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The initial evolution of thermal energy transfer into a solid explosive is studied using an indirect femtosecond
laser heating technique on a picosecond timescale in order to elucidate the role of temperature in the shock-
induced initiation of explosives. The indirect laser heating method is presented; time-resolved visible transient
absorption (TA) spectroscopy was used to monitor the energetic material response following heat transfer from
the laser-heated gold (Au) layer to the sample. Reported here are visible TA data in the spectral region from 500 to
750 nm for indirect laser-heated thin films of cyclotrimethylene trinitramine (RDX), oxidized polyethylene
(OPE), and RDX with 1%, 2.5%, 5%, or 10% OPE prior to decomposition. TA was observed for RDX and
RDX with OPE; however, no TA was observed for pure OPE. Compared to pure RDX, the TA intensity of
RDX with OPE decreases as the OPE content increases and the time required to observe the TA signal from RDX
increases. Our results suggest that the thermal energy produced by a femtosecond laser pulse with an energy of
15 mJ cm−2 is sufficient to induce changes in the electronic structure of RDX, resulting in promotion of the RDX
molecules into an excited state. We also determined that the heat transfer rate in RDX depends on its homogeneity
and degree of purity.

OCIS codes: (140.7090) Ultrafast lasers; (300.6530) Spectroscopy, ultrafast; (300.6500) Spectroscopy, time-resolved; (300.1030)

Absorption; (300.6550) Spectroscopy, visible; (300.6240) Spectroscopy, coherent transient.
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1. INTRODUCTION

Understanding the initial events that occur upon explosive ini-
tiation is crucial for determining the sensitivity of explosives
and for the control and design of new high explosives.
However, the initial events of initiation occur on the picosec-
ond to nanosecond time-scale—and with such a brief transition
time, the dynamic response of materials to this perturbation can
be very difficult to observe and understand [1–3]. Although
there are experiments sensitive to the time- and length-scales
necessary to observe the subsequent dynamic response of these
materials [4–18], the dynamic shock conditions (pressure, tem-
perature, and strain rate) can all be convolved into the material
response, complicating studies of the importance and role of
each factor.

Temperature change is thought to play an important role in
explosive initiation since it occurs before and during the chem-
istry it drives. Several competing hypotheses have been pro-
posed regarding the shock-induced initiation mechanisms
[19–22]. Among these hypotheses, the role temperature plays
in the initiation is discussed. Proposals of “hot spot” formations
under external stimuli, such as impact, friction, and shock,
leading to ignition of explosives [19,23] suggest that the

initiation appears to be thermal in origin. Despite these hypoth-
eses, on the molecular level, very little experimental evidence is
available demonstrating how and how fast thermal energy cou-
ples into explosive molecules on the characteristic time- and
length-scales, or measuring the temperature that drives the ini-
tiation. Therefore, observation of the dynamic flow of thermal
energy on the timescale of picoseconds is needed to confirm the
proposed hypotheses.

Since electronic excitations can be observed on femtosecond
time-scales, and vibrational excitations can be observed on
hundreds of femtosecond to picosecond time-scales, transient
spectroscopies coupled with indirect femtosecond laser heating
are the ideal experimental tools to observe these processes.
Moreover, femtosecond laser pulse heating significantly enhan-
ces the energy density compared to other heating methods, and
produces extremely high rates of temperature change (T-jump).
For example, assuming total absorption, a 1 fs laser pulse of 1 μJ
deposits an energy density that is 109 times larger than that
which a 1 W continuous wave laser deposits per femtosecond.
For a 500 μm thick CaCO3 sample heated with a 10 μJ, 210 fs,
400 nm laser pulse, the rate of T-jump was determined to
be ∼1013 K∕s [4]. Under extreme high energy densities and
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instantaneous temperature jumps, heat conduction behaves in a
non-Fourier manner. As discussed in Ref. [24], using the relax-
ation model for heat conduction in a non-Fourier regime,
Maurer and Thompson predicted that, for an instantaneous
heat flux of 107 W∕cm2, the jump in the temperature may
be several hundred degrees in magnitude, resulting in severe
thermal stress at the sample surface. Consequently, the mole-
cules in the heated region experience extreme laser heating
conditions with a high local density of excited electrons, and
the molecular response can vary substantially compared to
the response under slower heating conditions. Heating rates
during detonation events can reach 1010 K∕s, with electron
densities of the order of 107 cm−3 [25].

