
Abstract. Laser photothermal methods of standoff detection
of trace explosive residues on surfaces are considered. The
analysis is restricted to the most promising methods: photo-
acoustic spectroscopy, deêection spectroscopy, and IR photo-
thermal imaging of objects under resonant irradiation.
Particular attention is paid to the choice of radiation sources
and detectors. Comparative analysis of the existing standoff
detection methods for explosive particles on the object surface
is performed. Prospects of laser photothermal spectroscopy in
this éeld are discussed.

Keywords: laser photothermal spectroscopy, explosives, standoff
detection.

1. Introduction

Detection and identiécation of trace amounts of explosive
residues are of great practical importance for national
safety [1 ë 6]. The most generally accepted methods for
detecting trace explosive residues (in particular ion mobility
spectrometry [7, 8] and gas chromatography [9, 10]) are
used to detect them in the gas phase and have a local

character. Unfortunately, the vapour pressure of many
known explosives is extremely small at room temperature
(Fig. 1); moreover, using simple techniques of masking
explosives (for example, putting them into a plastic bag),
one can reduce the explosive concentration in environ-
mental air by three more orders of magnitude [11].
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Figure 1. Concentrations of some highly efécient explosives in air at
25 8C [25].



The extremely low vapour pressure of most explosives
gave many researchers an idea of detecting their traces on
surfaces of materials rather than as vapour-based detection.
The investigations showed that successive éngerprints left
on surfaces of some objects by a person who had dealt with
explosives led to contamination of these surfaces by
explosive particles with a mass from one milligram (in
the érst contact) to few nanograms (after 40 ë 50 contacts)
[12]. It is important that most explosives are well attached to
the surfaces of materials with a high surface energy (for
example, metals and their oxides); i.e., are strongly bound
with them by adhesion forces.

In particular, only one grain of RDX (also known as
hexogen or cyclonite) with a size of 5 mm and mass of
� 90 pg contains � 300 billions of molecules; i.e., the same
number as in the gaseous phase in 1 L of air under normal
conditions [2]. Thus, it is quite feasible to detect trace
amounts of this explosive using distant sensing of the
surface of the object studied.

In contrast to local (point) analysis, in the case of distant
detection of explosives both the operator and the equipment
necessary for analysis remain at a safe distance from the
object. In the literature, this method for detecting trace
amounts of analytes is referred to as standoff detection
[5, 13]. It should be distinguished from the other distant
method for detecting explosives: remote detection, where
only the operator is at a safe distance [5]. In the latter case a
robotic platform with equipment is in the immediate vicinity
of suspicious object.

There is good reason to believe that the standoff
methods, which are characterised by rapid analysis, high
sensitivity and selectivity, and capability of detecting and
identifying many known explosives, should be based on
laser techniques [4, 5, 14]. Currently, the most widespread
laser methods for detecting trace explosive residues are the
cavity ring-down spectroscopy (CRDS) [15], Raman spec-
troscopy [15, 16 ë 18], photofragmentation ë laser-induced
êuorescence (PF ëLIF) spectroscopy [15, 19, 20], laser-
induced breakdown spectroscopy (LIBS) [15, 21 ë 24], infra-
red spectroscopy [25], and active IR imaging based on
backscattering spectroscopy [26].

Currently great interest is shown in the methods of
photothermal spectroscopy, which has been developed for a
long time and has a wide range of application [27 ë 31].
Nevertheless, only relatively recently this technique has been
recognised as an alternative to standoff applications
[32 ë 37], which explains the absence of critical analysis
of the possibility of its use for detection of trace explosive
residues (on the surfaces of objects located at a safe distance
from the operator) in the literature.

The development of standoff sensors appears to be the
most complex problem in detection and identiécation of
trace explosive residues in view of the requirements for these
devices. The basic requirements are as follows:

(i) high sensitivity (10 ë 100 ng) [21];
(ii) high selectivity of analysis;
(iii) low false alarm probability (10ÿ6) [38];
(iv) simultaneous detection and identiécation of several

explosives in a multicomponent mixture;
(v) long-range detection (10 ë 100 m, depending on the

problem to solve) [4];
(vi) monitoring in real time;
(vii) no harm for human eye and skin;
(viii) hidden examination.

There are no sensors that would completely satisfy all
these requirements. In this context, the development of new
methods for detecting trace explosive residues and improve-
ment of the known methods are still urgent.

In this review we analyse the state of the art of the
investigations in this éeld and estimate the prospects of
further development of photothermal spectroscopy for
standoff detection and identiécation of trace explosive
residues on surfaces.

For brevity, the results will be presented in condensed
form, and references to original studies will be given for
more details. We will also indicate a number of full-range
reviews and monographs, which contain a large amount of
data on individual aspects of the problem of detecting trace
explosive residues.

2. Spectral features of explosive molecules

Widespread explosives, such as trinitrotoluene (TNT),
cyclotrimethylenetrinitramine (RDX), pentaerythritoltetra-
nitrate (PETN), etc., are known to contain hydrogen,
carbon, nitrogen, and oxygen [6]. Explosives are charac-
terised by high nitrogen content, which exceeds several
times that in conventional materials (silk, polyurethane,
nylon, etc.). Most explosive mixtures, including the afore-
mentioned ones, contain either nitro (NO2) or nitrate (NO)
groups. The vibrational frequencies of these groups depend
on the type of the atom to which a given group is attached
in the explosive molecule, and the absorption cross sections
at these frequencies are fairly high. For example, a typical
peak value of the absorption cross section sm for stretching
vibrations of the NO2 group in widespread explosives is
�1ÿ 10� � 105 cm2 molÿ1 [2].

The fundamental vibrational ë rotational transitions in
molecules of almost all known explosives lie in the mid-IR
range from 2500 cmÿ1 (4 mm) to 1100 cmÿ1 (9 mm) [38].
Generally the room-temperature absorption spectra of large
organic molecules consist of one or several wide (several
gigahertz) bands [39]. The vibrational ë rotational absorp-
tion spectra of explosive molecules have many speciéc
features, which are determined by their symmetry and
chemical composition. Thus, one can identify individual
absorption spectral lines with high accuracy.

That is why the methods of IR laser spectroscopy are of
practical interest for detecting and identifying explosives.
Moreover, currently only laser techniques can be a real base
of standoff detection of trace explosive residues on the
surface. At the same time, simple estimates show that
conventional absorption IR spectroscopy cannot provide
the necessary sensitivity (� 100 ng cmÿ2) [27].

3. Laser photothermal spectroscopy

Laser photothermal spectroscopy is an alternative to the
conventional absorption spectroscopy methods. Photother-
mal methods are based on direct measurement of the
radiation energy absorbed by an irradiated object [27 ë 31].
Absorption of light in a sample and a subsequent change in
its thermal state (temperature and other thermodynamic
temperature-dependent parameters) are general processes
for all photothermal methods. Therefore, eventually all
photothermal methods are based on measuring variations
in temperature, pressure, or density that are caused by light
absorption in a medium.
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Photothermal methods are active, nondestructive, and
(in most cases) contactless. Generally, a material is heated
by amplitude-modulated laser radiation. A characteristic
feature of all photothermal methods is the collection of
information about the properties and composition of the
medium under study based on direct detection of absorbed
power from the related changes in the physical and
thermodynamic parameters of the medium. Hence, the
characteristic features of these methods are as follows: (i)
zero-reference measurements (in the absence of absorption
the output signal is zero), (ii) an increase in sensitivity with
increasing the radiation power (up to the absorption
saturation), and (iii) fundamental limitation on the sensi-
tivity by thermal êuctuations in the medium under study.

