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for Standoff Trace Explosive Detection

Kyle T. Hufziger, Sergei V. Bykov, and Sanford A. Asher

Abstract

We constructed the first deep ultraviolet (UV) Raman standoff wide-field imaging spectrometer. Our novel deep UV imaging

spectrometer utilizes a photonic crystal to select Raman spectral regions for detection. The photonic crystal is composed of

highly charged, monodisperse 35.5� 2.9 nm silica nanoparticles that self-assemble in solution to produce a face centered

cubic crystalline colloidal array that Bragg diffracts a narrow�1.0 nm full width at half-maximum (FWHM) UV spectral region.

We utilize this photonic crystal to select and image two different spectral regions containing resonance Raman bands of

pentaerythritol tetranitrate (PETN) and NH4NO3 (AN). These two deep UV Raman spectral regions diffracted were

selected by angle tuning the photonic crystal. We utilized this imaging spectrometer to measure 229 nm excited UV

Raman images containing �10–1000mg/cm2 samples of solid PETN and AN on aluminum surfaces at 2.3 m standoff distances.

We estimate detection limits of �1mg/cm2 for PETN and AN films under these experimental conditions.
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Introduction

The increasing use of explosive devices in terrorist attacks

has dramatically increased the need for sensitive standoff

explosive detection instruments that can be utilized to

screen for trace explosive residues that may indicate the

presence of explosive threats.1,2 There is intense interest in

detection of explosives at trace concentrations such as

those present in explosive-laced fingerprints, on vehicle

panels or other surfaces contaminated by explosive resi-

dues, and in vapors surrounding buried landmines.3–6

Trace explosive detection is challenging because explosives

typically have low vapor pressures, making vapor detection

difficult.2,7 In addition, explosives often quickly photolyze

when exposed to near-ultraviolet (UV) irradiation from

sunlight, as well as from deep UV irradiation during spec-

troscopic measurements.8–12 Any detection methodology

must be able to detect different classes of explosives that

have widely varying chemical structures.

We have been developing deep UV resonance Raman

spectroscopy for standoff trace explosive detection. We

have determined deep UV Raman spectral signatures,

cross-sections, and the UV photochemistry of many explo-

sives.11–14 We have also developed new spectroscopic

instrumentation, as well as novel, compact UV laser exci-

tation sources.15 We recently reviewed advances in UV

Raman standoff methods and compared their utility to

existing methodologies that are currently used to detect

and screen for trace explosives.1 These include canine

olfaction, ion mobility spectrometry, fluorescence quench-

ing devices, and colorimetric assays.16–18 The key limitation

of these other techniques is the necessity for humans,

canines, or instrumentation to be in close proximity to

the objects being screened. Laser-based spectroscopies

are the only currently viable means to detect explosives

from safe standoff distances.

Raman spectroscopy is an inelastic light scattering tech-

nique that is well suited for explosive detection because

measured Raman spectra can serve as molecular finger-

prints.14,19–21 In a typical Raman measurement, a mono-

chromatic excitation source, usually a focused laser,

Department of Chemistry, University of Pittsburgh, Pittsburgh, PA, USA

Corresponding author:

Sanford Asher, 219 Parkman Ave, Chevron Science Center, Pittsburgh,

Pennsylvania, 15260, United States.

Email: asher@pitt.edu

Applied Spectroscopy

2017, Vol. 71(2) 173–185

! The Author(s) 2016

Reprints and permissions:

sagepub.co.uk/journalsPermissions.nav

DOI: 10.1177/0003702816680002

journals.sagepub.com/home/asp



excites a small area of a sample. The vibrational modes

of molecules in the sample inelastically scatter Raman

light, which is shifted from the excitation frequency by

the frequency of the molecular vibration. The Raman scat-

tered light is collected, dispersed by a spectrograph, and

measured using a charge-coupled device (CCD) detector.

Visible wavelength Raman spectroscopy has been previously

used for standoff detection by exciting distant samples with

a laser and collecting the Raman scattered light with a

telescope.22,23

Raman imaging methodologies have also been utilized to

characterize the spatial chemical composition of sample

surfaces.24 Raman imaging instruments can be broadly dif-

ferentiated by whether they involve raster-scanning or

wide-field illumination.25 Raster-scan Raman imaging instru-

ments typically either translate a focused laser and collec-

tion optics across a stationary sample or utilize scanning

stages that precisely move the sample in front of a station-

ary focused laser. Raman spectra are measured at discrete

points on the sample utilizing a traditional Raman spec-

trometer.26 The collected spectra can be assembled to pro-

duce a hyperspectral Raman image that depicts the Raman

spectra of the sample as a function of position.27

In cases where the available laser beam power is not

limiting, wide-field imaging instruments can provide hyper-

spectral images with dramatically increased signal-to-noise

(S/N) compared to raster-scan instruments.28 In wide-field

Raman instruments, a defocused laser beam illuminates a

large region of the sample and the Raman scattered light is

simultaneously collected from the entire illuminated area.

