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We describe a technique for rapid stand-off detection of trace explosives and other analytes of
interest. An infrared �IR� laser is directed to a surface of interest, which is viewed using a thermal
imager. Resonant absorption by the analyte at specific IR wavelengths selectively heats the analyte,
providing a thermal contrast with the substrate. The concept is demonstrated using trinitrotoluene
and cyclotrimethylenetrinitramine on transparent, absorbing, and reflecting substrates. Trace
explosives have been detected from particles as small as 10 �m. © 2008 American Institute of
Physics. �DOI: 10.1063/1.3027461�

Motivated by homeland security and improvised explo-
sive device concerns, explosives detection is an active area
of research. One goal is to augment point detection with
stand-off capability. For most applications, a stand-off tech-
nique should be eye and skin safe, provide rapid real-time
analysis, and be adaptable to other types of threats. In this
letter we demonstrate a resonant infrared �IR� photothermal
approach that has the potential to meet these goals. In this
approach, light of a specific IR wavelength is directed to the
surface of interest1 and the thermal response is viewed with
an IR detector. Substances that resonantly absorb this wave-
length will absorb light more efficiently than the rest of the
surface, and the subsequent IR radiation provides a thermal
contrast to the surrounding surface. As an optical technique,
it is complementary to, but distinct from, other approaches in
the literature,2,3 including IR backscattering,4 photothermal
deflection spectroscopy,5 Raman,6 laser-induced breakdown
spectroscopy,7 coherent anti-Stokes Raman,8 light detection
and ranging,9 photoacoustic,10 cavity ringdown,11 and
terahertz12 spectroscopy.

IR spectroscopy has long been utilized to identify chemi-
cal species based on absorption or reflection properties. In
particular, the signature sequence of absorption bands is
unique to each material, but certain trends emerge. Figure 1
shows the mid-IR transmission spectrum for humid air,
2,4,6-trinitrotolune �TNT� and cyclo-1,3,5-trimethylene-
2,4,6-trinitramine �RDX�. Because they share a common
functional NO2 group, these explosives exhibit similar ab-
sorption spectral features, including the band at 6.25 �m
associated with the antisymmetric N–O stretch. Several other
absorption features in common are noted in Fig. 1. In this
letter, we emphasize this 6.25 �m wavelength region but the
approach is also applicable to the other bands �and to other
analytes of interest�. 6.25 �m offers the advantage of being
outside the detection range of most filtered IR detectors.
6.25 �m also falls within a narrow band where humid air is
relatively transparent, allowing propagation over long dis-
tances.

The transient thermal response of a small particle �p� on
a substrate �s� �Fig. 2�a�� to a laser pulse can be described by
the following system of equations:
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where Vp is the particle volume, Qabs�� ,Rp� is the wave-
length and particle size dependent effective absorption cross
section,13 I is the laser irradiance �W /m2�, Rp is the particle
radius, h is the contact thermal resistance, and �, c, and K are
the density, heat capacity, and thermal conductance. The par-
ticle is loosely attached to the substrate that is modeled
through thermal contact resistance. A uniform temperature
distribution within the particle can be assumed due to its
small size. Convective heat loss is omitted in Eq. �1� as it
was empirically shown �by introducing airflow over the sub-
strate� that convection does not affect the laser heating
process.

The experimental apparatus �Fig. 2�b�� utilizes a com-
mercial quantum cascade laser �QCL� �Daylight Solutions�,
which is tunable in continuous wave �cw� mode from 6.1 to
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FIG. 1. �Color online� IR transmission spectra of air, TNT, and RDX.
Shared absorption bands are highlighted.
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6.4 �m. This laser produces up to 30 mW cw with a spectral
width of �1 cm−1. A variety of pure analytes on different
substrates with different amounts and morphologies was
tested. The optical configuration utilizes a nearly collimated
excitation beam colinear with the collection axis. IR collec-
tion is done with a 100 mm �f /1� lens �Ophir� after the
thermal signal is passed through an 8–12 �m filter. Detec-
tion has been performed using a LN2 cooled mercury-
cadmium-telluride �MCT� single element detector �Infrared
Associates� and an uncooled microbolometer array �FLIR,
Inc.: 320�240 pixels, 38 �m pitch, NETD=85 mK, 30
frames/s�. The difference signal �laser on versus laser off� is
the relevant parameter. This is done by either pulsing/
chopping the laser beam �MCT� or subtracting images �array
detector�. We observe temperature differences of up to a few
degrees �in t=100 ms� depending on the thermal properties
of the substrate. We have demonstrated the technique on
three limiting substrate cases: IR transparent, IR absorbent,
and IR reflecting/scattering.

Figure 2�c� shows a typical thermal profile of carbon
particles on a copper sheet heated by a 785 nm laser diode.
The particles in this test sample were made from carbon
because unlike explosives, they are easily prepared yet pro-
vide a relatively good model for explosives particles. Trace
explosives samples were prepared by drying out solutions on
substrates. This process tends to yield better thermal contact
with the substrate, thereby making analytes that heat less and
are therefore harder to detect than explosives residues
likely to be found in the field.14 Depending on the thermal
properties of the substrate and the particle, typical thermal
relaxation �i.e., cooling� times ��cool� can range from 	1 ms
for particles on metallic substrates to several tens of milli-
seconds for ones on insulating substrates. A rough
estimate of the temperature rise can be given by 
T
�3I�coolQabs�� ,Rp� /4�pcpRp. For example, a 5 �m RDX
particle ��=1700 kg /m3, c=1250 J /kg K�15 illuminated for
10 ms ���cool� with a 10 mm diameter 50 mW laser beam
tuned to an absorption band and assuming full absorption
�Qabs=1� is expected to heat by �1 K. This is more than
adequate as modern IR technology has a detection limit of
�20 mK. This rapid response enables the photothermal
technique to quickly distinguish analytes of interest.