There are many methods for monitoring the thermal
state of materials, which differ in the way of photothermal
signal detection. The methods based on direct calorimetric
or temperature measurements use temperature sensors. In
photoacoustic spectroscopy the change in pressure in a
medium upon heating is monitored using pressure sensors.
Photothermal interferometry, photothermal deêection spec-
troscopy, thermal-lens method, photothermal diffraction
spectroscopy, and photothermal reêection spectroscopy
are based on measuring the variations in the refractive
index upon sample heating. IR detectors are used in laser
photothermal radiometry to record changes in the IR
emission spectrum that are caused by periodic sample
heating. Details of laser photothermal spectroscopy can
be found in the original papers [40 ë 47], as well as in reviews
and monographs [27 ë 31].

Practical application of photothermal methods in com-
bination with tunable lasers turned out to be especially
efécient for studying and monitoring weakly absorbing
media [27, 28, 41, 44 ë 46]. In particular, the methods of
laser photothermal IR spectroscopy are used in a very
important application: detection and identiécation of trace
explosive residues in the gas phase [38]. In this case, most
absorption measurements were performed using mid-IR
lasers on molecular rotational or vibrational ë rotational
transitions.

Below we will be focused on the latest results obtained
by photothermal spectroscopy for standoff detection and
identiécation of trace explosive residues on surfaces. We

believe the methods of photoacoustic and deêection spec-
troscopy, as well as IR photothermal imaging of objects
exposed to resonant irradiation, to be very promising for
these purposes.

4. Speciéc features of standoff spectroscopy

Standoff technique appears to be one of the most wide-
spread methods for detecting trace explosive residues [4, 5].
However, a number of diféculties must be overcome to
implement it. First, the laser intensity at the detector input
is inversely proportional to the squared distance to the
object. Hence, both the radiation source power and detector
sensitivity should be suféciently high. Second, large-
distance measurements must be performed taking into
account the real state of atmosphere and the related
dependence of light absorption and scattering on the laser
wavelength, as well as the presence of transparency
windows in the atmosphere (Fig. 2). In addition, the
standoff technique imposes additional limitations on the
laser wavelength and power density: both must be safe for
human eye and skin.

Distances of 10 ë 100 m are assumed to be quite safe to
apply standoff detection of explosives that are, respectively,
in possession of suicide terrorists or transported [4, 5, 34].
Standoff detection can be very efécient in places jammed
with people (airports, railroad stations, underground sta-
tions, cinemas, etc.) (Fig. 3). An important advantage of
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Figure 3. Example of possible application of the method of standoff
detection and identiécation of trace explosive residues on the object
surface [32].
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this technique is the absence of intermediate stages (selection
of tests and their transport to sensitive detector), due to
which the examination time is signiécantly reduced in
comparison with the local analysis, and examination can
be performed in real time.

High-resolution laser spectral analysis (in particular,
laser photothermal spectroscopy) can be used to implement
highly sensitive standoff detection of explosives, both in the
gas phase and in the form of microparticles on the surface of
various materials. In this case, the necessary sensitivity,
selectivity, and accuracy of analysis are provided by the
high-precision measurement of resonant absorption of laser
radiation within the proéles of individual vibrational ë
rotational lines in the spectra of molecules.

Under real conditions a signiécant problem in the
analysis of trace explosive residues is the overlap of the
vibrational ë rotational absorption spectra of the material
under study and interfering gases [15, 38, 48]. The overlap
of the vibrational ë rotational spectra obscures the object
analysed and signiécantly affects the very important char-
acteristic of explosive sensor: false alarm probability
[38, 48]. In the standoff analysis these limitations are typical
of almost entire IR range, which is characterised by a high
density of weak absorption bands of H2O, CO2, and some
other atmospheric gases (Fig. 4). In this case, quantitative
concentration analysis is generally performed on the basis of
the data of multispectral measurements using the spectral
line databases, for example, HITRAN [49]. There are many
studies on this special issue [38, 48, 50 ë 57], which is to a
greater extent a mathematical problem; therefore, we will
not dwell on it and only note that the analysis of mutual
position and characteristics of lines in vibrational ë rota-
tional bands of materials under study and interfering gases
makes it possible to preliminary estimate the effect of their
overlap in different spectral ranges and tune the analytical
device to the most favourable range. This approach could be
implemented due to the development of tunable quantum-
cascade lasers (QCLs) with a narrow lasing line. Application
of these lasers makes it possible to choose practically any
spectral range in the entire mid-IR region [58, 59].

5. Lasers for standoff photothermal spectroscopy

Currently, most often used IR sources for photothermal
spectroscopy are lasers. When they are applied as sources of
tunable monochromatic radiation for spectral analysis in
the standoff regime, their main spectral characteristics are
of primary importance. They are as follows:

(i) operation in the spectral range that provides the best
detection conditions for the chemical compounds under
study (as was noted above, this is almost entire mid-IR
range, from 4 to 9 mm);

(ii) position of the laser wavelength in the atmospheric
transparency window (in order to provide detection at large
distances) (Fig. 2);

(iii) suféciently high radiation power (more than 0.1 W)
and low noise to ensure a low detection threshold for trace
explosive residues;

(iv) single-mode radiation with a narrow lasing line (less
than � 0:001 cmÿ1), which makes it possible to completely
resolve spectral features of objects under study;

(v) wide band of smooth frequency tuning of laser
radiation, which provides detection of materials under
consideration in real multicomponent media (no less than
100 cmÿ1);

(vi) quality and rate of radiation frequency tuning,
suféciently high to provide reproducible scanning in a
chosen spectral range;

(vii) stability and reproducibility of radiation parame-
ters.

Recently low-pressure CO2 and CO gas lasers were main
radiation sources in the mid-IR range. None of them is truly
tunable. They generate a set of discrete lines in the ranges of
9 ë 11.5 and 5.0 ë 7.5 mm, respectively, which fall in the range
of fundamental vibrational ë rotational transitions in mol-
ecules of some well-known explosives (TNT, RDX, PETN,
etc.) [38]. These lines are spaced by � 1 cmÿ1. Application of
these lasers in the detection of trace explosive residues is
efécient for large (heavy) molecules, with characteristic
broad absorption bands lying in the above-mentioned
spectral region. At the same time, in the case of light
molecules, which have narrow absorption lines, the detec-
tion eféciency depends on the coincidence of the laser
wavelength with the absorption line for the gas analysed.
Unfortunately, since CO2 and CO lasers cannot be smoothly
tuned, the selectivity of photothermal spectroscopy based on
these sources is rather limited for explosive detection. This
drawback can be overcome using a high-pressure CO2 laser,
where pressure-induced broadening leads to overlap of
individual lasing lines; as a result, smooth tuning in the
wavelength range of 9 ë 11 mm can be performed [60].
However, the entire detection system becomes more bulky
and complex.

Molecules whose characteristic absorption bands are not
overlapped with the lasing lines of the above-mentioned
lasers are detected using other radiation sources, for
example, tunable spin-êip Raman lasers [61 ë 63], lithium
niobate parametric oscillators [64 ë 66], and cw semiconduc-
tor lasers [67, 68].

