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Shock Wave Induced Decomposition of RDX: Time-Resolved Spectroscopy
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Time-resolved optical spectroscopy was used to examine chemical decomposition of RDX crystals shocked
along the [111] orientation to peak stresses between 7 and 20 GPa. Shock-induced emission, produced by
decomposition intermediates, was observed over a broad spectral range from 350 to 850 nm. A threshold in
the emission response of RDX was found at about 10 GPa peak stress. Below this threshold, the emission
spectrum remained unchanged during shock compression. Above 10 GPa, the emission spectrum changed
with a long wavelength component dominating the spectrum. The long wavelength emission is attributed to
the formation of NO, radicals. Above the 10 GPa threshold, the spectrally integrated intensity increased
significantly, suggesting the acceleration of chemical decomposition. This acceleration is attributed to
bimolecular reactions between unreacted RDX and free radicals. These results provide a significant experimental
foundation for further development of a decomposition mechanism for shocked RDX (following paper in

this issue).

I. Introduction

Shockwave initiation of high explosives (HE) is a complex
process, and the fundamental chemical reactions that take place
during decomposition are not easily identified. To improve
current understanding of shock induced HE decomposition, we
examined the response of RDX (hexahydro-1,3,5-trinitro-s-
triazine) single crystals to well-defined planar shock waves.
Time-resolved optical spectroscopy was used to investigate the
chemical decomposition of shocked RDX in real time. Quantum
chemistry calculations complemented the shock wave experi-
ments, as discussed in our companion paper.!

RDX is one of a class of energetic molecular crystals known
as secondary explosives. Generally stable at ambient conditions,
these materials decompose explosively with proper stimulus and
are of considerable practical interest. However, sensitivity to
initiation raises concerns regarding safety and handling and a
better understanding of shock-induced decomposition is needed
to optimally address performance and safety issues.

Our laboratory has had a sustained interest in the molecular
level response of shocked energetic materials. Time-resolved
electronic and vibrational spectroscopies and ab initio calcula-
tions led to a proposed decomposition mechanism for shocked
Pentaerythritol tetranitrate (PETN).>> A comprehensive research
approach is now being applied to RDX. Previously, we observed
a shock induced phase transition in unreacted RDX single
crystals at stresses of about 4 GPa.® Static high pressure
experiments have indicated that intermolecular interactions
change in the high pressure phase.” In this work, we extended
our RDX studies to higher shock stresses to investigate shock-
induced decomposition.

Many studies, employing a variety of stimuli, have examined
the chemical mechanisms of RDX decomposition. Shock wave
studies have been quite limited;®!3 although experiments
showed luminescence from RDX crystals around 10 GPa, no
chemically significant information was extracted.>'>!3 Three main
mechanisms have been proposed for RDX decomposition:!*
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concerted triple ring fission to produce three methylenenitramine
(CH,NNO») fragments, homolytic N—N bond scission, and
unimolecular HONO elimination. Experimental evidence exists
for all three mechanisms. Because the experiments were
performed under a variety of stimuli and conditions, the
relevance of these results to shock-induced decomposition of
RDX crystals is unclear.

The triple ring scission mechanism was observed in gas phase
experiments,’>~17 but not in the condensed phase decomposition
of RDX.!8 The activation energy for this channel is significantly
higher than for the other two mechanisms.'*!° In addition, the
activation volume for this process is considerably greater than
for the other two processes.?’ Thus, triple ring fission, though
a viable decomposition channel for gas phase RDX, is likely
not the first step in the decomposition of crystalline RDX.

Unimolecular N—N bond homolysis has often been suggested
as the first decomposition step for RDX31821-23 and NO, has
been identified as a reaction product.®'82* In these experiments,
however, the breaking of the N—N bond was not observed in
real time. Multiple computational studies also support the
concept of homolysis being the first decomposition step.!*21-23-25-26

Thermal decomposition experiments of RDX in solution
found that the activation volume was not consistent with
homolysis as the first step. Instead, the results support the HONO
elimination mechanism.?”-?® Further, these experiments were
carried out to pressures of only 1.1 GPa. This is significantly
below shock initiation conditions, raising questions about the
applicability of this mechanism to solid-state decomposition
under shock loading. However, calculations of the HONO
elimination pathway for a single RDX molecule indicate that it
is energetically competitive with N—N homolysis. 426