The photothermal signal from the region around
the particle is given by ��Rp

2��1

�2	d��p���H�� ,Tp�
+�s���H�� ,Ts

avg�
, where �p��� and Tp are the emissivity and
temperature of the particle, �s��� and Ts

avg are the emissivity
and average temperature �under particle� of the substrate, and
H�� , t� is the black body radiation. It is important to note that

the emissivity of chemical compounds �including explosives�
is highly wavelength dependent and is directly related to the
absorption coefficient �in accordance with Kirchhoff’s law�.
We use the 8–12 �m air transparency window to take ad-
vantage of the higher emissivity values of RDX and TNT in
this band.

Figure 3 illustrates the resonant photothermal technique
using TNT and RDX analytes deposited on an IR transparent
polypropylene film. As the QCL wavelength is tuned across
the N–O absorption band, the analytes are selectively heated.
The spot size, illustrated by the dashed circle in Fig. 3, is
�10 mm. The laser power varied from 3 to 18 mW, and the
image intensities were normalized by this factor. This se-
quence of images demonstrates the selectivity of the photo-
thermal technique, even between types of explosives. Figure
4�a� shows a thermal image of TNT particles on a stainless
steel substrate. Figure 4�b� shows the differential thermal
image �laser on minus laser off� of the identical scene. This
was measured at 1 m stand off using 20 mW of 6.25 �m
light into a 10 mm spot. Individual particles of sizes
10–100 �m diameter �0.8–800 ng� can be observed. The
temperature difference is �1 °C for the large grain seen in
both images.

For photothermal detection in general, the fundamental
limits to stand-off distance depend on the laser power and

FIG. 2. �Color online� �a� The model used in Eq. �1�. �b� The experimental setup. �c� Transient thermal profile of carbon powder �mesh −100� on a copper
substrate illuminated with a laser �I�80 mW /cm2, �=785 nm� at 1 m stand off. Signal recorded with a LN cooled MCT detector.

FIG. 3. �Color online� Illustration of resonant photothermal heating. Letters
“RDX” and “TNT” were written on a polypropylene film using solution of
the explosives. �a� Result of nonselective heating using a heat gun. �b� IR
spectrum of RDX and TNT showing resonances. �c� Laser heating with
off-resonance wavelength. �d� Laser heating on resonance with TNT only.
�e� Laser heating on resonance with RDX and TNT. �f� Laser heating on
resonance with RDX only.
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divergence as well as the collection efficiency and detector
sensitivity. The ANSI standard maximum permissible expo-
sure �MPE� for eye safety in this IR wavelength range is
0.1 W /cm2 cw.16 A beam that starts out at the eye-safe level
will drop in intensity due to divergence ��� /diameter� and
atmospheric absorption. At the eye-safe MPE, surface par-
ticles heat by up to a few °C. While a few degrees of change
is observed at stand off, it becomes difficult to resolve small
spatial features. For example, using our 100 mm focal length
lens, at 26.3 m a 1 cm diameter object will image to the
38 �m pixel size of our array. The collected thermal signal
should decrease with distance by 1 /R2.

“Black” materials that strongly absorb all wavelengths
pose a possible interference for this technique. For this rea-
son, it is critical to use a reference excitation wavelength that
is off resonance, thereby limiting the false positive signal.
We have demonstrated this with analyte on an absorbing
black plastic. In the case of a black substrate, the resonant
absorption by analytes of interest on the surface can be fur-
ther distinguished by temporally resolving the heating pro-
file. The particles will tend to heat first with a shorter time
constant than the substrate. In addition, it is possible to ex-
ploit the spectral signatures of the thermal signal itself since
by Kirchhoff’s law the emission spectrum matches the ab-
sorption spectrum. Thus, spectral filters on the collection op-
tics could enhance the selectivity.

The IR excitation wavelength could be shifted to couple
to nitrate explosives, such as ammonium nitrate fuel oil or
urea nitrate. These nitrate explosives share the NO3
 ionic
species, which gives a strong N–O absorption band at
7.3 �m. Similarly the resonant IR technique could be ap-
plied to other classes of explosives, including peroxide based
and those not yet discovered. It could also be adapted to
nonexplosive materials of interest, such as chemical warfare
agents or drugs of abuse.

In conclusion, resonant IR photothermal imaging is a
promising technique for rapid selective stand-off detection of
trace explosives. It has been demonstrated using RDX and
TNT traces on a wide range of substrates including transpar-
ent, reflecting, and absorbing. The photothermal signal is
largest on substrates with low thermal conductivity. Further
development of the technique is ongoing, including testing it
outdoors as a function of temperature, humidity, wind, dirt,
and ambient light. We have also developed a single channel
detection modality not requiring an imaging array. To in-
crease the selectivity and sensitivity, we are also utilizing
multiwavelength and sweeping wavelength approaches.
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FIG. 4. �a� Raw thermal image of TNT particles on a stainless steel sub-
strate. �b� Differential image �laser on minus laser off�. Individual particles
of sizes 10–100 �m diameter can be observed �1 m stand off, 20 mW,
6.25 �m, 10 mm spot�.
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