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Introduction

The knowledge of the contents of specific sampleshe identification of particular
molecules in a sample can be of great value irewdifft applications, including homeland
security® and forensic science®>® The need to detect and locate hidden explosiaesi
mines’ as well as the availability of conventional mititaexplosives, duo to regime changes,
and the accessible information on the internet rcegg methods for producing improvised
explosive devices (IEDs), have made the detectidraoes of explosives or related compounds
even more important than befdre.

Some of the most commonly investigated methods  udaser
spectroscopies?®91011.12.13.14.15.16.,qnsidered to be capable to selectively identifgcies of
interest and expected to have the highest potdistiakaching necessary sensitivity levels and
desired ranges. Indeed, different methods weeseloped for detection of explosives
vapors. 1213181920 fogwever, detection of explosives in the gas phase become extremely
difficult, since most of them are characterizeddoy vapor pressures and may even be found in
unconfined volumes where their original vapor migktdispersed by normal airflow, resulting
in poor sensitivity and false alarrhs®

Nevertheless, explosives are known to be “stickyd aould be readily adsorbed upon
surfaces, so that a single monolayer of a typitab4explosive corresponds to a surface density
of about 3 x 1& molecules/crh(~ 100 ng/cf).?* Therefore, high chances of finding particulate
explosive around nonhermetically sealed explostmedue to contamination of the explosives
containers or nearby objects, exist. These redsavs motivated research toward development
of methods for remote or standoff detection andtifieation of bulk or trace quantities of

explosives or other compounds in the condensede§ia8>*
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One approach that can be considered for detecsorthat based on vibrational
spectroscopieS, including Raman and infrared, which are based relastic scattering and
absorption, respectively. In these spectroscopibs, vibrational frequencies, related to
vibrational modes of molecules, allow exposing signatures related to molecular structures.
The advantage of these methods is that they prayitte detailed information on the examined
samples. In particular, this characteristic of Ramspectroscopy, together with the requirement
of only minimal sample preparation, point to itsteudial for real-time detection of harmful
compounds.

Indeed, spontaneous Raman scattétiig-?*?’and its nonlinear variant, coherent anti-
Stokes Raman scattering (CARSY have been developed for trace amounts of liqnitisolid
organic and inorganic samples at ranges up to ledsdof meters. Although standoff detection
is required in many scenarios, it should be poimet] that the methods for sensing presence of
explosive devices at large distances have to owsgatifferent difficulties, including eye-safety
for the beam used for excitation, free beam andasigaths, absorption and scattering losses in
air (wavelength-dependent), the sigménsity decrease inversely with the distance selend
the complicated and high cost systems that notyawauld be foreseen to be appropriate for
field measurements. It is worth pointing out, thateast under some scenaripsint detection
and identification of explosives is required andudobe of interest. To test this option, we will
use Raman scattering and CARS spectroscopies falapeng novel compact spectrometers,

and therefore their principles are shortly desctibere.



T02

a) Spontaneous Ramagattering

303lis one of the processes a molecule can un, while

Spontaneous Raman scatte
interactingwith light. This inelastic process invos conversion of one photon to anot, so
that a laser "pump" beam at a freque, o, illuminates the sample, and due to inela

scattering a signal is generated at the Stokes amti-Stokes frequencieswms and was,

respectively (the latter signal being much wee (Fig. 1). The spontaneous Raman inten:

scattered into#steradianss given by
IRaman = 4‘T[O-RLNIp y (1)

whereog is theRaman scattering cross sec, L is the sample lengti is the molecular dens
andl, is the bcused beam inteny at the corresponding optical frequy. The cross sections
for Raman scatteringgr, aretypically of 10%° cn? sr', leading tointensiies of the scattered
light of the order 10 of that of the incident light. Therefore, and due possible florescence
interference, spontaneous Raman signal is heto detect, resultingin complexity and

development ohighly expensive systes.

(a) (b)
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Fig. 1 Energy level diagram for spontaneous Raman, t(eS scattering, whew,is the
pump frequency ands the Stokes frequency, (b) asttokes scattering, whewy, is the
pump frequency anwasis the anti-Stokes frequency.
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b) Coherent anti-Stokes Raman scattering

To achieve higher sensitivities, one can replaantgmeous Raman with two- or four-
wave parametric processes as stimulated Ramareregtt(SRS) and CAR¥*>! These
nonlinear scattering processes provide unique gEcpic tools, promising high molecular
specificity and detailed structural informationsbd on the Raman signatures.

