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Single-pulse Raman and photoacoustic spectroscopy studies of
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Abstract

Pulsed-laser-excited Raman scattering methods and photoacoustic spectroscopy have
been applied to the study of porous, granular samples (i.e., pressed pellets) of
1,3,5-trinitrobenzene (TNB), l-amino-2,4,6-trinitrobenzene (MATB),
1,3-diamino-2,4,6-trinitrobenzene (DATB) and l,3,5-triamino-2,4,6-trinitrobenzene (TATB).
Single-pulse spontaneous Raman spectra have been obtained for all four materials. Using
532-nm excitation, the intensity of the background emission observed with the Raman
scattered light varies as TNB > MATB > DATB > TATB. This trend is compared to information
on the long-wavelength absorption edge of MATB, DATB and TATB as determined by the
photoacoustic spectra of these materials. Stimulated Raman scattering has been observed
for three of the compounds with conversion efficiency as follows: DATB > TATB > MATB. In
the case of TATB, this process may be limited by photo-induced chemical reactions. The
relatively efficient formation of one or more stable photolysis products in TATB is
evident on the basis of its photoacoustic spectrum. Preliminary single-pulse Raman
scattering measurements on shocked TATB are also described.

Introduction

The development of predictive numerical models of initiation processes in
heterogeneous (i.e., porous, granular) explosive materials would greatly benefit
programs addressing issues of explosive safety, vulnerability and performance. The
realization of this predictive capability requires much additional insight into the
microscopic physical and chemical properties of heterogeneous explosive materials
including the detailed response of these materials to shock compression. In this paper,
we discuss the application of pulsed-laser-excited Raman scattering techniques and
photoacoustic spectroscopy to the study of porous, granular samples of
1,3,5-triamino-2,4,6-trinitrobenzene (TATB) and related explosive compounds. This work
is part of the effort we have undertaken to develop spectroscopic methods which are
applicable to a wide variety of polycrystalline explosive materials including
photosensitive samples (e.g., TATB) as well as shocked or detonating samples.l-

We have previously shown? that single-pulse spontaneous Raman spectra can be obtained
from many unshocked heterogeneous explosives and that similar Raman scattering
measurements can be made in the severe environment of a detonation. In addition, we
reported_the observation of intense, stimulated Raman scattering from TATB at the
1170 em™ transition (vyg,). The present work focuses on a series of nitroaromatic
explosives including l,§,§—trinitrobenzene (TNB), l-amino-2,4,6-trinitrobenzene (MATB),
1,3-diamino-2,4,6-trinitrobenzene (DATB) and TATB. Single-pulse Raman spectra are shown
and the results compared to conventional Raman studies where possible. Using 532-nm
(frequency-doubled Nd:YAG laser) excitation, a background emission signal is observed in
addition to the Raman scattered light. The intensity of this broadband emission varies as
TNB > MATB > DATB > TATB. These results are compared to the corresponding photoacoustic
spectra which are sensitive to weak absorption features near the excitation wavelength and
show a blue-shifting of the long-wavelength absorption edge in the case of TATB. At
sufficiently high laser intensities, stimulated Raman scattering has been observed at the
1342 cm-l transition in MATB and at the 831 cm~l and 1213 em~l transitions in DATB as well
as at the 1170 cm~l transition in TATB. The observed conversion efficiency follows the
trend DATB > TATB > MATB. This trend is discussed in relation to the photoacoustic
spectrum of TATB which demonstrates the efficient formation of one or more stable
photolysis products upon exposure of the sample to light near 400 nm. Finally, we describe
preliminary single-pulse Raman scattering results on shocked TATB.