Conventional semiconductor lasers generally operate in
the near-IR region; therefore, they can be used to record
only weak overtones of vibrational ë rotational fundamental
absorption bands. In this case, the sensitivity of photo-
thermal spectroscopy is insufécient, because, on the one
hand, the semiconductor laser power in the near-IR region is
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relatively low, and, on the other hand, the absorption of
molecules in the range of fundamental absorption band
overtones is rather weak. For example, tunable semicon-
ductor distributed-feedback lasers (radiation wavelength
1.55 mm) are used as radiation sources in acousto-optic
sensors, which are applied in agricultural engineering to
detect ammonia. Their sensitivity is 40 ppb in comparison
with 20 ppt, which is characteristic of devices based on CO2

lasers [69, 70].
High radiation powers for semiconductor laser diodes

were obtained using optical ébre ampliéers [71, 72]. The
narrow lasing line allows one to tune exactly to the
absorption line of the material under study, thus providing
a high selectivity. In turn, modulation of the laser diode
radiation wavelength suppresses the effect of background
signal and mechanical vibrations. Nevertheless, the acousto-
optic sensors based on near-IR laser diodes, even using
optical ébre ampliéers, cannot be considered as promising
for detecting trace explosive residues.

Note that near-IR semiconductor lasers with radiation
wavelengths up to � 2 mm have been successfully developed
for a long time in view of their importance for communi-
cation systems. The operation of semiconductor lasers in the
shorter wavelength IR range is based on interband tran-
sitions in the semiconductor. These lasers belong to bipolar
devices based on recombination of conduction-band elec-
trons with valence-band holes. However, their wavelengths
do not overlap the spectral range (l > 2 mm), which includes
the fundamental vibrational ë rotational transitions of the
large explosive molecules we are interested in. At the same
time, the absorption spectra of the most important explosive
molecules, as was noted above, lie in the wavelength range
above 4 mm.

A very important long-wavelength IR range can be
overlapped using unipolar semiconductor lasers of new
type, which involve intraband transitions of carriers (for
example, electrons in the conduction band): quantum
cascade lasers (QCLs) [38, 58, 59]. They are based on
multilayer InGaAs ë InAlAs heterostructures, where lasing
is due to the cascade intraband transitions. The QCL lasing
wavelength is determined by the thickness of heterostructure
layers and, therefore, can be set by heterostructure growth
conditions. Lasers of this type can operate in the wavelength
range of 3.5 ë 24 mm [58, 59]. In the single-mode regime
QCLs have a lasing line width of 1 ë 3 MHz, whose
frequency can be tuned in a wide spectral range due to
the changes in temperature and pump current; the radiation
power reaches few hundreds of milliwatts at room temper-
ature [38]. The érst experimental QCL demonstration dates
back to 1994 [73]. Commercial production of QCLs began in
1997 (Alpes Lasers, Switzerland). Now there are many
manufacturers in the market (NanoPlus GmbH, Alpes
Lasers, Fraunhofer IAF, Daylight Solutions Inc., etc.).

Surely, with a further improvement in technology and
parameters, QCLs will play a more important role in
standoff detection of trace explosive residues. The recently
developed cw QCLs, which are characterised by a high
radiation power at room temperature, are used in photo-
acoustic gas sensors [26]. More details concerning the
physical principles of QCLs, their lasing parameters, and
areas of their application can be found in reviews and
original papers [58, 59, 74 ë 79].

6. Detectors for standoff photothermal
spectroscopy

Recently signiécant progress has been made in the detection
of photothermal signals. For example, the results of
studying photoacoustic systems with application of laser
diodes or QCLs in combination with microcantilever-based
signal-recording system were reported in a number of
studies [80 ë 85].

A microcantilever is an element of physical, biological,
or chemical sensors that measure changes in its bending or
resonant frequency shift under various external effects
[81 ë 84]. The microcantilevers used in photothermal spec-
troscopy are generally composed of two materials with
different thermal expansion coefécients. Upon heating
microcantilever becomes bent under thermal stress, and
this bending is generally measured optically, as, for example,
in atomic-force microscopes [85]. The laser beam reêected
from the microcantilever surface arrives at a position-
sensitive detector, whose output signal is proportional to
the bending value (Fig. 5). In turn, as a result of some
processes (for example, adsorption), the bending of micro-
cantilever is accompanied by a change in its mass, which is
detected by a change in its resonant frequency [82]. The high
sensitivity of microcantilevers, their small dimensions, and
possibility of designing multielement linear arrays of sensi-
tive elements make them promising elements of sensors for
standoff detection of trace explosive residues by photo-
thermal spectroscopy [84].

The results of [86] indicate that microcantilevers are
highly sensitive. The equivalent (normalised to noise power)
sensitivity of the acousto-optic system based on a compact
laser Michelson interferometer and a silicon microcantilever
was 1:4� 10ÿ10 cmÿ1 W Hzÿ1=2. This value exceeds that for
conventional systems with a capacitance microphone by a
factor of 100. Currently, microcantilevers are considered to
be the main sensitive elements for standoff deêection laser
spectroscopy.

Another promising sensitive element for standoff photo-
thermal spectroscopy is a quartz tuning fork [87 ë 90], which
has some advantages over other optical detectors. For
example, its Q factor, which depends on the environmental
pressure, may reach � 105 in vacuum and � 104 in open air,
and its frequency sensitivity is about 0.1 Hz [32]. The high Q
factor makes the quartz tuning fork a highly sensitive
acoustic detector. According to the estimates, the sensitivity
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Figure 5. Microcantilever with laser measurement of displacement [85].
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of a photoacoustic system based on this detector may reach
� 10ÿ9 cmÿ1 W Hzÿ1=2 [89]. For this reason, the quartz
tuning fork is insensitive to external acoustic noise, and this
circumstance is extremely important for standoff measure-
ments using open photoacoustic systems [26]. It is also
important that detectors of this type are nonsaturable.

Finally, in the systems for standoff detection of explo-
sives, which are based on IR imaging under resonant object
excitation by a tunable laser, uncooled microbolometer
arrays are generally used as radiation detectors; the sensitive
element in these microbolometers is a vanadium oxide élm
[35 ë 37]. The noise-equivalent temperature difference
(NETD) of microbolometers is � 100 mK; this value is
worse than that for cooled photoelectric detectors by
approximately an order of magnitude [35]. Therefore, for
the problems requiring high response speed and sensitivity,
photoelectric detectors have all advantages.

7. Analysis of standoff methods of laser
photothermal spectroscopy

7.1 Standoff laser photoacoustic spectroscopy

Photoacoustic spectroscopy was applied to the érst time to
locally detect explosives in the gas phase in [91], where
TNT, RDX, and PETN molecules were identiéed in
atmosphere at partial pressures of � 10ÿ6 Torr and
lower; i.e., with concentrations on the order of few ppb.
Note that signiécant progress has been made in the local
analysis of chemical compounds by photoacoustic spectro-
scopy (PAS). In particular, there are several commercial
photoacoustic spectrometers, designed for simultaneous
detection of several materials at the level of few ppb in
multicomponent media [92]. The latest data on local
detection of trace amounts of substances in the gas
phase by PAS were reported in [93 ë 98].

One of the érst studies on the possibility of applying
laser photoacoustic spectroscopy for standoff detection of
trace explosive residues on the object surface was carried out
by Miklos et al. [99]. They attempted to detect the material
under study on the surface of a distant target by direct
detection of the acoustic waves excited in atmosphere as a
result of absorption of laser radiation by the object studied.
The emphasis was on the use of a high-power laser and on
the increase in the eféciency of acoustic energy collection
using a parabolic mirror with a sensitive microphone in the
focus. In our opinion, despite some positive effect of these
measures, the inêuence of external factors (in particular,
atmospheric turbulence) makes this approach inefécient.