Other mechanisms have also been put forward. A series of
papers on the thermal decomposition of solid RDX identified a
deuterium kinetic isotope effect (DKIE), suggesting that C—H
bond cleavage may be a rate limiting step.??-33 This observation
may be consistent with N—N homolysis as the initial step,
followed by ring decomposition or bimolecular reactions that
abstract hydrogen.?> A very different mechanism for decomposi-
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tion is suggested by ultrafast photodecomposition experiments
where NO was observed as an early reaction product rather than
NO,.3

The variety of reported reaction products and decomposition
pathways illustrates the need for real-time measurements of
shock induced RDX decomposition. In this paper, we report
on the application of time-resolved spectroscopy to investigate
the response of RDX single crystals to shock wave compression.
Continuum calculations provided estimates of the stress and
temperature states of the unreacted sample.’ In a companion
paper, we apply quantum chemistry calculations to better
interpret our data in terms of specific chemical reactions.! This
comprehensive approach provides a more complete picture of
shocked RDX decomposition.

We have focused on the following questions. First, what is
the threshold for the decomposition of shocked RDX? Second,
what is the chemical mechanism for the shock-induced decom-
position of RDX? Finally, are there temporal characteristics to
the decomposition? The remainder of this paper is organized
as follows. The next section describes experimental techniques.
Experimental results and discussion are presented in section III.
Section IV contains concluding remarks. Results of the quantum
chemical calculations and the comprehensive decomposition
scheme are presented in the companion paper.!

II. Experimental Approach

RDX single crystals were grown at the Los Alamos National
Laboratory (LANL) from stock produced by the Woolwich
(HMX-free) process with additional purification before crystal-
lization. The crystals were oriented along the [111] crystal-
lographic direction, cut, and provided to us by Dr. Daniel E.
Hooks of LANL. Typical lateral dimensions of the prepared
samples were 7—8 mm. Each crystal was ground to a thickness
of ~400 um and polished to an optical finish with aluminum
oxide lapping sheets. The polished RDX crystal was then
sandwiched between two optical windows with a thin capillary
film of liquid glycerol (spectroscopic grade, Aldrich Chemical)
between the crystal and the windows. This liquid layer is only
a few micrometers thick and ensures good mechanical contact
in the sample cell. In a separate set of control experiments, we
verified that glycerol remains optically transparent and chemi-
cally inert under the loading conditions of interest. The front
window was [100] oriented LiF and the back window was a-axis
sapphire, except for the highest stress experiment which had a
LiF back window. The thicknesses of the front and back
windows were 3.05 and 9.5 mm, respectively. Details regarding
our experiments are summarized in Table 1.

The overall experimental approach is similar to that used in
the PETN work,? and a schematic view of the impact experiment
is shown in Figure 1. Light emitted from shocked RDX was
collected as illustrated in Figure 1. The sample assembly was
impacted with a 12.7 mm thick sapphire crystal mounted on a
projectile to produce a planar shock wave. A single stage light-
gas gun launched the projectile. In the 20 GPa emission
experiment, the impactor was a 3.3 mm thick disk of OFHC
Cu launched using a powder gun. Upon impact, a shock wave
propagated through the front LiF window and into the RDX
crystal. The sample was compressed under stepwise loading due
to the differing shock impedances of RDX and the window
materials. The final stress state of the RDX crystal can be
accurately determined because it depends only on the impact
velocity, the impactor and the shock wave response of the
windows. All of these parameters are well-known. Stress
histories in the RDX crystal were calculated using a 1-dimen-
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TABLE 1: Summary of Shock Experiments

sample projectile  peak

experiment crystal thickness  velocity stress
no. type orientation (um) (km/s) (GPa)
1 Raman [111] 400 0.567 10.0
2 Raman [111] 385 0.873 16.0
3 emission® [111] 395 0.560 9.9
4 emission [111] 405 0.555 9.8
5 emission [111] 390 0.720 13.0
6 emission”? [111] 390 1.606 20.0
7 emission [111] 400 0.406 7.0
8 emission [111] 330 0.646 11.5
9 transmission  [111] 410 0.562 9.9
10 transmission [111] 400 0.402 6.9
11 transmission  [111] 390 0.721 13.0

“ First emission experiment was performed with different streak
camera system than all others. > OFHC Cu impactor and LiF back
window. Experiment performed on powder gun.

