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COHERENT AND SPONTANEOUS RAMAN SPECTROSCOPY
IN SBOCKED AND UNSHOCKED LIQUIDS*

S. C. Schaidt, D. S. Moore, D. Schiferl,
M. Chatelet, T. Turner, J. V. Shaner,
D. L. Shampine, and V. T. Holt
University of California
Los Alamos National Laboratory
P. 0. Box 1663
Los Alamos, Nev Mexico 87545, USA

Coherent and non-coherent Raman spectroscopy is
being used to study the structure and energy transfer
in molecuiar 1liquids =2t high pressures. Stimulated
Raman scattering, coherent anti-Stokes Raman scatter-
ing, and Raman induced Kerr effect scattering
measurenents have been performea in liquid benzene and
liquid nitromethane shocked to pressures up to 11 GPa.
Frequency shifts vere observed for the 992 cn'1 ring
stretching mode of benzene ard the 920 cl'1 CN
stretching mode of nitromethane. Results of these dy-
namic experiments are compared to spontaneous Raman
scattering measurements made in a high temperature
diamond anvil cell. Also, a picosecond infrared
pump/spontaneous anti-Stokes Raman probe experiment is
being used to measure CH stretch vibrational
relaxation times ‘n 1liquid halogenated Rmethanes
statically compressed to a fev tentihs GPa.

*York supported by tha United States Department of Energy.



I. INTRODUCTION AND OBJECTIVES

Presently most models of explosive and shock induced cheamical

behavior treat the medium as a con.tinuunl'2

that chemically reacts
according to either a pressure dependent or Arrhenius kinetics rate lav.
One or more parameters are used to incorporate the globa! cheaical
behavior, hydrodynamic phenomenology and effects of material heterogene-
ity. In the past fev years, several studies3'10 have been started that
attempt to improve the methodology by defining the continuum, not as a
single component, but as one that incorporates idess such as hot spots,
voids or multicomponents. Hovever, in all of these studies essentially
no effort is made to incorporate any uf the microscopic details of the
shock-compression/energy transfer and release phenomenology that consti-
tutes the detonation or reactive process.

Ideally, for descriptions of reactive processes, we would like to
treat the continuum as a mixture of pure components and incorporste
changes in molecular structure resulting from shock comrcessicn,
disequlibria due to shock compression, energy transfer from the hydrody-
nanic mode into the molecular internal degrees of freedom and the
subsequent microscopic reaction history, energy release, and product
formaticn. VWhile such a goal may appear overly ambitious ve feel that by
using some of the diagnostic., particularly fast optical techniques, that
have become available in the past fev years, progress can be made tovard
understanding certain fa:zets of this objective. For example, spontaneocus
Ramen spectroscopy has already been used to make temperature estimates of

shocked explosivesn'13

and examine the structure of shock-compressed ma-
terials.14'15 In our own vwork, coherent Raman scattering techniques have
been used to measure vibrational frequency shifts in benzene and
nitromethane shock-compressed to pressures just below those vhere chemi-

cal reaction is expected.16'22

Initial indications suggest the prospects
for extending these measurements into the pressure regions where chemical

reaction occurs are good.



.

Pigure ! depicts sone of the consequences of the shock-compression
of solecular saterials. In addition to the macroscopic continuus effects
expected (e.g. hydrodynamic flov, density and temperature increases),
golecular systems, because of vibrational and electronic energy levels
that possibly lie close to the ground state, are expected to readily
undergo a shock induced transfer of energy to these internal degrees of
freedom. Under shock-compression, the molecular structure and hence the
intramolecular and intermolecular forces will be altered considerably,
consequently the energy transfer rates and mechanisms may be dramatically
different from those expected on the basis of either extrapolation from
ambient conditions or thermodynamic equilibrium. Depending or the
vibrational and electronic relaxation rates and mechanisas 1in the high
density/high temperature fluid, the excited states could have a nonequi-
librium population density. Different authors?3-23 have proposed differ-
ent initial steps for the chemical reaction schemes in detonating explo-
sives. Hovever, definitive supporting experiments have not been per-
formed. The ensuing microscopic chemical reactions involving energy
release and product formation also require experimental study.