The Raman scattered light is analyzed by a wavelength

selection device (WSD) that selects a narrow wavelength

spectral region of interest to form a wide-field Raman

image of the entire sample surface. In the simplest case,

the WSD selects a spectral region containing only a single

Raman band of the analyte. In this case, the Raman image

intensity details the spatial distribution of the analyte.29,30

Typically, the WSD is then tuned to image additional

spectral regions, enabling the collection of a hyperspectral

Raman image of the sample. In our previous work, we

demonstrated the first use of a photonic crystal (PC) as

a WSD to construct a visible wide-field imaging spectrom-

eter with 488 nm excitation.29 We pioneered and have

extensively studied PCs composed of highly charged, self-

assembling nanospheres that diffract light according to

Bragg’s Law.31,32 We have utilized these PCs as visible

Rayleigh rejection filters for Raman measurements and for

numerous sensing applications including detection of small

molecules, proteins, and micro-organisms.33–38 Other

groups have developed near-infrared (NIR) and visible

wavelength Raman wide-field imaging spectrometers by uti-

lizing liquid crystal tunable filters (LCTF), acousto-optic

tunable filters (AOTF), and bandpass filter WSDs.26,39

Many previous standoff Raman explosive detection

instruments utilized visible excitation due to the availability

of high performance visible optics and filters, efficient

detectors, and high power visible laser sources.22,23,40,41

The major limitation of visible Raman for trace explosive

detection derives from the weak Raman cross-sections that

limit detection sensitivity. Furthermore, fluorescence

caused by visible excitation can severely degrade Raman

spectral S/N and visible excitation power must be severely

constrained to maintain eye safety for detection in the field.

There is great interest in utilizing deep UV excitation for

standoff explosive detection.1,15,42-44 Deep UV excitation

(<250 nm) has significant advantages for Raman standoff

trace explosive detection. Raman scattering intensity has

a n4 dependence on excitation frequency, yielding greater

Raman intensities as the excitation wavelength decreases.20

Excitation at <250 nm within the explosives’ electronic

absorption bands results in resonance Raman enhance-

ments of up to 106, significantly improving detection sensi-

tivity.13,14,45 Sample luminescence that notoriously

degrades spectral S/N for visible and NIR Raman experi-

ments occurs outside the Raman spectral region when deep

UV excitation is utilized, improving sensitivity.46 In addition,

the ocular mean permissible exposure (MPE) set by ANSI

for deep UV light is much higher than for visible excitation,

enabling the use of higher laser power eye-safe deep UV

instruments.47,48 Thus, the sensitivity and selectivity of

Raman instruments for explosive detection is dramatically

increased for deep UV excitation, especially for trace sam-

ples likely to be encountered in the field.1,8,14,15,49

The primary challenge for deep UV wide-field imaging

instrumentation is that until this work, there were no

WSDs that functioned in the deep UV spectral region.

We recently invented the first deep UV diffracting PC

and demonstrated its use as a Rayleigh rejection filter

for 229 nm UV Raman experiments.50 We developed a

modified Stöber synthesis to prepare highly charged, mono-

disperse �47 nm diameter silica nanoparticles. These par-

ticles self-assembled in solution to produce a PC that

diffracted a narrow deep UV spectral region. We utilized

this deep UV diffracting PC as a 229 nm Rayleigh rejection

filter in a Raman measurement of Teflon, where the Stokes

shifted Teflon Raman bands transmitted through the PC to

be dispersed by the spectrograph. In the present work, we

demonstrate the use of a silica nanoparticle PC as a WSD

to construct the first deep UV standoff wide-field Raman

imaging spectrometer for trace explosive detection.

Experimental

Monodisperse Silica Nanoparticle Synthesis and
Functionalization

Monodisperse silica nanospheres were synthesized by using

a scaled-up regrowth method first described by Hartlen

et al.51 Briefly, 99.5 mL nanopure H2O (Thermo Scientific

Barnstead) was added to a jacketed 500 mL reactor
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(Kontes) connected to an ethylene glycol bath (Thermo

Scientific Neslab RTE 740) for temperature control. The

reactor was fitted with a Teflon agitator (Ace Glass 8090-

08) attached to an overhead stirrer (Caframo BDC6015)

set to 60 RPM and a reflux condenser. 0.1825 g L-arginine

(Sigma Aldrich A5006) was dissolved in 39.0 mL nanopure

H2O and added to the reactor, followed by 12.0 mL cyclo-

hexane (Fisher Scientific C556). After the reactor contents

reached �60 �C, 11.00 mL tetraethyl orthosilicate (TEOS,

Sigma Aldrich 86578) was pipetted slowly down the reactor

wall to prevent fast mixing with the aqueous layer, resulting

in improved nanoparticle nucleation which increased the

final particle monodispersity.51 The reaction was allowed

to proceed for 20 h before being cooled to room tempera-

ture. The resulting silica nanoparticle seed dispersion was

24.7� 2.8 nm in diameter.