Experimental

A discussion of the experimental design for the single-~pulse Raman scattering studies
has been presented elsewhere.2 The essential details of the experimental arrangement are
shown in Figure l. Briefly, the 532-nm output of a frequency-doubled, pulsed Nd:YAG laser
(» 10 nsec FWHM) was mildly focused to a l-mm-diameter circular spot on the surface of
an explosive pellet. The laser energy reaching the sample was controlled by varying the
time delay to the Q-switch. Maximum available energy at the sample was about 60 mJ. Each
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sample was tested in an evacuated (< 0.1 Torr) explosion chamber in order to prevent
optical breakdown and to avoid complications from signals due to air. The
frequency-shifted radiation (% > 535 nm) scattered from the sample was largely

separated from the 532-nm light using a dichroic mirror plus appropriate cutoff filters
and focused onto the entrance slit of a spectrometer. The dispersed spectrum was viewed
by an intensified diode array and the signal processed by an optical multichannel
analyzer. A 100-nsec-wide gate to the Jetector avoided signal loss due to timing jitter
and provided some discrimination against other sources of radiation (e.g., fluorescence).
Single-shot spectra in the wavelength range 540-600 nm were obtained using a 0.33-m,
Jarrel-Ash spectrometer. The relative wavelength-dependent response of this detection
system has been determined by recording the spectrum of a quartz-halogen lamp whose
irradiance at different wavelengths is known. A 0.85-m, Spex double monochromator was
utilized for frequency and linewidth measurements at 1.5 cm~l resolution. Operation of
this device in the spectrographic mode allowed 4-nm-~wide portions of a given spectrum to
be viewed and recorded on a single shot. Temporal profiles of Raman scattered light and the
532-nm laser pulse were examined by recording the signals from appropriately filtered
biplanar phototubes (Hamamatsu R1193U~01) using Tektronix 7104 oscilloscopes (with 7A29
plug-in amplifiers). The overall time constant of this phototube and oscilloscope
combination was about 0.4 nsec.

Samples of the four high explosive materials used in the Raman studies were prepared
from approximately 100 mg of loose powder pressed to > 90% of the crystal density. For
Raman scattering measurements on unshocked material, each explosive pellet was
mechanically held in a fixture providing for linear and angular alignment. For studies of
shocked TATB, a similar alignment fixture held an exploding bridgewire detonator (Reynolds
Industries, RP-2) in place and a 6.4-mm-diameter, 1l.6-mm-thick TATB pellet plus a
1.6-mm-thick PMMA spacer were mounted on the detonator output face using a thin layer of
fast-setting epoxy. The detonator leads were connected to a 2.5 kV fireset using
high-voltage vacuum feedthroughs. The specified detonator function time at this operating
voltage is 1.8 psec with a standard deviation of less than 25 nsec. Digital delay
generators were used to set the fireset trigger pulse in relation to the probe laser and
detection system gate.

The photoacoustic spectrometer is shown schematically in Figure 2. The photon source
was a 1l000-watt xenon arc lamp equipped with a water filter. A variable-frequency light
chopper was used to modulate the light at 100 Hz. Wavelength scanning was accomplished
using a 0.25-m monochromator (Spex Minimate). A quartz plate was used to pick off a small
portion of the light exiting the monochromator and send it to a reference pyroelectric
Jetector. The 50-mg samples of loose powder were contained in a quartz cell (0.3 cm
internal volume) coupled to a condenser microphone. Lock-in amplifiers were used to
detect the sample and reference signals and their ratio was displayed versus wavelength
to generate the sample spectrum. The wavelength resolution was approximately 10 nm.
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Figure 1. Schematic drawing of experimental Figure 2. Schematic of photoacoustic
design for pulsed-laser-~excited Raman spectrometer.
scattering measurements.

