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ABSTRACT 

Results are presented for the detection of trace explosive residues on real-world surfaces using active mid-infrared 
(MIR) hyperspectral imaging.  The target surface is illuminated using miniature, rapidly tunable, external-cavity 
quantum cascade lasers (EC-QCLs) and the reflected light is imaged using a HgCdTe camera with a spatial resolution of 
70 m.  Hypercubes with 128x128 pixels are captured with more than 256 wavelengths that span 7.7 – 11.8 m.  The 
samples consisted of PETN residues which were applied to keyboard keys at various levels of chemical loading.  We 
estimate a limit of detection of less than 6 ng per pixel for the as-deposited chemical.  The explosive residue remains 
detectable by HSI even after wiping the surface several times using isopropyl alcohol.  Simple signature models for solid 
particles (i.e., Mie scattering) and thin-films account for the many of the spectral features observed in the chemical 
signatures. 

Keywords: Mid-IR spectroscopy, Quantum cascade laser, Hyperspectral imaging, Chemical detection, HgCdTe focal 
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1. INTRODUCTION  

Mid-infrared (MIR) spectroscopy is a very promising method for the standoff detection of trace surface chemical 
because most substances have strong and unique absorption features in the MIR portion of the optical spectrum [1-7].  
Our detection approach, active MIR hyperspectral imaging (HSI), involves the use of wavelength-tunable lasers in 
combination with a high-speed camera to capture hyperspectral images (i.e., hypercubes) of the target surface’s 
reflectance spectrum.  These hypercubes are analyzed for spectral features that indicate the presence of the chemicals of 
interest.  A very important application of this technology is the detection of trace explosives.   

 

2. HYPERCUBE ACQUISITION 

Our approach to MIR HSI involves the use of external-cavity quantum cascade (EC-QCLs) for laser illumination [5].  
Figure 1 shows a photograph of the measurement setup in which the samples were measured at close-range (standoff 
distance of 8 cm) in order to achieve a high spatial resolution of 70 m.   A composite hypercube with 256 wavelengths 
was captures across the wavelength range of  = 7.7 – 11.8 m using two of Block’s Mini-QCLTM EC-QCLs.  The laser 
beam was raster-scanned across the target to capture an image area of (8.8 mm)2.   

The samples of PETN on black keyboard keys were provided by the Naval Research Laboratory.  The PETN was 
deposited in small localized regions using a dry-transfer technique at chemical loadings ranging from 50 µg to 0.2 µg.  
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Figure 1. Concept of hyperspectral imaging using a wavelength-tunable MIR laser. 
 

3. RESULTS 

Figure 2 illustrates the procedure for creating a detection map for sample with loading of 50 g of PETN. Shown are a 
visible image of the sample and frame of the hypercube.  The hypercube is analyzed to distinguish areas with clean 
substrate from the contaminated area. To do so, we compute the variance of the measured spectra at a given pixel with 
the spectra of its neighboring pixels; if this value is below a certain threshold, the pixel is assumed to contain only clean 
substrate. These pixels identified as containing clean substrate are shown as red pixels on the detection map in Figure 
2.4. The average reflection spectra of each ‘clean’ pixel is taken to be the best guess for the spectra of the substrate, 
plotted in red in Figure 2.5.  

We next use this data with an adaptive cosine estimation (ACE) algorithm to find pixels contaminated with PETN. Our 
model for the expected PETN reflectance spectra is calculated with a simple a Mie scattering model, using previously 
measured complex index of refraction data for PETN as an input. Thresholds are applied to the resulting ACE detection 
scores to derive the detection map in Figure 2.4 where pixels that were determined to be contaminated with PETN using 
this method are shown in blue., The average spectra of the contaminated pixels are shown as the blue curve in Figure 
2.5, and the average spectra for the clean and contaminated regions starkly shows the difference in reflection spectra.   
Note also that Figure 2.4 contains regions that are determined to have neither a clean substrate nor a strong enough 
signal to be considered as containing PETN and are labeled as ‘neither.’ 

Figure 3 shows the results for a sample having a PETN loading of 0.2 g.  Using the analysis procedure described above, 
the chemical was detected in 33 pixels.  Based on this, by assuming each pixel is equally contaminated with the total 0.2 
µg, we estimate the detection limit to be about 6 ng/pixel.  In fact, we expect the true threshold to be even smaller than 
this value, because this estimate assumes that the contamination is spread evenly over only these 33 pixels whereas one 
can see from the visible image that the contamination is more broadly distributed. 
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Figure 2. Results for sample with a PETN loading of 50 g to illustrate procedure for detecting trace residues. 