Between each synthesis step, the nanoparticle dispersion

was removed and the reactor was washed with ethanol and

nanopure H2O. To grow the silica nanoparticles to their

final size, the entire nanoparticle seed dispersion was

added to the reactor and stirring was restarted at

60 RPM. 490 mL nanopure H2O was added, followed by

53 mL cyclohexane. The recirculator heated the reactor

to �55 �C and 40.0 mL TEOS was pipetted slowly down

the reactor wall. The reaction was allowed to proceed

for 30 h before cooling to room temperature.

The resulting 35.7� 2.9 nm nanoparticles were functio-

nalized with 3-trihydroxylsilyl-1-propane sulfonic acid

(THOPS, Gelest SIT 8378.3) following a procedure

described by Wang et al.50 The entire dispersion was

added to the reactor, stirring was restarted at 60 RPM,

100 mL nanopure H2O was added to the reactor, and the

reactor heated to 70 �C. Approximately 4 mL NH4OH

(Sigma Aldrich 21228) was added to 20.0 mL THOPS and

the pH �9 mixture was poured into the reactor. The reac-

tion was allowed to proceed for 6 h before cooling to room

temperature.

The dispersion was removed from the reactor and dia-

lyzed (Sigma Aldrich D9652) against nanopure water for

three days to remove unreacted species. Following dialysis,

the dispersion was centrifuged at 18 000 g for at least 1 h,

the supernatant was removed, and the pellet re-dispersed

in nanopure H2O. Supernatant removal via centrifugation

followed by redispersion was repeated four times before

storing the final product over mixed bed ion exchange resin

(Bio-Rad AG-501-X8 (D)) to remove any remaining ionic

contaminants. The final nanoparticle size was measured to

be 35.5� 2.9 nm by TEM (Figure 1). We measured a z-
potential of –50.5 mV at pH 4.5.

Nanoparticle and Photonic Crystal Diffraction
Characterization

Nanoparticle sizes were measured by pipetting dilute disper-

sions onto Formvar coated copper grids (Ted Pella, 01814-F).

After air-drying, the grids were imaged using a transmission

electron microscope (FEI Morgagni 268). At least 100 indi-

vidual nanoparticles were measured via Image J (NIH)52

to determine the particle size distribution. The z-potential

of a diluted nanoparticle dispersion was measured

using dynamic light scattering (Malvern ZS-90 Zetasizer,

Smoluchowski approximation). Sample pH was monitored

during z-potential measurements using pH strips (EMD

Millipore ColorpHast 0–6 pH).

The transmission of UV light by the PC was monitored

by using an ultraviolet–visible–near-infrared (UV-Vis-NIR)

absorption spectrometer (Varian Cary 5000). The PC was

held by a 2 in. mirror mount (Newport GM-2) attached to

a rotational stage (Newport 481-A) mounted on a bread-

board placed within the spectrometer. The PC diffraction

bandwidth was directly determined by measuring the angu-

lar dependence of the power of a weak 229 nm laser beam

diffracted by the PC. The PC was mounted to a rotational

stage (Newport 481-A) and illuminated by �150 mW

229 nm continuous wave (CW) light generated by an intra-

cavity frequency doubled Coherent Innova 300c FreD Ar

ion laser.53 The diffracted laser beam power was measured

using a photodiode power meter (Thorlabs PM200 meter

with a S120VC head) and fit to a Gaussian for further ana-

lysis (OriginPro).

Trace Explosive Sample Preparation

Drop-cast trace explosive samples were prepared on the

surface of �2.5� 2.5 cm aluminum plates (McMaster-Carr,

Multipurpose 6061 aluminum) that were first smoothed by

a milling machine (Pitt Chemistry Machine Shop) followed

by final polishing with fine grit sandpaper (Norton P800).

The aluminum plates were thoroughly washed with

Figure 1. Transmission electron micrograph of highly charged

35.5� 2.9 nm silica nanoparticles. Scale bar denotes 150 nm.
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acetone, ethanol, and nanopure H2O before being dried

with a stream of N2.

To prepare the drop-cast samples for Raman imaging, a

1.00 mL methanol solution containing 1.00 mg pentaerythri-

tol tetranitrate (PETN, AccuStandard M-8330-ADD-2-10 x)

was evaporated using a gentle stream of N2. The small crys-

tals were dissolved in 50.0mL spectroscopic grade

acetone (Acros 16764-5000, >99%). A total of 6.0mL of

a 20.0 mg/mL solution of NH4NO3 (AN, EM Science

AX1315-1, >99%) in spectroscopic grade methanol (Fisher

Scientific A408-1, >99%) was drop-cast onto a section of a

clean aluminum plate. A total of 6.0mL of the PETN solution

was drop-cast a short distance away. These droplets

quickly evaporated to create two explosive films containing

760mg/cm2 AN and 920mg/cm2 PETN, respectively

(Figure 6a and e). The total amount of explosive deposited

in each film is 120mg. Approximately 100mg PETN and AN

were similarly drop-cast onto two separate, clean aluminum

plates for Raman spectral analysis (Figure 6b and f).

Microscope images (DinoLite Edge) were recorded of the

samples prior to irradiation.