Results and discussion

Spontaneous Raman scattering and photoacoustic spectra

Raman spectra of unshocked TNB, MATB, DATB and TATB are shown in Figures 3,4,5 and 6,
respectively. A single 532-nm laser pulse was used to generate each spectrum and the data
are corrected for the wavelength-dependent response of the detection system. A different
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laser energy was used for each sample in order to avoid nonlinear effects (see discussion
below), as well as to provide a favorable ratio of Raman scattering to background emission.
In Table I, observed band positions (determined with the higher resolution detection
system) are listed and compared to results of cw laser Raman measurements, as available.
The most intense peak in the spectrum of TN3 ogcurs at 1366 cm~l and has been previously
assigned to the NO, symmetric stretching mode.” This Raman shift falls within the
characteristic range observed for symmetric VO, stretching vibrations in aromatic
nitrocompounds.®:7" In contrast, the frequency observed for the intense peak due to the
totally symmetric in-phase N0, stretch in TATB is much lower (1170 em~l). This substantial
frequency perturbation has been attributed to extensive mixing of -NH; and -NO3 group
molecular motion among the fundamental modes of vibration due to a strong two-dimensional
network of intra- and intermolecular hydrogen bonding in TATB.8 The observed positions of
the dominant peaks in MATB and DAT3 (1342 cm~l and 1213 cm~!, respectively) indicate a
consistent trend toward lower frequency corresponding to the extent of hydrogen bonding.
The enhancement of the hydrogen pbonding network and the attendant increase in overall
molecular and lattice stability with increased amine substitution have been implicated as
important factors in determining the shock initiation sensitivity of materials in this
group.

Figures 3-6 also show that the ratio of Raman scattering signal versus background
emission improves in a consistent fashion with increased amine substitution. Comparison of
the data on TNB and TATB with cw laser Raman studies highlights this trend. In terms of
Raman signal discrimination against background, the pulsed-laser-excited Raman spectrum of
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Figure 3. Single pulse Raman spectrum Figure 4. Single-Pulse Raman spectrum
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Figure 5. Single-pulse Raman spectrum of Figure 6. Single-pulse Raman spectrum of

1,3-diamino-2,4,6-trinitrobenzene (DATB). 1,3,5-triamino~2,4,6-trinitrobenzene (TATB).
TNB is inferior to the published results of Shurvell et al.5 In fact, many of the
transitions identified by Shurvell et al. are not evident in the single-pulse Raman
spectrum. On the other hand, Raman scattering obtained by pulsed-laser excitation appears
to be very advantageous in the case of TATB. This material is known to be extremely
photosensitive at ambient pressures and cw laser Raman studies produce high background
scattering under these conditions.8,10.,1ll 1n this respect, the single-pulse Raman

spectrum shown in Figure 6 is decidedly superior to the results of Deopura and GuptalQ and
compares well with spectra recently obtained® from TATB samples maintained at elevated
pressures in order to suppress photolysis and thermal degradation.
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Table I. Raman Frequencies (in cm~l) for TNB, MATB, DATB, and TATB

TNB MATB DATB TATB
This cw laser This This This cw laser
work Raman work work work Raman
337 355 714 210 289
371 370 818 357 367
827 825 827 388 384 381 [10]
921 918 940 442 448 445 [10]
1003 1002 946 482 519 510 [10]
11385 1184 1092 512 539
1299 1296 L1166 674 612 606 [10]
1348 1345 1210 727 701
1366 1365 1278 730 792
1547 1547 1308 776 831 831 [8]
1624 1623 1342 831 879 880 [8]
3111 3100 1532 905 895
1630 1035 1029 1017 (103
3329 1151 1145 1147 [8]
1160 1170 1170 [8]
1213 1194
1314 1219 1229 [10]
1363 1321 1303 (10]
1487 1348
1526 1448
3288 1538
1606
3223
3324

