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UNRAVELING SHOCK-INDUCED CHEMISTRY USING 
ULTRAFAST LASERS 

D.S. Moore 
Shock and Detonation Physics Group, Los Alamos National Lab. Los Alamos, NM 875 -15 USA 

Abstract. The exquisi te time synchronicity between shock and diagnostics needed to unravel chemical 
events occurrin g in picoseconds has been achieved using a shaped ultrafast laser pu lse to both drive the 
shocks and interrogate the sample via a mult iplicity of optical diagnoslics. The shaped laser driv puls'e 
can produce well-controlled shock sta tes of sub-ns duration with su b-lOps risc times. suffic ient for 
investigation of fast reactions or phase transformations in a thin layer with picosecond time resolution. 
The shock state is characterized us ing ultrafast dynanlic ell ipsometry (UDE) in either planar or 
Gaussian spatial geometries, the latter allowing measurements of the equation of state o f materials at a 
ran ge of stresses in a single laser pulse . Time-resolved processes in materials are being in terrogated 
U!~ing lfDE. ultrafast infr-.tred absorpt ion , ultrafast UV/visible absorption , and fem tosecond stimulated 
Raman spectroscopy . Using these tools we showed that chemistry in an energe tic th in fi lm starts only 
after an induc tion time of a few tens of ps , an o bserv ation that allows differentiation between proposed 
shock-induced reac tion mechan isms. These too ls are presently being applit:l1 to a variety of energetic 
and reactive sample systems . from nitromethane and carbon disulfide, to micro-en gineered interfaces 
in tunable energetic mixtures. 

Keywords: Shock-ind uced chemis try. ultrafast spectroscopy. laser driven shocks, pulse shap ing, 
elli psometry 
PACS: 42.65 .Re. 42.62.Fi,62 .50H. 82.40.Fp 

INTRODUCTION 

We nave been studying shock induced chemical 
reactions us ing ul trafast laser drive and di agnostics 
since 1998, when the High Explosives Reaction 
Chemistry via Ultrafast Laser Exci ted 
Spectroscopies (HERCULES) project was begun at 
Los A lamos. From tne SCCM200 1 proceedings, 
we fmd the ques tions asked then are still re levant: 
I) Is the in itiating shock impulsive or more gradual 
( i.e., what is the rise time of the shock wave stress); 
2) Is a process like multi-phonon up-pumping 
necessary to excite reaction; 3) Are the observed 
kinetics in accord with standard transition state 
theory ; 4) Are the reactants and/or products ever in 
thermodynamic equilibrium on time scales 
important to the usual HE appl ications; and 5) Is 
non-equi librium temperature (v ibrationally hot 

products) essential to sustain ing a detonat ion 
wave? We have recently made some progress 
towards answering these questions, wh ich will be 
outlined, part icularly the methodologies used, in 
the remainder of th is paper. 

SHAPED ULTRAFAST LASER DRI VE 
We found early on that shocks dri ven with 

ultrafast la<;er pulses had a very short risetime. but 
decayed rapid ly [ I] . One option is to dr ive with a 
longer laser pulse, but th sample must then be 
thicker to allow the wave to shock up . Instead, we 
shape the ultrafast drive laser as outlin d in Ref I. 
Briefly , we chi rp the ultrafas t laser in a standard 
stretcher [2], and re move part of the red (leading 
temporal) end of the pulse with a sharp edge. The 
resulting pulse shape has a very fast rise followed 
by a few nundred picoseconds of reasonab ly 



constan t intensity . We have shown this kind of 
laser pulse can produce shock rise times of the 
order of lO ps followed by 200-300 ps of constant 
pressure [ref] in a target consisting of a thin (- 2 
!-t m) layer of alum in um, optionally capped with a 
thin layer of a dielectric materia l. Longer times 
could be produced using fu rther pulse stretching 
and thicker targets. 

ULTRAFAST DYNAMIC EL LI PSOM ETRY 
The progress of a shock wave through a 

dielectric layer can be foll owed using the partial 
reflections from refractive index discontinuities at 
the layer transi t ions. Th in fi lm interference arises 
when multip le reflections overlap in space and time 
on a detector. By plac ing the sample in one arm of 
a Mach-Zehnder interferometer, and crossing the 
sample and reference beams at a small angle at the 
beam combiner, a linear interferogram is produced, 
which is recorded by a CCD camera. As the shock 
wave travels through the sample, the thic knesses of 
shocked and unshocked layers change, changing 
the thin fi lm interference and therefore the phase 
and amplitude of the interferogram. 