RDX é PD

: /

7
\ impactor

windows

projectile spectrometer

streak camera

intensified CCD

Figure 1. Schematic diagram of time-resolved emission experiment.
Emitted light is collected with optical fibers and detected by a diagnostic
photodiode (PD) and the spectrometer/streak camera/intensified CCD
detection system.

sional wave propagation code®® and a preliminary, but reason-
able, RDX material model.® Peak stresses ranged between 7
and 20 GPa.

Three time-resolved spectroscopic techniques were employed
in this investigation: emission, transmission, and Raman spec-
troscopy. For emission experiments,” the detection system
indicated in Figure 1 was used. Light produced by the shocked
crystal was collected and transmitted to the detection system
using optical fibers. A tunable spectrograph with a low disper-
sion (150 groove/mm) grating allowed for spectral coverage
from 300 to 850 nm. The spectrally dispersed light was coupled
to the streak camera/CCD detection system to produce a time
dependent emission spectrum. Spectra at particular times were
generated by averaging over an appropriate number of tracks
on the time axis. The spectral resolution of this system was ~6
nm. The time resolution was ~40 ns, determined by the spot
size on the detector. Additional optical fibers coupled the target
assembly to a diagnostic photodiode. We characterized the
detection system for wavelength dependent instrument response
using a tungsten-filament quartz halogen lamp as a calibrated
intensity source. By comparing the recorded spectrum of this
lamp with the tabulated spectral intensities, we generated an
instrument correction function that was applied to all emission
data.’

The method for performing single pass transmission measure-
ments under shock compression is well established.3”® A pulsed
Xe flash lamp was the light source. Mirrors mounted on the
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projectile cap collimated and directed the lamp output through
the sample. Transmitted light was collected by an optical fiber
and sent to a spectrometer-streak camera-CCD detection system.
Both reference and ambient spectra were collected prior to the
shock experiment, allowing the transmission data to be converted
to extinction data.

Because of concerns that some extinction could be due to
scattering, additional lens units collected light off the main optic
axis. Only two sources of light contribute to the signal detected
off the main axis: light from the Xe flash lamp scattered by the
shocked sample and emission from the sample itself. Comparing
the time dependence of this signal to the pure emission
experiments, we were able to separate the scattering and
emission components.

Time-resolved Raman spectroscopy measurements were
performed as described previously.®4%4? The Raman spectros-
copy system covered Stokes shifts from 800 to 3300 cm™!. We
were particularly interested in the CH stretching region from
2700 to 3300 cm™!, because changes in these modes are
indicative of the a—y phase transition.®”* A single 514.5 nm
laser pulse of 2 us duration and 40 mJ energy excited the sample.
The spectral resolution for Raman measurements was ~20 cm™!
and time resolution was ~40 ns.

III. Results and Discussion

Phase Transition Prior to Chemical Decomposition. In
previous studies, we observed the a—y phase transition in RDX
single crystals shocked to peak stresses between 4.5 and 5.5
GPa,® and found no measurable dependence on crystal orienta-
tion. We also observed a phase transition time of about 100 ns
at 5.5 GPa peak stress.

To determine whether the phase transition precedes initiation
at higher stresses, a time-resolved Raman experiment was
performed at 10 GPa. Selected time-dependent Raman spectra
are shown in Figure 2. The spectrum at —155 ns is of unshocked
RDX, i.e., before the shock wave entered the crystal. The next
two spectra correspond to steps in the loading process. The
spectrum at 590 ns was collected after the sample attained peak
stress. A static pressure Raman spectrum at 9.8 GPa is shown
for comparison.” Note the similarity between the spectral
features in the static pressure results and the spectra acquired
under shock loading. The spectrum at 345 ns also contains
spectral features of the high pressure phase. This result indicates
that the phase transition occurred quickly, as expected,® and
that it was complete by the time peak stress was achieved.

Beginning at about 400 ns, broadband emission was detected.
After 600 ns, Raman features could no longer be resolved
because of this intense emission. A second Raman experiment
at 16 GPa peak stress was attempted; however, the broadband
emission overtook the Raman signal and saturated the detection
system prior to attaining peak stress. Some shifting of the Raman
peaks was observed, and it appeared that the phase transition
had taken place, but the quality of the Raman data was poor.
The results of this experiment made it clear that Raman
measurements beyond 10 GPa are of limited value. However,
these results show that the a—y phase transition takes place
before the initiation of chemical reactions.