The objective of our vork has been two fold; (1) to determine the
molecular structure and identify chemical species in unreacting and
reacting shock-compressed molecular systems and (2) to study the effect
of pressure and temperature on condensed phase energy transfer. Also, ve
would like to identify the unique feature: of a shock vave vhich contrib-
‘te to the energy transfer processes. Achievement of these goals would
contribute significantly to understanding the inicial mechanisas
governing  shock-induced chemically reacting molecular systems and
possibly to the steps controlling product formation. Tvo experiments are
being employed in the pursuit of these objectives. A tvo-stage light gas
gun i{s being used to dynamically shick-compress molecular 1liquids to
pressures vhere chemical reaction occvrs. The high density/high
temperature flujd is then probed vsing coherent Raman scattering tech-
niques. In the second effort vhich is still in the construction phase, a
picosecond pump/spontaneous anti-Stokes Raman scattering probe experiment
vill be used to measure vibrational relaxation rates in 1liquids
statically compressed using high pressure cells.



II. EXPERIMENTAL CONSIDERATIONS

Prior to discussing our experimental studies and results to date,
several probleas associated vith conduecting condensed-phase shock-vave
experiments wvill be reviewved. These difficulties have historically
limited the ability to conduct experiments iu the adverse conditions
through and immediately behind the shock-front and for our studies
strongly governed the experimental techniques used.

For many materials shock vaves are believed to be of the order of
1 um or less in tnickness.26-28 The passage time through the front of a
1 um-thick shock whose velocity is 5 km/s is thus of the order of 200 ps
or less. Hence, if ve desire to temporally and =patially resolve a mea-
surement through a shock-front (5 data points), the diagnostic technique
selected must be capable of spatial and temporal resolutions of 0.2 um
and 40 ps, respectively. Condensed-phase chemical reaction times could
be of the order of 1 ps, thus necessitating even better temporal resolu-
tion. However, if all that is decired is to resolve features in the few
mm long region behind the shock-front vhere relaxation and reaction
processes may occur, then these requirements are drastically reduced.

Optical techniques offer some potential for achieving measurements
wvithin these stated limitations. However, vith such methods some addi-
tional complications arise. Many materials are opaque or become opaque
vhen shock-compressed. Consequently, the use of optical diagnostic tech-
niques is limited to a fev select materials primarily for
phenomenoiogical studies. Such studies may, hovever, have tremendous
potential vhen used in conjunction vith other techniques for determining
phenomenclogy of shock-compressed materials. Tvo other difficulties
inherent 1in optical shock-wave diagnostic techniques are the changes in
material refractive index thut accompany the density changes characteris-
tic of shock vaves and the possibility of photochemistry induced by the
optical probes. Pigure 2 shovs the path deviation that c¢ccurs vhen an
optical beam is passed through a hypothetical shock-compressed nystem.
The trailing shock wave near the sample boundaries tends to bend the op-
tical beam avay from the shock-front thus naking prediction of the
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expected optical path difficult. Any shock-front curvature vill compound
this difficulty. If the shock velocity in the vindovs is greater than in
the semple, additional complications could arise from the effect of the
more complex vave structure on vindov transmission. Many molacules
undergo photochemical reactions vhen exposed to light, particularly that
in the ultraviolet region of the spectrum. If these reactions are fast
compared to the characteristic time of the optical diagnostic, measure-
ments could include the effects of both the shock stimulus and the
photochemical reaction.

Measurements made using inhomogeneous samples often are averages
over the nonuniformities and consequently do not reflect the details of
the microstructure. For materials like granular explosives, the inhomo-
geneous nature is readily apparent and experiments are interpreted ac-
cordingly. For samples thought io be homogeneous, ambiguities can arise.
For example, Fig. 3 depicts two image-intensifier-camera picture529 of
the shock-front of detonating nitromethane and an 80X nitrumethane/20%

acetone mixture. These pictures shov that microstructure exists in the
vicinity of the shock front even in ligquids, which are often thought to
be homogeneous. Also, nothing is known about microstructure in the

region immediately behind the shock front. When performing experiments
on nitromethane or similar substances, especially experiments utilizing
optical techniques vhere a spatial resolution of tens of microns is
desired, one wmust be aware that results may actually reflect an average
over a smaller characterisii. microstructure. Conversely, a single mea-
surement with spatial resolution smaller than the microstructure may be
misinterpreted as representative of the average material.