The observed variation of background emission intensity from pulsed~laser-excited TNB,
MATB, DATB and TATB likely stems from differences 1n the absorption properties of these
materials near 532 nm. To our knowledge, the electronic transitions associated with the
weak absorption by these materials at this wavelength have not been characterized.
Previous absorption studies of the corresponding solvated species have concentrated on
prominent bands which occur at 420 nm or below; however, there 1s some evidence that MATB
1s a significantly stronger absorber at A > 440 nm than paTs. 12 Depending on the exact
nature of the absorption process, stronger emission from MATB might be expected 1f this
relationshlip 1s maintained at 532 nm. In order to acquire additional 1nformation, we have
examined samples of MATB, DATB and TATB using photoacoustic spectroscopy. In the present
context, the advantages of this technique are 1ts applicability to pure, granular
materials and 1ts apparent sensitivity to weak aosorption features at A > 450 nm. The
spectra of the three materials are shown in Figure 7. The comglex, nonlinear relationship
between absorption cross section and the photoacoustic signal 3 does not permit full
interpretation of the Jdata at 532 nm; however, there 1s ample evidence for substantial
blue-shifting of the absorption edge 1n the case of TATB. This property may account for
the relatively good quality of the single~pulse Raman spectrum for this molecule.

Another interesting feature of the TATB photoacoustlic spectrum 1s the apparent weak
absorption region near 675 nm. Further investigation has shown that this phenomenon 1is
another manifestation of TATB's photosensitivity:; one or more stable photoproducts are
formed 1n the course of a normal wavelength scan. Scanning to higher wavelengths beginning
at 550 nm produced no evident absorption feature whereas prolonged exposure of the TATSB
sample to 400-nm radiation resulted in significantly enhanced signal from 450-850 nm, as
indicated 1n Figure 8. At least two new absorption bands were generated. In other work
based on ESR measurements of uv-irradiated TATB extracted with dimethylsulfoxide,
3ritt et al. have suggested that an unusually stable free radical species occurs as a
photoprOduct.l4 while this facile photolytic process clearly contributes to the high
background scattering seen with conventional Raman methods, the pulsed-laser-excited TATB
Raman spectrum obtained 1in this study 1s not similarly degraded. The photolysis apparently
occurs on a time scale much longer than the ~ 10-nsec laser pulse.

Stimulated Raman scattering

In an earlier paper, we reported 1ntenge nonlinear Raman scattering from porous,
granular TAT3 at the L170 cm~l transition.? We identified this phenomenon as stimulated
Raman scattering (SRS) on the basis of the following observations: (1) the near
exponential dependence of scattering intensity as a function of laser energy, (2) the
fact that the strongest spontaneous Raman line 1n the spectrum exhibits this growth,
(3) occurrence of this phenomenon at different excitation wavelengths, (4) the definite
correlation of the temporal profile of 1170 ¢m~l scattering with 1ntense mode spikes 1in
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Figure 7. Photoacoustic spectra Figure 8. Photoacoustic spectrum of TATB
(250-750 nm) of MATB, DATB, and TATB. with and without 30 minute exposure of the

sample to 400-nm light. Difference signal
indicates two distinct absorption bands.

the freguency-doubled Vd:YAG laser pulse and (5) narrowing of the 1170 cm~l feature to a
value near that of the pump laser bandwidth (~ 1.5 cm~l) at sufficiently high excitation
energies. Data demonstrating the latter two effects are reproduced in Figures 9 and 10. Of
the materials studied at that time, TATB was the only compound which exhibited SRS under
our experimental conditions. Having extended our studies to different sample densities and
various new materials, we have found that TATB is not unique in this regard. We report
here SRS at the 1342 cm~! transition in MATB and at two transitions (1213 cm~l and

831 cm~l) in the case of DATB. SRS from more than one vibrational mode in a given

compound occurs infrequently.l5 Transitions at 827 cm~l in TNB and at_831 cm~l and

879 cm™! in TATB have been previously 1dentified as NO, scissor modes>’'® and we attribute
the 831 cm~! line in DAT3 to a similar fundamental vibration. Hence, it is interesting
that both modes exhibiting SRS in this compound are likely associated with the NO; moiety.
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Figure 2. 3Sumltaneously acquired temporal Figure. 10. Single-pulse Raman spectra
profiles of the fregquency-doubled Nd:YAG from TATB in the region of the intense
laser pulse at 532 nm and the 567-nm 1170 em~l transition. Peak intensities
(1170 cm~l ghifted) Raman signal €rom TATB. have been normalized to illustrate
The Raman signal was isolated by a narrowing of the Raman line width at
long-wave-pass filter (Schott 0G-550) plus higher excitation energy.

a narrowband interference filter (570 nm
center wavelength; 10 nm width, FWHM).