Emission Spectroscopy. Emission spectroscopy experiments
were performed with peak stresses ranging from 7 to 20 GPa.
Figure 3 compares the spectrally integrated emission intensity
for these different experiments as a function of time. (The 9.9
GPa experiment was performed with a different detection system
than the others and is not included in this comparison. Also,
the 9.8 and 9.9 GPa experiments used a slightly different optical
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Figure 2. Time-dependent Raman spectra of the C—H stretching
modes of [111] oriented RDX shocked to 10 GPa. Shock wave enters
crystal at O ns. 95% of peak stress is reached at about 400 ns. After
about 600 ns, Raman features can no longer be resolved from the
broadband emission. Static pressure Raman spectrum at 9.8 GPa shown
for comparison.” Spectra offset for clarity.
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Figure 3. Spectrally integrated emission intensity plotted vs time for
different peak stress experiments. Shock wave enters crystal at O ns.

arrangement that limited detection to 700 nm.) The shock wave
enters the crystal at 0 ns. The data are cut off when release
waves enter the RDX crystal because the sample is no longer
under uniaxial strain; after this time emission intensity decreases.
Note the significant increase in emission intensity between the
9.8 and 11.5 GPa experiments. For experiments with a peak
stress between 7 and 13 GPa, there is a transition time of roughly
300—400 ns before the emission occurs. In the 20 GPa
experiment, emission was observed during the first step in the
loading process. Because of the window configuration in this
experiment, the stress during the first step was significantly
higher than in other experiments.>® Figure 4 contains calculated
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Figure 4. Simulated stress histories computed at the midpoint of the
RDX crystal. Stress history is cutoff at the time at which release waves
arrive. The shock wave enters the front of the crystal at O ns.
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Figure 5. Normalized integrated intensity plots. Rise of emission
occurs more rapidly as stress increases. Shock enters sample at O ns.
Inset: spectrally integrated intensity as a function of peak stress at the
time of maximum intensity.

stress histories for these experiments. Except in the 20 GPa
experiment, emission does not begin until the sample has
reached peak stress.

Figure 5 contains the same integrated intensity data after
normalization to the peak value shown in Figure 3. This
procedure allows the temporal profile of the emission from the
lower stress experiments to be seen. Note the similarity between
the 7 and 9.8 GPa traces. In the 11.5 and 13 GPa experiments,
the emission intensity rises more quickly. There is also some
decrease in the transition time for the 11.5 and 13 GPa
experiments compared to the lower stress shots. The inset of
Figure 5 shows the spectrally integrated intensity as a function
of peak stress at the time of maximum intensity. The significant
rise in intensity from 9.9 to 11.5 GPa is again clearly seen.

Spectral profiles from four experiments (7, 9.8, 13, and 20
GPa) are shown in Figures 6 and 7. All emission spectra have
been corrected for the wavelength dependent response of the
detection system.? In Figure 6, the chosen times correspond to
an integrated emission of roughly 20% of the maximum
intensity. The chosen times in Figure 7 correspond to the
maximum emission intensity. Several features can be observed
by comparing these spectra. For purposes of discussion, the
emission spectrum will be divided into three regions. The first
region represents wavelengths longer than 650 nm and is termed
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LW (long wavelength). The second is called VIS (visible) and
includes wavelengths from 400 to 650 nm. The third component
covers wavelengths shorter than 400 nm and is labeled UV.
These designations will be used throughout the remainder of
this paper.

For the early time spectra (Figure 6) in the 7, 9.8, and 13
GPa experiments, the UV and VIS components are significant.
In the 20 GPa experiment, the LW component dominates the
emission spectrum. In the later time spectra (Figure 7) at 13
and 20 GPa, the LW component tends to dominate the spectrum.
However, the spectra from the 7 and 9.8 GPa experiments still
contain a significant contribution from the VIS component. The
7 GPa spectrum also has a strong UV component.