Shock recovery experiments are often used to observe chemical and
physical changes through and immediately behird the shock-front. Hovev-
er, these changes occur not only in the high pressure and tamperature
region at the shock front, but alsc in the somevhat lover pressures and
temperatures of the expansior region. The inability to separate these
tvo effects makes the interpretation of these experiments difficult.
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ITI. COHERENT RAMAN SCATTERING IN SHOCK-COMPRESSED LIQUIDS

Three coherent Raman scattering techniques have been attempted in
shock compressed liquid samples. Advantages of these techniques,
nrimarily because of large scattering intensities and the beas-like na-
ture of the scattered signal, are increased detection sensitivity,
teaporal resolution limits approaching laser pulse iengths, »1d possible
spatial resolution approaching the diffraction limit of the ontical com-
ponents. As wvith all optical me*hods in shock-vave applications, optical
accessibility because of material opacity or particulate scattering
remains a major difficulty vith coherent Raman scattering.

Backvard-stimulated Raman scattering (BSRS) has been observed in
shock-compressed benzene up to pressures of 1.2 GPa.l? Stimulated Raman
scattering3o'31

(Fig. 4) occurs vhen the incident laser intensity in a
medium exceeds a threshold level and generates a strong, stimulated
Stokes beam. The threshold levei is determined by the Raman cross-sec-
tion and linewidth of the transition and by the focusing parameters of
the incident beam. Typical threshold irtensities are ~ 10-100 GW/cml.
FPigure 5 iilustrates the arrangement used for the backvard stimvlated
Raman scattering experiment. An aluminum projectile of known velocity
from a S1-mm-diam, 3.3-m-iong gas gun impacted an aluminum target plate
producing a shock wvave vhich ran forvard into a 7.5 to 8-mm-thick reagent
grade benzene sample (Mallickrodt, Inc.). Standard data reduction tech-

niqu2532

using published shock-velocity/particle-velocity data33 vere
used to determine the state of the shock-compressed benzene. Experiment
design was greatly facilitated using the MACRAME one-dimensional-vave

propagation computer code.3a

A single 6-ns-long frequency-doubled Nd-doped yttrium aluminum
garnet (Nd:YAG) laser pulse vas focused using a 150-mm focal length lens
theough the quartz vindov to a point in the benzene 2 to 6 mm in front of
the rear sasple vall. The high intensity of the laser at the focus,
coupled vwith the presence of a large cross-section Raman active
vibrational mode in the .ample, procuces gain in the forward and backva.d
directions along the beam ot a froquency that 1is different from the
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Nd:TAG frequency by the frequency of the active mode. The timing
sequence vas determined by the incoming projectile. Interruption of a
BeNe laser beam, in conjunction vith an appropriate time delay, triggered
the laser flash lamp approximately 300 us prior to impact. A time-of-ar-
rival pin activated just before impact and the appropriste time delay
served to Q-svitch the laser just prior to the shock vave striking the

quartz vindov and sfter it vas past the focal point of the incident laser
light.

In 1liquid benzene, the v, symmetric stretching node>> at 992 cn1
has the lowest threshold for stimulated Raman scattering induced by
332-ne 1light, and vas the transition observed in these experiments. As
depicted in Pig. 5, the backward stimulated Raman beam vas separated from
the incident laser by means of a dichroic filter and vas then focused
onto the 10-um-vide entrance slit of a 1-m Czarny-Turner spectrograph
equipped with a 1200-grooves/nm grating blazed at 500 nm and used in
first order. Figure 6 shows the resulting spectrogram for benzene
shock-compressed to 0.92 GPa. The reflected incident laser line and the
backvard stimulated Brillouin-scattering line at 532 nm are observable,
as are the backvard stimulated Raman-scattering line from ambient
benzene. The latter feature resulted as a consequence of the shock wave
having passed only about tvo-thirds of the vay through the sample, and

hence a stimulated Raman signal vas also obtained from the unshocked
liquid.

The frequency shift of the Raman line has small contributions of
approximately 0.1 cn~! because the light crosses the moving interface be-
tveen tvo media of different refractive indices and because of the mate-
rial motion behind the shock vave.3€ Since these errors are considerably
less than the experimental uncertainty of & 0.5 ca~} for the measured
frequency shifts and are a small fraction of the shift due to compres-
sion, no attempt vas made to correct the data for these effects.