It is well-known that solids migrate towards the edge of

evaporating droplets, resulting in the formation of a

‘‘coffee-ring’’ where most of the solute becomes localized

at the ring edge.54,55 To increase film uniformity and surface

coverage of these drop-cast explosive samples, we utilized

high vapor pressure solvents and small solution volumes

that were deposited in multiple aliquots with drying in

between to minimize coffee-ring formation.

In addition to these drop-cast samples, we also mea-

sured 10, 100, and 250 mg/cm2 PETN and AN inkjet printed

explosive samples on smooth aluminum substrates

(ACT Test Panel Technologies) donated by the US Army

Research Lab (ARL). Preparation of these samples is

described elsewhere.56 Inkjet printing offers several

important advantages over drop-cast deposition. Inkjet

printing enables reproducible deposition of droplets that

are several orders of magnitude smaller in volume than is

possible using micropipettes, mitigating coffee ring forma-

tion.55 Inkjet printing enables reproducible preparation of

samples with well-defined explosive surface coverage via

precise control of the volume, location, and number density

of deposited droplets.

Raman Measurements

Trace explosive samples were excited by 229 nm light gen-

erated by an intracavity doubled Ar ion laser, described

above.53 A custom deep UV optimized spectrometer

(Spex Triplemate) equipped with a CCD (Roper Scientific

Spec 10) was utilized to collect solid state deep UV Raman

spectra of the explosives (Figure 6b and f).57 The solid state

explosive samples were illuminated by a �4.3 mW, 229 nm

beam with a �70 mm spot size and were spun during irradi-

ation (Figure 6b and f). Raman spectra were scaled

proportionally to the Raman cross-sections of their most

intense Raman bands (1044 cm–1 for NH4NO3 and the sum

of the 1269þ 1289 cm–1 bands for PETN) after cosmic ray

removal and calibration (Thermo GRAMS/AI 8.0) using

solid state 229 nm Raman cross-sections measured by

Emmons et al.49

For Raman imaging experiments, the 229 nm beam was

directed through two plano-convex microlens arrays

(Edmund Optics 64-477) to generate a square, �1.2�

1.2 cm beam at the sample. The total incident laser

power was measured by a photodiode power meter

(Thorlabs PM200 meter with a S120VC head) to be �6.5

mW after the final turning mirror at the sample during the

Raman imaging measurements.

All Raman images are depicted in false color by utilizing

WinSpec software (Princeton Instruments). The false color

contrast range that determines the color of each pixel in

the Raman image was set to be identical for all Raman

images with the same accumulation time (i.e., all 30 s

Raman images have the same false color scale), enabling

separate Raman images to be visually compared. Raman

image false colors range from dark blue (low intensity) to

bright red/white (high intensity). Laboratory lights were

turned off during Raman image collection.

Results and Discussion

Photonic Crystal Diffraction

The low pKa sulfonic acid groups attached during THOPS

functionalization of our monodisperse silica nanoparticles

yields a high negative surface charge and a high z-potential

of –50.5 mV at pH 4.5. We utilized these 35.5� 2.9 nm silica

nanoparticles to fabricate PCs that diffract light in the deep

UV spectral region (Figure 2). After thoroughly removing

dissolved charged species from the nanoparticle dispersion,

electrostatic repulsion between the highly charged nano-

particles caused self-assembly of a face centered cubic

(FCC) crystal that diffracts light according to Bragg’s Law

(Eq. 1).29

m � ¼ 2 n d sin y ðEq:1Þ

where m is the diffraction order, � is the wavelength of light

in vacuum, n is the refractive index of the dispersion, d is

the FCC (hkl) plane spacing, and y is the glancing angle

within the dispersion.58 We utilize diffraction from the

FCC (111) planes because their diffraction is highly spec-

trally separate from the higher Miller index planes.

The FCC (111) interplanar distance is readily calculated

from the nanoparticle number density.59 Only one narrow

wavelength spectral region will be diffracted by the FCC

(111) planes for a specific incident angle of light on the PC

(Figure 2). All wavelengths of light that do not meet the

Bragg condition transmit through the PC except for a small
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amount of light that is diffusely scattered by the nanoparti-

cles and a small amount of light that is reflected from the

surfaces of the fused silica cell that encloses the PC.

The front face of the PC cell is wedge shaped (Thorlabs

BSF2550) in order to direct unwanted reflected light out of

the optical plane of the imaging spectrometer (Figure 3).

The cell was constructed by utilizing a partially melted

�120mm thick Parafilm spacer to attach the wedged

front face to a flat fused silica back plate. The highly charged

nanoparticle dispersion was injected via a syringe through

holes in the back plate. The nanoparticles immediately self-

assemble to form the FCC PC where the (111) planes are

oriented parallel to the cell surfaces.

Angle tuning the PC relative to the incident light tunes

the wavelength of the diffracted narrow spectral region. We

previously demonstrated that �47 nm diameter silica nano-

particles that diffract �230 nm light at normal incidence

show �5 nm full width at half-maximum (FWHM) transmis-

sion bandwidths when measured using our absorption

spectrometer.50 The measured PC diffraction bandwidth

is governed by the particle light scattering, particle order-

ing, light incident angle, and light collimation. The narrowest

diffraction occurs for normal incident angles.34 We reduced

the normal incidence transmission bandwidth by �46% to

�2.7 nm FWHM (Figure 2) measured in the absorption

spectrometer by reducing the nanoparticle diameter from

�47 nm in our previous work to 35.5� 2.9 nm here.

