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1. Introduction 

Electronic excitations are believed to be involved in the shock-induced initiation of 
explosives. Previous studies demonstrate that electronic structure changes have 
significant effects in strong shock loadings.1–10 In general, the theoretical 
predictions for changes in electronic configuration under shock stress show that 
chemical bonds are compressed and bent, leading to rapid and short-lived 
reductions of electronic energy bandgaps. Therefore, the electrons excited by the 
shock energy are promoted across these short-lived, reduced band gaps, and this 
chemistry is dissimilar to chemistry under non-shock conditions. Electronic 
excitations were also observed in several explosives under ultrafast heating with a 
heat rate of 1014 K/s and a pulse width of 3.5 ps.11–13 The mechanism for the 
electronic excitations observed under ultrafast heating has been proposed to be 
similar to that hypothesized for the shocked-induced electronic excitation 
mechanism.12 Under the conditions of the ultrafast heating experiments, thermally 
induced perturbations on the electronic configurations lead to reductions in energy 
bandgaps, resulting in temporary lowering of the higher-energy excited states to 
which electrons from ground states can be promoted by the rapid heating energy. 

In addition to the observations mentioned above, it has been shown that short-lived 
excited-state species play a role at this early stage. In the previous studies of 
decomposition products from shocked 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) 
and 2,4,6-trinitrobenzene-1,3,5-triamine (TATB), it was found that the products 
from the shock decomposition are identical to the products from ultraviolet 
photolysis decomposition.14,15 The first step in photolytic decomposition involves 
an electronic excitation, suggesting shock decomposition could also involve 
electronic excitations.  

Several questions arise for understanding changes in electronic configurations due 
to shock/thermal/optical excitations.  What are the differences and similarities in 
the pathways of electronic excitations between the optical and shock/thermal-
induced excitations? In the event of shock/thermal-induced initiations, does an 
addition of optical-pumped electronic excitation enhance the sensitivity of 
explosives?  Simultaneous investigations of changes in electronic configurations of 
explosives under optical pump, shock/heat loadings, and shock/heat loadings with 
optical pump will provide insight to answer these questions. By comparing the 
results, we can distinguish changes in the electronic configurations and provide 
additional information to determine an accurate electronic excitation mechanism in 
shock-induced initiations. 
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Although the pump-probe technique has been developed and applied to investigate 
electronic excitations and/or electron transfers in energy-storage materials for 
several decades, using the technique to obtain high-quality data is still challenging. 
Coherent artifacts and background noise from laser fluctuations are common 
factors inducing additional spectral features or obscuring the spectral resolution, 
which leads to inaccurate analyses of the data. Typical reported data can be seen in 
references.16–18 We have made efforts to obtain improved spectra from a transient 
absorption pump-probe technique. Here we summarize the results obtained from 
our experimental setup for several nitroanilines, including the energetic TATB. 

2. Setup  

The femtosecond pump-probe transient absorption experimental layout is shown in 
Fig. 1 and has been described previously.19 A femtosecond laser system (Coherent 
Astrella Integrated titanium-sapphire [Ti:S] Amplifier) produces a pulse train of  
6-mJ, 800-nm, 35-fs pulses at a 1-kHz repetition rate. The pulse train is then split 
into pump and probe pathways. The pump pulse is converted to 400 nm via Type I 
second harmonic generation. A lens (50-cm focal length) was used to focus the 
pump beam onto the sample. Concurrently, the probe pulse is focused into a 
calcium fluoride plate (Newport, 10CF20)/water cell to generate white light. 
Rotating the calcium fluoride plate or stirring the water in the water cell is necessary 
to prevent damage on the plate or to eliminate bubbles generated by the laser 
heating in water. The white light is collimated by a lens (10-cm focal length) and 
passes through a broadband plate beam splitter (Thorlabs, BSW26R) splitting into 
a reference pulse and a probe pulse. The reference pulse is directed into the 
spectrometer while the probe pulse is focused into the sample. The pump pulse and 
the probe pulse are overlapped spatially and temporally in the sample cell (Starna 
Scientific, 5-mm path length). A micro stirrer is used to perturb the sample to avoid 
the formation of a bubble due to laser–sample interaction with the solution. After 
exiting the sample, the white light is directed into the spectrometer.  
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Fig. 1 Transient absorption experimental setup (i) iris, (a) attenuator, (wlg) white light 
generator, (bs) beam splitter, (dl) delay line, (shg) second harmonic generator, and (spec) 
spectrometer and camera 