Figure 7 gives the measured shift of the vy ring-stretching moce
vibrational vavcnumber versus pressure vf tl.» shocked benzene. Observa-
tion of the ring-stretching mode at 1.2 GPa strongly suggests that
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benzene molecules still exist several millimeters behind the shock vave

at this pres-ure, but does nct, hovever, exclude some decos>dei-
tion.27,37,38

Also depicted in Fig. 7 is the ring-stretching mode vibrational
vavenumber shift measured for benzene isothermally <coapressed at
temperatures betveen 24°C and 209°C vith a diamond-anvil cell and tech-
niques previously described.39 Measurements of the phonon spectrum in
the region 40-200 cm~l vere used to distinguish betveen benzsne I,
oenzene II, and liquid benzene. The vibrational frequencies obtained
from spontaneous-Raman-scattering measurements at 24°C with use of the

568.2-nm line of a krypton laser agree vell vith previous results for

benzene.35

At fixed pressure, no temperature shift vas observed in these static
measurements. The wavenumber shifts for the dynamic experiments agree
vell wvith the static data for either liquid benzene or benzene II, but
differ substantially from those for benzene I. At pressures belov the
I-II-liquid triple point near 1.2 GPa,40'41 the shocked benzene is there-
fore probably at temperatures high enough for it to be in the 1liquid
state. At pressures near 1.2 GPa, the shock-compressed material could be
either liquid or benzene II since both phases exhibit about the same
magnitude of wavenumber shift for the ring-stretching mode, and the
Hugoniot lies close to the phase boundary.

Beam intensitiec using BSRS are sufficiently large that film can be
used as a detector. The large incident intensities required, hovever,
can cause damage to optical components near focal points. Spatisl and
temporal resolution are determined by the confocal parameter of the
focusing lens and the incident laser pulse duration. The BSRS technique
also suffers because only certain molecules produce stimulated Raman
scattering and of those molecules only the lovest threshold transition
can be observed. Because of these limitations other coherent Raman scat-
tering processes affording more experimental flexibility vere attempted.
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Coherent anti-Stokes Raman scattcriq;;(CARS)‘z"5 (Pig. 4) occurs as
four-vave parasetric process in vhich three vaver, tvo at a pump
frequency, o, and one at a Stokes frequency, w,, are aized in a sample
to produce a coherant beam at the anti-Stokes frequency, w,, = Zub - Wy
The efficiency of this mixing is greatly enhanced if the frequency dif-
ference Wy, - W coincides with the frequency of a Raman active mode of
the sanple. An advantage of CARS is that it can be generated at incident
pover levels considerably belowv those required for stimulated Raman scat-

tering. However, since phase matching is required, possible geometrical
arcangements are limited.

A schematic of the experimental apparatus used to perform reflected
brcadband coherent anti-Stokes Raman scattering (RBBCARS) in
cthock-compressed benzene and nitromethane is showvn in Fig. 8. For
pressures greater than 2 GPa, a tvo-stage light-gas gun vas used to ac-
celerate a polycacbonate projectile with 4-mm-thick AZ31B magnesium or
2024 aluminum impactors to a desired velocity. The projectile struck an
approximately 2.4-mm-thick 304-stainless-steel target plate producing a
shock vave which ran forvard into a 2.7-mm ¢o 3.3-ma-thick benzene (or
nitromethane) sample. Lovar pressures wvere achieved using the previously
described technique for backward stimulated Raman scattering. Stainless
steel vas chosen as the target plate because of previous experience and a
series of reflectivity measurements vhich showed that polished steel
vould retain approximately 20 percent of its oviginal reflectivity under
shock compression at 11 GFa in the liquid sample (approximately 70 GPa in
the stainless steel). This was necessary to reflect the CARS sigznal back
out of the shouk-compressed liquid. Reagent grade benzene (Mallinckrodt,
Inc.) and commercial grade (Angus Chemical Co.) nitromethane vere used.

The state of the shock compressed material vas determined as described
above,

The timing sequence for the RBBCARS experiment vas Jetermined by the
incoming projectile. A signal from three HeNe laser/photodiode detectors
located in the barrel approximately 2.8, 1.2 and 0.7 2 from the target,
in conjunction vith an appropriate tiue delay, triggered the laser flash
lamps approximately 300 us prior to impact. A time-of-arrival pin acti-
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vated just after the shock entered the 1liquid and another time delay

served to Q-svitch the laser approximately vhen the shock vave arrived at
the quartz vindov.

