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Detection and identification of explosives using terahertz pulsed
Spectroscopic imaging
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The absorption spectrum of the explosive 1,3,5-trinitro-1,3,5-triazacyclohef®@biX) has been
measured using a conventional Fourier transform infrared spectroscopy and by terahertz pulsed
spectroscopy. Seven absorption features in the spectral range of 5-120are been observed

and identified as the fingerprint of RDX. Furthermore, the spatial distribution of individual chemical
substances including RDX, has been mapped out usiitectionterahertz spectroscopic imaging in
combination with component spatial pattern analysis. This is the terahertz spectroscopy and
chemical mapping of explosives obtained usiafiectionterahertz measurement, and represents a
significant advance toward developing a terahertz pulsed imaging system for security screening of
explosives. ©2005 American Institute of PhysidDOI: 10.1063/1.1946192

Terahertz pulsed spectroscopy and imaging have beeterahertz pulsed imagingrPIl) system operating in reflec-
identified as very promising new techniques for the detectioriion. Using component spatial pattern analﬁsilse chemical
of explosives and other threats in security screening at airdistribution of RDX has been mapped out and distinguished
ports and elsewhere. The terahertz region of the electromadrom other substances. This is the first terahertz spectroscopy
netic spectrum(0.3—10 THz or 10-300 cM) has a unique and chemical mapping of explosives ever realized using
combination of properties in that terahertz waves can propareflection terahertz measurements, and represents a signifi-
gate through barrier materials, such as clothing and commogant advance toward developing a practical terahertz system
packaging materials; many substances show characteristior security screening of explosives.
spectral features in the terahertz region; and the radiation is To demonstrate that terahertz technology can be used for
nonionizing and does not give rise to safety concéfmat  detecting RDX explosive, we first measured the terahertz
higher frequencies in the fingerprint region of the midinfra-absorption spectrum of RDX using a transmission terahertz
red, absorption and scattering limit the penetration throughspectrometefTPI™ spectra 1000, TeraView Ltd., UKThe
barrier materials. At frequencies lower than 300 GHzsample used here is a RDX pellgt3 mm diameter and 3
(10 cnil), there are no characteristic phonon vibrationalmm thickness comprised of 30 mg RDX powder and 300
modes in solids which can be used for material identificationmg high-density polyethylenéPE) (particle size<80 um,

In an earlier paper, Kemet al® reported measurements Chesham Chemicals, UKThe PE powder acts as a pellet
showing spectral features in a number of common energetiginder and has low terahertz absorption. Figuf@ $hows
substances including 1,3,5-trinitro-1,3,5-triazacyclohexanghe amplitude of the Fourier transform of the terahertz wave
(RDX), tetranitro-tetracyclooctan¢HMX), pentaerythritol  form measured in the presence of a PE pétiatve 1 of Fig.
(PETN), and trinitrotoluene(TNT). They also showed that 1(a)] and the RDX pellefcurve 2 of Fig. 1a)]. It is clear that
commercial explosives based on these materials, such @se fast Fourier transforrtFFT) amplitude of the measured
PE-4 and Semtex, show the spectral features of their conerahertz signal, after propagating through the RDX pellet,
stituent explosives. Subsequently, Yamameta!.* reported ~ decreases dramatically due to the strong absorption of RDX.
the refractive index and absorption coefficient spectrum offhe absorption spectrum of RDX was then calcul&ted
RDX validating the results of Kempt al,’ although the using the PE pellet as a reference. As shown in Fig),1
absorption spectrum of RDX reported by Coalt al®  seven absorption features centered at 27.2, 34.9, 46.0, 51.8,
showed some discrepancies. In all of these stutifeera- 65.5, 74.2, and 105.5 crhwere found in the spectral range
hertz pulsed spectroscopy, performed in transmission modef 5-120 cmi’. Note that our results reported in this letter
was used. Despite the dynamic range of the terahertz pulsegyree very well with those of Yamamogd al but cover an
spectroscopy technique, crystalline materials, such as RDXgxtended spectral range.
have a very high absorption coefficient and any practical  For comparison, a RDX pellet sample was further exam-
implementation of a security system will need to use reflecined using a IFS113V FTIR spectromet@ruker Inc., Ger-
tion rather than transmission. ~many). As shown in Fig. 1b), the absorption spectral fea-