A more promising approach was demonstrated in [32],
where a peculiar PAS version was applied. A schematic of
the experiment is shown in Fig. 6. A sample (target) with a
chemical compound under study on the surface was exposed
to laser radiation with a wavelength tunable within the
characteristic absorption band of this compound. The
relation between the laser energies absorbed and scattered
by the target changes with a variation in the laser wave-
length. For example, an increase in absorption in the target
leads to a decrease in the scattered light intensity on the
surface of piezoelectric sensor (quartz resonator in the form
of a tuning fork). Acoustic waves are excited in quartz due
to the acousto-optic effect upon absorption of scattered
laser radiation on the sensor surface. When the repetition
frequency of laser pulses coincides with the resonant

frequency of the tuning fork, its vibration amplitude reaches
a maximum, which is proportional to the light intensity
scattered by the target. In turn, the piezoelectric effect
generates a voltage signal, which also depends linearly on
the laser intensity scattered by the target. A QCL with a
radiation wavelength tunable in the range of 9.25 ë 9.80 mm
(1081.08 ë 1020.41 cmÿ1) with a step of 0.01 nm was used as
a radiation source in [32]. The laser power was 100 mW with
a pulse duty factor of 5%.

The experiment was performed as follows. The target
surface was covered by a thin layer of a material studied
(RDX, TNT, or PETN) of known mass. Under target
irradiation by a tunable QCL the tuning fork vibration
amplitude was recorded as a function of laser wavelength.
The photoacoustic spectrum of RDX, recorded as the ratio
of recorded signals in the presence and absence of explosive
residues on the target surface, is shown as an example in
Fig. 7 (on the right). A fragment of the IR transmission
spectrum of RDX, obtained by van Neste et al. [32] using
conventional absorption spectroscopy, is shown for com-
parison on the left. The part of the spectrum corresponding
to the QCL tuning range is selected for convenience. There
is good agreement between the photoacoustic and trans-
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Figure 6. Schematic of the experimental setup for photoacoustic standoff
detection of trace explosive residues on the object surface [32].
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mission (inverted absorption) spectra. It was stated in [32]
that reproducible photoacoustic spectra were recorded up to
RDX surface concentrations of � 100 ng cmÿ2. Taking into
account that the signal arrived at the detector from an area
of size comparable with the laser spot diameter (25 mm), the
detection limit obtained in [32] can be estimated as
� 500 ng.

The possibilities of a method similar to the above-
described one but with a simultaneous use of two QCLs
were demonstrated in [34] by the same research team. The
tuning range of the second laser was 7.38 ë 8.0 mm
(1355.01 ë 1250 cmÿ1). Thus, the tuning ranges of the lasers
used overlapped the absorption lines characteristic of most
well-known explosives. The pulse-repetition rates of the two
lasers were somewhat different (by 143 Hz). An individual
detector was chosen for each laser, with a resonant
frequency coinciding with the laser pulse-repetition rate.
It was convincingly shown by this example in [34] that,
applying some tunable QCL with a narrow lasing line, one
can always overlap the part of the mid-IR range that is
necessary for identifying most known explosives (Fig. 8).
This is especially important for detecting explosives in real
media in the presence of overlap of vibrational ë rotational
spectra of the substance analysed and interfering chemical
compounds.

The authors of [34] believe that the distance to the object
under study can be increased to 100 m by optimising the
measurement scheme and applying higher power lasers.
Indeed, it was noted above that the Q factor of a quartz
cavity in vacuum exceeds the corresponding value at
atmospheric pressure by at least an order of magnitude.
Therefore, placing the sensor in a closed evacuated cell with
an input window transparent in the necessary spectral range,
one can increase the detection range distance to 100 m.

In addition, we should note that the sensitivity of this
method should depend on both the target material and the
state of its surface (for example, roughness, which eventually
determines the character of the scattered radiation direc-
tional pattern). Unfortunately, this information is absent in
the studies under consideration. Moreover, to implement

this method in practice, one has to solve a purely technical
problem: scan the object under study by a laser beam. This
problem is caused not only by the necessity of monitoring
large areas but also by the following circumstance. The
spectra of laser radiation scattered from surfaces of different
materials in the absence of explosives form some back-
ground, characteristic of each object. Therefore, elimination
of its effect on the spectrum of recorded signal during
examination is a necessary condition for identifying explo-
sives. Since trace explosive residues are present on object
surfaces in the form of individual particles rather than a
continuous coating, this problem can be solved under real
conditions by scanning the laser beam over the surface of
the object under examination.

Nevertheless, despite the number of problems that are
still to be solved, the prospects of the above-described
approach for standoff detection of explosives will appa-
rently be determined to a large extent by the increase in the
QCL radiation power and design of an optical system of
acceptable sizes for effective collection of scattered laser
radiation.

7.2 Standoff laser deêection spectroscopy

The essence of deêection spectroscopy in the conventional
version is as follows [27, 29]. The surface of the sample
under study is heated by intensity-modulated radiation.
Due to the heat transfer the surface layer of the medium
that is in contact with the sample becomes periodically
heated. The formation of a temperature gradient in the
medium near the surface and the related change in its
refractive index are revealed by deviation of the probe beam
oriented parallel to the sample surface (mirage effect). Due
to the high sensitivity of this method, it is especially
promising for measuring low (� 10ÿ7 cmÿ1) optical absorp-
tion in materials [29, 100 ë 102].

Photothermal deêection spectroscopy in a modiéed form
was also applied to local detection of trace explosive
residues in the gas phase [103 ë 108]. A distinctive feature
of this technique is the use of a microcantilever as a sensitive
element [80 ë 85], on the surface of which molecules of the
material analysed are adsorbed. IR radiation from a source
tunable in the necessary wavelength range interacts with the
adsorbate and, being absorbed by it, heats the two-
component microcantilever. This leads to a change in the
microcantilever temperature and its additional bending.
Since the bending is proportional to the absorbed energy,
its dependence on the incident radiation wavelength corre-
sponds to the IR absorption spectrum of the adsorbate. The
sensitivity of photothermal spectroscopy using a microcanti-
lever is directly related to the thermal sensitivity of the two-
component sensor. Thus, the microcantilever plays the role
of an uncooled high-sensitivity IR detector. In the simplest
case the signal from this detector is read using a probe laser
beam, which reêects off from the microcantilever working
surface and is incident on the input area of position-sensitive
photodetector (see Fig. 5).

The possibility of using photothermal deêection spec-
troscopy for local analysis with a microcantilever as a
sensitive element was demonstrated for the érst time in
[80]. The extremely high sensitivity of two-component
microcantilever to variations in temperature (� 10ÿ5 K),
corresponding to an absorbed energy � 20 fJ, was obtained
in [83]. In turn, a research team from the Oak Ridge
National Laboratory also demonstrated the high sensitivity
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and selectivity of deêection spectroscopy, which make it
possible to locally detect � 400 pg of TNT, RDX, or PETN
adsorbed from the gas phase on the microcantilever surface
[82]. To regenerate the sensor, it was proposed to use the
strong temperature dependence of desorption, for example,
by heating the sensor with the IR radiation used.

The application of standoff deêection spectroscopy for
detecting trace explosive residues was demonstrated for the
érst time in [34]. A schematic of the experimental setup is
shown in Fig. 9. One can see that the deêection methods for
detecting in the standoff and point modes are radically
different. A standard IR monochromator was used to select
monochromatic radiation with a wavelength varied in the
range of 2.5 ë 14.5 mm in standoff detection. In the method
under consideration, as well as in photoacoustic standoff
spectroscopy, the photothermal spectrum of laser radiation
scattered by the target was recorded. However, the sensitive
element was a microcantilever, which was bent as a result of
heating by the incident radiation, and this bending was
recorded optically. A commercial silicon microcantilever
with a length of 350 mm, width of 35 mm, and thickness of
1 mm (MicroMasch, Oregon) was used. At a distance of 1 m
from the target the sensitivity to the TNT, RDX, and PETN
traces present on the target surface was � 100 ng cmÿ2

(Fig. 10). This sensitivity is generally sufécient for detecting
trace explosive residues that are generally present on the
surface of explosive devices, masking shells, and on the
clothes and other things of persons dealing with explosive
devices [34]. The distance from the object is believed to
signiécantly increase by optimising the microcantilever
parameters and applying a tunable QCL as a radiation
source. The latter is beyond doubt, because the power of the
radiation source used in [34] was apparently below 0.1 mW.