Both theoretical and experimental work has been done to
study energy transfer from a flash-heated gold (Au) surface
to adsorbed self-assembled monolayers (SAMs) using a flash
thermal conductance (indirect flash heating) technique.
However, in those studies the focus was on the thermal energy
transport across the Au–sample interface; the vibrational tran-
sitions of specific SAM functional groups from molecules sit-
uated within a few carbon atoms of the Au surface were probed
[26–28]. We still need to understand the dynamic processes
involved in thermal energy transfer to thicker samples for which
the material responses under flash heating closely resemble
those in the bulk material. In this work, using the same indirect
flash heating technique, we monitored the thermal energy
transfer from the Au surface into thin films of cyclotrimethy-
lene trinitramine (RDX) via transient absorption (TA) spectros-
copy in experimental conditions under which the RDX did not
decompose (i.e., the TA spectra were reproducible at the same
sample position).

We further studied the efficiency of thermal energy transfer
from the Au surface to thin films of RDX with oxidized poly-
ethylene (OPE), a polymer that is well known for desensitizing
the RDX-based polymer binder. The OPE binder was of par-
ticular interest to us based on its usage in the plastic-bonded
explosive Composition A-3, consisting of 91% RDX [29].
Composition A-3 serves as a model explosive at the U.S.
Army Research Laboratory (ARL) for validation of multiscale
modeling of energetic material responses to various external
stimuli, including heating [30].

2. EXPERIMENTAL

A. Sample Preparation
Military-grade, class 1 RDX was obtained from colleagues at
ARL. Neat A-C 656 OPE homo-polymer (CAS 68441-17-
8) was obtained from Honeywell and used as received. To pre-
pare mixtures of RDX and OPE, the solid RDX and OPE were
first dissolved in acetonitrile and m-xylene, respectively. RDX/
OPE mixtures were made by mixing these two solutions such
that 1%, 2.5%, 5%, and 10% of OPE by weight in RDX were
obtained. Thin films samples were prepared as described in the
following steps. A 100 nm thick Au layer was first deposited
onto a 0.5 mm thick sapphire substrate using the thermal vapor
deposition technique. Then, thin films of RDX or RDX
with OPE were prepared by dropping ∼30 μL of each solution
onto the Au surface. The drop-cast solution was spread out us-
ing a spin coater set at 2000 rotations per minute for 90 s.

The samples were then allowed to dry in open air at room
temperature. The sample thicknesses were determined with
a microscope by measuring differences between the focal
lengths of the Au surface and the sample surface, and were es-
timated to be 5.0 ��0.5� μm. The final micro textures of the
samples of RDX, OPE, and the RDX with OPE can be seen in
Fig. 1. Note that as the OPE content increases, the RDX crystal
texture is visibly changed and surrounded more densely with
the added OPE.

B. Ultrafast Spectroscopic Method
The femtosecond transient absorption experimental setup is
summarized in Fig. 2. In this setup, 1 mJ of a regeneratively

Fig. 1. Micro images of the thin film samples of (a) RDX, (b) RDX
with 1% OPE, (c) RDX with 2.5% OPE, (d) RDX with 5% OPE,
(e) RDX with 10% OPE, and (f ) OPE.

Fig. 2. Schematic diagram of the indirect laser heating with white
light transient absorption spectroscopy experiment. M, mirror; BS,
beam splitter; L, lens; P, polarizer; 1∕2λ, half-wave plate; Δt, time
delay translational stage; WC, water cell.
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amplified Ti:sapphire laser (Coherent Astrella) with 1 kHz
repetition rate, centered at ∼800 nm with a pulsewidth of
35 fs was used. An 80:20 beam splitter split the 1 mJ laser beam
into two beams. The 80% beam was directed at normal inci-
dence to the back side of the substrate (sapphire–Au surface)
through a 125 mm focal lens to produce the heat pump. Upon
contact, the laser pulse generated heat on the back surface of
the Au layer. The heat then traveled through the Au layer
and transferred onto the sample. To prevent ablation of the
Au layer or the formation of a laser-induced plasma on the
Au surface, the laser energy density was attenuated by adjusting
the laser beam size (or adjusting the distance between the sam-
ple and the lens) such that the maximum laser energy density
resulted in no visible damage to the sapphire–Au interface.
Through trial-and-error, we determined that the optimal laser
beam diameter (at 120 μJ) was approximately 1 mm, which gives
an energy density of the pump at the sapphire–Au interface
of ∼15 mJ∕cm2.