These trends become clearer when we compare the relative
intensities at 650 and 450 nm as a function of time for each
experiment. These wavelengths are located near the boundaries
of the VIS and UV spectral regions. This comparison, shown
in Figure 8, gives a qualitative sense of the profile of the
emission spectrum. For the two lowest stress experiments, 7
and 9.8 GPa, the profile of the emission spectrum did not change
significantly with time. This is indicated by the flat response at
a relative intensity of ~2. The emission spectrum from the 20
GPa experiment also does not change with time. However, it
has a very different profile, with a relative intensity of ~8. The
emission spectrum from the 9.9 GPa experiment starts out with
a profile similar to that of the 7 GPa experiment but gradually
comes to resemble the 20 GPa experiment. The same is true
for the 11.5 and 13 GPa experiments; in each case, the emission
spectrum initially resembles the 9.8 GPa spectrum then later
appears more like the 20 GPa spectrum. It is also of note that
the time required for the spectral change to occur decreases with
increasing stress.

These results, together with the integrated emission traces in
Figure 3 and Figure 5, indicate a threshold behavior between
9.8 and 11.5 GPa. Below 9.8 GPa, the emission spectrum
contains all three spectral components and does not change
significantly within the time window of the experiment (1000
ns). As peak stress rises, emission intensity increases and the
spectral profile of the emission changes, with the LW component
dominating the emission spectrum. The transition time for these
spectral changes decreases as the stress increases. The difference
between the 9.8 and 9.9 GPa experiments either is due to
sample-to-sample variability or indicates a threshold very close
to 10 GPa.

Source of Observed Emission. There are four possible
sources of the observed emission: (i) thermal emission, (ii)
electronically excited RDX molecules, (iii) mechanolumines-
cence from the crystal, or (iv) emission from excited decom-
position intermediates. Each possible source will be discussed
in turn.

To investigate the possibility of thermal emission, selected
emission spectra were fit to a blackbody emission curve. The
results of this fitting strongly suggest that the detected light is
not due to thermal emission for several reasons. In the
experiments at 9.9 and 13 GPa, the late time emission spectra
were fit best with temperatures of 3000 and 2500 K, respec-
tively. This is contrary to the expectation that temperature would
increase with the stress. In addition, for spectra from different
times in the 13 GPa experiment, the temperature determined
from the fitting decreases as time increases. Again this is
contrary to expectations.

Finally, these temperatures are significantly higher than
expected for RDX in the very early stages of decomposition.
Estimates of the temperature of unreacted, shocked RDX range
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Figure 6. Early time emission spectra from four shock experiments: (a) 7, (b) 9.8, (c) 13 and (d) 20 GPa. Multiplication factors indicate relative
intensity compared to the 20 GPa, 545 ns spectrum in Figure 7. Shock enters sample at O ns.
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Figure 7. Late time emission spectra from the same four experiments depicted in Figure 5. Multiplication factors indicate relative intensity compared
to the 20 GPa, 545 ns spectrum Shock enters sample at O ns. Peak stresses were (a) 7, (b) 9.8, (c¢) 13 and (d) 20 GPa.

from 500 to 750 K, depending on the loading path of the
experiment.’> The high temperatures indicated by the fitting

could be reached in a fully developed detonation wave, but the
small sample thickness (400 x«m) prevents these conditions from
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Figure 8. Time dependent relative intensities at 650 and 450 nm from
six shock experiments. Experiments at 7 and 9.8 GPa show no
significant time dependence in the emission spectrum. Experiments at
9.9, 11.5 and 13 GPa show a change in the emission spectrum. Onset
of the change occurs earlier as the stress increases. The 20 GPa emission
spectrum does not change with time. Shock enters sample at O ns.

being reached in our experiments. Void collapse or formation
of shear bands could lead to localized high temperatures;
however, we would expect the temperature to increase with
stress and time, contrary to the results of our fitting analysis.
On the basis of all these considerations, the observed emission
is not attributed to thermal radiation.

We do not believe that emission from excited states of RDX
is a contributing factor for the following reasons. First, there is
little evidence that the excited states of RDX are luminescent.
One paper reported fluorescence from RDX powder,* but other
investigators have reported no fluorescence from RDX.*
Attempts in our laboratory to observe fluorescence from RDX
single crystals and powder were unsuccessful. For this reason,
no attempts were made to measure fluorescence of RDX under
high pressure. If RDX does fluoresce, the process is apparently
inefficient. Second, the reported RDX fluorescence is peaked
in the visible region, around 550 nm. Our observed emission
spectrum does not at all match the published fluorescence
spectrum.** (The possibility of luminescence from the thin layer
of glycerol was explored previously and found not to be a
concern.?)

