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Abstract: Waveguide terahertz time-domain spectroscopy (THz-TDS) is
used to characterize the temperature dependent vibrational properties of
three  threat-related materials:  4-amino-dinitrotoluene  (4A-DNT),
pentaerythritol tetranitrate (PETN), and octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX). These materials are characterized as thin polycrystalline
layers deposited in the 50 micron gap of a metal parallel plate waveguide.
For each material waveguide THz-TDS at least partially resolves the
underlying vibrational spectrum and reveals new features that have not been
observed in previous free space measurements of these materials. Strong
experimental evidence for a phase transformation is observed for 4A-DNT
as the polycrystalline layer on the waveguide surface is cooled to near 200
K. For PETN a highly resolved spectrum containing eleven vibrational lines
is observed at 11 K with full-width at half maximum linewidths ranging
from 7 GHz to 40 GHz. Based on comparison to measurements in the
literature, our PETN measurement suggests that it is possible to produce
narrow linewidths from a polycrystalline layer that approach those from a
single crystal. Finally, for HMX, a highly resolved vibrational spectrum is
measured that is assigned to the metastable gamma polymorph.
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1. Introduction

Terahertz (THz) spectroscopy (0.1 THz — 10 THz; 0.3 cm™ — 333 cm™) has become an
important tool for studying the low frequency vibrational properties of molecules in the
condensed phase. In addition to fundamental studies, THz spectroscopy has also shown strong
potential for defense and security applications related to the detection of threat materials [1,2].
The ability to use THz spectroscopy for this application will be enhanced by obtaining a
deeper fundamental understanding of THz vibrational spectra.

Recent experimental [3-11] and theoretical [12,13] studies have shown that explosive
molecules (and related threat molecules) in the crystalline environment exhibit complex
vibrational structure in the THz region. The complexity may be understood by considering the
vibrations of a unit cell that contains Z molecules and N atoms, leading to a prediction of 3N—
6Z intramolecular vibrations and 6Z-3 intermolecular vibrations (phonons). The
intramolecular vibrations in the THz region tend to involve the motion of all the atoms in the
molecule, and therefore they can be very sensitive to the surroundings. In the crystalline
environment the intramolecular and intermolecular modes can interact, resulting in vibrational
modes with mixed intramolecular and intermolecular character [12,13]. From these
considerations the THz vibrational spectrum of an explosive solid is predicted to contain a
highly detailed fingerprint.

To date, there have been several investigations of the far infrared properties of explosives
solids and their related derivatives and simulation materials [3—-11]. These studies have shown
that many of the explosive solids have distinct vibrational absorption features at room
temperature that can be used for characterization and identification. These absorption features
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tend to be rather broad and overlapping with Q factors (f/4f) typically < 10. The broad
absorption features are a consequence of the broadening of the underlying individual THz
resonances due to homogeneous and inhomogeneous line broadening mechanisms. The
resolution of the underlying THz resonances of an explosives solid is a challenging problem
and is necessary to achieve a full understanding of the THz properties of explosives, and to
make rational use of database THz spectra for detection applications.

In this paper we use waveguide terahertz time domain spectroscopy (THz-TDS) to study
the temperature dependence of the THz vibrational spectra for the explosives-related solid 4-
amino-dinitrotoluene (4A-DNT), and the explosives solids pentaerythritol tetranitrate (PETN)
and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX). For each of these materials we
resolve (at least partially) the underlying THz vibrational spectrum, and present vibrational
resonances that have not been reported in previous free space measurements reported in the
literature. In waveguide THz-TDS a thin analyte layer is deposited onto the metal surface of a
parallel plate waveguide (PPWG) [14,15]. THz waves which are confined within the sub-
wavelength (50 micron) gap of the PPWG characterize the vibrational spectrum of the thin
layer in a sensitive manner. Recently, we have shown that waveguide THz-TDS has the
ability to produce vibrational linewidths in molecular solids that are as narrow as 7 GHz (0.21
cm™) at cryogenic temperatures [5]. The strong line narrowing reveals many of the underlying
vibrational resonances and thereby provides a new opportunity to assign individual lines to
specific vibrational motions in the crystalline environment using theoretical models. For 4A-
DNT we first present evidence for a structural phase transition as the sample is cooled to near
200 K in the PPWG. With further cooling to 14 K waveguide THz-TDS shows a large number
of vibrational lines in the spectral region between 1.0 THz — 4.3 THz. Even so, our
measurement suggests there are additional modes that remain unresolved at the current
spectral resolution. In the case of PETN our measurement more completely resolves the full
underlying vibrational resonances. The PETN spectrum, measured at 12 K, resolves several
vibrational lines which had not been observed in previous free space measurements of PETN
performed at cryogenic temperatures below 10 K [3,4]. Finally, for HMX, we describe a
highly resolved vibrational spectrum which we tentatively assign to the meta-stable gamma
polymorph.