Reducing the diffraction bandwidth increases the spectral

resolution of the Raman imaging spectrometer, enhancing

the ability to differentiate between analytes with closely

spaced Raman bands.

Smaller nanoparticle diameters and increased FCC

ordering narrows the transmission and diffraction band-

widths.58,60,61 Smaller nanoparticles and nanoparticles

with refractive indices closer to that of the surrounding

medium decrease the nanoparticle light scattering. For an

optically thick PC, this allows a greater number of PC FCC

planes to participate in diffraction, which narrows the dif-

fraction spectral bandwidth.58,60 Inhomogeneities in the

nanoparticle spacings can derive from a lack of nanoparticle

Figure 2. 35.5� 2.9 nm silica nanoparticle PC transmission measured using an absorption spectrometer at various PC rotational

angles.

Figure 3. Photograph of the PC cell. Highly charged, monodis-

perse nanoparticles are injected through the back plate into a

cavity formed by a melted Parafilm spacer, where the particles self-

assemble to form the deep UV diffracting PC.
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size and charge monodispersity, or result from the forma-

tion of small polycrystalline domains due to imperfect self-

assembly. This can result in a distribution of FCC (111)

interplanar spacings that can broaden the diffraction band-

width.58 Determining the relative contribution of each

of these phenomena is difficult since it requires complex

studies of the dependence of diffraction bandwidth on all of

the relevant PC material parameters.

The absorption spectrometer transmission measure-

ments conveniently and quickly monitor the PC diffraction

wavelengths and the transmission bandwidths for any inci-

dent angle. However, the PC diffraction bandwidths that

determine the PC spectral imaging resolution are signifi-

cantly narrower than the transmission bandwidths.61

Furthermore, both the diffraction and transmission band-

widths are broadened for incident light that is imperfectly

collimated, which results in a distribution of PC Bragg glan-

cing angles. This phenomenon gives rise to an increased

bandwidth for the transmission spectra measured by our

absorption spectrometer which utilizes a noncollimated

beam in the sample compartment.50

We directly measured the PC diffraction bandwidth by

determining the angular dependence of the diffracted

power of a 229 nm laser beam (Figure 4). Snell’s Law was

applied to the incident laser beam glancing angles measured

in air to calculate the glancing angles within the PC,

after refraction through the fused silica cell and into the

PC (Figure 4a). A Gaussian fit depicted in blue (Figure 4a)

was utilized to calculate the glancing angle for the maximum

intensity of 229 nm diffraction (74.6�) and the angular

FWHM bandwidth (�y, 0.94�). The refractive index of

the dispersion (n) was calculated to be �1.395 using the

volume fraction of nanoparticles (2.9%), the nanoparticle

refractive index (assumed to be that of fused silica at

229 nm, 1.521), and the refractive index of water

(1.391).62–64 If we treat the PC diffraction in the more

complete dynamical diffraction limit we will find a more com-

plex relationship between the diffraction angle and the

refractive index.61,65 Given the calculated PC refractive

index, we can use Bragg’s Law in the kinematic limit to cal-

culate the d111 plane spacing utilizing the measured glancing

angle for the maximum intensity 229 nm diffraction (Eq. 2).

dhkl ¼ 229 nm
�
2 � 1:395 � sinð74:6�Þ ¼ 85:2 nm ð2Þ

We then utilized Bragg’s Law to relate the angular band-

width, �y, to the wavelength bandwidth, �� (Eqs. 3 and 4).

The limiting diffraction band glancing angles (FWHM, yL and

yH) are calculated by taking the difference between the

center glancing angle and half of the angular FWHM

(74.6� 0.47�). The wavelength difference (��) between

incident light at yL and yH (Eq. 4) yields the FWHM diffrac-

tion bandwidth in nm.

� ¼ 2 � 1:395 � 85:2 nm � sin yð Þ ¼ 238 � sinðyÞ ð3Þ

�� ¼ 238sinðyLÞ½ � � 238sinðyHÞ½ �
�� ��

¼ 238sinð74:1Þ½ � � 238sinð75:1Þ½ �
�� �� ¼ 1:0 nm

ð4Þ

We measured a maximum diffraction efficiency of �50%

at a glancing angle of 74.4� (Figure 4a). We measured a

bandwidth of �4.0 nm FWHM for PC transmission at a

glancing angle of 74� in our absorption spectrometer

(Figure 4b), which is approximately four times larger than

the calculated bandwidth measured via the laser beam

intensity diffraction method (Figure 4a).

During the 229 nm laser beam intensity measurements,

we discovered that extended 229 nm laser beam irradiation

causes local PC disorder likely due to photochemical reac-

tions that presumably increase ionic strength. The beam

intensity used was too small to give rise to photothermal

effects due to local heating.66,67 These PC photochemical

reactions will be negligible during UV Raman imaging due

to the weak incident UV power produced by UV

Raman photons.