The full pump-probe transient absorption experiment is described in detail 
previously.19 The pump and probe pulses arrive at the sample relative in time to one 
another, determined by the delay line. At various delay times, the transient 
transmission is determined by the following equation:  

 𝑇𝑇 = � 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
− 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜𝑜𝑜

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
� / 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜𝑜𝑜

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
 (1) 

where Tpump on and Tpump off are the transmitted probe pulse spectrum with the pump 
pulse on and off, respectively.  The transient absorption for a particular delay time 
is then calculated using Eq. 2:   

 𝐴𝐴 = −𝑙𝑙𝑙𝑙𝑙𝑙 (𝑇𝑇 + 1) (2) 

This process is repeated many times to obtain a good signal-to-noise ratio. 
Experiments are repeated multiple times on different days under identical 
conditions to test repeatability and improve the signal-to-noise ratio. In general, we 
collect a total of a few thousand transient absorption spectra at each time delay over 
several days.  

3. Results  

We collected transient absorption spectra of ortho-nitroaniline (oNA) and para-
nitroaniline (pNA) using a 400-nm pump wavelength shown in Fig. 2. We also 
observe significant differences in the transient absorption spectra even though the 
two molecules have identical chemical formulas (C6H6N2O2) and similar structures 
(shown in the figure) but different relative positions of the functional groups. The 
spectral features of these spectra are comparable/more detailed than those collected 
in previous studies.16,17 With these higher-quality spectra, we are able to more 
accurately determine lifetimes and wavelengths of the excited states of these 
molecules.  
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Fig. 2 Transient absorption spectra of a) ortho-nitroaniline and b) para-nitroaniline at 
various time delays 

Comparing the spectra shown in Fig. 3a to those shown in 3b, the overall change in 
optical density (ΔOD) is larger for pNA compared to oNA. The largest ΔOD in 
oNA and pNA occurs at 484 and 438 nm, respectively. In addition, oNA has a 
negative transient feature at 640 nm not observed in pNA. A negative feature has 
been assigned to stimulated emission, and the large red shift from the 400-nm 
excitation is probably due to a charge transfer occurring at very early times  
(<0.5 ps).20 We used a double exponential global fit from 390 to 490 nm to 
determine the time dynamics of the pNA excited states. There is a short component 
that has a lifetime of 1.8 ps and a longer component with a lifetime of 5.6 ps. By 
contrast, only a single exponential global fit from 430 to 530 nm is necessary to 
determine that the lifetime of the oNA excited state was 6.6 ps. The simple 
difference in positioning of the nitro group relative to the amine group has 
implications in the electronic structure and time dynamics of the excited states of 
these nitro-amines.  

In Fig. 3, we show the transient absorption spectra of the nitroaniline energetic, 
TATB in dimethyl sulfoxide (DMSO). The spectra obtained over a range of time 
delays show detailed spectral features from the electronic excitations in TATB 
excited with 400-nm laser light. As discussed in the previous work by De Lucia et 
al., using global lifetime analysis, TATB was shown to have two prominent excited 
state components.19 A short-lived component with a lifetime of 0.72 ps has two 
absorption features at 477 and 650 nm, while a long-lived component with a 
lifetime of 4.4 ps has one absorption feature at 420 nm.  
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Fig. 3 Transient absorption spectra of TATB at various time delays 