We should also mention bending spectroscopy, a method
independently developed in [109 ë 111] for measuring low
absorption in thin élms of microcrystalline silicon, in
particular, in the mid-IR range (� 5 mm). As evidenced
by the measurement scheme reported in these studies, this
technique does not radically differ from the deêection
spectroscopy discussed above. However, the sensitivity of

bending spectroscopy was much higher (at least by an order
of magnitude) due to the optimised design and the use of
resonant properties of microcantilever, which was placed in
an evacuated volume [110]. It is important that the effect of
external conditions on the microcantilever noise character-
istics [84] is simultaneously suppressed in this case.

7.3 IR photothermal imaging under resonant irradiation

This method is based on laser photothermal IR radiometry
and active IR imaging [39 ë 47]. The fundamental difference
of these two methods from their passive analogues
[112, 113] is that they are based on recording the derivative
of thermal radiation êux with respect to temperature rather
than the êux itself [45 ë 47]. This allows one, in particular,
to suppress the effect of constant background component
from foreign sources, whose temperature may exceed that
of the object under study.

The possibility of using active IR imaging for standoff
detection of TNT and RDX traces was demonstrated for the
érst time in [35 ë 37]. In this method a material under study
is exposed to laser radiation with a wavelength lying in the
absorption range of this material. Due to the resonant
absorption the material is selectively heated, and the
temperature of the surface covered by this material exceeds
that of the free surface. As a result, a temperature contrast
arises between individual details of the pattern observed
with a thermal detector. To exclude the constant back-
ground, which hinders the explosive identiécation, the
differential image of the object (obtained by subtracting
the image obtained in the absence of laser irradiation from
the image under irradiation) was analysed in all cases. The
differential signal was normalised to the laser power.

The experiment (Fig. 11) was performed using a com-
mercial QCL (Daylight Solutions), continuously tunable in
the range of 6.1 ë 6.4 mm. In the cw regime the laser power
was up to 30 mW at a lasing linewidth of � 1 cmÿ1. The
radiation wavelength was chosen so as to fall in the narrow
window in which wet air is relatively transparent; this is
necessary for detecting trace explosive residues at signiécant
distances under real conditions. The explosives under study
exhibit signiécant absorption in this spectral range (due to
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the N ëO bonding). In addition, the above-mentioned laser
wavelengths are beyond the detection range of most IR

detectors with élters, which are generally tuned to the short-
wavelength part of the mid-IR range (3 ë 5 mm) or to the
long-wavelength part (8 ë 12 mm). The photothermal signal
was collected using a lens with the focal length f � 100 mm
onto an array of uncooled microbolometers with vanadium
oxide sensitive elements (FLIR, Inc.; 320� 240 pixels, pixel
size 38 mm, NETD � 85 mK, 30 frames per second). A élter
was placed between the lens and array to ensure detection of
photothermal signal in the spectral range of 8 ë 12 mm.

To demonstrate the selectivity of this method to different
types of explosives, the materials under study were deposited
on a transparent polypropylene élm. They were subjected to
both nonselective (without a laser) and laser heating; in the
latter case the QCL radiation was tuned to the resonance
characteristic of the chemical compound analysed. The thus
obtained differential images are shown in Fig. 12. The
sequence of images demonstrates the selectivity of multi-
spectral approach even for different types of explosives.
According to the estimates [35 ë 37], the TNT detection
sensitivity obtained in laboratory conditions at a distance of
4 m from the target was � 100 ng. Depending on the
wavelength, the lasing power changed in the range of
3 ë 18 mW. The size of the irradiated area was 10 mm in
all cases (it is limited by dotted circles in Fig. 12).

It follows from the aforesaid that resonant IR imaging
photothermal spectroscopy (apparently, this name better
characterises the essence of the method) makes it possible to
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Figure 11. Schematic of the experimental setup for standoff detection of
trace explosive residues on the object surface by IR photothermal
imaging of object exposed to resonant radiation [36].

RDX

TNTT
ra
n
sm

it
ta
n
ce

a b c

d e f

v1 v2 v3 v4

1650 1600 1550 1500

Wave number
�
cmÿ1

v2 � 1618 cmÿ1 v3 � 1600 cmÿ1 v4 � 1585 cmÿ1

v1 � 1635 cmÿ1

Figure 12. IR photothermal imaging of a target exposed to resonant radiation (RDX and TNT microparticles are deposited on a propylene élm in the
form of letter designations of explosives studied) [36]: (a) the result of nonselective élm heating in the wavelength range of 7 ë 14 mm, (b) the features of
the RDX and TNT absorption spectra in the wavelength range under study, (c) the nonresonant heating of target by laser radiation (v1 � 1635 cmÿ1),
(d) the resonant heating of only TNT molecules (v2 � 1618 cmÿ1), (e) the resonant heating of both RDX and TNT molecules (v3 � 1600 cmÿ1), and (f)
resonant heating of only RDX molecules (v4 � 1585 cmÿ1).

Application of laser photothermal spectroscopy for standoff detection 573



perform hidden detection and identiécation of trace explo-
sive residues in the form of particles on surfaces of different
materials under conditions that are safe for human eye and
skin (the power density in the IR range should not exceed
100 mW cmÿ2).

The method of differential absorption, which applies
several radiation wavelengths, both in on- and off-resonance
with the absorption line of the material, allows one to
successfully distinguish the contributions of different mate-
rials to the total absorption. The differential multispectral
approach makes it possible to signiécantly reduce the
probability of positive false alarm (PFA) even in the
presence of such interfering factors as foreign particles of
black materials (broadband absorbers) on the surface.

It was noted in the above-mentioned studies that the
development of this measurement technique is directly
related to the progress in QCL parameters, primarily,
increase in the radiation power, expansion of lasing range
in the mid-IR region, and expansion of the tuning range.
The sensitivity of IR detectors and collection eféciency of
the IR radiation from the object are also important factors.
In addition, image processing methods should be developed
to improve this detection technique. It is believed that
application of high-speed detectors will make it possible
to record the heating (cooling) kinetics of materials on
different substrates, due to which a more effective algorithm
for recognising explosives could be developed. Studies in
this éeld are urgent because the aforementioned processes
are related to the thermodynamic parameters of materials,
as well as to the particle density and sizes, which are
different for different explosives [47].

This suggestion is conérmed by the results of independ-
ent studies on detection and identiécation of defects on the
surface of optical coatings, obtained by Pearson et al. [114].
To gain information on defects, they also used the method
of differential absorption under irradiation by a tunable
pulsed CO2 laser. The thermal signal was recorded by a
single-element detector, applying pulsed photothermal

radiometry (PPTR) [46, 47, 115]. As was shown in [114],
an object can be identiéed due to the correlation between its
absorption coefécient a(l) (considered as known) and the
characteristic decay time of the photothermal signal.

