single
swipe removes some amount of FSO from the sample and another comb measurement is taken. This oil removal process
is repeated 7 times until the sample is finally removed and independently characterized in the FTIR. After normalization
with the spectra taken before target compound was applied, not only is the absolute reflectance level now reasonable but
the baseline requires very little flattening. Since the sample cannot be removed during this series of measurements, there
are no independent FTIR measurements of the sample only at the beginning when it is blank and at the very end.
Therefore, for Figure 6 with the baseline corrected data, the labelled mass loading is deduced only from the comb
measured absorption level due to the FSO feature. Measurements focused on the 2-60 cm-1 regions where the majority of
the comb optical power is located. This result demonstrates a detection limit is ~1-3 µg/cm2.

1.05

170728F.pxp

1.00

Reflectance

0.95
0.90

blank
2

1 µg/cm
3
8
35

0.85
0.80
0.75
0.70
0

10

20

30

40

50

60

-1

Relative Optical Frequency (cm )
Figure 6. Series of comb envelope measurements from FSO applied in place, normalized to first measurement (FSA23) and
3rd order polynomial baseline removed.

We also demonstrated µg/cm2 level detection at 0.9m standoff distance. For this geometry with a 3mm diameter laser
spot, we estimate that the geometrical collection efficiency is ~ 0.09%, dominated by the solid angle fraction that the
collection optic subtends. We reduced the OD attenuation in the signal path from 1.0 to 0.3. We also tried removing the
attenuation altogether. While this resulted in adequate laser power on the detector, the comb spectra were less stable due
to optical feedback into the laser, so the following results were taken with OD = 0.3. Figure 7 shows the results for
another LWIR target compound, in this case KrytoxTM, reinforcing the detection limit of a few µg/cm2.
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Figure 7. Comb envelope of Krytox
baseline removed at 0.98m standoff.

samples normalized by blank sample measurements and 3rd order polynomial

4. CONCLUSION
We demonstrated a compact dual OFC sensor for standoff detection of national security relevant compound with
emphasis on diffusely reflective surfaces that are representative of the real-world surfaces. Our OFC sources are based
on dispersion compensated QCLs at 8.3µm (1180 to 1240 cm-1) with a novel dispersion compensating approach in the
laser processing. The lasers emit ~1W optical power under cw operation near room temperature and produce combs with
optical bandwidths approaching 100cm-1. We developed processing algorithms for reducing the high bandwidth multiheterodyne data stream into the desired spectral information with up to 0.3 cm-1 resolution and optimizing the signal to
noise ratio. Finally, we tested a prototype dual-comb system against diffusely scattering surfaces at standoff distances up
to 1 meter and demonstrated spectral discrimination at the few µg/cm2 mass loading level, a relevant level for national
security needs.
Based on these results, we conclude that standoff detection from diffusely scattering surfaces using coherent comb
sources is possible. However, the scattering surface introduces a random measurement to measurement fluctuation in
the amplitude of the overall comb envelope. Since this variation affects only the overall envelope and not the relative
tooth to tooth amplitude, we demonstrated relative measurements of specific spectral features. Scattered light also
provides a pathway for optical feedback into the laser, to which QCL combs are particularly sensitive. The measurement
SNR is currently limited by these effects and not by the inherent comb amplitude or frequency noise. The amount of
feedback falls with increasing standoff distance, so that at meter scale distances with proper optical isolation, the
sensitivity limit can be improved to the inherent laser noise level limit.
This material is based upon work supported by the Defense Advanced Research Projects Agency (DARPA) Program
Office under Contract No. W31P4Q-15-C-0083.
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