A small portion of the 20% beam was focused onto a 5 mm
thick water cell using a 150 mm focal length lens to generate a
white light supercontinuum. To obtain a stable supercontin-
uum spectrum, the beam size, focal length, and energy of
the input 800 nm laser beam was optimized such that nonlinear
interactions within the cell were minimal. The supercontinuum
was then re-collimated with a 150 mm focal length lens. The
beam was further spatially filtered by an iris to obtain the most
stable and intense white light spectrum with a beam size
∼2 mm in diameter. The supercontinuum was then split into
absorption probe and reference beams by a 50∶50 beam split-
ter. The pump and probe beams were spatially and temporally
overlapped, and the pump beam was focused on the back side
of the sapphire–Au sample substrate, whereas the probe beam
was focused on the sample side of the substrate with a spot size
of 20 μm. The external angle of incidence on the sample was
30°. The reflected probe and reference pulses were focused with
a 75 mm focal length lens onto the 100 μm slit of an imaging
spectrometer (custom built). A thermoelectrically cooled,
electronically gated CCD detector (Q-imaging Retiga 4000R)
recorded the probe and reference intensities simultaneously on
each shot with an integration over ∼100 pixels after accumu-
lation for each spectral wavelength. The camera pixels were
binned 2 × 2 to an effective 1024 pixels in each dimension.

Spectral calibration was performed with atomic emission
lamps and optical filters. Timing between the white light super-
continuum and heat pump pulses was determined by pump
−probe transient absorption in a 6 μm thick silicon (Si) single
crystal. The absorption edge of Si was sufficiently close to the
pulse wavelength at 800 nm to allow the 800 nm heat pump to
be used as the pump, and the long wavelengths of the super-
continuum were used as the probe. A photodiode with a filter
blocking the 800 nm pump scatter monitored the supercontin-
uum intensity while the time delay between the pump and
supercontinuum was scanned. The supercontinuum transmis-
sion dropped when the sharply rising initial edge of the pump
pulse arrived. The zero time delay (�2 ps) between the super-
continuum and the pump pulse was determined at the initial
drop of supercontinuum intensity. During the measurements,
the probe intensity spectrum was normalized with respect to

the reference for the same laser pulse to account for any fluc-
tuations during measurements. The percentage of transient re-
flectance under flash heating was first obtained using Eq. (1):

R �
�
Rpump on

Reference
−
Rpump off

Reference

�
∕
Rpump off

Reference
; (1)

where Rpump on and Rpump off are the reflectance during and
before heat, respectively. Absorbance was then calculated by

A � − log�R � 1�: (2)

All spectra were obtained after averaging 100 laser shots in
the spectral region from 500 to 750 nm and normalized with
the transient absorption spectra of a blank Au surface recorded
under identical experimental conditions to correct for Au
absorption, which may convolute with the experimentally
recorded spectra. Reproducibility of data was checked by per-
forming several runs at the same sample spots as well as at fresh
spots. Data were found to be highly consistent.

3. RESULTS AND DISCUSSION

A. Au Surface Transient Absorption
Figure 3(a) shows the 2D time-resolved TA spectra and
Fig. 3(b) the absorption intensity profile at 525 nm of an
Au surface obtained with a time resolution of 10 ps. The data
clearly show that, as discussed in detail in Ref. [31] (and refer-
ences therein), heat flow in Au occurs predominantly due to
two energy carriers, namely, electrons and lattice vibrations,
which give rise to an electron temperature and the temperature

Fig. 3. (a) 2D time-resolved transient absorption spectra and
(b) 525 nm absorption intensity profile of a flash heated 100 μm thick
Au surface.
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at which thermal equilibrium between electrons and the lattice
is reached. The sharp T-jump spike produced by electron
temperature decays quickly within the first 10 ps, whereas
the equilibrium temperature decays slower and lasts for more
than 1 ns. Of interest here is the equilibrium temperature since
it produces a final heat that sustains long enough for observa-
tion of the heat transport in the thin film samples. Therefore,
all transient absorption data reported in the following sections
were recorded with a time resolution of 50 ps for the purpose of
bypassing the electron temperature in the first 10 ps but
sufficiently addressing the problems of this study.