2. Experimental

The measurement method for waveguide THz-TDS is outlined in Fig. 1 and uses well
established ultrafast optoelectronic techniques to generate and detect sub-picosecond THz
pulses [16]. The explosives and simulant materials are cooled to temperatures near 10 K using
a two stage He cryocooler.

THz pulses are coupled into and out of a PPWG with a 50 micron gap using plano-
cylindrical high resistivity Si lenses at the entrance and exit faces of the assembly. The
polarization of the THz field is perpendicular to the waveguide surface. The spectral
resolution is 6.7 GHz which corresponds to 150 picosecond scan lengths. Typically, between
two and eight temporal scans were averaged to improve the signal to noise ratio. All scans
were zero padded by a factor of two to four before performing a Fourier transform to generate
the spectral amplitude. Further details regarding the measurement method may be obtained
from Reference 5.

To recover the absorbance spectrum, which includes any broadband background
absorption, it is necessary to measure the reference spectral amplitude for the empty PPWG.
The amplitude absorbance is then obtained as —In(Asig/Awr), Where Agg and Ay are the
spectral amplitudes for the PPWG containing the layer and the empty PPWG, respectively. In
previous studies we have shown how A can be obtained by removing the layer without
disturbing the waveguide [17,18]. Here, we use an approximate method to estimate the
absorbance spectrum. The reference spectral amplitude is estimated from the film spectral
amplitude by choosing points outside the absorption lines and then fitting the points with a
smooth function, which includes any broadband absorption. While this method yields only
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approximate intensities, and not the broadband absorption, it is possible to extract line
frequencies and linewidths.

Thin polycrystalline layers of the explosives and 4A-DNT were formed using simple drop
casting from solution. Before preparation of the microcrystalline layer the inner surface of the
PPWG was cleansed with solvent and then plasma cleaned. Ampoules containing standard
solutions of 4A-DNT, PETN and HMX at 1 milligram/milliliter (acetonitrile) were purchased
from Cerilliant, and then concentrated to approximately 2 milligrams/milliliter.
Approximately 200 microliters of solution were dropped on the PPWG surface. After
evaporation, the relatively thick edges of the film around its perimeter were swabbed away
using a solvent soaked swab. This typically produced a film footprint about 10-15 millimeters
in width and 10-20 millimeters in length. The morphologies of the microcrystals were
characterized under a microscope and recorded as optical micrographs. X-ray diffraction was
used as an analytical tool to confirm the integrity and crystallinity of the microcrystals on the
waveguide surface, check for polymorphism, and to determine the orientation of the
microcrystals on the surface. X-ray diffraction spectra were measured using a Philip’s X’pert
diffractometer with Cu Ko radiation. The assignment of the peaks in the X-ray diffraction
spectrum was made by comparing measured positions to those given in the Cambridge
Crystallographic Database using the Mercury 2.3 program.

He Cryo -cooler

~

Dry air purged ™,
\
Box \

Transmitter Receiver

\ fslaser pulse T fs laser pulse
\
Y

Fig. 1. Schematic of the waveguide THz-TDS apparatus.

3. Results and discussion

The center frequencies and full-width-at-half-maximum (FWHM) linewidths of the observed
vibrational lines at the indicated temperatures for 4A-DNT, PETN and HMX are summarized
in Table 1.

Table 1.. Line frequencies in THz (and linewidths in GHz) for 4A-DNT, PETN, and

HMX.
4A-DNT/Au PETN/Au HMX/AI
14K 12K 13K
0.744 (12) 1.102 (7) 0.905 (13)
0.882 1.707 (11) 1.220 (18)
0.901 2.14 1.420 (18)
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0.917 2.241 (39) 1541 (34)

1.052 (11) 2.348 (33) 1.656 (44)
1.497 (23) 2.556 (19) 1.772 (51)
1871 2.938 (31) 2.063
1.924 3.07 (41) 2.10 (sh)
2.206 (16) 3.226 (35) 2.29
2.270 (28) 3.351 2.44
2.475 3.42 2.78
2.557 3.10