An impressive result on standoff detection of trace
explosive residues using a similar method demonstrated
another research team [116], who in fact implemented the
above-formulated suggestions on the development of this
method, speciécally: signiécantly increased the collection
eféciency of thermal radiation and applied an IR detector
with a sensitivity higher by a factor of 3. As a result, they
showed standoff detection of TNT traces at a distance up to
150 m [116]. It is important that this result was obtained
under éeld conditions at fairly strong wind gusts, reaching
35 knots. At the same time, this progress was made at the
expense of signiécant increase in the size of the experimental
setup and its complication.

During these studies an experimental facility ROSE
(Remote Optothermal Sensor) for standoff detection of
trace explosive residues on the object surface was developed.
It was located in a van (Fig. 13) and included the following
main elements: a tunable cw CO2 laser, mirror optics for
collimating laser radiation (Cassegrain telescope with an
aperture of � 30 cm), Ritchey ëChre

0
tien telescope (aperture

� 61 cm) for collecting thermal radiation from object, and
IR chamber with a cooled focal-plane array HgCdTe
detector with NETD = 20 mK and pixel size of
30� 30 mm (Focal Plane Array, FPA). A schematic diagram
of ROSE is shown in Fig. 14.

During the measurements the laser spot area on the
target surface was � 1 cm2. The thermal signal from this
area was focused on one pixel of the detector array. Under
exposure to resonant laser radiation with a wavelength
corresponding to the absorption peak maximum
(10.653 mm, 10P26 line), the temperature increased only
in the TNT-containing areas. If the laser wavelength
(10.591 mm, 10P20 line) fell in the weak-absorption range,
the object temperature increased only slightly (Fig. 15).

CO2 laser and optical

system for beam expansion

Telescope detecting thermal

radiation and IR camera

Figure 13. Photograph of the experimental remote optothermal sensor ROSE for standoff detection of explosives [116].
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Thus, the spatial distribution of the change in temperature
reveals the location of the recorded object on the target and
makes it possible to identify a speciéc chemical compound,
even in the presence of other absorbing materials. Speciéc
features of active thermography with a laser scanner were
considered in [115].

Mukherjee et al. [116] noted the high sensitivity of this
method (with a PFA many orders of magnitude lower than
in most methods that are currently used to detect trace
explosive residues): it was estimated to be � 2 mg cmÿ2 at a
distance from the object of 150 m and signal-to-noise ratio
SNR � 1. The authors suggested application of tunable
QCLs with a power above 1 W (without loss of sensitivity)
to be promising for the system developed. Concerning the
detection range distance, it was stated that ROSE, with
further optimisation of the thermal radiation detection
system and data processing algorithm, can be used for
standoff detection of trace explosive residues at distances up
to 1 km. The optimisation primarily concerns the applica-
tion of adaptive optics, because under real conditions
atmospheric turbulence manifests itself at large distances.

In addition, Mukherjee et al. [116] believed this method
to be also promising for detecting and identifying trace
explosive residues on the people's clothes and things at small

distances (for example, in airports). At the same time, they
did not restrict the technique under consideration to only
detection of trace explosive residues. Other very important
applications are search for drugs and contactless monitoring
of pharmaceutical, chemical, and biological products.

8. Conclusions

Based on the analysis of the data in the literature on the use
of different methods of highly sensitive standoff detection
of trace explosive residues on the object surface using laser
photothermal spectroscopy, we can draw the following
conclusions.

The results on the detection of explosive particles on the
object surface by laser photothermal spectroscopy are
urgent and promising for developing new methods of
standoff detection of trace explosive residues, because these
methods satisfy most above-considered requirements for
standoff detectors of trace explosive residues.

The progress in the new methods based on the photo-
thermal effect is primarily related to the application of new
promising devices: QCLs (tunable in the mid-IR range) and
sensitive detectors based on microcantilevers and acoustic
quartz resonators. There is good reason to believe that the
development of these devices, new schemes of multispectral
approach, and more efécient algorithms for recognising
explosives will play a key role in the improvement of
photothermal standoff methods for detecting trace explosive
residues (10 ë 100 ng) on the object surface at distances of
� 100 m and more.

Note that the development of this direction is only in the
initial stage. As follows from the analysis performed, there
are some technical problems to solve in order to signiécantly
improve the parameters of standoff sensors based on the
photothermal effect. However, the design of an explosive
sensor with a high sensitivity and selectivity is only a part of
the problem. The other (maybe, most difécult) part is the
practical implementation of the results of laboratory experi-
ments in a working device; to this end, numerous
experiments with different materials under real conditions
must be performed.

Note also some prospects of combined mobile systems
for standoff analysis, which are based on different physical
principles. For example, one would expect combination of
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Figure 14. Schematic diagram of ROSE.
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PAS with laser-induced breakdown spectroscopy to increase
the analysis selectivity in the presence of interfering com-
ponents, whose absorption spectra are overlapped with the
absorption spectrum of the detected analyte.

As was noted above, along with the methods based on
the photothermal effect, there are some other applications of
laser spectroscopy for standoff detection of trace explosive
residues on the object surface. The comparative character-
istics of the main methods of standoff detection of trace
explosive residues and the photothermal spectroscopy
methods considered here are listed in Table 1. A comparison
of the most important characteristics of the methods
presented in Table 1 is in favour of the standoff techniques
based on the photothermal effect.

References

1. Colton R.J., Russell J.N. Science, 299, 1324 (2003).

2. Moore D.S. Rev. Sci. Instrum., 75, 2499 (2004).

3. Moore D.S. Sens Imaging, 8, 9 (2007).

4. Wallin S., Pettersson A., Ostmark H., Hobro A. Anal. Bioanal.
Chem., 395, 259 (2009).

5. Existing and Potential Standoff Explosives Techniques

(Washington, DC: Nat. Acad. Press, 2004).
6. Kovalev A.V. Nerazrushayushchii kontrol': Spravochnik

(Nondestructive Testing: Handbook) (Moscow: Mashinostroenie,
2005) Book 2.

7. Kaur-Atwal G., O'Connor G., Aksenov A.A.,
Bosoc-Bintintan V., Thomas C.L.P., Creaser C.S. Int. J. Ion
Mobility Spectr., 12, 1 (2009).

8. Clowers B.H., Siems W.F., Hill H.H., Massik S.M. Anal. Chem.,

78, 44 (2006).

9. Barry E.F., Grob R.L., Lee R. Modern Practice of Gas

Chromatography (New York: Wiley-Interscience, 2004).
10. Buryakov I.A. J. Chromatogr. B, 80, 75 (2004).

11. Steinfeld J.I., Wormhoudt J. Ann. Rev. Phys. Chem., 49, 203
(1998).

12. Gresham G.L., Davies J.P., Goodrich L.D., Blackwood L.G.,
Liu B.Y.H., Thimsen D., Yoo S.H., Hallowell S.F. Proc. SPIE
Int. Soc. Opt. Eng., 2276, 34 (1994).

13. Parmeter J.E. Proc. 38th Annual 2004 Int. Carnahan Conf. on

Security Technology (New York: IEEE, 2004) p. 355.
14. Fiddler M.N., Begashaw I., Mickens M.A., Collingwood M.S.

Sensors, 9, 10447 (2009).

15. Munson C.A., Gottfried J.L., De Lucia F.C., McNesby K.L.,
Miziolek A.W. Laser-Based Detection Methods for Explosives.
Weapons, Materials. Research Directorate, ARL, Aberdeen
Proving Ground, MD 21005-5066, 2007.

16. Gaft M., Nagli L. Proc. SPIE Int. Soc. Opt. Eng., 6739, 673903
(2007).

17. Carter J., Angel M., Lawrence-Snyder M., Scaffidi J.,
Whipple R., Reinolds J. Appl. Spectrosc., 59, 769 (2005).

18. Li H., Harris A., Xu B., Wresinski P.J., Lozovoy V.V., Dantus M.
Opt. Express, 16 (8), 5499 (2008).

19. Wynn C.M., Palmacci S., Kunz R.R., Rothshild M. Lincoln Lab.

J., 17 (2), 21 (2008).