Since the Rasan frequencies of the shock-compressed aaterials are
not precisely knowvn, and since ve vish to produce CARS signals from more
than one mode or species, a droadband dye laser, vith a bandvidth equiva-
lent to the gain profile of the dye, vas used as the Stokes beal.‘6 A
portion of the 6-ns-long frequency-doubled Nd:7AG laser pulse vas used to

pump the dye laser. The dye laser beam vas passed through a Galilean
telescope and sent along a path parallel to the remaining pump laser
tovards the sample. The beams wvere focused and crossed (vith

approximately l-mm length of overlap) at a point approximately 1 mm in
front of the windov using a previously described technique."'7 The beanm
crossing angle (phase-matching angle) vas tuned by adjusting the distance
betwveen the parallel beams using a turning mirror on the pump laser beam.
The CARS beam was reflected out of the shocked sample by the highly
polished front surface of the target plate and along a path parallel to
the two incoming beams. After being separated from the pump and Stokes
beams using a long-vavelength-pass dichroic filter, the beam vas focused
onto the 100 um-wide entrance slit of a 1-m spectrometer equipped wvith a
1200 1/mm grating blazed at 500 nm and used in first order. The signals
vere detected at the exit of the spectrometer using an intensified diode
array (Tracor Northern Model TN-6133) coupled to an optical multichannel
analyzer (OMA) (Tracor Northern Model TN-1710). The instrument spectral

resolution vas approximately 4.2 cm‘l.

Figure 9 shovs the OMA recorded RBBCARS signals for the
ring-stretching mode of benzene at pressures from ambient to 10.6 GPa
(approximately 1000 °K).48 Spectral positions vere measured relative to

the 253.652-nm Hg emission line in second order.

A preiiminary analysis of the spectral lines vas performed using:““

L, « Wl X2, 1)
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vhere I, and I, are the intensities of the anti-Stokes and Stokes besnms
respectively. For this calculation, I, was chosen to be a Gaussian that
approximately fit the broad band dye laser profile. In future
experiments, because of shot-to-shot variations and noise in t':e dye
laser profile, a spectrographic record will be made of the profile for
each shot and used directly to calculate the synthetic spectra. The
third order susceptibility, x(3), is given by

x‘3)-xm+§x3+i§x; | (2)
3 3

where Yyp is the contribution from tlie norvesonant background and j 1is
the sum over spectral lines. The real, x;, and imaginary, x;, parts of
the CARS susceptibility are

, TiXy(wy; - + 0,)
(wj - o+ wg)* + IIJ

and

X) g (4)
] (uj-up+ms)7+11j

respectively. Wy rj and xj are the freyuency, half amplitude half width
(HVEM) and the peak amplitude of the corresponding spontaneous Raman
scattered line. For this wvork no attempt vas made to derive population
densities (or temperatures) from xj using known Raman cross-sections. In
fact, it may be necessary to re-determine the Raman cross-sections for
the high densities characteristic of shock-compression.

Figure 10 depicts the experimentally measured and calculated spectra
for the benzene ring stretching mode at 7.4 GPa. The intensity of both
spectra has been normalized to a peak amplitude of 0.95. The structural
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features that appear in the measured spectra are thought to result froa
the noise in the broad band dye laser. An initial analysis of the spec-
tral shape at 10.6 GPx is dramatically different and vequirer tvo

spactral lines to fit the measured profile. This vill be discussed in a
future publication.

The frequency shifts estimated for the 7.4 GPa line and the lines at
other pressures are depicted in Fig. 7 along vith the frequency shifts
determined from BSRS measurements discussed previously. The results shov
an 1initial linear change of the frequency shift vith pressure and then a
veakening of this dependence as the region near 13 GPa is approached.
Previous work27:37,38,49,50 suggests chemical reaction occurs at thesa
pressures. A plot of frequency shift versus volume change shovs & non-

linear dependence at all pressures.

The RBBCARS spectra for the CN stretching mode of nitromethane at
pressuras from ambient to 7.6 GPa (approximately 950 °K)51 are shown in
Fig. 11. The existence of the CN mode at microsecond times after
shocking implies that decomposition of the nitromethane has not occucred
es has been observed for times of tens of microseconds>? and in static
high temperature/high pressure studies.53 Measurements are presently

being extended to higher pressures vhere nitromethane is thought to be
reactive for very short shock run distano':.es.12"'8"""'56

Synthetic spectra vere obtained for the nitromethane CN stretch mode
using the procedure previously described for benzene. Figure 12 shovs
the experinentally measured and calculated spectra for 5.5 GPa normalized
to a peak intensity of 0.95. At 5.5 GPa and for the lovar pressure
nitromethane spectra, this preliminary analysis suggests that the
spectral signatures are much better matched using tvo spectral lines
separated by approximately 10 co ). This second line has been observed
previously in static high pressure Raman spcctra.57 The fitting at
7.6 GPa required a minimum of four or five spectral 1lines to represent
the measured data. Discussion of these results vill be vithheld for a
future publication vhen more accurate synthetic spectrs can be calculated
using measured dye laser profiles.