In this work, we first measured the terahertz absorptionyres obtained with FTIR and terahertz pulsed spectroscopy
spectrum of RDX using terahertz pulsed transmission speGsgree very well, illustrating the reproducibility of the ob-
troscopy and far-infrared Fourier transform infra@tlIR)  seryed spectral features of RDX across different instrumen-
transmission spectroscopy. We then used a terahertz pulsggtions. Note that due to the weak far-infrared light source,
spectroscopy system operating in reflection and were able {@,¢ signal-to-noise ratio drops dramatically below 20tm
observe the corresponding spectral features. Furthermorgyen with a liquid-helium-cooled silicon bolometer as a de-
terahertz spectroscopic images have been obtained usingi&or, Furthermore, we found that the best overall perfor-
mance in spectral range of 1-100 ¢rwas obtained using a
¥Electronic mail: yaochun.shen@teraview.com 23 um Mylar beam splitter, although the interference pattern
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FIG. 1. (a) Fourier transform amplitude of the measured terahertz waveform
after transmitting through a PE pell@urve 1 and a RDX pelletcurve 2.

(b) Absorption(powel spectrum of RDX pellet measured using a terahertz
pulsed spectrometécurve 1) and a FTIR spectrometécurve 2.

from such a beam splitter gives an intensity valley of around _ o _
120 ent FIG. 2. (Color onling Schematic diagram of the samt&, and its terahertz

. . time-domain image(peak amplitudg (b). False-color terahertz chemical
. TO _demonStra_-te the capability of TPI for detectl-ng andmaps showing the spatial distributions of lactége sucrose(d), and RDX
identifying explosives, we prepared a sample comprised of &).

pure lactose pellet, a pure sucrose pellet, and a small piece of
RDX-based sheet explosive. The pellets were formed b

compressing lactose powdégigma-Aldrich, UK (particle ¥orm, and then calculated the absorption spectrum for each

) . . pixel of the image. As an example, the inset of Figa)3
size <100 um) and sucrose powdeiSigma-Aldrich, UK shows the measured terahertz wave form reflected from the

(particle size~500 um), under 2 tons using a hydraulic t f the RDX losi ith Ei howing th
press(Specac, UK In the reflection measurement, we used aCen er ol the eXp/OSIVe, Wi ig.(® showing the

. 4 _ . amplitude spectrum of its Fourier transform. The main ab-
TPI™ scan imaging systeriTeraview Ltd., UK, operating  sqihtion feature of RDX at 27 chhis clearly visible. The

in a rapid scan mode. Terahertz maps were obtained by raStSBsorption coefficient(v) and the refractive inder(v), in

scanning the terahertz beam across the saffple 2], the spectral range 5-80 ctnare then calculated as
which was mounted at the terahertz focus position. The

scanned area was 8 mx24 mm, which corresponds to 80
X 240 pixels at 10Qum spacing. The total measurement - ca(v) _1-Edv)/Ey(v)
time was about 16 min. Ve =nl)+] Amy  1+Egv)/Ey)’
Figure 2b) shows measured terahertz maps of the
sample, generated by using the peak amplitude of the megyherev is the wave number, anBg(v) and Ey(v) are the
sured terahertz wave forms. We see a uniform map in thgourier transform of the measured terahertz waveform re-
lactose area, whereas we see some contrast in the sucrgfgcted from a sample and a reference mirror, respectively.
area due to the relatively large sucrose particles present iRigure 3b) shows the first derivatives of the absorption co-
the sucrose pellet. Unlike the lactose and sucrose pelletsfficient of RDX explosive. As expected, the first derivative
whose surfaces are relative smooth, the piece of sheet explgpectrum measured in reflection mdderve labeled “1” in
sive has a larger surface roughness, giving rise to more corfig. 3(b)] is the same as that measured in transmission mode
trast, as shown in Fig.(B). However, from the time-domain [curve labeled “2” in Fig. &)]. We believe that these results
terahertz map alone, we cannot tell if a specific area is lacrepresent the firstneasurederahertz reflection spectrum of
tose, sucrose, or the explosive. RDX. We note that Yamamotet al* mentioned the useful-
For the purpose of detecting and identifying explosivesness of the reflection spectra in the detection of thick explo-

