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Standoff Imaging of Trace RDX Using
Quantum Cascade Lasers

Panos G. Datskos, Member IEEE, Marissa E. Morales-Rodriguez and Larry R. Senesac

Abstract— We report on a standoff spectroscopic technique for
detecting chemical residues on surfaces. An infrared (IR) camera
was used in combination with a wavelength tunable mid-IR
quantum cascade laser to acquire multispectral image arrays of a
surface with explosive residue. IR spectral signatures of residue
of cyclotrimethylenetrinitramine (commonly known as RDX)
were extracted in the wavelength range 7.9 to 9.7 pm from the
multispectral IR images. Detection of RDX was achieved for a
lower surface concentration of 5 pg cm™ and a higher surface
concentration of 20 pg cm? at distances of 0.15 m and 1.5 m,
respectively. We performed no background subtraction and the
resulting IR spectra of RDX were compared with reference
Fourier Transform IR Spectroscopy data that were acquired by
placing 20 pg of RDX on a ZnS window. We found that the
detection of RDX can be made with negligible interfering
contribution of reflected IR photons from the substrate surface.

Index Terms— Sensing, infrared spectroscopy, quantum
cascade lasers

I. INTRODUCTION

VER the past decade, laser-based standoff techniques

have been developed for the detection of trace amounts

of explosive materials [1-13]. To date, a variety of laser-
based spectroscopy techniques have been investigated, and
despite the best efforts, identifying explosives materials in a
real-world environment still remains a challenge. Many of
these techniques rely on high-power lasers that tend to
compromise the safety of the operator and bystanders while
their chemical detection sensitivity and/or selectivity can be
affected by environmental interferences [3]. More recently,
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systems with tunable quantum cascade lasers (QCLs) have
been used because of sufficient photon fluxes in the mid-
infrared (IR) range and compact size.

The use of direct-absorption spectroscopy relies on measuring the
photon intensity after passing through the sample or being reflected at
its surface. Its sensitivity can be limited by laser fluctuations and
noise in the detection system [14]. The detection of chemical traces
often requires locating and identifying the trace chemical. Infrared
hyperspectral imaging (HSI) techniques provide the potential to
obtain both spatial detail and reliable spectroscopic information by
acquiring a series of images at different wavelengths. The
hyperspectral image typically contains a spectral map of the imaged
surface (Figure 1). Each image represents the IR absorption and
emission when illuminated by a specific wavelength. To accomplish
this, images of a scene with only specific wavelengths are recorded.
Successively capture of the scene with different produces a set of
images that form an HSI array. When using smaller number of
wavelengths, it is typically referred to as a multispectral image array.

There are a number of different HSI approaches that are described
in the literature [1, 12, 13]. HSI offers a significant analytical
capability compared to single-point spectroscopy [12] and there is
unique spectroscopic information since the majority of molecules are
active in the IR region [15, 16]. Although some HSI spectroscopy
systems rely on passive illumination, the use of active illumination
can lead to higher sensitivity. In particular, because there is good
atmospheric transmission in the IR range between 3.5 and 5 pm and
8 and 14 pm, it is ideally suited for standoff detection and
identification of explosives, toxic organic compounds, and chemical
and biological agents [17].
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Fig. 1. A set of images is taken at a number of different wavelengths (from
A1, to An). For a passive system this is accomplished by separating the
ambiently illuminated polychromatic image scene into many
monochromatic images using filters or gratings. For an active system the
scene can be illuminated with additional monochromatic light from a
wavelength tunable source and the images are acquired individually as a
function of wavelength of the illumination source. The resulting image
array contains all the spectral information needed to extract a spectral
profile of every pixel in the image and the possibility of identifying the
chemical make-up of the object that was imaged by those pixels.
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Fig. 2. Schematic of the experimental setup. The substrate with the RDX residue was
illuminated by the QCL which was placed at a distance of 3 m. The IR camera was
used to IR record images of the residue for different QCL wavelengths.