We implement e llipsometry by using two 
portions of a single ultrafast laser beam to probe 
th e samp le at tw o d ifferent angles of incidence 
(near 30' and 60'), and rotate the electric field of 
each beam to allow s imultaneous visualization of 
both s and p polarizations . If a single 100 fs pu Ise 
is used, an ell ipso metric vers ion of the 
interferometric microscopy method [3] res ults, but 
multip le laser shots on d iffe rent regions of a target 
using d ifferent shock drive pulse/interferometry 
pulse t ime de lays are necessary to bui Id up a time 
history [4J. A sing le shot vers ion of this method 
can be constructed us ing a ch irped laser for the 
probe and spectrally d ispersing the interferogram 
to extract the time dependence [5]. We have used 
part of our shock-drive ch irped laser pulse for this 
purpose. We measure the chirp (time versus 
frequency) using cross correlation frequency 
resolved optical gating (XFROG) [6]. The image of 
the interferometer fr inges is optically transferred 
on to the sli t of the spectrograph (one each in both 
high and low angle in terferometers). The slit image 
is aligned to the center of the emerging shock wave 
at the sample, g iv ing a line of spatially-resolved (to 
a few llm) interferometr ic information. The 
XFROG calibration provides the means to extract 

the times along the spectrometer wavelength ax is . 
With 300 resolution e lements along the w velength 
axis , we achieve ps time resolution over the 300 ps 
ti me durat ion of our ch irped probe pu Ise. An 
example is g iven in Figure I . 
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Figure I. Interferograms for a 25 .0° inc idence probe 
wi th the p-polarized light on the left and the s-polarized 
light on the right; recorded (top) before and (bottom) 
during a 8.7 ± 0.2 GPa shock in 1530 nm of 
polycarbonate on 2 flm of AI. The ordinate is wavelength 

in nm. XFROG calibration gives the wavelength to time 
conversion. 

The inter ferometric data is analyzed us ing an 
inverse fast Four ier transform (IFFT) a long the 
spatial axis, fo llowed by iso lation of the relevant 
signal peak using a cosine tapered fil t r mask, and 
fina lly an FT to return the phase sh ift and 
reflectivity data [7]. The phase shift (or 
re flectivity) at a given spatial location versus ti me 
is obtained using a vert ical lineout through the 
data, as shown in Figure 2. This data is then 
ana lyzed using the thin film interference equat ions, 
where the thick nesses of the layers change with 
ti me ( ignoring the shock rise time) as : 

du(t) = Us' and 

ds( t) = ( Us - Up )t 
where du is the th ickness of the unshocked layer 
and d, is the th ickness of the shocked layer and us 



and up are the shock and particle velocities of the 
shocked materia l. T hese velocities are determined 
concurrently without the need for reference 
experiments. 
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Figure 2: Phase shift versus time of a shock passing 
th rough a rhin polycarbonate (PC) film on an A I shock 
drive layer. The positive phase shift with time is due tu 
movement of the AlIPe interface (up). The oscillations 
arise from the thin fil m interfe rence effects callsed by the 
time-d.:pendent thicknesses of the shocked and 
llnshocked PC layers. A similar plot is obtained for the 
reflectivity data [rc t] . 

The phase shi ft and refl ectiv ity data at two 
angles and two polarizations (eight data sets) are 
simul taneous ly fi t using the matr ix formalism for 
light propagating in stratified med ia. this being the 
time-dependent th in film structure of the shocked 
PC layer (as well as the shocked AI and AlzO) 
layers of the shock drive material). After obtain ing 
data at a number of different drive laser energ ies, 
we obtain the plot given in Figure 3. Note the 
scatter, wh ich we determined were caused 
primarily from small variat ions in the thickness and 
density of the spin cast PC film on the micron 
spatial scale. 

F,inally, we are tak ing advantage of the smooth ly 
vary ing spat ial energy d istribution of our shock 
laser to prov ide a range of stresses in a single shot. 
f'igure I shows that we al ready have spatial 
resoilit ion along a line through the center of our 

laser-shocked region. For a shock drive laser fil cal 
diam eter of 100 11 01 and spatial reso lu tion of 2 11m, 
we have up to 50 different shock pressures, as long 
as the experiment is essentia lly one-d imensional. 
figure 3 shows the Hugon iot po ints obtained fro m 
a single laser shot in cyclohexane using this 
methodology and the bulk Hugoniot for 
comparison. We used CTH s imu lat ions to 
determi ne that the max imum error in ou r 
assumptions that the fl ow was essentially 1-0 was 
less th an 2% after 200 ps of shock travel for our 
100: I aspect ratio shocks ( 1 11m of travel for a 100 
Jlm diameter shock). 
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Figure 3: Hllgoniot measured for liquid cycJohexam; 
using the single shot UD E wilh the smoothly varying 
spatial energy distribution of our shoc:k la'icr providing a 
range of stresses; compared to LASL Shock Data. 