UV Wide-Field Imaging Spectrometer Design

Figure 5 shows a schematic of our deep UV wide-

field imaging spectrometer. We utilized a custom-built

Maksutov-Cassegrain telescope (Questar 3.5 in. Field

Model) optimized for deep UV transmission to collect

Raman scattered light from a 2.3 m standoff distance.

A 229/244 nm dual notch filter (NF, Semrock NF01-229/

244-25) was attached to the exit port of the telescope to

reject Rayleigh scattered light. The collected light was col-

limated using a 2 in. diameter plano-convex lens (L1).

The PC diffraction angle was set by a computer-

controlled rotational stage (Zaber X-RSW60A, fine reso-

lution, low speed model) to enable precise, reproducible

tuning of the PC angle. Prior to Raman imaging, a 1280�

1024 color CMOS camera (CMOS, Thorlabs DCC1645C)

with a 35 mm f/2.0 lens (Thor Labs MVL35M23) was used

to image the sample using ambient visible light. This image

also enabled alignment of the spectrometer with respect to

the sample.

The Raman light diffracted by the PC was directed

to a 2’’ diameter planar UV enhanced mirror (M, CVI

Laser Optics DUVA-PM-2037-UV) mounted to a rotational

(Zaber X-RSW60A) and translational stage (Zaber

T-LSM200A, 200 mm travel). Mirror M directed the dif-

fracted Raman scattered light through the center of lens

L2. A 2 in. plano-convex lens (L2) mounted to a transla-

tional stage (Zaber T-LSM050A, 50 mm travel) focused the

Raman image onto the CCD.

A solar blind UV bandpass filter (UBF, Acton Optics

FB240-B-2D) was mounted directly to the face of the

CCD detector to reduce interference from ambient light

and sample luminescence. The UBF has a peak transmission
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of 40% at 237 nm, a FWHM of 32 nm, and >2.5 OD in the

range of 350–1100 nm. A thermoelectrically cooled CCD

detector (CCD, Princeton Instruments PIXIS 1024 BUV,

1024� 1024, 13� 13mm pixels) was utilized to collect

deep UV Raman images. The Raman image S/N was increased

by sacrificing image resolution through hardware binning of

adjacent CCD pixels into super-pixels prior to image readout.

Pixel binning of 8� 8 and 6� 6 was utilized for the 30 s and

2 min image accumulation times, respectively.

The imaging spectrometer was constructed inside a

light-tight optical enclosure utilizing construction rails and

black hardboard (Thorlabs). The spectrometer was

mounted to a 4� 2’ breadboard (Melles Griot) attached

to a wheeled cart (Thorlabs Optics a la Cart).

Raman Wide-Field Imaging

We utilized this deep UV wide-field imaging spectrometer

to detect explosive films of AN and PETN. The drop-cast

explosive samples (Figure 6), and the inkjet printed

explosive samples (Figures 7 and 8), were placed 2.3 m in

front of the imaging spectrometer telescope. The samples

were centered along the spectrometer’s optical axis by

using the imaging spectrometer CMOS camera. We then

directed the �1.2� 1.2 cm expanded 229 nm beam to

excite the explosive samples. The telescope collected the

Raman scattered light, which was collimated and directed

onto the PC. Prior to imaging, the PC was angle tuned to

diffract a spectral region centered on the most intense

Raman bands of each explosive.

A 16.5� PC rotational angle was utilized to diffract the

spectral region centered about the intense AN 1044 cm–1

NO3
– symmetric stretching band (Figure 6b). At this PC

angle, the AN film shows a much larger Raman image inten-

sity than the PETN film (Figure 6c and d) due to the large

Raman solid state cross-section of the 1044 cm–1 AN band,

previously measured by Emmons et al. to be 3.4� 10–26

cm2/molc	sr.49 The PETN film surprisingly shows a weak

but significant Raman image intensity despite a lack of a

PETN Raman band within the PC band FWHM diffraction

spectral region. We expect small intensity contributions

from the adjacent 1269 and 1289 cm–1 Raman bands

because they will be diffracted by the PC diffraction tails

(Figure 4a). We also expect a small broadening of the PC

diffraction bandwidth due to imperfections in the collima-

tion of Raman light within the imaging spectrometer. In

addition, there may also be contributions to the PETN

image intensity due to the formation of PETN photoprod-

ucts. We recently discovered that PETN photolysis in the

presence of water will produce NO3
– which will give rise to

PETN image intensity resulting from the NO3
– symmetric

stretching band.*

The image intensity (IR) of each pure analyte film should

scale with the Raman cross-sections (s) of the Raman

bands diffracted by the PC and the number of molecules

(N) involved in the Raman scattering (Eq. 5).

IR � s �N ð5Þ

The number of analyte molecules involved in this Raman

scattering depends upon the attenuation of the incident

beam within the film due to absorption as well as due to

elastic light scattering due to refractive index inhomogene-

ities (Eq. 6).68

IR � s � r�
mðeþ gÞ ð6Þ

Where r is the film density, m is the analyte molecular

weight, e is the molar absorptivity of the analyte at

229 nm, and g is the effective attenuation factor due to

elastic light scattering.