Fractoluminescence, pyroelectric luminescence, or some other
mechanoluminescence phenomenon seems unlikely on the basis
of symmetry and other considerations. It is generally required
that a crystal be piezoelectric to exhibit mechanoluminescence.*¢
However, both the a and y phases of RDX are of Dy, crystal
symmetry and are nonpiezoelectric.” It has also been stated that
mechanoluminescence spectra often resemble the photolumi-
nescence spectrum of the material*®#’ but, as discussed previ-
ously, the observed emission does not match the reported
fluorescence of RDX.

The temporal behavior of the emission also argues against it
being from either excited RDX or mechanoluminescence. If
RDX molecules are produced in excited electronic states, they
should be excited as the shock wave passes through the material
and begin to luminesce promptly thereafter. However, we
observed the emission to have a transition time of a few hundred
nanoseconds and to increase in intensity after peak stress is
achieved. The same argument can be applied to the mecha-
noluminescence hypothesis. Such emission should occur as the
material is deformed, which will happen during the stepwise
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Figure 9. Time dependent emission, transmission and scattering
photodiode records from two experiments at 9.9 GPa. Shock enters
sample at O ns.

loading, and not be delayed until after the final stress state has
been reached.

On the basis of the above considerations, we attribute the
observed emission to luminescence from species produced
during RDX decomposition. Identifying these products is crucial
for developing a decomposition mechanism for shocked RDX.
Unlike PETN,? the emission spectrum of shocked RDX is
generally featureless. Despite this limitation, there are features
that can be used to discern the underlying chemical mechanisms.
One key is the dominance of the LW component, particularly
at higher stress and later in time when the extent of reaction
should be greatest. The source of this LW emission is likely an
intermediate in the decomposition of RDX. Variation in the
relative intensity of portions of the emission spectrum also gives
us indications to the underlying chemical reactions. This change
in the emission spectrum suggests a change in the concentrations
of the emitting species and possibly a change in the chemical
mechanism. Before discussing chemical mechanisms further,
we need to account for all the light produced during decomposition.

Complementary Transmission/Scattering Experiments. In
the work on PETN single crystals we learned how to correct
emission spectra for reabsorption within the sample.? Therefore,
transmission experiments were performed on RDX to measure
the time-dependent extinction spectrum. In the case of PETN,
scattering from the shocked crystal was determined to be
negligible and all extinction was attributed to absorption within
the sample. To examine this issue in RDX, we added detectors
off the main optic axis to measure light that was scattered from
the sample during the shock experiment.

Figure 9 contains time dependent transmission, scattering and
emission records from the two experiments at 9.9 GPa. The
shock wave enters the crystal at 0 ns, and the transmission
decreases significantly soon thereafter. This drop in transmission
is accompanied by a corresponding increase in scattering. The
temporal response of scattered light shows a peak and then
decreases and finally levels off. The temporal response of the
scattered light correlates well with the transmission trace,
suggesting that a significant portion of the transmission loss is
due to scattering phenomena. After the leveling off of the
transmission/scattering signal, the emission signal begins to
appear. This temporal separation between the two traces suggests
that the underlying phenomena are not directly connected. The
extinction/scattering is likely due to a macroscopic response of
the crystal to shock loading, such as cracking or plastic
deformation.*® Because of the strong scattering signal, we cannot
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Figure 10. (a) Extinction spectra at ambient, 7 and 9.9 GPa. Note the
overall similarity between the 7 and 9.9 GPa extinction spectra. At
wavelengths longer than ~375 nm, the majority of extinction is due to
scattering. Dynamic range of detection system limits maximum
extinction. (b) Uncorrected and corrected emission spectra from 7 GPa
experiment. Correction based on assumptions made in PETN work (ref

3).

completely separate the scattering and absorption components
of the extinction as was possible for PETN.?

Figure 10a compares the extinction spectra of the 7 and 9.9
GPa transmission experiments. An ambient absorption spectrum
is included for comparison. The dynamic range of the detection
system limits the extinction that can be measured to about 1.1.
When RDX is shocked, the absorption edge shifts somewhat,
but there is a long tail in the extinction spectrum that we attribute
primarily to scattering. The extinction spectrum was not
observed to change in time, unlike the 9.9 GPa emission
spectrum. This suggests that the changes in the emission
spectrum are not due to time dependent extinction phenomena.
The 13 GPa transmission experiment produced limited results
because the extinction levels exceeded the dynamic range of
1.1 over the entire spectral range. The scattering signal was also
strong, again suggesting that the majority of the extinction is
due to scattering and not absorption.