The ease and speed with w hich th is single sh 
Hugoniot measurements can be performed open up 
additional poss ibilities fo r invest igating shocked 
materials. These include solut ions and mixtures as 
a func tion of composition , or high va lue samp les. 

Fina lly. we are apply ing UOE tools to reactive 
samples, such as ni tro methane and carbon 
disulfide, as well as materials that undergo phase 
transitions. In these cases, the phase shift and 
reflectivity versus ti me plots ( like Figure 2) show 
time-dependent osci llations and intensities, 
indicative of time dependent changes in the optical 
properties of the shocked layer. We arc using 
various models o f time-dependent chemical and 
phase trans ition processes to tit the data. 



ULTRAFAST INFRARED A BSORPT ION 

Figure 4 shows our standard laser-shock 
experiment, including the U DE diagnostics beams 
and the spectroscopic probe beam. For ultrafast 
infrared absorption, th e spectroscop ic probe is a 
broad band infrared ultrafast laser pulse generated 
using difference frequency generation between the 
signal and idler beams fro m an optical param etric 
amplifie r system. Using -100 fs pulses from our 
T i:sapphire laser system resulted in - ISO cm- I 

freq uency bandw idth tu nable IR pulses. We have 
stud ied shock- induced chemical reactions in 
several energetic polymers (poly vinyl nitrate­
PVR nitrocellulose - NC, glyc idyl azide polymer 
- G AP) using ultra fast infrared absorption to 
observe loss of reactant spectral featu res, as well as 
to look for growth of product spectral features. 
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substrate L-____________ -1 

Shock Dnve 
Laser Pulse 

- 300 ps, - mi. 775-815 nm 

Figure 4: Schematic of the ultrafaSl spectroscopic probe' 
and laser shock experiments, where the spectroscopic 
probe can be ultrafast infrared absorption, stimulated 
Raman , or others. UDE HA is ultrafast dynamic 
ellipsometry high angle; LA is low angle 

The ul trafas t in frared absorption spectra in 
shocked thin poly mer fi lms are complicated by th in 
fi lm interference effects, which are due to the same 
changes in film thickness w ith time used to 
measure shock and pa rt icle velocities in UDE . 

However, the complex refracti ve index in the 
in frared for thes molecular materia ls is not a 
s ing le number, but rather var ies considerab ly with 
IR w avelength because of characteristic absorption 
features [9]. The time-dependent spectral changes 
caused by trave l of the compress ional shock wave 
through the thi n fi lm samples m ust be mode led as 
d iscussed in Ref. lO in order to decipher what 
changes are due to th ickness fro m those due to 
chemical reaction. We have also perfo nned IR 
measurements on PVN capped w ith a PMMA 
layer, as shown in figure 5 [II]. These data show 
that the onset of reaction requ ires an induction time 
of tens of picoseconds. Such an induction time is 
expected for reaction mechan isms that involve 
v ibrational energy trans fer [1 2] or electron ic 
exci tation relaxing into highly excited vibrat iona l 
states [ 13], but distinguishes agains t prom pt 
mechan is ms such as d irect high frequency 
vibrational excitation or d irect electronic exci tation 
followed by prompt excited state d issociation. 
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Figure 5: Time resolved infrared absorpt ion spectra 0 f 
575 nm PYN + 440 nm PMM A stack d fi lms shocked to 
18 GPa. The 1624 cm-] peak is PYN v .. (NO") and the 
1728 cm- I peak is the PM MA carbonyl stretch. Arrows 
denote timings: to shock enters PYN ; I I sho ,k transits 
PYNIPMMA interface; t2 shock reaches PM MAJair 
interface; t} rarefaction reaches PMMAJPVN interface; t4 

head of rarefaction fan reaches PYNI Al interface [11]. 

SINGLE-SHOT UVNIS A BSORPTION 

We are developing time-reso lved single shot 
UV/visible absorption methods to di fferentiat 
between the two shock induced reaction 
mechanisms show ing an induction time (see 
above) . The concept of sing le shot methods is to 
measure many d ifferent shock/probe delay t imes 



on every las er sho t. A CC D camera has two 
dimens io ns . For spectroscopy one of these is the 
spectral dimension. The other is a spatia l image of 
the input slit of the spectrometer. [f time delay 
in formation is spatially encoded onto the probe 
pulse, the CCD im age w ill measure spectra at a 
number of different de lay times. One method to 
spat ially encode time delays is by passing the 
probe beam th rough an eche lle or stepped wedge, 
as illustrated in Fig. 6. We generate a femtosecond 
broadband supercontinuum in calc ium fluoride and 
use it as our whi te ligh t spectral source. A 
prelim inary s ingle-shot UV Ivisib le absorption 
spectrum ofPMM A on AI at a sing le delay time 
using Ihis methodology is shown in Fig. 7. Further 
results can be foun d in McGrane et al. in these 
proceedings . 
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Figure 6 Spatial encodi ng of different time delays using 
a stepped wedge. 
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Figure 7: Pre liminary single shot UV/visible absorption 
spectrum of PM MN AI at 0 and 200 ps time delays after 
shock enters the PMMA. The oscillations are due to thin 
film in terference from the shocked PMM A layer. 