*K.L. Gares, S.V. Bykov, B. Godugu, and S.A. Asher, ‘‘UV Resonance Raman
Pentaerythritol Tetranitrate (PETN) Solution Photochemistry’’.
Unpublished Manuscript. 2016.

Figure 4. (a) Diffraction power of the 229 nm laser beam dif-

fracted by PC in panel (b) as a function of laser glancing angle

within the PC dispersion. Incident beam power is �150 mW. A

Gaussian fit is depicted in blue. (b) PC transmission measured in

the absorption spectrometer at a 68� glancing angle measured in

air (74� within PC after refraction).
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The image intensity may also depend upon film thick-

ness. In the thick film limit where the beam is completely

attenuated as it traverses the film, the number of Raman

scattering molecules depends on the penetration depth

of the beam through the film. The beam penetration

depth is inversely proportional to the molar absorptivity

of the sample and to elastic scattering due to refractive

index inhomogeneities (eþ g)–1. In the thick film limit,

the Raman intensity is independent of film thickness.

In contrast, in the thin film limit the exciting beam is not

completely attenuated before traversing the entire

film thickness. In this case, the Raman image intensity is

proportional to film thickness. The AN drop-cast sample

is partially in the thin film limit since the exterior of the AN

film shows higher Raman image intensity than the thinner

center of the film (Figure 6d). Crystallite orientation within

Figure 6. (a) CMOS image of the 120 mg (920 mg/cm2) PETN (top) and 120 mg (760 mg/cm2) AN (bottom) drop-cast films on an

aluminum plate at a 2.3 m standoff distance. (b) 229 nm Raman spectra of solid PETN (top, red) and solid AN (bottom, blue). A �1 nm

FWHM diffracted spectral bandwidth at a 16.5� PC angle is depicted by the blue shading. (c, d) Raman images of the trace explosive

sample shown in (a) at a 16.5� PC angle after 30 s and 2 min accumulations, respectively. (e) Expanded 30�microscope image of the

sample in panel (a) before irradiation. Scale bar represents 1 mm. (f) 229 nm Raman spectra of solid PETN (top) and solid AN (bottom).

A �1 nm FWHM diffracted spectral bandwidth at a 14� PC angle is depicted by the red shading. (g, h) Raman images of the trace

explosives shown in (a) at a 14� PC angle after 30 s and 2 min accumulations, respectively. Both rotational angles of incidence are

measured in air. Thirty second and 2 min accumulations utilize 8� 8 and 6� 6 pixel binning, respectively.

Figure 5. Schematic of the standoff deep UV hyperspectral Raman imaging spectrometer. NF, 229 nm notch filter; A1, aperture; L1,

plano-convex collimating lens; PC, UV diffracting photonic crystal mounted on a rotational stage, CMOS, color camera with 35 mm lens;

M, planar mirror mounted on a rotational stage connected to a translational stage; L2, plano-convex focusing lens mounted on a

translational stage; A2, aperture; UBF, UV bandpass filter; CCD, PIXIS detector. fL1¼ 205 mm and fL2¼ 95 mm at 229 nm.
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the films could also affect Raman image intensities. We are

presently investigating the influence of film morphology on

Raman image intensity.

In contrast, a 14� PC rotational angle was utilized to

diffract the Raman spectral region centered about the

intense PETN 1289 cm–1 NO2 symmetric stretching band

(Figure 6f).1,69,70 Emmons et al. measured an 3.2� 10–26

cm2/molc	str effective solid state Raman cross-section

sum for the PETN 1289 cm–1 band and the overlapping

shoulder at 1269 cm–1.49 For solid AN, this region contains

the NO3
– anti-symmetric stretching Raman band at

�1288 cm–1.49,71,72 We estimate a solid state Raman

cross-section of 1.7� 10–26 cm2/molc	str for the AN

1288 cm–1 anti-symmetric stretching band. Thus, at the

14� PC angle the image intensity of PETN band should

exceed that of AN (Figure 6g and h).

We also measured deep UV Raman images of

250mg/cm2, 100 mg/cm2, and 10 mg/cm2 PETN and AN

films deposited on smooth aluminum substrates via inkjet

printing (Figures 7 and 8). The sample surfaces illuminated

by the 229 nm laser include a lower region covered with an

explosive as well as an upper, expectedly bare, aluminum

region. It should be noted that a different PC with different

diffraction angles was utilized for imaging these inkjet

printed explosive samples. High S/N Raman images were

collected for all PETN inkjet samples with short accumula-

tion times and low surface coverages (Figure 7).