B. Transient Absorption of RDX and OPE
Experimentally, TA has been observed in ultrafast laser shock-
induced chemistry [14–17]. In those studies, changes in the
electronic structure of the excited states were determined to
be involved in shock-induced reactions, and redshifted absorp-
tion spectra were observed due to formation of new products
during reactions. However, questions arose as to whether the
changes were caused by shock wave energy or thermal energy
from T-jump during the shock loading, or both. If thermal en-
ergy contributes to the changes, does it happen before or during
the chemical reactions? The primary goal of this study was to
look for changes in TA spectra of RDX under indirect laser
heating below the RDX decomposition threshold to determine
the effect of thermal energy transfer to RDX prior to the onset
of irreversible decomposition reactions.

Figure 4 depicts TA spectra due to thermal energy transfer
from the Au to the OPE and RDX films as a function of time
delay with respect to the heat pump pulse. As seen in Fig. 4(a),
no TA was observed for OPE under the experimental condi-
tions of this work. Note that TA records any change in the

absorption spectrum that reflects changes in electronic struc-
tures of samples in higher excited states. Therefore, this obser-
vation indicates that the provided thermal energy is not high
enough to change the electronic structure of OPE molecules
and subsequently promote them into the excited state.
However, Fig. 4(b) clearly shows that a broad absorption be-
comes observable in RDX within the first ∼50 ps after the heat
pump. The absorption reaches a maximum at ∼150 ps and
levels off after 1 ns, as seen in Fig. 5. These results suggest that
the provided thermal energy efficiently alters the electronic
structure of the excited RDX to induce absorption in the wave-
length region from 500 to 750 nm, and the time required for
this energy to thermalize into the sample bath is ∼150 ps for
the given sample. The above observations for OPE and RDX
can be explained by the fact that since the specific heat capacity
of OPE (Cp ∼ 2.0 kJ · K−1 · kg−1) is a factor of 2 greater than
that found for RDX (Cp of 1.1 kJ · K−1 · kg−1 ), it is expected to
require higher heat energy to perturb the electronic structure of
OPE compared to that required for RDX.

Examining carefully the spectral features of the TA spectra
of indirect laser-heated RDX shown in Fig. 6, no spectral red-
shift was observed in the TA spectra of the RDX as thermal
energy reaches a maximum or the time delay increases.
Correlating this observation to the observations in shock-
induced reactions for data reported in Refs. [14–17], where
spectral redshift was observed at the time and pressure for re-
actions, it confirms that the changes in the electronic structure
of RDX due to thermal energy from the T-jump occurred prior
to RDX decomposition. No redshift in the TA suggests that the
RDX is unreacted and can be observed before chemical reac-
tions occur (as confirmed by the fact that the TA was repro-
ducible at the same sample location). These results strongly
suggest that temperature change is involved in the initial events
preceding explosive initiation by changing the electronic
structures of the energetic materials.

Fig. 4. 2D time-resolved transient absorption spectra of indirect
laser heated thin films: (a) OPE and (b) RDX.

Fig. 5. Time-resolved profile of transient absorption intensity of a
thin film RDX illustrating the intensity evolving with time after
heating.
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From the observation of TA for RDX, a question arose as to
whether the temperature raised under these experimental con-
ditions is enough, by itself, to account for promotion of RDX
into the excited state. Based on the fact that the melting point
temperature of gold is 1337 K and the femtosecond laser energy
was selected to avoid damaging the Au layer, the upper bound
T-jump (ΔT ) of the gold has been estimated to be <800 K
[27], which corresponds to an energy increase of at most
0.69 eV. Even this highest estimated temperature, under typical
conditions, is not sufficient for electronic excitation (the lowest
excited state for RDX is calculated to be at 5.1 eV [32]). We
propose the following to explain our observations for RDX in
this work: since a 35 fs laser pulse provides a tremendous energy
density and T-jump rate (≈1014 K∕s), a thermal and temper-
ature “wave” could be generated, resulting in severe thermal
stress on the samples. Under these conditions, thermally in-
duced perturbations on the electronic structure could lead to
reduction in bandgap energy—a similar process has been pro-
posed for the mechanism of electronic excitation following a
shock impact front through an RDX material containing dis-
locations [21]. Theoretical modeling of rapidly heated RDX
will be performed in a future study to confirm this hypothesis.