-14-

Figure 13 shows the estimates for th. Raman frequency shifts of the
more intense spectral feature versus pressure using the analysis
indicated above. Also depicted are the frequency shifts measured for the
CN stretch mode of solid nitromethane using a diamond anvil high pressure
cell58 and the spontaneous Raman measurements for nitromethane shocked to
pressures of . GPa.l? It is noted that our results obtained for the
shock-compressed material do not differ significantly from the Raman
shifts obtained for solid nitromethane. At present, ve do not have an
explanation for the difference between our results and those obtained by
Delpeuch and Heni]lz using spontaneous Raman scattering. Barlier
results!l Ly these authors agreel more closely vith our results. The

plot of frequency shift versus volume change vas very similar to that
observed for benzene.

Raman-induced Kerr elfect spectroscopy (RIKES)59 has been discussed
as a diagnostic technique19'20'6o for performing measurements in
shock-compressed systems which may have a large non-resonant background.
RIKES requires a single frequency pump beam, a broad-band probe source,

no phase wmatching and lower incident powver levels than stimulated kaman
scattering (FPig. 4).

The effect can be described in terms similar to the above descrip-
tion of CARS. A linearly polarized probe laser beam is passed through
the rotating electric field of a circularly polarized pump beam. The
four-vave parametric process described above induces an ellipticity on
the probe beam vhenever the frequency difference betveen the tvo lasers
equals that of a Raman active transition in the sample.61'62 Since the
IIKES involves the use of a single frequency pump laser and a broadband
Stokes laser, it can be performed vith an apparatus very similar to the
above described RBBCARS apparatus. The modifications necessary are shown
jn Fig. 14 and are described below. The poction of the frequency-doubled
Nd:YAG laser beam that does not pump the dye laser is passed through a
Fresnel rhomb to produce a beam of > 99X circular polarization. The dye
laser bean (Stokes frequencies) 1is passed through a high quality
Glan-Taylor (air-gap) prism to produce a bcam of ~ 1 part in 10% 1inear
polarisation. The tvo beaws ure focused and crossed in the sample using
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a 150 mm focal length, 50 aa diameter lens. The crossing angle is near 6
degrees, giving an overlap length of ~ 150 um at the focus. The Stokes
beam is then reflected by the highly polished front surface of the target
plate back through the sample and along a path parallel to the incoaing
beams. A airror separa‘es the reflected dye laser beam froa the other
beams and directs it first through a Babinet-Soliel polarization
compensator and then through a Glan-Taylor polarization analyser. The
compensator vwas found to be necessary to remove the ellipticity
introduced into the linearly polarized Stokes laser beam by the
birefringence inherent in the optical components located betveen the po-
larizers, including the ambient sample. When the twvo Glan-Taylor prisas
are crossed, the dye laser beam is blocked except at frequencies corre-
sponding to Ramsn resonances, vhere the RIKES signals sre passed. These
signals are directed through a dove prism, focused into the entrance
3lits of the 1 m spectrometer and detected by the OMA systes.