Figure 11 contains data showing the dependence of Raman scattering intensity on 532-nm
laser energy for the 1342 cm~l line in MATB, the 1213 cm~l line in DATB and the 1170 cm-l
line in TATB. Although there is considerable scatter in the data due to shot-to-shot
variations in the temporal mode structure of the excitation source (cf. Figure 9),
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nonlinear growth of signal occurs 1n
reasonably well-lefined regions for 10 r—T T T 1.1 . T 1
each material with conversion effi- + o

ciency varying as DATB > TATB > MATB. s
At sufficirently high laser energies,
conversion 1nto the second Stokes
component near 2400 cm~l nhas oeen +
ooserved i1n the case of DATB. Since
we have not observed SRS at all from
TNB, 1t would appear that 1ncreased
amine substitution generally
facilitates SRS in this class of ot .
compounds. Low thresholds for SRS are + R
frequently observed at narrow lines -
associated with totally symmetric + &3

vibrations, as we see here.l3 Table II v O
lists estimated spontaneous Raman line o 4 8 12 6 20 24 >8
widths for the various transitions LASER ENERGY {mJ)

exhibiting SRS plus the 1366 em~! MATB o DATB + TATB o
feature 1n TNB. The value for the (1342¢cm ) (IR13¢m ) (1170¢cm )

1170 cm~} peak 1n TATB agrees with

the data of Sati)a and Swanson.S8 Figure ll. Laser energy dependence of Raman
With the exception of the 1213 cm~l scattering for the 1342 cm~! transition of
transition in DATB, the trend toward MATB, the 1213 cm~l transition of DATB and
narrower line widths with increased the 1170 cm~! transition of TATB.

amine substitution 1s consistent with

the observed conversion efficiencies.

I (arb umits)
+

Table II. Estimated Spontaneous Raman Line Widths for the Transitions Exhipiting SRS
in MATB, DATB, and TATB and for the Most Intense Transition in TNB.

Molecule (transition) Line Width (in cm—l)a

TNB (1366 cm~l)
MATB (1342 cm-l)
DATB (831 cm~1l)
DATB (1213 cm-l) 1
TATB (1170 cm~l)

WO H 9o

@Calculated by assaming that the probe laser line width, instrumental line width and
the spontaneous Raman line width add i1n guadrature.

It 1s possible that the large apparent line width of the higher frequency DATB feature may
be due 1n part to multiple unresolved transitions 1n this region. However, line width
measurements at laser energles above the threshold for SRS i1n DATB and TATB do not support
this interpretation; i1.e., the DATB feature remains significantly orocader. Thus, the
reasons for the apparent “reversal" 1n conversion efficiency for DATB and TAT3 are not
clear. The previously 1liscassed photo-induced chemical reactions 1n TATB may play a role
1n limiting the SRS efficiency for this compound. While Jleleterious effects due to
photochemistry are not evident 1n the pulsed-laser—excited spontaneous Raman spectram of
TAT3, we routlnely observe a drastic reduction in the 1170 em~l sr3 si1gnal 1ntensity when
a given region of the sample 1s 1rradiated a second time. A comparaple SRS "gain spoiling'
effect does not occur in DATB.