We want to emphasize that the improved signal-to-noise allows us to more 
accurately resolve the excited states and calculate the time dynamics for these 
nitroaniline compounds. Comparing the transient absorption spectra of the three 
samples, there are several differences in the transient absorption spectra of TATB 
compared to those of both pNA and oNA. There is a major absorption feature at 
440 nm and another absorption feature at 650 nm. The 650-nm feature is a short-
lived excited state (0.72 ps). The lifetime of the 440-nm feature, 4.43 ps, is more 
comparable to the oNA and pNA features at 484 and 438 nm, respectively. This 
feature has been assigned to a “hot” ground state or relaxed structure observed in 
other nitro compounds.20,21 The differences in the electronic structure of the three 
nitroamines could have implications for how a material behaves as an energetic, 
and future studies will look to uncover trends and properties of the excited state 
dynamics of explosives compared with similarly structured compounds that are 
nonexplosive. 

The excited states of TATB in DMSO via ultrafast heat pulses were also examined, 
and the results compared to that obtained using the optical pump-probe 
techniques.22 The studies revealed that under heating, electronic excitation of 
TATB molecules occurred at lower energy levels compared to those of the optical 
pump alone. The findings further validated our hypothesis that ultrafast thermally 
induced perturbations on the electronic structure of an explosive cause reductions 
in band gap energies in the explosive. From the study, it shows that the optical 
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pump-probe technique is a necessary tool to obtain fundamental knowledge in order 
to develop accurate mechanisms for electronic excitations in the initiation of 
explosives. 

4. Conclusion and Future Studies 

The essential key factor during the earliest events of a shock-induced initiation—
electronic excitations—has not been the subject of any systematic investigations. 
This work represents part of our experimental plan to look for similarities and 
differences among the excitations occurring under optical pump, ultrafast heating, 
and shock loadings. We have established the capabilities to systematically explore 
energetic and nonenergetic systems under these different conditions with the intent 
to deconvolve the complicated chemistry occurring at early times of shock 
initiations. As reported in this work, we demonstrated that using the optical pump-
probe technique can produce reliable data that allow us to fully and accurately 
obtain important experimental parameters describing the excited states of several 
nitroanilines. These parameters are essential in validating or enhancing the 
accuracy of theoretical predictions of explosive performance where electronic 
excitations occur in the early initial steps. 

To answer the question of whether an addition of optical-pumped electronic 
excitation in an initiation effects performance/sensitivity of an explosive, we have 
proposed investigations of changes in electronic configurations of explosives under 
shock/heat loadings that are simultaneously pumped with 400-nm laser pulse. The 
proposed experimental setup is summarized in Fig. 4 showing ultrafast transient 
absorption spectroscopy coupled with ultrafast indirect laser heating and ultrafast 
laser shock. Briefly, Fig. 4 illustrates the sample configurations used in the 
experiments. A shock/heat pulse generated from the energy release of a metal layer 
that absorbs the energy from an 800-nm, 100-fs laser pulse will drive into the back 
side of the sample. From the front side, the sample is then probed with a white light 
pulse in a reflective configuration using ultrafast transient absorption spectroscopy. 
To investigate whether the optical-pumped electronic excitation in a shock- or heat-
induced initiation effects the performance/sensitivity of an explosive, the sample 
was simultaneously excited with an additional 400-nm laser pulse from the front 
side. The transient absorption spectra obtained with and without the optical pump 
will be compared to elucidate the effects of optical-pumped electronic excitation in 
a shock- or heat-induced initiation. 
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Fig. 4 Experimental scheme for investigating changes in electronic configurations of 
explosives under shock/heat loadings that are simultaneously pumped with a 400-nm laser 
pump 
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List of Symbols, Abbreviations, and Acronyms 

DMSO  dimethyl sulfoxide 

oNA  ortho-nitroaniline 

pNA  para-nitroaniline  

RDX  1,3,5-trinitroperhydro-1,3,5-triazine  

TATB  2,4,6-trinitrobenzene-1,3,5-triamine  

ΔOD overall change in optical density 
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