Specifically, CARS is a coherent four-wave mixingpgess, involving the third order

dielectric susceptibilityxéi)Rs, arising from the third-order polarizatiéh:

PO (wps) = xShsEp(@p)?Es(ws)  ,  (2)

whereE, (wp) andEs(ws) are the electric fields of the pump and Stokesrisgaespectively. In
the CARS process, a particular Raman transitiaoierently driven by the incideat, and ws
laser beams, and subsequently the vibrational eaberis probed by a third laser beam (usually
@), giving rise to the (anti-Stokes) CARS signal igeated asawcars (Fig. 2). Due to its
nonlinear nature, CARS benefits from the charasties of multiphoton processes and

significant signal enhancement over spontaneousaRam

(()p COCARS

v,

Sy —

Fig. 2. Energy level diagram for CARS, whesgis the pump frequencws the Stokes
frequency, the probe frequeneay,, which usually is similar te,, andwcars= 2w, — wsis the
CARS frequency.
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One can estimate the CARS to spontaneous Ramaml sigtio by expressing the
maximum resonance CARS signgf/X, in terms ofog, as®

16m%c? 2
125 = (S NLow) Bl )

whereN is the molecular density/2s the linewidth of the vibrational resonannes refractive
index atwgs, andl, andls are the focused beam intensities at the correspgnaptical
frequencies. The ratio between the CARS and theaRasignal for a given species depends of
course on the values of the parameters of Eqand)(3), and, as shown in Refs. 31 and 32, is
typically of several orders of magnitude.

Due to these benefits there has been extensivefUSARS in spectroscopic studies and
in a variety of applications, including the use fmtecting bacterial endosporfésmaging of

§33837 and standoff detection of various speéfe¥. Very recently, narrowband ns

cell
excitation was employed in our group for obtainthg back-reflected CARS, i.e., backward
CARS (B-CARS¥** signal in order to detect solid particles of exples and explosive related
compounds. It was shown that the positions ofdbminant spectral features of spontaneous
Raman of each compound remain essentially the sarBeCARS, but the latter allows much
higher detection sensitivity. The CARS detectioetmod to be developed in the present
proposal relies on B-CARS. However, in attempt t@roome an inherent drawback of the
narrowband B-CARS method, namely, the need to goaistokes frequency, in this project we

will utilize and develop a broadband B-CAR$stem, based on sub-ns pulses, for obtaining the

spectral signatures of a variety of compounds.
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Objectives

The main objectives of this project are to developtimize and test novel methods and
technologies for unprecedented, highly sensitiviatpand standoff detection of a broad variety
of hazardous materials or their mixtures in conddnghases. This will be accompanied by
characterization of the structural and spectrosctgatures of the materials. The systems to be
developed are a low cost compact modular Ramartrepgeter, based on a green laser pointer
and a relatively simple Raman or broadband sub-@ARS spectrometer, based on a Nd:YAG
microchip laser. These systems will be used feeat®n and imaging of traces of compounds
in real time. The pulsed Raman and broadband C&R&ms are expected to reduce the signal
acquisition times and the latter also to overcomanherent drawback of the narrowband B-
CARS method, namely, the need to scan the Stokgsiédncy. This will be the first attempt to
explore the application of the novel method of Wisj sub-ns ultra-broadband multiplex CARS
for point and standoff detection, benefiting frommgltaneous excitation of the vibrational
modes in the entire vibrational range and enaldaq@uring the spectra in even shorter time and
with improved intensity.

Real time detection and identification of explosiand related compounds is a major issue
in efforts to develop defense against terrorism mnght be of importance also for inspection in
the battlefield. The envisaged setups are expdatdik relatively simple and robust devices,
applicable for deployment in security checkpointssensitive installations. Moreover, it is
anticipated that these systems will find their f@emonitoring the Raman and CARS spectra of

other species as well as for imaging of their appeze.
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M ethodology