The technique used to correct the emission spectra for
absorption in the PETN work? was also used to correct RDX
emission for extinction. This procedure assumes that all extinc-
tion is due to absorption and that the distribution of the emitting
and absorbing species is uniform throughout the thickness of
the sample. The corrected emission spectrum for the 7 GPa
experiment is shown in Figure 10b. The results of this correction
suggest that some additional light in the UV and VIS compo-
nents may exist and our interpretation of the results should keep
this in mind. However, the observation of significant scattering
by shocked RDX violates the first assumption. The second
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assumption is reasonable, but the correction procedure seems
to be of limited value for RDX. Thus, the uncorrected spectra
were used in the discussion of the emission results.

The results of the transmission/scattering experiments suggest
that the RDX crystal becomes “opaque” under shock wave
loading and that the emission is produced primarily from a thin
layer of material at the back of the sample. Inelastic deformation
and/or the o.—y phase transition likely cause the scattering. The
extinction does not appear to be a molecular-level phenomenon,
except for wavelengths shorter than about 350 nm. Because we
were unable to determine the exact source of the scattering or
the size of the scattering centers, we cannot assign a wavelength
dependence to the scattering. Therefore, the uncorrected emis-
sion spectra form the basis of our development of a decomposi-
tion mechanism, with the understanding that what we have
observed represents a lower limit to the light produced during
decomposition, particularly for the VIS and UV components.

General Features of RDX Decomposition Mechanism.
Though a complete understanding of shock induced decomposi-
tion cannot be developed solely from the experimental results,
several important observations can be made. First, the results
of the 10 GPa peak stress Raman experiment clearly indicate
that the o.—y phase transition takes place at this stress prior to
the onset of decomposition. Because of comparable transition
times for the a—y phase transition and emission, we believe
that decomposition begins from the y phase.

We observed a broad emission spectrum from 350—850 nm.
On the basis of the observed spectral changes, we noted three
characteristic regions in this spectrum. In principle, these three
regions could be produced by three different chemical species.
The early decomposition reactions produce all three emission
components, whereas the emission at higher stress and later in
time is dominated by the LW emission component. We use the
features of the emission spectra to gain insight into the
decomposition chemistry of RDX. It should be noted that a fully
developed detonation wave is never formed in our studies. The
run distance to detonation for RDX is several mm,*® whereas
our samples are only 400 um thick. Therefore, we focus on
simple chemical reactions that are plausible during the earliest
stages of decomposition.

The decomposition chemistry of RDX and other nitramine
high explosives is governed largely by the nitro functional
groups. The NO, radical likely plays an important role in RDX
decomposition. The luminescence spectrum of excited NO; is
very broad, almost forming a continuum.’*2 The peak of this
continuum emission varies depending on the conditions under
which the excited NO, was produced, and can vary from the
visible (500—600nm)>2°to the near-infrared (1200 nm).50-51-54.57.58
Because of the differences in the experimental conditions, our
results are not directly comparable to these other studies.
Temperature and pressure effects likely change the emission
spectrum of NO,. However, these studies show that NO,
emission can vary greatly over a wide spectral range and suggest
that NO, is a plausible source of the observed LW emission.

Comparing our experimental results with those reported in
the literature for various fragments of RDX, we tentatively
assign the LW component to the emission of NO,. NO; can be
a direct product of N—N homolysis and probably plays an
important role in the shock wave induced decomposition of
RDX. Additional support for this assignment is presented in
our companion paper.'

We now need to assign the other components of the emission
spectrum to other species. NO, exhibits a dissociation limit in
the emission spectrum at about 390 nm.° This suggests that



Shock Wave Induced Decomposition of RDX

UV emission
(HONO?)

/%V|S emission
(NO,?)