2.97 3.16 (sh)
3.03

3.23

335

3.1 4-amino-dinitrotoluene

The molecule 4A-DNT is a product formed by the chemical reduction of the explosive
trinitrotoluene (TNT) [19]. For example, in TNT contaminated soils the reduction of TNT via
bacterial enzymes produces 4A-DNT as an intermediate compound to the fully reduced 2,4,6-
triaminotoluene. X-ray diffraction measurements have shown two crystalline forms for 4A-
DNT. At room temperature 4A-DNT crystallizes in the orthorhombic unit cell, Cmc2;, with 4
molecules per unit cell (Z = 4) [19]. X-ray diffraction measurements at 150 K show that 4A-
DNT crystallizes in a triclinic unit cell with Z = 4 [20].

4A-DNT was drop cast onto an Au-coated waveguide plate with an estimated mass of
~200 pg. The optical micrograph in Fig. 2 shows a polycrystalline needle-like morphology
with planar ordering with respect to the surface. The X-ray diffraction measurement at room
temperature in Fig. 2 shows only three lines, at diffraction angles consistent with the Cmc2;
unit cell of 4A-DNT. The X-ray diffraction pattern in Fig. 2 suggests that the 4A-DNT layer is
highly oriented with the (110) plane parallel to the PPWG surface. We note that the width of
the diffraction lines is about 0.08 degrees and essentially instrument limited. The sharpness of
the diffraction lines is indicative of high crystallinity.

The THz temporal waveforms were collected at room temperature, 90 K, and 14 K. The
scans at 90 K and 14 K were collected over a 150 picosecond time window, which was
sufficient for the THz transient signal to decay into the noise floor. The corresponding spectral
amplitudes are shown in Fig. 3. At room temperature the spectral amplitude shows two
absorption features near 1.26 THz and 1.6 THz, and a broad feature near 2.6 THz. These
signatures are consistent with a previous pellet measurement of 4A-DNT [8]. Several new
absorption features begin to appear as the PPWG is cooled to 90 K. Most noticeable is the
relatively intense absorption near 1.5 THz. Finally, at 14 K strong line narrowing is observed
and the spectral amplitude reveals a substantial increase in information about the underlying
vibrational modes of 4A-DNT.

In Fig. 3 we note the large fractional blue shift (~20%) of the absorption line near 1.26
THz (293 K) and the disappearance of the line near 1.58 THz (293 K) when the PPWG is
cooled to 90 K. This observation suggests a structural phase transition between room
temperature and 90 K. To further examine this possibility, we measured a more detailed
temperature dependence of the THz signal waveform as the temperature was lowered in
increments of < 10 K from room temperature to 90 K. We also measured temperature
dependent waveforms as 4A-DNT was warmed back to room temperature. The results are
summarized as spectral amplitudes in Figs. 4a and 4b. Figure 4a shows the spectral
amplitudes as 4A-DNT is cooled over a narrow temperature range where an abrupt change
occurs in the absorption features. At 180 K the spectral amplitude shows essentially the same
two absorption features observed at room temperature (Fig. 3), except a small blue shift in the
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line frequencies due to the lower temperature. At 178 K an abrupt change occurs, where a new
feature appears at 1.38 THz, which is accompanied by both the attenuation of the feature at

250 microns
T T T T T
80000 (110) 1
60000 - 1
82
c
: = 3
> & 40000+ iy
AN & S » 20000 - (004) (330))|
e
10 15 20 25 30

Fig. 2. Left: Optical micrograph of 4A-DNT on Au at 20 X magnification. Right: X-ray
diffraction spectrum of the 4A-DNT layer on Au. Assignments to crystal planes are shown in
parenthesis.
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Fig. 3. Normalized spectral amplitudes of 4A-DNT on Au for three temperatures.

1.26 THz, and the disappearance of the feature at 1.58 THz. At 176 K the spectrum consists
mostly of the feature 1.38 THz. Figure 4b shows the evolution of spectral amplitudes as 4A-
DNT is warmed. In this case the changes in mode frequencies occur at a higher temperature
near 200 K. At 190 K the spectral amplitude shows only the feature at 1.38 THz; at 200 K all
three features appear; at 210 K only the features at 1.26 THz and 1.58 THz appear. Based on
the X-ray diffraction measurements in the literature showing a triclinic structure at 150 K
[19], and our room temperature X-ray diffraction of 4A-DNT on Au showing an orthorhombic
structure, we conclude that the abrupt changes in the THz absorption features indicate a
conversion between orthorhombic and triclinic structures. The orthorhombic to triclinic
transition occurs over a relatively sharp range of 4 degrees during cooling near 178 K. Upon
warming a hysteresis of about 20 K is observed where the triclinic to orthorhombic transition
occurs near 200 K, and over a wider temperature range of about 20 K.
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Fig. 4. Spectral amplitudes for 4A-DNT measured where the THz line structure changes
abruptly with temperature. (a): Spectral changes upon cooling near 178 K. (b): Spectral
changes upon warming near 200 K. In both (a) and (b) the spectral amplitudes are offset for
clarity.