we first Fourier transformed the time-domain terahertz wavesives, and also calculated the reflection spectra from the
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L L L L B Figures Zc) and Zd) show the chemical mapping tera-
hertz maps reconstructed usiiy;(j=1,2,...,L). As ex-
pected,P;; has large values across the entire lactose pellet
[left of Fig. 2c)], while Py; is close to zero across the su-
crose pelletfmiddle of Fig. Zc)] and the RDX explosive
(right of Fig. 2c)]. Similar discriminations are made in the
terahertz maps constructed usiRg and P5(j=1,2,...,L),
' _ . : which correspond to spatial distributions of sucrose and
R 0 1'3me (psz)'o %0 1 RDX, respectively[Figs. 2d) and Ze)].
10 T y y For practical security screening applications, we can
construct a spectral matrig,,, comprised of terahertz spec-
tra of known explosives. We can then apply this spectral
matrix to terahertz maps of an unknown object. Any bright
spot/area in the reconstructed chemical map may indicate the
possible presence of explosive. For example, after applying
the terahertz spectrum of RDX to analyzing the terahertz
spectroscopic maps, only the area containing RDX is high-
lighted [see Fig. 2e)] demonstrating that TPI has the speci-
1 ] ficity for detecting and identifying explosives, such as RDX.
04 We note that Watanabet al® first demonstrated the non-
destructive terahertz mapping of illicit drugs using spectral
2 S —— fingerprints at seven discrete frequencies measured in trans-
0 10 20 30 40 50 60 70 mission. The TPI system used in our experiments has a
wavenumber (cm”) broadband spectral coverage of 10-80 tii®.3-2.4 TH2.
FIG. 3. (a Fourier transform amplitude of the measured terahertzT-hIS spectral range enables u.S to.mqp c-'Ut premsgly,.from a
waveforms after reflecting from a PE pell@urve 1) and a piece of RDX Smgle, measuremem'_ the spa.t|al dISﬁIbuthl’l of an mdl_VIdual
explosive(curve 2. The inset show the terahertz wave form measured forchemical substance in a multichemical sample. The high ab-
RDX explosive.(b) The first derivative absorption spectrum of RDX explo- sorption coefficient of the body and explosive precludes the
sive obtained from a reflection measureménirve ]) and a transmission use Of Conventiona| transmission Spectroscopy Systems'
measuremenfeurve 2. However, as demonstrated in this letter, the terahertz reflec-
tion spectroscopy—when coupled with modern analytical
complex refractive index measured by their transmissiormethods—provides a practical solution. In conclusion, we
measurement. have demonstrated the capability of terahertz spectroscopy
We then calculated the absorption spectrum for all pixelgor detecting and identifying explosives and for the chemical
of the terahertz map, each in the same manner as discussgfpping of the spatial distribution of individual chemicals in

above. This generated a three-dimensional data set whegesample. It represents a significant advance toward develop-

two axes describe vertical and horizontal spatial dimensiongng 54 TP| system for security screening of explosives.

and the third axis represents the spectral frequency dimen-

sion. These images contain comprehensive information on Parts of this work were carried out under contract for the

both the spatial and chemical distribution of the sample. UK Government whose support is gratefully acknowledged.
In order to extract the spatial distributions of individual

chemical substances in the sample, we first compress thé&). Yinon and S. zitrinModern Methods and Applications in Analysis of
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