As mentioned abovehis study will be devoted to Raman and broadtsub-ns B-CARS
detection of explosivesn attempt to find the best conditions itheir rapid detection. For
Raman excitation, a single beam is required, wioilehe broadband CAR, two laser beams at
@p and ws coincide on the sample. In CARS, a particular Ramnansition is coherently drive
by thew, andwsincident laser beams, and subsequently the vilraticoherence is probed by
third laser beam (usuallyy), giving rise to the CARS signalSince thr ws beam will be
broadband in our experimerds shown in Fig. 3it will allow excitation of all the vibratione
states in a specific sample, depending on the Ramass sections, and therefore capturin
the signal in the entire vibrational range he fundamentals.

virtual &
states i

.
—e =

vibraticnal

o=0 states w=0

Fig. 3.Schematics of the concept for broadband CARS, wa, is the pump frequencys marks the span of
broadband Stokes frequencies, the probe frequeiticiersimilar tow, in our experiment, andcars = 2mp — s are
the CARS frequencies of the detected vibratioratks

The setupsfor the spontaneous Ramiand B-CARSspectromete (Fig. 4) include
several similar maircomponnts, but differ in the exciting sources. The sourdor these
spectrometers include tleequency doubled green laser poi (Laser Pointer, Z mW) and a

Q-switched Nd:YAGmicrochip laserHorous Laser). A short description on the Raman sysit
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will be given in the section of preliminary resulghile here the broadband CAFsystem will

be described.

Microchip laser

Fig. 4. The experimental setup, including the mdrgemponents and an intensified chi-coupled device (ICCD)
and dichroic mirror (DM). The components surrounded by the dashed linestbdechanged in the differe

systems.
In principle, the pssively (-switched® microchip lasér*? consiss of a sub-millimeter
piece of solid-statéNd:YAG) gain material, polished flat and paraltei two sides to create a
cavity {he cavity mirrors are dielectrically depositededity onto the polished surfe) which is
excited by a diode laserThe frequency doubled output of this laser willsplit in two portions,

where one of them after amjication, will be used as the punamd the othewill be coupled

10



T02

into a photonic crystal fiber (PCF) to generateshpercontinuum (SC§>**which will serve as
the ws beam. The SC beam covers the 480 — 1700 nm ramgieherefore by delivering it
through long and short wavepass edge filters theired Stokes beam in the 535 — 660 nm
range will be obtained. The pump and Stokes beaitisbe spatially and temporally (by
adjusting the delay line of the, beam in Fig. 4) overlapped and combined by a dicHilter
(Semrock, FF520-Di02), before focusing them onte s#ample to induce the simultaneous
vibrational coherences in the ultrabroad frequeranyge. The detection of the broadband B-
CARS signal will be performed similarly to thatthie Raman signal (see below), except that the
long wavepass edge filter will be replaced by arsiwavepass edge filter (Semrock, SPO1-
532RU).

Upon blocking the PCF output, the spontaneous Rasigmal will also be measured,
allowing direct comparison of the sensitivity oeteame system for Raman and CARS detection.
The sub-ns operation of the microchip laser wilbypde high peak intensity and therefore
enhanced Raman signal, compared to that obtainbdieé continuous laser pointer (see below).
Also, since it operates in a pulsed mode, it wikhlele detection of the signal with the intensified
charge coupled device (ICCD) operated in gated moelducing the noise signal from the
background and therefore resulting in higher sigoaloise ratios (SNR).

A rough estimate of the ratio ¢iie broadband B-CARS signal to that obtained in the
spontaneous Raman can be obtained while considérenfpreseen experimental conditions and
using Egs. (1) and (3). This ratio for the chasdstic ~1050 criit Raman active vibration of
KNO3 where, N ~ 1.2x1028 1/m®, n~ 1.5,05 ~ 5x1073° cm/sr and the optical parameters as
I'~5cm', wp~ 18796 crilt, I, = 1.5x10"* W/n?, ws~ 16666 crit, I; = 7.5x107 W/m? and

L ~ 0.5 mm for the sample length, is calculated @5 (for a biconvex focusing lens of 5 cm

11
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diameter and 17.5 cm focal length). Since theateteB-CARS signal, is estimated to be only
about 4 % of the forward CARS the ratio of CARS to spontaneous Raman sign@dsaed to
about five orders of magnitude, implying much higtetection sensitivity for the former. This
enhancement is particularly important, as the mitgndecreases inversely with the distance

squared®

D? 1

Iocn=n0Er—2 , (4)

wheren is the number of photons reaching the detecigris the total number of the generated
photons andD is the collecting lens diameter. Under the aboeationed conditions and with a
collecting lens of D = 5 cm, the estimated distafocesignal detection can be obtained from Eg.
(4). It turns out that the B-CARS signal can b&died at a distance of ten meters (SNR ~ 3),
showing the possible promise of the broadband B-SAfgstem for botlpoint and standoff
detection