Figure 5 shows the amplitude absorbance spectrum of 4A-DNT measured at 14 K, which
consists of a complex pattern of vibrational lines, some of which are only partially resolved.
For example, the series of lines in the inset of Fig. 5 suggests at least five lines are present,
where the middle feature near 0.9 THz suggests at least three lines. In the region between 0.5
THz and 4.3 THz we estimate that the spectrum contains at least 16 lines. In previous works,
we have demonstrated the ability of waveguide THz-TDS to measure line frequencies with a
precision approaching 1 GHz [18]. We find similar precision here over the central part (0.7 —
1.5 THz) of the spectrum where the signal to noise ratio is the highest. The narrowest line
occurs at 1.051THz with a FWHM linewidth of 11 GHz. The strong feature at 1.497 THz has
a FWHM linewidth of 23 GHz. Figures 6a and 6b shows these two lines on an expanded
frequency scale. The narrow line at 1.051 THz (Fig. 6a) is sufficiently isolated to allow simple
lineshape analysis and we have used a non-linear least squares fit to the experimental
spectrum using either a single Lorentzian or Gaussian function. For this line the Lorentzian
lineshape (FWHM = 10.5 GHz) clearly represents a better approximation to the experimental
lineshape. The strong absorption at 1.497 THz (Fig. 6b) has a more complex lineshape. There
is evidence for two weak shoulder features on the high frequency side of the lineshape which
suggests that the line is a superposition of closely spaced resonances. The complexity of the
4A-DNT spectrum is partly related to the triclinic unit cell containing four molecules. In this
case 21 optical phonons are predicted, many of which will fall within the spectral bandwidth
of the measurement.
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Fig. 5. Amplitude absorbance spectrum for 4A-DNT on Au at 14 K. The inset shows the lower
frequency part of the spectrum on an expanded scale.
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Fig. 6. (a): Lineshape of the 1.051 THz mode (dots) with non-linear least square fits using a
Lorenztian function (red line) or a Gaussian function (blue line). (b): Experimental lineshape of
the strong feature at 1.497 THz.
3.2PETN

The most stable form of the explosive PETN crystallizes in the orthorhombic space group P-
42.c with Z = 2 [21]. In this case nine phonon modes are predicted, thus a simpler THz
vibrational spectrum is anticipated for PETN compared to 4A-DNT. In the range between 0.2
THz and 3.0 THz there have been several free space THz spectroscopy measurements made
for PETN in a mixed pellet form [3,7,8,10], and a THz measurement for a PETN single
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crystal [4]. At room temperature, the PETN pellet shows two prominent absorption lines near
2.0 THz and 2.8 THz with FWHM linewidths greater than 200 GHz.

A PETN layer was formed on an Au-coated PPWG surface by drop casting from a 2
mg/ml solution in acetonitrile. The estimated mass is 150 ug. PETN on Au forms a dendritic
type of morphology as shown in the optical micrograph of Fig. 7. An equivalent homogeneous
layer thickness of approximately 400 nanometers is estimated by using the density of PETN
(1.77 g/cm3), and considering that the estimated mass of 150 pg is spread over an area of
approximately 2 cm? X-ray diffraction (Fig. 7) confirmed the integrity of the PETN
microcrystals. The appearance of several diffraction lines could be assigned to crystalline
planes of PETN and indicates that the microcrystals are not highly oriented.

100 microns

3000
(220)

2000

§ 2]
< (211)
s
o
(&) (110) (201)
1000 '
' L | “ |
O-MMAMMW
10 15 20 25 30

20

Fig. 7. Left: Optical micrograph of PETN on Au at 50 X magnification. Right: X-ray
diffraction spectrum of PETN on Au. Assignment to crystal planes is given in parenthesis.

Figures 8a and 8b show the amplitude absorbance spectrum of PETN on Au measured at
room temperature and 12 K, respectively. The room temperature spectrum shows three
absorption features at 2.01 THz, 2.04 THz and 2.92 THz. These frequencies are in reasonable
agreement with recent free space measurements of PETN pellet samples at room temperature
[8]. One notable difference in our measurement is that the feature near 2 THz shows a
somewhat smaller relative intensity with respect to the 2.92 THz feature. This may be due to a
partial orientation of the microcrystals.