20. Phifer C.C., Schmitt R.L., Thorne L.R., Hargis P. Jr.,
Parmeter J.E. Sandia National Laboratories Albuquerque, New
Mexico 87185-0782 Livermore, CA 94550 (2006).

21. Lo0pez-Moreno C., Palanco S., Laserna J.J., DeLucia F. Jr.,
Miziolek A.W., Rose J., Walters R.A., Whitehouse A. J. Anal.
At. Spectrom., 21, 55 (2006).

22. De Lucia F.C. Jr., Gottfried J.L., Miziolek A.W. Opt. Express,
17, 419 (2009).

23. De Lucia F.C., Samuels A.C., Harmon R.C., Walters R.A.,
McNesby K.L., LaPointe A., Winkel R.J. Jr., Miziolek F.W.
IEEE Sensors J., 5 (4), 681 (2005).

24. Gottfrid J.L., De Lucia F.C. Jr., Munson C.A., Miziolek A.W.
Anal. Bioanal. Chem., 395, 283 (2009).

25. Hilderbrand J., Herbst J., Wollenstein J., Lambrecht A. Proc.
SPIE Int. Soc. Opt. Eng., 7222, 72220B (2009).

26. Fuchs F., Hinkov B., Hugger S., Kaster J.M., Aidam R.,
Bronner W., Kohlner K., Yang Q., Rademacher S., Degreif K.,
Schurer F., Schweikert W. Proc. SPIE Int. Soc. Opt. Eng., 7608,
760809 (2010).

27. Zharov V.P., Letokhov V.S. Lazernaya optikooakusticheskaya

spektroskopiya (Laser Optico-Acoustic Spectroscopy) (Moscow:

Nauka, 1984).

28. Mandelis A., in Photoacoustic, Photothermal, Photochemical

Processes at Surfaces, Thin Films (New York: Springer-Verlag,
1989).

29. Bialkowski S. Photothermal Spectroscopy Methods for Chemical

Analysis (New York: John Wiley, 1996) p. 634.
30. Almond D.P., Patel P.M. Photothermal Science and Techniques

(London: Chapman and Hall, 1996).
31. Skvortsov L. Recent Patents on Engineering, 3, 129 (2009).

32. Van Neste C.W., Senesac L.R., Thundat T. Appl. Phys. Lett., 92,
234102 (2008).

33. Van Neste C.W., Senesac L.R., Yi D., Thundat T. Appl. Phys.
Lett., 92, 134102 (2008).

Table 1. Comparison of the methods of standoff detection of trace explosive residues in the form of particles on the object surface.

Detection method
Laser radiation
power (energy)

Detection
threshold

Distance
from object

�
m

Selectivity
Measure-
ment time

�
s

Eye safety References

LIBS 350 mJ 10 ë 100 ng 45 intermediate �1 dangerous [21]

Raman
Spectroscopy

2.5 W 10 mg 30 high �10 ë `` ë [16]

PF ëLIF 0.5 mJ 20 ng (estimate) 10 ë `` ë �1 safe [19]

Active IR Imaging < 40 mW 20 mg 5 intermediate �1 ë `` ë [26]

Passive Hyperspectral
IR Imaging ë 40 mg cmÿ2 50 ë `` ë �1 ë `` ë [112]

PAS 100 mW �500 ng 20 high �1 ë `` ë [32, 34]

PDS < 0.1 mW 100 ng cmÿ2 1 ë `` ë �1 ë `` ë [33]

Resonant
IR PT Imaging

20 mW < 100 ng 4 ë `` ë �1 ë `` ë [35, 36]

Resonant IR PT
Imaging

ë 2 mg (estimate) 150 ë `` ë �1 dangerous [116]

576 L.A. Skvortsov, E.M. Maksimov



34. Van Neste C.W., Senesac L.R., Thundat T. Anal. Chem., 81 (5),

1952 (2009).

35. Papantonakis M.R., Kendziora C., Furstenberg R.,
Stepanowski S.V., Rake M., Stepanowski J., McGill R.A.
Proc. SPIE Int. Soc. Opt. Eng., 7304, 730418-9 (2009).

36. Furstenberg R., Kendziora C., Stepanowski S.V., Stepanowski J.,
Rake M., Papantonakis M.R., Nguyen V., Hubler G.K.,
McGill R.A. Appl. Phys. Lett., 93, 224103 (2008).

37. McGill R.A., Kendziora C.A., Furstenberg R.,
Papantonakis M.R., Horwitz J., Hubler G.K. US Patent
Application 12/255, 103; Field Oct. 21, 2008.

38. Patel C.K.N. Europ. Phys. J. Spec. Top., 153, 1 (2008).

39. Harren F.J.M., Cotti G., Oomens J., Hekkert S.L., in
Enciclopedia of Analytical Chemistry (Chichester:
John Wiley&Sons, 2000).

40. Nordal P.E., Kanstad S.O. Phys. Scr., 20, 659 (1979).

41. Patel C.K.N., Tam A.C. Rev. Mod. Phys., 53, 517 (1981).

42. Zverev G.M., Skvortsov L.A. Izv. AN SSSR, Ser. Fiz., 45, 644
(1981).

43. Santos R., Miranda L.C.M. J. Appl. Phys., 52, 4194 (1981).

44. Mandelis A.J. Appl. Phys., 54, 3404 (1983).

45. Lopatkin V.N., Sidoryuk O.E., Skvortsov L.A. Kvantovaya
Elektron., 12, 339 (1985) [Sov. J. Quantum Electron., 15, 216
(1985)].

46. Loarer T., Greffet J.J. Appl. Opt., 31, 5350 (1992).

47. Skvortsov L.A., Kirillov V.M. Kvantovaya Elektron., 37, 1076
(2007) [Quantum Electron., 37, 1076 (2007)].

48. Petric M.W.P. Appl. Spectrosc. Rev., 42, 287 (2007).

49. http://www.hitran.com.
50. Tilden S.B., Denton M.B. Appl. Spectrosc., 39 (6), 1017 (1985).

51. Meyer P.L., Sigrist M.W. Rev. Sci. Instrum., 61 (7), 1779 (1990).

52. Webber M.E., Pushkarsky M.J. Appl. Phys., 97, 113101 (2005).

53. Kosterev A.A., Tittel F.K. IEEE J. Quantum Electron., 38 (6),

582 (2002).

54. Saarinen P., Kauppinen J. Appl. Spectrosc., 45, 953 (1991).

55. Kozintsev V.I., Belov M.L., Gorodnichev V.A., Fedotov Yu.V.
Lazernyi optikooakusticheskii analiz mnogokomponentnykh

gazovykh smesei (Laser Optico-Acoustic Analysis of
Multicomponent Gas Mixtures) (Moscow: Izd-vo MGTU
im. N.E. Baumana, 2003).

56. Stepanov E.V. Trudy IOFAN, 61, 5 (2005).

57. Zyryanov P.V., Kuznetsov A.I., Stepanov E.V., Glushko A.N.
Trudy IOFAN, 61, 79 (2005).

58. http://www.alpeslasers.com.
59. http://www.daylightsolutions.com.
60. Repond P., Sigrist M.W. J. Physique IV, 4, C7-523 (1994).