Single-pulse Raman scattering from shocked TATB

Wwe have shown that single-pulse Raman scattering measurements can oe made 1n the
severe environment of a detonating heterogeneous explosive. Measurements of spontaneous
Raman scattering from detonating PETN and dMX have been described elsewhere.Z2-

The capability of generating intense SRS from a variety of interesting explosive compounds
could prove to be another useful diagnostic option for studies 1n very luminous
environments. We have briefly addressed this possibility 1in the examination of shocked
TATB. Raman spectra from the free surface of the unshocked and shocked material are shown
1n Figures 12 and 13, respectively. The configuration of the detonator, spacer and TATB
pellet 1s also 1llustrated 1in Figure 13. 4e 414 not attempt to measure the shock pressure
1in the TATB sample 1n this experiment; however, fast framing camera records of the event
indicate significant luminosity 1n the region of the shock front. These records also
confirm the calculated time of 900 nsec for shock propagation from the detonator output
face to the free surface of the TATB. Accordingly, the Raman spectrum 1n Flgure 13 was
generated approximately 600 nsec after shock i1nteraction with the surface. At this time,
we observe low background emission, a fairly uniform attenuation of the spontaneous Raman
lines (cf. noise levels 1n Figures 12 and 13) and a much more pronocuncel decrease 1n the
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SRS 1ntensity at 1170 cm~l. In fact, the relative intensity of the 1170 cm~! line 1n
Figure 13 approaches tnat expected for spontaneous Raman scattering alone. This phenomenon
does not necessarily indicate chemical modification, especially in view of the fact that
Raman studies of TATB under static compression have provided no evidence of either
pressure-induced chemlstry Or structural phase transformations up to pressures of 160 kbar
at room temperature.8 The selective decrease of the 1170 cm~l line may arise from a suotle
structural modification or may simply reflect a significant density change. The latter
possibility 1s suggested by the fact that we have observed a density effect on SRS
1ntensity from different pressings of PETH {(unshocked).l® More studies on shocked TATB are
planned 1in order to characterize this phenomenon.
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TATB
TATB 532 nm
532 nm EXCITATION
EXCITATION N - SHOCKED
15 usec DELAY —1
—~¢—16 mm FROM RP 2 FUNCTION TIME
g} PRESHOCK . - % ;‘Eﬂ] TAT® .
g =
3 5 pmma ! pm16mm
£ a
| M W i
| 1 il i
560 565 570 575 L L I !
\ (nm) 560 565 s70 575
X(nm)
Figure 12. Single-pulse Raman spectrum Figure 13. Single-pulse Raman spectrum of
of unshocked TATB showing transitions shocked TAT3 as recorded by the optical
1n the 800-1500 cm-1 region. multichannel analyzer (100-nsec gate width}.

Laser energy was the same as for Figure 12.

Summary

As part of the effort we have undertaken to gain information on microscopic physical
and chemical processes 1n the 1nitiation and detonation of explosives, we have applied
pulsed-laser-excited Raman technigques and photoacoustlc spectroscopy to the study of
porous, granular samples of TATB and related compounds. The Raman studies have shown that
single-pulse techniques are applicable to some photosensitive materials such as TATB and
may also be utilized as a spectroscopic probe in shock and detonation experiments. The
intensity of the broadband emission observed with spontaneous Raman scattering diminishes
with 1ncreased amine substitution on trinitrobenzene. On the basis of the photoacoustic
spectra of MATB, DATB8 and TATB as well as published results on the corresponding solvated
specles, we attribute this trend to diminished interference due to lower absorption
coefficients for the higher substituted molecules near 532 nm. Stimulated Raman scattering
18 generally favored by 1ncreased amine substitution in this series of compounds:; however,
observed conversion efficiency 1s higher in DATB than 1in TATB. The SRS efficiency 1n the
latter compound may be limited by competition from photo-induced chemical reactions. e
have observed a relatively large decrease in the iatensity of the 1170 cm~! (SRS) line of
TATB under shock conditions. Further experiments are planned 1n order to characterize this
effect.
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