The 12 K measurement in Fig. 8b shows a highly resolved underlying THz vibrational
spectrum consisting of a series of eleven lines between 1.0 THz and 3.5 THz. The sharp lines
of the PETN layer can be correlated with the relatively broad absorption features of our room
temperature measurement, and also with those of the previous free space THz measurements
of PETN pellets [3] (both at room temperature and 4 K). For example, the broad absorption
feature near 2.0 THz undergoes a blue shift of 0.21 THz (7.0 cm™) upon cooling to 12 K, and
splits into four lines that include the relatively strong doublet of lines at 2.234 THz and 2.349
THz, and the weaker lines at 2.14 THz and 2.555 THz. In addition, the broad absorption
feature of the PETN pellet near 2.8 THz splits into five lines for the PETN layer at 12 K. The
prominent line near 2.24 THz has a FWHM linewidth of about 30 GHz in the 12 K spectrum.
This represents about a factor of about 7 in line narrowing when compared to ~200 GHz
linewidth of the room temperature line at 2.01 THz. The high sensitivity and high spectral
resolution of the measurement are highlighted by the observation of weak lines at 1.101 THz
and 1.710 THz. These lines have FWHM linewidths of 7 GHz and 10 GHz, respectively. We
have observed these weak lines in waveguide THz-TDS measurements of other PETN layers
on waveguide surfaces.
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Fig. 8. (a) Absorbance spectrum of PETN on Au at room temperature. (b) Absorbance
spectrum of PETN on Au at 12 K. Inset: The lowest frequency mode of PETN on an expanded
scale.

We compare the waveguide THz-TDS measurement of the PETN layer to previous free
space THz measurements of PETN in pressed pellet form (mixed with a transparent polymer)
at 4 K [3], and a single crystal measured at 8 K [4]. For the PETN pellet cooling to 4 K
resulted in strong blue shifting of the absorption features, though only partial resolution of the
individual THz resonances occurred [3]. For the PETN pellet the prominent absorption feature
near 2 THz showed a FWHM linewidth of about 300 GHz [3]. This may be compared to the
quartet of lines in Fig. 8b for our waveguide THz-TDS measurement, with FWHM linewidths
ranging between 20 GHz — 40 GHz. For the absorption feature near 2.8 THz, the cryogenic
pellet spectrum showed several shoulder features which suggested a rich underlying THz
spectrum [3]. A stronger line narrowing was observed for the PETN single crystal measured at
8 K and using two different crystal orientations [4]. This measurement covered the spectral
range up to about 2.4 THz (80 cm™) and resolved many of the features observed in our
measurement. The FWHM linewidths from the measurement of the PETN crystal appear to be
between 100 GHz - 150 GHz [4], which is broader than the corresponding lines measured for
the PETN microcrystals on Au (see Table 1).
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4.3 HMX

The B polymorph is the most stable form of the four polymorphs (a,B,y,6) of HMX and the
room temperature THz spectrum of B-HMX has been measured by several groups [7,8,10].
Recent work has measured the room temperature THz spectrum of the a-polymorph, as well
as the y-polymorph, which is a hydrated form of HMX [22]. This work showed the strong
dependence of the THz spectrum on the crystalline form of HMX [22]. In our work we
anticipated making the B-form of HMX using the drop casting method. In the first attempt
HMX microcrystals were formed on an Al PPWG surface under ambient conditions by drop
casting from the standard solution in acetonitrile. The optical micrograph in Fig. 9 (left)
shows that individual microcrystals formed with a planar ordering with respect to the surface.
However, the X-ray diffraction spectrum shown in Fig. 9 (right) is consistent with the y-HMX
polymorph and with microcrystals highly oriented with the (200) plane parallel to the Al
surface. We did not observe any diffraction lines that could be correlated with B-HMX.
Several additional attempts were made on copper and gold surfaces, both in the ambient
environment and in a dry N, environment; however in each case the X-ray diffraction
spectrum indicated only the presence of y-HMX. It’s possible that there was sufficient water
retained in the acetonitrile solvent, or enough residual water adsorbed on the metal surface, to
induce the formation of y-HMX after drop casting. We note that y-HMX has been described
as metastable at all temperatures and pressures and is usually formed under conditions of
rapid crystallization [23].
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Fig. 9. Left: Optical micrograph of HMX on Al at 40 X magnification. Right: X-ray diffraction
spectrum of HMX on Al. Assignment to crystal planes is given in parenthesis.