Figure 15 shows two RIKES 992 em™! region spectra of benzene
shock-compressed to 1.17 GPa. Both traces have spectral features, hovev-
er they are not consistent and do not exhibit the pressure-induced
frequency shift expected for the benzene ring stretching mode based on
previous BSRS and RBBCARS experiments. In a polarization sensitive co-
herent Raman experiment, such as RIKES, the possibility exists that
shock-induced changes in a material vould perturb the prohe laser polari-
zation sufficiently to obscure the desired signals. Therefore, the sen-
sitivity of the RIKES apparatus to minor rotations of the dye laser po-
larization vas investigated. The figure of merit used vas the polariza-
tion analyzer rotation angle necessary to saturate the detector vith
unblocked dye laser. It wvas found that the detector could be driven from
zero signal to saturation vith a polarization rotation angle of - 20 arc
minutes (20’) (using 50 um slits and 50 uJ dye laser energy). The RIKES
signal found for the ring-stretching mode of ambient liquid benzene near-
ly saturated the detector through 25 um slits (using ~ 200 uJ pump laser
energy and 6° beam crossing angle). These data suggest that, if the
shock-compressed sample induced a rotation of the probe laser polariza-
tion 2 20’, the signal vould be masked by the broad dye laser background
passed by the analyzer. The RIKES spactra (Fig. 15) obtained in shocked
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sanples shov only broadband dye laser which has been passed by the polar-
ization analyzer. These results indicate that the shock-compressed
sample induces a rotation of at least 20’ on the dye laser polarization.
They also lead to the conclusion that, vhile it may be possible to per-
form RIKES experiments in shock-compressed materials in spite of our
failure, the experiment is considerably more difficult than techniques
not sensitive to the absolute polarization of the laser beam (such as
BSRS and RBBCARS).

IV. ENERGY TRANSFER IN HIGH PRESSURE LIQUIDS

Although an abundance of literature63'80

exists describing condensed
phase energy transfer and relaxation phenomenology at ambient pressures
and various temperatures, there is a dearth of studies showing behavior

as a result of high pressure,al'83 of

large stress gradients, and of
temperatures typical 1in shock-wave environments. Since understanding
condensed phase molecular energy transfer is fundamental to understanding
shock-irduced chemiczl reactions and detonation, we have initiated an ex-
periment to study the effects of pressure and temperature on condensed
phase energy transfer. The experiment 1is based on the picosecond
relaxation experiments of Laubereau et 21.84/85 4nd  Pendt et 21.86 and
ultrasonic studies of Takagl et al.7“'75 vhich study the vibrational
energy transfer in substituted methanes. These materials were chosen be-
cause they have a simple molecular structure and have relaxation times
comparable to those expected in shock compressed hydrocarbons. The lover
vibrational energy levels and sor. overtone and combination levels in the
vicinity of the CH stretch levels near 3000 cn~! are shown in Fig. 16 for
dichloromethane, dibromomethane and diiodomethane. The results of the
studies for dichloromethane show that after populating the CH stretch
modes using a picosecond infrared laser pulse (equilibration betwveen tne
tvo modes is very rapid) these levels decay through a weak Fermi
resonance to an overtone level of the bending modes. The presence of the
Farmi resonance is deduced from a line in the infrared spectrumn at
2832 cm~! due to the first overtone of the \)) bending mode (Fig. 16). v,
and Vg are the tvo CH stretching modes and the peak at 2832 cm'1 is from
2v9. Ve believe that an important aspect of energy transfer during shock
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compression and shock-compression chemistry is hov the energy flovs
through the vibrational degreer of freedom, i.e., hov they are populated
from the translational energy of the shock vave and if they are in equi-
librium. In the case of the above system, compression either using
shock-vave techniques or statically using a diamond-anvil cell, vill
induce ¢ relative shift in the Vi» Vg and v, lavels that should change
the resonant coupling of the CH fundamental levels and the v, overtone.
The relaxation time should change accordingly.

Fig:ire 17 schematic shovs an experinent to measure the change in the
CH stretck mode energy relaxation time at high pressure and tewperaturs.
Sub-picosecond pulses from a colliding-pulse-node-locked ring dye 1::0:87
vill be amplified using an excimer laser driven four stage amplifier and
then used to generate picosecond infrared pulses vhich vill vibrationally
excite, by infrared absorprion, the CH stretch levels of the substituted
methanes. Part of the original amplified pulse vill be optically delayed
and used to probe the population density of the excited state by

spontaneous anti-Stokes Kaman scattering. Experiment repetition rate is
100 Bz.

The Raman scattering signals wvill be detected by either a high quan-
tvm efficiency photo multiplier tube equipped vith suitable filters or in
a spectrograph using an optical multichannel analyzer. Compression of
the sample to several GPa vill be accomplished using a diamond anvil or
other high pressure cell.