Pentaerythritol tetranitrate is easily detectable at 10 mg/

cm2 due to the uniform surface coverage. The mounds of

PETN visible in the CMOS images of the 250 and 100 mg/

cm2 inkjet samples (Figure 7a and d) are not visible in the

UV Raman images (Figure 7b, c, e, and f) because of the

Figure 7. (a, d, g) CMOS images of 250mg/cm2, 100 mg/cm2, and 10mg/cm2 inkjet printed PETN on smooth aluminum substrates,

respectively, at a 2.3 m standoff distance. Red outlines indicate the area illuminated with 229 nm excitation. (b, e, h) Raman images of the

trace explosives shown in panels (a, d, g) at a 13� PC angle at 30 s (8� 8 binning) of accumulation. (c, f, i) Raman images of the trace

explosives shown in panels (a, d, g), at a PC angle of 13� at 2 min (6� 6 binning) of accumulation. The PC used here differs from that

used in Figure 6. At a 13� PC angle, the PC diffracts a Raman spectral region centered at the 1289 cm–1 PETN NO2 symmetric stretch.
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presence of optically thick PETN in the regions between

the mounds. Since PETN is present between the large vis-

ible mounds, we expect that the uninterrupted optically

thick PETN film should produce roughly uniform Raman

image intensity.

The similar Raman image intensities observed for all

three PETN inkjet samples (Figure 7c, f, and i) also indicate

that these samples are all optically thick. The observed

Raman image intensity will decrease only when the PETN

films become sufficiently thin such that the incident 229 nm

laser beam is no longer fully attenuated before traversing

the entire thickness of the film. Given the high S/N images

collected at a surface coverage of 10 mg/cm2, we estimate a

detection limit of �1 mg/cm2 for PETN under these experi-

mental conditions and for films uniformly distributed across

the substrate surface.

NH4NO3 is also easily detectable in high S/N Raman

images for the 250 and 100 mg/cm2 samples (Figure 8).

However, for the 10 mg/cm2 AN sample, it becomes chal-

lenging to differentiate the edge between deposited AN and

the adjacent aluminum surface (Figure 8h and i). During

these measurements, we observed that high lab humidity

quickly led to deliquescence (Figure 8d and g) of hygro-

scopic AN samples. We hypothesize that vaporization and

re-deposition73 or efflorescence-like migration74,75 of AN

may decrease the sharpness of the AN film/aluminum

interface.

In contrast to the PETN inkjet samples, the AN Raman

image intensity decreases with decreasing amounts of

deposited AN (Figure 8c, f, and i). As the amount of depos-

ited AN decreases, the film becomes less homogeneous

and optically thin areas become evident in both the

Figure 8. (a, d, g) CMOS images of 250mg/cm2, 100 mg/cm2, and 10mg/cm2 inkjet printed AN on smooth aluminum substrates,

respectively, at a 2.3 m standoff distance. Red outlines indicate the areas illuminated with 229 nm excitation. (b, e, h) Raman images

of the trace explosives shown in panels (a, d, g), at a 16� PC angle at 30 s (8� 8 binning) of accumulation. (c, f, i) Raman images of the

trace explosives shown in panels (a, d, g), at a 16� PC angle at 2 min (6� 6 binning) accumulations. At a 16� PC angle, the PC diffracts a

Raman spectral region centered at the 1044 cm–1 AN NO�3 symmetric stretch. The diffracting PC used here is identical to that used in

Figure 7.
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microscope and color CMOS images (Figure 8d and g),

resulting in less Raman image intensity. We also estimate

a detection limit of �1 mg/cm2 for AN under these experi-

mental conditions and for films uniformly distributed across

the substrate surface.

Conclusion

We demonstrated that our novel deep UV diffracting PCs

enable the construction of the first wide-field UV imaging

spectrometer for the standoff detection of trace explosives.

We utilized our UV Raman wide-field imaging spectrometer

to detect and image 10–1000mg/cm2 PETN and AN films

on aluminum substrates at 2.3 m standoff distances with

229 nm excitation. We observed UV Raman images of

sample surfaces that depict the deposition morphologies

of these explosives and allow them to be chemically differ-

entiated. We estimate a detection limit of �1 mg/cm2 for

PETN and AN under these experimental conditions for

films uniformly distributed across the substrate surface.

The �1 nm PC diffraction bandwidth demonstrated here

is still relatively broad. We are presently optimizing our

PCs to narrow the bandwidth of the diffracted spectral

region in order to increase the spectral resolution of our

UV imaging spectrometer. Increasing the PC nanoparticle

size monodispersity and charge will improve the ordering

of the PC, narrowing the diffracted spectral bandwidths.

We are currently working to optimize and miniaturize

our UV imaging spectrometer by improving our PC tech-

nology and miniaturizing our novel deep UV laser sources.
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‘‘Near Real-Time Standoff Detection of Explosives in a Realistic

Outdoor Environment at 55 m Distance’’. Propell. Explos. Pyrot.

2009. 34(4): 297–306.

41. B. Zachhuber, G. Ramer, A. Hobro, B. Lendl. ‘‘Stand-off Raman

Spectroscopy: A Powerful Technique for Qualitative and

Quantitative Analysis of Inorganic and Organic Compounds

Including Explosives’’. Anal. Bioanal. Chem. 2011. 400(8): 2439–2447.

42. A. Ehlerding, I. Johansson, S. Wallin, H. Östmark. ‘‘Resonance-
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