COHE RENT RAMA 

Raman spectroscopy has been used by numerous 
au thors to measu re vibrational spectra. chemical 
reactions, and temperatures of shocked materia ls 
[14-16]. However, common old ord inary Raman 
spectroscopy (COORS) provides insuffiC ient signal 
levels to allow in terrogatio n of shocked thin films 
[17]. Instead, a number of coherent Raman 
methods are candidates to measure v ibrat ional 
spectra in th in fil ms under shock loading . Coherent 
anti-Stokes Raman spectroscopy (CARS) has been 
used to measure vibrat ional spectra and extract 
v ibrational temperature in shocked liqu id samples 
[17]. A number of challenges ex ist to x ten d that 
work to thin fil ms and ps time resolution, including 
the N2 dep endence (where N is the number of 
molecules) of CA RS intensities, damage thresholds 
lim iting probe pulse(s) intens ity . and convolution 
of distance and time behind the shock, which 
affects path in tegrating optical probes. 

We are pursu ing femtos cond stimulated Raman 
scattering (FSRS), CARS, and femtosecond Raman 
induced Kerr effect spectroscopy (FRIKE S). FSRS 
has the advantage of large effi ciency (- 6 orders 
larger than COORS) and the ab il ity to measu re 
temperature via stokes/ anti-Stokes intensity ratios. 
We have demonstrated large Stokes gains in a 
single laser shot, and are presently adding anti­
Stoke as well as scaling to thin films. 

FR.IKES is background free and has the same 
line shapes as COORS, but the s ignal intensity is 
lim ited by the in ten ity of the probe pu lse. Als , 
shock ind uced birefringen ce may distort the Raman 
spectrum [18]. We have demo nstrated 
sim u Itaneous Stokes and anti-Stokes spectral 
region acquisition, but are st ill invest igating single 
shot capab il ity and use in th in films. 

CA RS, when combined w ith CSRS, can a lso 
produce vibrationa l temperature in formati on. We 
have sim ulated and tested the CARS/CSRS ratio 
method for measuring temperature, us ing a 
res istive ly heated SiOl crystal, as shown beiow in 
Figure 8. CARS/CS RS has a possible diSad vantage 
of requiring large bandwidth in the pump (rather 
than probe) laser to achieve large signal to no ise in 
a sing le shot, e ffectively negating use of a whi le 
light contin uum to obtain Stokes and an ti- Stokes 
spectra l reg ions to h igh wavenumber. 



130 -. .----------,--------
-- -- 460 em- ' 

1.25 --- 205 cm·' 
" , ' ~ .' I 

~ 1.20 - " :':' :,,' 

~ ::: 1fV!\!(\' ···I·~'/: 
0:: 1 05 - , ' " 
<{ . ' ' 

o 1 00 ' \',,' '-' 

0.95 -)---,-------,----~-_--_I 

300 350 400 450 500 550 
Temp (K) 

Figure 8: CARS/CSRS peak intensity ratio versus 
temperature for a resistively SiO, crystal at ambient 
pressure. Ratio s for both the 205 and 460 cm- I peaks are 
shown. 

OUTLOOK 

We have demonstrated the use of UDE to 
measure shock and part ic le velocities, as wel l as 
shocked material index of refraction, in thin fil ms 
of d ielectric materials shocked usi ng shaped 
ultrafast laser pu lses. T ime synchronic ity better 
than 100 fs is ach ieved using portions o f the same 
laser pu lse to drive shocks and perform UDE. We 
are extending these measurements to reactive 
systems, with preliminary results on nitromethane, 
carbon di ul ftde, and s ingle crystal Si . We have 
demonstrated infrared absorption and UV Ivisible 
absorption spectroscopic interrogat ion of the 
shocked thi n film materials, providing 

xperimental evidence to distinguish energy 
transfer mechan isms for shock-induced reactions. 
We are pu rsuing three types of coherent Raman 
diagnostics, wi th the ultimate a im to provide 
concrete chemical reaction rate and mechanism 
information during shock induced chemistry. 
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