As mentioned above the system will serve for meaguhe Raman and CARS spectra of
the different compounds, but also for mapping tsagka particular compound, or mixtures of
compounds on different substrates. The mappingbeilattained by positioning the sample on
an x,y translational stage and scanning it in wrh steps. An application on the LabView
software will be developed for driving the tranglatl stage and for monitoring the spectra from
the different positions by the ICCD. Successigeordings of the spectra from the different
positions will allow computation of two-dimension@D) Raman maps, based on characteristic

Raman shifts of measured sample.

12
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Preliminary results

In some scenarios, point detection of expskesidues, suspect shipments and
screening of hidden explosives carried by travelers airlines is required. Under such
circumstances the people, vehicles, and packagesbeachecked repeatedly, if necessary,
leading to their permitted or forbidden entrance aoparticular section. Therefore, we
constructed and tested the performance of the Rapeaatrometer, which allows monitoring
liquids solids and even single solid particles froesidues of latent human fingerprints at short
acquisition times and high SNRs (> 100). Sincea¥erall system is modular, compact and can
be readily made portable, it can be easily apptedietection of harmful compounds and
particularly to explosive residues on latent firgyerts.

Up today, our efforts were focused on detectiondifferent compounds by Raman
spectroscopy with the newly developed compact nevddman spectrometer (Fig. 4). As has
been mentioned, the experimental setup for thetapenus Raman spectrometer is very similar
to that of the B-CARS experiment and consists cbammercial low-power frequency doubled
green laser pointemt 532 nm (Laser Pointer) operating by a DC powsgpky for prolonged
operation time and stability with < 30 mW power.eTlaser beam was turned by a dichroic
mirror (DM) and a right angle tiny prism (3 mm) atightly focused through the x40/0.65
microscope objective to provide a power of 10 mWlom samples. The backscattered Raman
signal was collimated by the same objective anlbfohg blocking of the laser beam by a long
wavepass edge filter (Semrock, LP03-532RE) it veasiged onto a pinhole (100 pum) located in
front of the slit spectrometer and eventually réaghhe air cooled 1024 x 1024 ICCD, driven

by the Solis 4.15 software.

13
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Following optimization of the alignment of the lageam and the collection optics in the
newly constructed Raman spectrometer, the speétdifferent samples were measured. In
order to confirm the operation of the newly consted Raman spectrometer we present the
measured Raman spectra of 2-phenylethyl alcotmplifl), as measured by a commercial system,
l.e., a micro-Raman spectrometer (LabRam UV HRjn3¥lon, with excitation wavelength of
~ 785 nm and 10 mW power) and with our compactesysis presented in Fig. 5, panels (a) and
(b), respectively. It is immediately seen that #pectra resemble very much, although the
spectral resolution in the compact system is soméwborer due to limited resolution of the
spectrometer and the higher linewidth of the emgiliaser. In addition, the spectrum measured
by the compact spectrometer benefits from a b&NR in the high frequency range, due to
better performance of the ICCD in the high freqyerange. It is obvious that the structured
and characteristic spectral signature, in the erdpectral range, provides the means for the

identification of the measured compound.

Intensity (arb. units)

1 " I " I " L
/
500 1000 1500 3000

Wavenumber (cm” 1)

~

Fig. 5 Raman spectra of 2-phenylethyl alcohol measurea ciymmercial confocal Raman
microscope (a) and by the newly constructed Rarpaoteometer (b).
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The new system was also used for measurement odiRapectra of liquids (Fig. 6) and
solid samples (Fig. 7). The liquid samples, inclgchydrogen peroxide (a), acetone (b), which
are precursors for synthesis of triacetone trixiele (TATP), methanol (c) and isopropanol (d),
were hold in 2 cm diameter glass vials, while thiedssamples were prepared by applying small
amounts of dispersed powder on glass microscopesslwhich were attached to a stand on a
X,y motorized 1" translation stage (Thorlabs, Z8250d @ositioned in front of the objective.
The spectra were measured while operating the 1@Cihe continuous mode for integration
times of 10-15 s. To obtain the full spectral mngach spectrum was scanned across the ICCD
by moving the grating two times. The resultingnsilg were transferred to a computer where
they were processed and displayed. Figures 6 afehily show that each of the compounds has
a unigue Raman signature. It is interesting tterthat even the spectral signatures of two
dinitrotoulene isomers, i.e, 2,4 dinitrotoluenel &¥4 dinitrotoluene, shown in panels (e) and (f)

of Fig. 7, respectively, differ; meaning that thgnatures allow to unravel even very delicate