Experiment details and results will be described in a future
publication. It is “oped that this experiment can be used to study the
intra- or inter-molecular relaxation phenomenology at densities similar
to those existing during shock compression. At pressures of several GPs,
the molecules may not exist individually but as some other type of struc-
ture vith radically shifted energy levels. Interpretation vould require

a theoretical approach which differs significantiy from the freguently
used bimolecular collision model.
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V.  SUMMARY

FPundasental understanding of the detailed microscopic phenosenology
of shock-induced chemical reaction and detonation vaves is being sought
by using pulsed coherent optical scattering experiments to dete mine the
molecular structure, constituents and energy transfer mechanisas in both
shock-compressed and static, high pressure/high tenperaturs fluids. To
date measurements of the ring stretching mode of benzene and the CN
stretching mode of nitrowethane up to shock-induced pressures just belov
those for vhich reaction is suspected to occur have shown both a shift in
the vibrational frequencies and a definite change in the spectral
profile. These results have confirmed that these molecules still exist
on the microsecond time scale behind the shock front, but that some form
of energy transfer 1s occurring from the hydrodynamic mode to the
solecular internal degrees of t:eedom. Future experiments, both static
high pressure picosecond vibrational relaxatinsn and dynamic coherent
Raman scattering at shock-compression pressures in the region where reac-
tion is expected, should yield significant insight tovard understanding

the very complex and rapid processes that prevail in the shock environ-
ment.
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FIGURE CAPTIONS

Pig. 1.

Fig. 2.

Fig. 3.

Fig. 6.

Fig. 7.

Fig. 8.

Condenzed-phase molecular energy transfer.
Refractive effects of shock vave on optical bean.

Detonation vave microstructure for nitromethane and s

nitromethane/acetone mixture.za

Coherent Raman scattering techniques.

Schematic representation of backvard stimulated Raman-scattering
experiment. SHG, second harmonic generator; Harm. Sep., harmon-
ic separator. Sample, liquid benzene.

Scattered light spectrogram for shock-compressed benzene.

Benzene ring-stretching mode vibrational frequency shifts (vith
respect to 992 cm'l) vs pressure. The solid circles represent
data obtained up to pressures of 1.2 GPa using the single stage
gas gun and the open circles represent data obtained using the
tvo stage light gas gun. The straight line is a fit of thne
shock-compressed data at pressures less than 1.2 GPa. The phase
of the Llenzene during the diamond-anvil cell compression has
been determined from ophonon spectrum measurements. At 24 C
benzene I wvas observed as a metastable phase above 1.2 GPa and
benzene II was observed as a wmetastable phase belov this

pressure. Both spectrometers wvere calibrated vith liquid
benzene at room temperature.

Schematic representation of the reflected broadband coherent
anti-Stokes Raman scattering experiment. SBEG - second harmonic
generator; Harm. Sep. - harmonic separator; OMA - optical
multichannel analyzer; Sample - benzene and nitromethane.
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RBBCARS spectra of ambient and shock-compressed benzene. The
ambient peak position of the benzene is 992 ca~l.  Sshock
pressures are indicated. Vavelength calibration vas done rela-
tive to the 253.652 nm Hg line in second order.

Spactral fit of 7.4 GPa ring stretching aode of benzens. Vave-
length calibration is with respect to the 253.652 nm Hg line in
second order and the spectral slit vidth is 4.2 el

RBBCARS spactra of ambient and shock-compressed nitromethane.
The ambient pecak positicn 1is 920 ca~l.  Shock pressures are
indicated. Vavelength calibration vas done wvith respect to the
253.652 nm Hg line in second order.

Spectral fit of 5.5 GPa CN stretching mode of nitromethane.
Vavelength calibration is wvith respect to the 253.652 nm Hg
iine in second order and the spectral slit wvidth is 4.2 enl.

Nitromethane CN stretching mode vibrational frequency shifts
(vith respect to 920 cm'l) vsS pressure.

Schematic representation of the Raman-induced Kerr effect
spectroscopy experiment. SHG - second harmonic generator;
Harm. Sep. - harmonic separator; OMA - optical multichannel
analyzer; Sample - benzene.

Raman-induced Kerr effect spectra (RIKES) nf an ambient and tvo
shock-compressed liquid benzene samples. The shock pressure
vas 1.17 GPa and the 557.03 nm and 556.22 nm Kr calibretion

lines are shown. All spectra are obtained at the same pover
lavels.
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Vibrational energy levels, some overtones and coabinations and
infrared spectra: Ca,Cl,, CiyBr, and Ci,I,. The vibrational
relaxation times, T shovn vith the infrared absorption
spectra are the measured energy decay times of the CH
stratching modes.

Pressure dependent vibrational relaxation time experiment.
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