The standoff imaging of chemicals by IR spectroscopy offers the
possibility to detect and identify chemicals adsorbed on a surface. By
recording several images at different wavelengths, a multispectral
image array can be constructed. In contrast, when a single
wavelength is used the probability of detection is lower. For example
if the probability for the detection using a single wavelength is 0.6 it
can increase to 0.96 by using three wavelengths [18, 19]. In addition,
molecule bleaching and relaxation processes and the number of
pixels in the detector may influence the performance of the chemical
detection, spectral signature, and imaging techniques [18, 19].
However, the simultaneous use of multiple wavelengths in the
spectrum provides higher confidence.

As the topic of standoff detection continues to draw growing
interest from both researchers and stakeholders, new techniques and
approaches will be required with applications to challenging areas,
such as chemical diagnostics, security, health, and environmental
monitoring [20, 21].

II. EXPERIMENTAL

A. Apparatus

In the present work, we used a standoff spectroscopic technique to
detect cyclo-trimethylene trinitramine (commonly referred to as
RDX) residue adsorbed on a stainless-steel substrate.  The
experimental setup we used is shown schematically in Figure 2. The
stainless-steel substrate with the RDX residue was placed at an
approximate distance of 3 m from the QCL and we ensure that the
QCL illuminated all of the RDX residue. The incident angle could
be adjusted appropriately to minimize any direct reflections to the IR
camera. The stainless steel or other reflective substrates can interfere
with the detected signal from the analyte by overwhelming the
detector while the scattered photons from the sample contain the
spectral information. However, if a non-reflective substrate the
choice of a detection angle is less crucial. Therefore, maintaining the
same angle as in the case of reflective substrates will allow operation
for both reflective and non-reflective substrates.

We deposited RDX residue on a stainless-steel surface by first
preparing a chemical solution of 20 pg of RDX in 1 mg mL!
acetonitrile solvent. The solution was first then deposited using a
micropipette on a stainless-steel surface with dimensions of 5.3 cm x
3.9 cm; the RDX residue covered a total area of ~1 cm’ on the
substrate. The deposition of RDX was performed under ambient
conditions and the solvent evaporated, which resulted in the
formation of an RDX residue. Because all of the RDX was left
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Fig. 3. (a) IR image and (b) a visible image of the target with a fingerprint size (1 cm
x 1 cm) residue of RDX. The camera was located 1.5 m from the target and the IR
image was recorded while the sample was exposed to 8.6 pm photons (c). The RDX
covered an area of approximately 2x2 pixels in the IR image and is shown in (a) as a
bright (higher intensity) spot near the center of the target. In the visible image (b), the
RDX spot is located between the three bright reflection points, which form a triangle
on the stainless-steel target plate.

behind on the surface following the evaporation of the solvent, the
approximate surface density of RDX was ~20 pg cm™.

The QCL was used as the active infrared illumination
source and was tunable in the wavelength range between 7.9
and 9.7 pm, whereas the scanning steps were 200 nm. The
QCL was placed at a distance of 3 m from the substrate and
was operated at a frequency of 74.9 kHz with a pulse duration
of 500 ns and a peak pulsed power of ~450 mW. The laser
source used was an external cavity QCL manufactured by
Daylight Solutions (San Diego, CA). The QCL beam
diameter at the laser exit was 4 mm with a divergence of
approximately 4x107 rad. There was no additional IR lens
attached to optically shape the output IR beam.

The uncooled microbolometer IR camera was a los-cost
RAZ-IR from Sierra Pacific Innovations Corp. (Las Vegas,
NV). The IR focal plane array had 160 x 120 pixels with a
pitch of 35 um and a field of view of 25° x 19°. The uncooled
IR camera had a noise equivalent temperature difference
(NETD) of 120 mK and an operating spectral range between 8
and 14 um [22]. The IR camera was placed at a distance of
1.5 m and 0.15 m from the sample substrate and in both cases
the viewing angle was approximately 10°. By positioning the
camera at different distances and without changing the camera
optics IR images of RDX with lower and higher surface
densities were captured with the IR camera while we used the
QCL to illuminate the RDX with different wavelengths. The
uncertainty in our measurements varied between 0.5% for the
QCL power measurements and ~2% for the IR imaging data.

