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Time-resolved terahertz spectroscopy of explosive materials
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We studied terahertz spectra of hexanitrohexaazaisowurtzitane (e-HNIW and v-HNIW), a kind of explosive
materials, using terahertz time-domain spectroscopy (THz-TDS) in the 0.2-2.5 THz region. The experi-
mental results show that explosive samples with different conformations have different intermolecular or
phonon bands. For e-HNIW, the observed absorption peaks were located at 0.99, 1.32, 1.43, and 2.08 THz;
for v-HNIW, the absorption peaks were observed at 1.05, 1.52, and 1.90 THz. The frequency dependent
refraction index and absorption coefficients of two samples were also extracted.

OCIS codes: 300.6270, 260.3090, 300.1030.

Pulsed terahertz (THz) radiation can be used as a new
coherent radiation source and it occupies the frequency
spectra band between 0.1 and 10 THz. Research in spec-
troscopy and imaging of explosives and energetic ma-
terials has grown significantly. Since part of rotational
and vibrational spectra of various explosive molecules lie
within the THz frequency band, so time-resolved THz
spectroscopyl!] can be applied to detect and identify ex-
plosives.

Many THz spectroscopy researches on some kinds of
explosives have been reported in recent years>=6!, such as
1,3,5 trinitro-s-triazine (RDX), 2,4-dinitrobenzene (2,4-
DNT), 2,4,6-trinitrotoluene (TNT) etc.. However, so
far there is no report on hexanitrohexaazaisowurtzitane
(HNIW) in this range. HNIW (also called CL-20), a
caged nitramine, was first synthesized by Nielsen!”l. Tts
performances are much better than 1,3,5,7-tetranitro-
1,3,5,7-tretraaza-cyclooctane (HMX) which is powerful
and commonly used in military explosion®!., HNIW has
become the new focus of energetic materials. HNIW at
ambient pressure and temperature exists in four poly-
morphic modifications: «, 3, 7, and €. Among them &-
HNIW posses the highest crystal density!®). The crystal
transformation can be carried out under certain condi-
tions. It is important to investigate these polymorphs
for qualitative identification, quantitative determination,
and the crystal form control in production. In this paper,
we present a detailed transmission spectroscopy study of
two explosive polymorphs (e-HNIW and -HNIW) by
terahertz time-domain spectroscopy (THz-TDS). The
absorption coefficients of these samples are measured
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Fig. 1. Schematic diagram of the THz-TDS spectrometer.
M: mirror; L: lens; A: aperrure; P: polarizer; PBS: polariza-
tion beam splitter; PM: parabolic mirror; QWP: quarter-wave
plate; HWP: half-wave plate; CBS: cubic beam splitter.
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in the range from 0.2 to 2.5 THz. The characteristics
of the spectra are analyzed and compared. The results
show that THz-TDS is a powerful tool to detect explosive
materials and identify polymorphs.

We measured the THz spectra of HNIW using pump-
probe method. A diode-pump mode-locked Ti:sapphire
laser (MaiTai, Spectra Physics Laser) with the repetition
rate of 82 MHz delivers the femtosecond pulses with du-
ration nearly 100 fs located at 810 nm. A p-type InAs
wafer with (100) orientation is used as the THz emitter
and a 2.8-mm-thick ZnTe with(110) orientation is em-
ployed as sensor. A standard lock-in technology is used
in our system.

A THz-TDS setup shown in Fig. 1 is used in exper-
iment. A beam splitter is placed in the optical path
to split the femtosecond laser pulses into two separate
beams. The stronger pump beam of about 600 mW
passes through a delay line then is focused on the p-
type InAs by a lens, the incidence angle is 45°. The THz
wave, which is generated in the reflection direction, is col-
limated and focused on the sample by a pair of parabolic
mirrors (PMs). After transmitting through the sample,
this THz wave which carries information of the sample is
collimated and focused again into the sensor. The probe
beam of about 360 mW, which is incidence on the sen-
sor, is co-linear with the THz wave. It is modulated by
the THz electric field in the sensor. This modified probe
beam signal detected by a differential detector, is fed into
a lock-in amplifier. A computer is used for the final data
processing and analyzing. In order to minimize the ab-
sorption of water vapor, the part of THz path is put in
a chamber (shown in dashed line) purged with nitrogen.
The humidity is less than 2% and temperature is kept at
293 K. The dynamic range is about 4000:1 in this exper-
iment.

THz-TDS can be used to extract optical proper-
ties such as absorption coefficient and refractive in-
dex of the sample. The transmitted field, 7' =
Esample (V) / Ereterence (V) is related to the complex refrac-
tion index N = n + ik by

T — 4N ei2ﬂ'(N71)du/c — Aeid), (1)

1+ N)2

where A is the amplitude, v is the frequency, ¢ is the
phase difference between the sample and reference wave-
forms, and d is the thickness of sample. Thus, we can
obtain the refraction index n and absorption coefficient
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a, respectively,
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Figure 2 shows the time-domain THz waveforms of the
reference signal without passing through any sample, sig-
nal through a 1.2-mm-thick e-HNIW sample, and signal
through a 1-mm-thick y-HNIW sample, respectively. It
can be found that different samples have different time
delays in comparison with the reference signal. Corre-
sponding frequency-domain spectra of the THz signals
are shown in Fig. 3. The amplitude was attenuated by
the absorption; the same phenomena can be observed
from the frequency domain spectra in Fig. 3.

Refraction indices and absorption coeflicients of e-
HNIW and ~-HNIW calculated using Eqs. (2) and (3)
are shown in Figs. 4 and 5, respectively.

It is demonstrated that the different polymorphs of
HNIW samples have different refraction indices and ab-
sorption peaks. Their absorption positions and strength
are highly sensitive to the structure of crystals. The
refraction index of e-HNIW varies between 1.68 and
1.76 while the refraction index for -HNIW varies be-
tween 1.60 and 1.66 in the range of 0.2—2.5 THz. The
average refraction indices of e- and y-HNIW samples
are 1.71 and 1.63, respectively. The change of refraction
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Fig. 2. Time domain spectra of reference, e-HNIW, and ~-
HNIW.
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Fig. 3. Frequency domain spectra of reference, e-HNIW, and
~v-HNIW.
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Fig. 4. Refraction indices spectra of e-HNIW and ~-HNIW.
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Fig. 5. Absorption spectra of e-HNIW and ~-HNIW.

indices exactly correspond to the absorption peaks, see
Fig. 5. The absorption peaks of e-HNIW are located at
0.99, 1.32, 1.43, and 2.08 THz, while those of y-HNIW
at 1.05, 1.52, and 1.90 THz. The absorption peaks pos-
sibly correspond to an intermolecular modes or lattice
vibrations for their different crystal structures. The ab-
sorption spectra differences between the two polymorphs
may be caused by their various crystal structures. Fur-
ther study is needed.

In summary, the THz spectra of e- and y-HNIW sam-
ples were studied by using the THz-TDS in the region of
0.2—2.5 THz. The THz-TDS measurements reveal the
frequency dependent absorption. The dispersion of re-
fraction index is in agreement with the absorption. The
results show that THz-TDS is sensitive to identify the
polymorphs. It is demonstrated that THz spectroscopy
is a potentially important scientific tool to detect and
identify concealed explosive materials and is useful for
the security inspection.
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