 

 
 
 

 
 

Figure 3.  Results for sample with a PETN loading of 0.2 g. 
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Figure 4 shows the results for a series of experiments where we wiped the PETN contaminant off of the keyboard key with an 
isopropanol-soaked cloth. Importantly, even after being wiped away a total of 4 times and leaving no remaining visible 
evidence of contamination, our attempt at cleaning away the explosive still left behind a prominent and easily identifiable 
residue. The measured spectra for the PETN detected after being wiped by isopropanol is shown plotted in Figure 5 as the red 
(wiped 1x) and yellow (wiped 4x) curves. This plot makes clear that the spectral presentation of the PETN contaminant was 
dramatically changed after being wiped away by the isopropanol cloth (as discussed in greater detail below). Nevertheless, the 
residual contaminant was still readily identifiable as PETN within the hypercube image.  

Figure 5  explains the reason for the observed difference in the pre- and post-wiped PETN reflection spectra. Prior to 
being wiped away by the isopropanol, the PETN sample had been prepared as a small, localized pile of dry powder, and 
thus the measured reflection spectra were well modeled by synthetic reflection spectra calculated using a simple Mie 
scattering model. This model is shown in Figure 5, in the panels to the left; the topmost panel shows the measured 
spectra for the powdered PETN, the center panel shows the modeled reflection spectra of PETN powder against the 
measured substrate data, and the bottom panel shows the actual complex component of the index of refraction of PETN. 
In all three frames, vertical lines have been drawn to highlight similar features in all three plots. 

Before discussing the different presentation of the PETN after being wiped away, it is important to first note that PETN 
is easily dissolved by an isopropanol solvent. The residual PETN left behind after being wiped away is therefore most 
likely a result of an isopropanol film containing the explosive that evaporated away, leaving behind a thin film of the 
chemical on the keyboard key. The reflectance spectra of the PETN in this situation is therefore best modeled as a thin 
film rather than as a sparse powder.  

The panels on the right side of Figure 5 demonstrate why this approach is successful. The measured reflectance spectra 
of the PETN in the top panel is well-matched by the modeled spectra in the center panel, which is found simply by 
calculating the specular reflection from a smooth surface using the complex index of refraction data for PETN. The same 
features in the complex index of refraction data are highlighted on the right panels as on the left panels, making it clear 
that the important features in both spectra are in the same spectral location. 

 

 
 
 
 
 
 
 
 
 
 

Proc. of SPIE Vol. 10629  1062915-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 6/8/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Initial
Data

Visible Image Detection Score
.m.w...a....s..rmi a..n...r

ot

u

IA

006

0.05

0.04

c

n na

jMiR-.
?,i4.

0714

1

PEIN. 50 og on a Black Keyboard Key

- Initial Measurement
- Wiped with Isopropanol (1x)

Wiped with Isopropanol (4x)
- Substrate

Wiped with
isopropanol,

lx

Wiped with
isopropanol,

total 4x

IRK NáY,I

0.02

0.01

850 900 950 1000 1050 1100 1150 1200 1250 1300

Wavenumbers [cm-1)

Measured
Spectra

0.055

005

0.045

0 04

0 035

T.1 001

0 025

Before Wiping

-,n.,., w.aa,..m.m
- SuC.,,at.

PE TN Reflectance

0025

0.02

After Wiping with Isopropanol

wp.e wan tsop,opanol i i ai
Suest, at.

Signature

850 900 050 1000 1050 1100 1150 1200 1250 1300

/1.

0.01

0.005

PE TN Reflectance

Substrate

050 900 950 1000 1050 1100 1150 1200 1250 1300

Reflectance from a thin film of PETN

1 it
Model

Imaginary
Refractive
Index

e.n 900

a50 900 950

V
Mie -scattering model

Thin -film model

1000 1050 1100 1150 1200 1250 1300 850 900 950 1000 1050 1100 1150 1200 1250 1000

1000 1050 1100 1150 1200 1250 1300 850 900 950 1000 1050 1100 1151 1200 1250 1300

 
 

 

 

 
 
Figure 4.  Detection of PETN on keyboard keys both before and after wiping with isopropyl alcohol.  After wiping, the shape of the 
reflection signature changes. 

 
 

 
 
Figure 5.  The reflection signature depends on whether the solid is present in the form of solid particles or thin-film.  The PETN is 
observed to appear like a thin-film after wiping with isopropyl alcohol. 
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4. CONCLUSIONS

We presented results demonstrating the capability of MIR HSI to detect trace levels of explosives on real-world surfaces.  
For PETN applied to keyboard keys, we obtain a detection limit of better than 6 ng per pixel.  The explosive residue 
remains detectable even after wiping the surface several times using isopropyl alcohol and no visible contamination 
remains.  Simple signature models for solid particles (i.e., Mie scattering) and thin-films account for the many spectral 
features observed in the chemical signatures. 
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