III. RESULTS AND DISCUSSION

First, we positioned the IR camera 1.5 m from the RDX
residue. At this distance, the field of view of the IR camera
corresponded to an area of 2x2 pixels on the focal plane array,
thereby capturing images of the entire 1-cm-diameter area
with the RDX residue. This area appears as a bright spot in
Figure 3a and is located near the center of the substrate in the
IR image. In Figure 3, we show both the IR image at 8.6 pm
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and the visible image of the substrate with the RDX residue.
The inset in Figure 3c is a close-up of an 8x9-pixel region
surrounding the 2x2- pixel area region that covers the area
where the RDX residue was located.

The 2x2-pixel area is observed as the higher intensity (brighter)
pixels because of the IR absorption of RDX. The bright spots shown
in the visible image outside the residue region are due to the
reflection of the room (visible) lights off the polished stainless-steel
surface and have no effect on the IR measurements. The QCL was
tuned to 10 different wavelengths and IR images were recorded while
illuminating first a reference stainless steel sample and then the
stainless-steel sample with the RDX residue. Although in this work
we did not perform background subtraction, the IR images at each of
ten QCL illumination wavelengths of the clean substrate allowed us
to compare the IR spectra with and without RDX present. In Figure
4a, we show the normalized 8x9-pixel area from the image around
and including the ~2x2-pixel area with the RDX residue. The
variations in brightness of the IR images can be observed when RDX
is present (Figure 4a). We found that in the wavelength range of
7.9-9.7 um, the brightness in the IR images did not change
appreciably for the stainless-steel surface without the RDX residue.

We also constructed three-dimensional (3D) plots of the RDX
image intensities shown in Figure 4b. The 3D plots are scaled in
values from 0 to 255 and the higher intensity pixel values occur in the
center of the image that covers the 2x2-pixel area shown in
Figure 4a. In each 3D plot, the highest pixel intensity value for each
image is listed for each wavelength. For the captured IR images, we
found that within the 8x9 pixel area there is a 2x2-pixel area that
shows higher signal intensity compared to the rest of the pixels in the
larger 8x9-pixel image. We found that under our experimental
conditions the 2x2-pixel area contains most of the relevant spectral
information compared to the intensity of the rest of the pixels within
the 8x9 pixel (but outside the 2x2-pixel area).
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Fig. 4. (a) IR images for RDX residue at a distance of 1.5 m from the RDX residue
and for 10 different illumination wavelengths. The images are 8x9 pixels and include
the ~2x2-pixel area of the RDX residue. The approximate surface density of the RDX
residue was 20 pug cm? b) Three-dimensional images of the intensity of the 8x9-pixel
area. The pixels that exhibit higher intensities are located in the center, indicating the
RDX location on the substrate.
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Fig. 5. Standoff spectrum of RDX residue on a stainless-steel substrate at a distance of
1.5 m. The standoff curve is a plot of the brightness changes in the RDX IR images.
The dash-dot curve shows the FTIR reference spectrum obtained by depositing RDX
onaZnS substrate. The dash curve shows the QCL power as a function of wavelength.

Therefore, the relative intensity differences within the 2x2-pixel
area are not as significant as when they are compared with the
intensity of pixels outside this region. The higher-intensity values
occur in the center of the image that covers the 2x2-pixel area.

The IR, images appeared bright (hotter) at wavelengths where the
RDX molecules absorb. The observed pattern of brightness as a
function of wavelength appears similar to traditional spectroscopic
transmission spectra of the RDX residue. In Figure 5, we plotted the
intensity changes (closed circles in the red curve) in the RDX IR
images from Figure 4a. The intensity variations were determined
from the average intensity level of the 2x2-pixel image area that
corresponds to the location of the residue and represents the IR
absorbance as a function of wavelength.