61. Kreuzer L.B., Patel C.K.N. Science, 173, 45 (1971).

62. Patel C.K.N., Burkhardt E.G., Lambert C.A. Science, 184, 1173
(1974).

63. Patel C.K.N., Burkhardt E.G., Lambert C.A., Science, 188, 1111
(1975).

64. Miklos A., Lim C.-H., Hsiang W.-W., Liang G.-C., Kung A.H.,
Schmohl A., Hess P. Appl. Opt., 41, 2985 (2002).

65. Van Herpen M.M.J.W., Li S., Bisson S.E., Harren F.J.M. Appl.
Phys. Lett., 81, 1157 (2002).

66. Van Herpen M.M.J.W., Ngai A.K.Y., Bisson S.E.,
Hackstein J.H.P., Woltering E.J., Harren F.J.M. Appl. Phys. B,
82, 665 (2006).

67. Werle P. Infra-red Phys. Techn., 37, 59 (1996).

68. Nadezhdinskii A.I., Prokhorov A.M. Proc. SPIE Int. Soc. Opt.

Eng., 1724, 355 (1992).

69. Webber M.E., Macdonald T., Pushkarsky M.B., Patel C.K.N.,
Zhao Y., Marcillac N., Mitloehner F.M. Meas. Sci. Technol., 16,
1547 (2005).

70. Pushkarsky M.B., Weber M.E., Patel C.K.N. Appl. Phys. B, 77,
381 (2003).

71. Webber M.E., Pushkarsky M., Patel C.K.N. Appl. Opt., 42, 2119
(2009).

72. Wainner R.T., Frish M.B., Laderer M.C., Allen M.G.,
Green B.D. Proc. Conf. on Lasers, Electro-Optics/Quantum

Electronics, Laser Science (CLEO/QELS) (Baltimore, MD,
2007).

73. Faist J., Capasso F., Sivco D.L., Sirtori C., Hutchinson A.L.,
Cho A.Y. Science, 264 (5158), 553 (1994).

74. Holthoff E., Bender J., Pellegrino P., Fisher A. Sensors, 10 (3),

1986 (2010).

75. Maulini R., Beck M., Faist J., Gini E. Appl. Phys. Lett., 84 (10),

1659 (2004).

76. Laser Focus World. PennWell Publications. 2004-04-19.
77. Laser Focus World. PennWell Publications. 2006-07-01.
78. Normand E., Howieson I., McCulloch M.T. Laser Focus World,

43 (4), 90 (2007).

79. Pushkarsky M.B., Dunaevskiy I.G., Prasanna M., Tsekoun A.G.,
Go R., Patel C.K.N. Proc. Natl. Acad. Sci. USA. 2006 Dec 26;
103(52): 19630-4. Epub 2006 Dec 12.

80. Barnes J.R., Stephenson R.J., Welland M.E., Gerber C.,
Gimzewski J.K. Nature, 372, 79 (1994).

81. Vashit S.K. J. Nanotechnol. Online, 3, 1 (2007).
82. Krause A.R., van Neste C., Senesac L., Thundat T., Finot E.

J. Appl. Phys., 103, 094906 (2008)

83. Barnes J.R., Stephenson R.J., Woodburn C.N., O'Shea S.J.,
Welland M.E., Rayment T., Gimzewski J.K., Gerber C. Rev. Sci.
Instrum., 65, 3793 (1994).

84. Lavric N.V., Sepaniak M.J., Datskos P.G. Rev. Sci. Instr., 75 (7),

2229 (2004).

85. Binning G., Quate G.F., Gerber C. Phys. Rev. Lett., 56, 930
(1986).

86. Laurila T., Cattaneo H., Poyhonen T., Koskinen V.,
Kauppinen J., Hernberg R. Appl. Phys. B, 83, 285 (2006).

87. Bauer C., Willer U., Lewicki R., Pohlkotter1 A., Kosterev A.,
Kosynkin D., Tittel F. K., Schade W. J. Phys.: Conf. Ser., 157,
012002 (2009).

88. Senesac L., Thundat T.G. Materials Today, 11 (3), 28 (2008).

89. Kosterev A.A., Bakhirkin Y.A., Kurl R.F., Tittel F.K. Opt. Lett.,
27, 1902 (2002).

90. Liu K., Li J., Wang L., Tan T., Zhang W., Gao X., Chen W.,
Tittel F.K. Appl. Phys. B, 94, 527 (2009).

91. Claspy P.C., Pao Y.-H., Kwong S., Nodov E. IEEE J. Quantum

Electron., 11, D37 (1975)

92. www.pranalytica.com.
93. Elia A., Lugara P.M., Di Franco C., Spagnolo V. Sensors, 9,

9616 (2009).

94. Sigirst M.W., Bohrean A., Lerber T., Nagel M., Romann A.
Anal. Sci., 17, 511 (2001).

95. Sigrist M.W., Fisher C. J. Phys. IV, 125, 619 (2005).

96. Koskinen V., Fonsen J., Kauppinen J., Kauppinen I. Vibr.
Spectrosc., 42, 239 (2006).

97. Koskinen V., Fonsen J., Roth K., Kauppinen J. Vibr. Spectrosc.,
48, 16 (2008).

98. Kuusela T., Kauppinen J. Appl. Spectrosc. Rev., 42, 443 (2007).

99. Miklos A., Pei S.-C., Kung A.H. Appl. Opt., 45, 2529 (2006).

100. Olmstead M., Amer N., Kohn S., Fournier D., Boccara A.
J. Appl. Phys. A, 32, 141 (1983).

101. Jackon B., Amer N. Phys. Rev. B, 25, 5559 (1982).

102. Welsh E., Ristau D. Appl. Opt., 34, 7239 (1995).

103. Li G., Burggraf L.W., Baker W.P. Appl. Phys. Lett., 76, 1122
(2000).

104. Datskos P.G., Rajic S., Sepaniak M.J., Lavrik N., Tipple C.A.,
Senesac L.R., Datskou I. J. Vac. Sci. Technol. B, 19, 1173
(2001).

105. Datskos P.G., Sepaniak M.J., Tipple C.A., Lavrik N. Sens.
Actuators B, 76, 393 (2001).

Application of laser photothermal spectroscopy for standoff detection 577



106. Arakawa E.T., Lavrik N.V., Rajic S., Datskos P.G.
Ultramicroscopy, 97, 459 (2003).

107. Arakawa E.T., Lavrik N.V., Datskos P.G. Appl. Opt., 42, 1757
(2003).

108. Wig A., Arakawa E.T., Passian A., Ferrell T.L., Thundat T. Sens.
Actuators B, 114, 206 (2006).

109. Gotoh T, Nonomura S., Hirata S. Science, 6, S34 (1996).

110. Kunii T., Kitao J., Mori K., Yoshida N., Nonomura S. Sol.
Energy Mater. Sol. Cells, 74, 415 (2002).

111. Kunii T., Yoshida N., Hori Y., Nonomura S. Jpn. J. Appl. Phys.,
45, 3913 (2006).

112. Blake T.A., Kelly J.F., Gallagher N.B., Gassman P.L., Jonson T.J.
Anal. Bioanal. Chem., 395, 337 (2009).

113. Gaussorgues G. Infrared Thermography

(London: Chapman&Hall, 1994; Moscow: Mir, 1988).

114. Pearson G.N., Harris M., Willets D.V., Tapster P.R., Roberts P.J.
Appl. Opt., 36, 2713 (1997).

115. Skvortsov L.A., Kirillov V.M. Kvantovaya Elektron., 36, 797
(2006) [Quantum Electron., 36, 797 (2006)].

116. Mukherjee A., Porten S., Patel C.K.N. Appl. Opt., 49, 2072
(2010).

578 L.A. Skvortsov, E.M. Maksimov