It should be noted that the rate of thermal energy transfer
from Au to the sample and the rate of heat transport within a
sample depend on sample thicknesses, degree of homogeneity,
and purity. Consequently, measurements of temperature from a
surface of a thin film Au substrate could be significantly
different from the real temperature obtained within a sample.
Therefore, to determine the real temperature in a sample, a
direct temperature measurement technique as described in
Refs. [4] and [5] is needed, and will be applied to flash heated
thin films in future work.

C. Transient Absorptions of Mixtures of RDX with
OPE
In an effort to study the dependence of the thermal energy trans-
fer rate on the sample homogeneity and purity, time-resolved

TA spectra of RDX with 1%, 2.5%, 5%, and 10% OPE were
collected and are presented in Figs. 7(a)–7(d), respectively.
In a general trend, the TA spectra of these samples become
observable at longer delay times and have significantly lower
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Fig. 6. Transient absorption for indirect laser heated RDX illustrat-
ing the spectral changes evolving with time after heating.

Fig. 7. 2D time-resolved transient absorption spectra of thin films
RDX with (a) 1%, (b) 2.5%, (c) 5%, and (d) 10% OPE.

Fig. 8. Time-resolved profiles of transient absorption intensity of a
(a) thin film RDX and films of RDX with (b) 1%, (c) 2.5%, (d) 5%,
and (e) 10% OPE.
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TA intensities as the amount of OPE in the RDX increases. The
observations indicate that thermal energy transfer in RDX/OPE
samples is less efficient compared to that in pure RDX. Since
OPE has a significantly lower heat conductivity compared to
that of pure RDX, the surrounding OPE dissipates (or absorbs)
the heat, thus leading to a lower ΔT and heat transfer rate into
the RDX crystal.

Figure 8 shows comparisons of ΔT and heat transfer rate
of the RDX/OPE mixtures in terms of integrated transient
absorption intensity as a function of time delay. The compar-
isons clearly indicate that ΔT decreases and occurs at a slower
rate as the amount of OPE in RDX increases. While the time
required for ΔT in RDX is 150 ps, it is found to be ∼250 ps
for 1% OPE and 620 ps for 2.5% of OPE in RDX. For RDX
samples with 5% and 10% of OPE, the T-jump appears longer
than 1 ns. The results are direct evidence that can be used to
support and validate hypotheses for mechanisms of desensitiz-
ing RDX-based explosives with polymer binders [33], in which
polymers are thought to absorb heat from local regions of
initiation, including any hot spots, and dissipate heat away
from the energetic material, preventing further decomposition
of the adjacent molecules or particles (and thus the bulk
material).

4. SUMMARY AND CONCLUSIONS

The response to ultrafast laser heating of RDX, OPE, and
RDX/OPE mixtures was examined in terms of thermal energy
transfer using TA spectroscopy in the range from 500 to
750 nm over a time window of 1000 ps. TA spectroscopy
of RDX prior to decomposition exposed prominent features
that are attributed to thermally induced perturbations on
the electronic structure of RDX molecules being promoted
to the excited state. This finding suggests that temperature par-
ticipation in the shock-induced initiation of explosives occurs
before the decomposition reactions, and that the excited states
of energetic materials may play a role in explosive initiation.

No transient absorption was observed for OPE following
flash heating, which was attributed to high heat dissipation
in OPE, leading to lower heat transfer rates and, hence, lower
T-jumps in the sample. Studies of the mixtures of RDX/OPE
show that the TA intensity was significantly lower for the
mixtures compared to that obtained for RDX and decreased
as OPE content increased. These results confirm that OPE
is a thermal barrier that blocks heat transferring into RDX.
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