The spectral amplitudes for the HMX layer on Al as a function of temperature are shown
in Fig. 10. At room temperature we observe an absorption feature near 1.5 THz and a second
broader feature near 2.5 THz. Upon cooling these features sharpen and undergo a monotonic
blue shift. At 80 K several relatively sharp features appear below 1.5 THz and also above 2.0
THz. Upon further cooling to 13 K these lines continue to sharpen, but undergo only small
additional blue shifts.

Figure 11a shows the absorbance spectrum for HMX on Al at 13 K. Clearly, the broad
absorption feature at room temperature has split into two lines. In addition, the line narrowing
at 13 K has revealed as many 11 lines between 0.9 THz and 3.2 THz. For comparison, Fig.
11b shows a second HMX layer cast on a Cu PPWG and characterized at 12 K. While the
signal to noise is not as high for this sample, all of the major lines are reproduced with similar
relative intensities.

The gradual evolution of spectral amplitudes with cooling (Fig. 10) does not show the
“abrupt” changes that would indicate a significant conversion to another polymorph. Thus, we
suggest that the temperature dependent spectra of Figs. 10 and 11 are due primarily to y-
HMX. If some interconversion occurs during cooling then B-HMX is the most likely
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polymorph to be formed. The a-HMX and 6-HMX forms are described as stable above room
temperature: a-HMX is stable from 377 K to 429 K [24], and 6-HMX is stable above 429 K
[25]. While these polymorphs can exist at room temperature for days, they are initially
prepared at elevated temperatures by heating B-HMX crystals in solution. Thus, it seems
unlikely that cooling the y-HMX microcrystals would produce the o or 6 polymorphs. The
presence of y-HMX at low temperatures is also supported by the significant mode structure at
frequencies below 1.8 THz. For example, if a significant conversion from y-HMX to f-HMX
occurred then these modes would tend to disappear because B-HMX does not show vibrational
modes below about 1.75 THz [7,8,26]. We cannot totally rule out a partial interconversion to
B-HMX. This would be identified in the THz spectrum at low temperature by specific line
frequencies above 1.8 THz.

T T T T T T T
j | T
< - T
= 0061~ —
()
)
= i ]
g
< 0_04-”
e AN
©
(]
o
“  0.024 -
0.00 - B S G
1.0 2.0 3.0 4.0

Frequency (THz)

Fig. 10. Temperature dependence of the spectral amplitudes for HMX on Al . Room
temperature (magenta), 190 K (cyan), 80 K (blue), 40 K (green), 20 K (red), 13 K (black).

5. Conclusions

We have measured the temperature dependent THz vibrational spectra for the explosives
related solids 4A-DNT, PETN and HMX using waveguide THz-TDS. Each of these materials
formed a thin polycrystalline layer on the surface of a PPWG and exhibited a strong line
narrowing effect as the sample was cooled to cryogenic temperature. For these materials we
have shown that the simple method of drop casting from solution provides a micro-crystalline
layer of sufficient crystallinity to achieve highly resolved THz spectra at cryogenic
temperatures and with FWHM linewidths as narrow as 7 GHz. For the case of 4A-DNT we
presented evidence for a structural phase transition near 200 K. Based on the known
polymorphs for 4A-DNT, we propose that there is a conversion from orthorhombic to triclinic
structures as 4A-DNT is cooled through the transition point. At low temperature, 4A-DNT
revealed a complex underlying spectrum that is consistent with a unit cell containing four
molecules. Our waveguide THz-TDS measurement for PETN revealed several new
vibrational lines that had not been observed in previous free space THz measurements of a
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pellet and a single crystal samples at cryogenic temperature. We note that the easy-to-prepare
polycrystalline PETN layer produced linewidths that were at least as narrow as observed for a
single crystal measurement at similar cryogenic temperature. Finally, for the case of an HMX
layer at 13 K, we described a highly resolved THz spectrum which we have tentatively
assigned to the y-polymorph. We suggest that narrow-line waveguide THz-TDS
measurements, such as described here, can be used to test computational models for predicting
THz spectra [27], and help to advance fundamental understandings of THz vibrational
fingerprint spectra.
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Fig. 11. Absorbance spectra for two different samples of HMX at cryogenic temperature. (a)
HMX on Al at 13 K. (b) HMX on Cu at 12 K.
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