(a)r \ (b)

| © | )
| _

Intensity (arb. units)

VVNIUNI B WA N W e

500 1000 1500 3000 3500 500 1000 1500 3000 3500
-1
Wavenumber (cm )

Fig. 6. Raman vibrational spectra of several liquid saspincluding hydrogen peroxide (a),
acetone (b), methanol (c) and isopropanol (d), oreaswith the compact Raman
spectrometer.

15



Intensity (arb. units)

T02

(a)

(b)

LY S

(g) W (h)

.

500 1000 1500

3000 3500 500 1000 1500 3000

3500
Raman shift (cm™)

Fig. 7. Raman vibrational spectra of several ssdithples, including (a) potassium nitrate, (b)
ammonium nitrate, (c) urea nitrate, (d) urea, (é)dnitrotoluene, (f) 3,4 dinitrotoluene, (g)

2,4,6-trinitrotoluene, (h)

RDX, (i) HMX and (j) PTE measured with the compact Raman
spectrometer.
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changes in the structure. In particular, if thegmatures would be compared to the spectra in a
database, it would be possible to identify a samyte the compound with which it had the
highest correlation.

Considering that the exciting laser is tightly feed, the possibility of detecting individual
particles by this system was tested. For measuhinge extrinsic compounds that were left
within a fingerprint, samples were prepared afed. The hands of a volunteer were cleaned
with ordinary soap, rinsed in water and dried agéddain air. Then the index finger was stained
by touching the powder of a particular compoundgag on a clean glass slide. Excessive
powder was rubbed off by hitting the contaminatexhch with a glove, till powder was
unobservable on the finger by the naked eye. Kindlis finger was pressed onto a clean
microscopic slide, which was located in front oé tbbjective. The Raman spectrometer was
used to first locate the position of a particulartigcle by first photographing the region of the
fingerprint and then scanning the sample inxjyadirections (2um steps), till a specific particle
chosen for measurement was found to strongly "blinkThis point was selected as the
measurement point for obtaining the Raman spectrém.can be seen from Figs. 8(a) — (c),
spectral signatures of potassium nitrate, ureateitand 2,4 dinitrotoluene, respectively, were
obtained. The spectra match very well those ptedeim Fig. 7 for these compounds, clearly
showing that the pattern differs from one partidehe other. Also shown, in the right part of
the figure, are micrographs of the individual pdes of the different compounds, used for
measuring the spectra. The residues of the rgckatidheld materials cannot be distinguished
by their morphology, however, their Raman spedighature can differentiate between them,
even if particles as small as gt with estimated mass of 150 ng were analyz@tce againit

is expected that these particles could be easdgtifled by comparing the measured spectra to

17
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Raman spectra appearing in a data base, providengdssibility to detect them even when only

a single particle is present.

Intensity (arb. units)

500 1000 1500
Wavenumber (cm™)

Fig. 8. Raman spectra of (a) potassium nitrateii(ba nitrate and (c). 2,4 dinitrotoluefi¢ne image
of the individual particles, obtained from the famgrint residues of the different compounds, which
were used for measuring the corresponding spectra.

To summarize, a modular, compact Raman spectronteieed on a green laser pointer,
was developed and applied for point detection ofoua materials. The feasibility of this setup
for Raman spectroscopy of liquids in glass vialceé amounts of explosives and even individual
particles obtained from residues of latent humamgdiprints with high sensitivity was
demonstrated. Its point and real time detectigpabilities for harmful compounds, together
with the portability that it offers make it a potieth candidate for field applications and open the
door for future improvement by replacing the exgtisource to a pulsed one in the Raman

spectrometer and even more so by the outputs ofniceochip laser + PCF for broadband

18
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B-CARS, which is expected to lead to even highessiities and even applicable fetandoff

detection
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