\_W emission (NO,)

low stress
small

high st R ly ti
thigh stress, early tme)l  SPEL | .

high stress, late time | and radicals

\l/ > LW emission
bimolecular (NO,)
m > (free-radical)

decomposition?

unimolecular
decomposition

Figure 11. Outline of RDX decomposition. Initial unimolecular
decomposition leads to products that generate three emission compo-
nents. A dashed line indicates the stress threshold in the decomposition
mechanism. Above the 10 GPa threshold, bimolecular reactions between
radicals and RDX begin a second decomposition cycle. This pathway
leads to production of NO, and the LW component dominates the
emission spectrum.

the source of the UV component is not NO,. One possible source
is HONO, which can also be produced early in the decomposi-
tion of RDX!* and can emit in the range 315—385 nm.> Another
possible source of UV emission is NO, which can produce
emission over the range 200—650 nm.*° NO has been observed
in the photodecomposition of RDX3* and as a decomposition
product in molecular dynamics simulations.®' However, we have
not been able to identify a simple mechanism to produce NO
under the conditions of our experiments.! Thus we favor HONO
as the source of the UV emission. As discussed earlier, it is
possible that even more light is produced in the UV spectral
region than was observed and our mechanism must consider
that possibility.

The final portion of the emission spectrum that must be
assigned is the VIS component. Emission from NO, has been
observed in this region. For example, photolysis of RDX by
UV laser light leads to significant emission between 450 and
650 nm.>® This method of producing excited NO; is different
from our shock wave experiments, but this result suggests that
the VIS component could also be due to NO,. As discussed
further in our companion paper,! the rich electronic structure
of NO, can account for all these observations. We must also
consider other possible species as the source of the VIS
component. Sources of the UV and VIS components are
proposed and discussed further in the companion paper.!

Solely on the basis of the experimental results, we can
summarize the decomposition of shocked RDX as follows.
Initially, the RDX single crystal undergoes a transition to the
high pressure y phase at approximately 4.5 GPa and within a
few hundred nanoseconds. Significant scattering indicates micro-
and macroscopic level changes within the crystal due to inelastic
deformation and/or the phase transition.

Within 100 ns after reaching peak stress, decomposition
begins and light is emitted. The decomposition process is
depicted schematically in Figure 11. The first stage of decom-
position leads to the production of multiple emitting species,
including NO», as indicated by the broad emission spectrum
that begins at about 350 nm and extends into the near-infrared.
For peak stress above 10 GPa, a subsequent decomposition
channel opens that leads to greater production of NO, radicals.
This reaction channel also leads to accelerated decomposition,
as indicated by the significant rise in integrated intensity. One
possibility for this acceleration stage is the onset of bimolecular
reactions between free-radicals and unreacted RDX molecules.
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This mechanism can perpetuate the cycle with accelerated
formation of NO, that contributes to the LW emission spectrum.
Details of the decomposition mechanism require the identifica-
tion of chemical reactions through quantum chemical calcula-
tions. These calculations, presented in the companion paper,!
provide further insight into sources of emitting species and
decomposition mechanism consistent with the experimental
results.

IV. Concluding Remarks

Real time, optical spectroscopy measurements were obtained
to improve our understanding of the shock-induced decomposi-
tion of RDX. Time-resolved emission spectroscopy was par-
ticularly useful toward this end. We observed a threshold
in the response of RDX at a shock stress of about 10 GPa for
[111] oriented crystals. At low stresses, the emission spectrum
is broad (350—850 nm) and the spectral profile does not change
temporally. Above this stress, the extent of reaction (as
determined by the emission output) increased considerably. We
also observed temporal changes in the emission spectrum above
this threshold. For experiments above the 10 GPa threshold,
the emission spectrum initially resembled that of the low stress
experiments but changed with the long wavelength portion of
the spectrum displaying stronger intensity. The onset time for
this change decreased as peak stress increased.

On the basis of the experimental results, we propose that NO,
is an important species in the initial decomposition of RDX,
supported by the broad emission spectrum with a strong long
wavelength component. This assignment is also supported by
quantum chemistry calculations on RDX molecules and likely
decomposition intermediates, as discussed in our companion
paper.! Other species are involved in the initial steps of the
decomposition, but we cannot definitively identify them from
the experimental data alone. HONO and NO are possible
species. We also propose that the decomposition mechanism
changes at stresses above the 10 GPa threshold. This change
likely involves bimolecular reactions between RDX and radical
decomposition products. In the companion paper,' we build on
the experimental results and utilize quantum chemical calcula-
tions to develop a comprehensive decomposition mechanism.
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