We obtained the Fourier Transform Infrared Spectroscopy
(FTIR) spectra of 20 ug of RDX that was deposited on a ZnS
substrate. We used a Digilab FTS 7000 FTIR instrument that
was equipped with a diamond attenuated total reflection
ATR), a KBr beam-splitter and deuterated-triglycine sulfate
(DTGS) detector. The measured FTIR spectrum is shown
with the dash-dot curve in Figure 5. The dash curve in Figure
5 represents the QCL power as a function of wavelength.

In addition to the standoff IR spectra we obtained for RDX using
the IR images we also obtained standoff spectra of RDX residue on a
stainless-steel substrate at a distance of 1.5 m using single-point
detection. The IR spectrum was obtained by scanning the QCL
wavelength from 7.9 to 9.7 wm and measuring the resulting signal
using a thermoelectrically cooled Mercury-Cadmium-Telluride
(MCT) IR photodiode. In Figure 6 we show the measured single-
point IR signal as a function of wavelength. For the RDX surface
concertation of 5 pg cm? the photodiode reproduced the RDX
spectral trend but was unable to reproduce specific features of the
FTIR spectral response. We attribute this to two main reasons i) the
low surface concentration of RDX and ii) the measured photodiode
signal is integrated over the whole substrate area and not only the
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Fig. 6. Standoft spectrum of RDX residue on a stainless-steel substrate at a distance
of 1.5 m. The IR spectrum was obtained by illuminating the RDX residue with the
QCL and measuring the IR signal with an IR photodiode. Also plotted is the QCL
power as a function of wavelength.

arca where the RDX residue is present. Therefore, it can be
advantageous to capture a spatially resolved signal especially for low
concentrations. We also plotted in Figure 6 the QCL power as a
function of wavelength.

In order to improve the spatial resolution of the images using the
sample IR camera optics, we positioned the IR camera closer to the
RDX residue at a distance of 0.15 m from the substrate. We prepared
a chemical solution of 37.5 pg of RDX in 1 mg mL! acetonitrile
solvent. The solution was deposited using a micropipette on a
stainless-steel surface in the shape of the letter M. After the
deposition process, the acetonitrile solvent evaporated and the RDX
residue formed two characteristic lines on the outside boundaries of
the deposition. Because of the deposition technique, the amount of

RDX deposited is higher in some sections along the M-shaped
area. The total deposition area was approximately 7.5 cm?, which
corresponds to a surface density of RDX of ~5 ug cm?. The RDX
residue could be seen in the IR image while no measurable change in
the image brightness was recorded in the visible images as the QCL
was scanned between 7.9 and 9.7 pm.

The QCL was scanned over the wavelength region of 7.9 to 9.6
um. For 10 distinct wavelengths, we captured IR images of the target
with the M-shaped residue of RDX. Figure 7 shows 65x60-pixel IR
images that correspond to the area where the RDX residue covers the

8.8 um

Fig. 7. IR images for the M-shaped RDX residue at a distance of 0.15 m. Shown are
the normalized 65x60-pixel images from the area containing the RDX residue.
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Fig. 8. IR spectrum of the M-shaped RDX residue at a standoff distance of 0.15 m.
For comparison, we show the RDX FTIR reference spectrum. Also plotted is the
QCL power as a function of wavelength.

stainless-steel substrate. The higher resolution allows for observation
of the nonuniform coating that was formed by the RDX residue and
provided a larger area of higher-intensity pixels to perform the
analysis as a function of wavelength.

The changes in relative pixel intensity as a function of wavelength
were determined for each IR image. When the values of the pixel
intensities are plotted as a function of wavelength, the result is an IR
spectrum represented at each pixel location. A plot of a single pixel
intensity value, located on the M-shaped residue, as a function of
wavelength is shown in Figure 8 (diamond markers). Also shown in
Figure 8 is an FTIR spectrum of the RDX and the QCL power in the
IR wavelength range scanned by the QCL. The overall spectral
response has the main characteristics of the reference FTIR spectrum
for RDX.

In our analysis of the IR images, we performed normalization of
the entire array to determine the highest- and lowest-intensity values
of the pixels. Such normalization allowed us to correlate the pixel
intensity and illumination wavelengths from the QCL. The
resolution of the images, the infrared region scanned, and the standoff
distance play an important role and determine the appropriate
approach for analyzing the IR images. For example, to perform the
detection of the RDX at a distance of 1.5 m, we averaged pixels that
showed high intensity (brightness) in the image. In that case,
averaging was performed due to the low resolution of the IR images
at 1.5 m. However, for the higher-resolution IR images obtained at
shorter distances (0.15 m), the intensity variations as a function of
wavelength of a single pixel were found to contain enough spectral
information to obtain the spectroscopic information for the RDX
residue.

The IR spectra obtained for RDX seem to follow a similar overall
behavior compared to RDX standoff spectra data reported in the
literature. [6, 23-25]. Although the RDX spectra obtained with
laboratory FTIR instruments are nearly identical, a closer inspection
of standoff spectra reveals differences in the relative peak heights.
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However, there are some differences in spectral details which is also
the case when comparing literature data. One of the explanations
given in the literature is the difference between “fresh” and “aged”
RDX[23].

The IR spectra for RDX that we obtained in this work using the IR
imaging technique have spectral features and overall behavior in the
wavelength region 7.9 and 9.7 um that can be used to allow
identification of RDX. Using advanced signal processing techniques,
artificial neural networks or machine learning the spectral signatures
can be extracted even in the presence of other contaminates or clutter
[26, 27]. Furthermore, this particular wavelength region (7.9 and 9.7
um) has the potential to allow long standoff distances due to the
atmospheric window.

IV. CONCLUSIONS

In this work, we found that background correction was not
necessary to obtain the RDX spectra for the IR region 7.9 to
9.7 um. Accomplishing standoff detection of RDX without
the use of background subtraction is an important attribute of
the present approach. Many times, in real world applications
the nature of the substrate may be unknown or can vary
making impractical or difficult perform background
subtraction or correction. Furthermore, since single point
detectors detect the photons without any spatial resolution,
then for the same photons flux the use of IR focal plane array
can help pinpoint the areas with the residue especially for the
case of lower surface concentrations.

Comparison of the spectra obtained without background
correction reproduced adequately the FTIR spectre. Due to
the reflective nature of the substrate and because the IR
camera angle was selected to minimize direct reflections from
the QCL, the background signal remained relatively flat.
Comparison of the spectra obtained without any background
correction followed the overall trends of FTIR spectra for both
the lower- (longer standoff distance) and higher- (shorter
standoff distance) resolution images.

In summary, a series of IR images of a sample irradiated with a
tunable QCL source was used to demonstrate a standoff detection
technique. We detected RDX material adsorbed on the surface with
a negligible interfering contribution of reflected IR light from the
stainless-steel surface. IR images were captured to form
multispectral image arrays of a substrate surface with a RDX residue
by taking images at 10 different QCL illumination wavelengths.
Spectral signatures for areas with RDX residue images were
extracted and these spectral signatures were found to correlate
reasonably well with reference FTIR spectra of RDX. Detection of
RDX was achieved for a residue surface density of 20 pug cm® at a
distance of 1.5 m, and 5 pg cm? at a distance of 0.15 m.

In the multispectral IR imaging technique, we presented in this
work, each pixel of the IR camera represents a small area of the
scene. Depending on the resolution of the IR camera and the optics,
the area could be scaled down to the size of a fingerprint, or the size
of a larger object. By using currently available computational
resources, IR spectra from all pixels in the IR image can be extracted
in a relatively short time, thereby allowing a chemical inspection of
objects in the scene.

5

Although the approach studied here works well under laboratory
conditions and provides reproducible results for RDX residue on
surfaces in the range of 5 pg cm and distances of 0.15 m, it requires
additional development in order to become suitable for field, increase
the standoff distance, have wider concertation range and include
additional analytes. As in many of other similar approaches
increasing the standoff distance while decreasing the detectable
concertation there limits due to the laser power, detection sensitivity
and optics.
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