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Coherent and non-coherent Ramn spectroscopy is

being used to study the structure and energy transfer

in molecular liquids at high pressures. Stimulated

Raman scattering, coherent anti-Stokes Raman scatter-

ing, and Reman induced Kerr ●ffect scattering

❑easurements have been performea in liquid benzene ●nd

liquid nitromethane shocked to pressures up to 11 GPa.

Frequency shifts vere observed for the 992 cm-l ring

stretching mode of benzene a~d the 920 cm-1 ~

stretching ❑ode of nitromethane. Results of these dy-

namic ●xperiments are compared to spontaneous Raman

scattering measurements ❑ade in a high temperature

diaaond anvil cell. Alsop a picosecond infrared

pumplspontaneous anti-Stokes Raman probe ●xperiment is

being used to measure CR stretch vibrational

relaxation times ‘.n liquid halogenated ❑ethanes

statically compressed to a fev tenths GPa.

~ork supported by the Unit~d States Department of Energy.
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1. INTRODUCTIONANDOBJECTIVES

Presently ❑ost ❑odels of ●xplosive ●nd shock induced chemical

behavior treat 12the ❑edium as a continuum ‘ that chemically r~acts

according to either a pressure dependent or Arrhenius kinetics rat. law.

one or ❑ore parameters a~e used to incorporate the global cho~ical

behavior, hydrodynamic phenomenology and ●ffects of ❑aterial heterogene-

In the past few years, several studies 3-10 have been started thmtity.

attempt to improve the methodology by defining the continuum? not ●s 4

single component, but as one that incorporates idefls such as hot spots,

voids or ❑ulticomponents. However, in all of these studies ●ssentially

no effort is ❑ade to incorporate any uf the ❑icroscopic details of th~

shock-compression/energy transfer and release phenomenology that consti-

tutes the detonation or reactive process.

—

Ideally, for descriptions of reacti-:e processes, we vould likt to

treat the continuum as a mixture of pure components and incorporate

changes in molecular structure resulting from shock com~cessicn,

disequlibria due to shock compression, energy transfer from the hydrody-

namic ❑ode into the molecular internal degrees of freedom and the

subsequent microscopic reaction history, energy relesse, and product

formaticn. Vhile such a goal ❑ay appear overly ambitious ve feal that by

using some of the diagnostic-, particularly fast optical techniques, that

have become available in the past fev years, progr~ss can be ❑ude tovard

understanding certain fa~ets of this ~bjective. For example, spontaneous

Ramun spectroscopy has already been used to ❑dce temperature astimates of

shocked explosives 11-13 and examine the structure of shock-compressed ❑a-

terials. 14-15 In our ovn vork, coherent Raulan scattering techniques have

been used to measure vibrational frequency shifts in benzene and

nitromethane shock-compressed to pressureq just belov those whera chmi-

cal reaction is ●xpected. 16-22 Initial indications suggest the prospects

for ●xtending these measurements into the pressure regions vhere chemical

reaction occurs are good.
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?igure 1 depicts some of the consequences of tha sh~ck-compression

of molocular aatarials. In ●ddition to tha macroscopic continuum ●ffocts

axpected (Q.g. hydrodynamic flow, density and temperature incraasos),

moloculmr systems, because of vibrational and ●lectronic ●nswgv lavals

that possibly lie C1OSQ to the ground state, ●re axpected to readily

undago ● shock induced transfer of ●nergy to thesa intwml degrees of

freedom. Under shock-compression, the molecular structure and hwtce the

intramolecular ●nd intermolecular forces will be altered considerably,

consequently the ●nergy transfer rates and mechanisms may be dramatically

different from those exp~cted on the basis of either ●xtrapolation from

ambient conditions or thermodynamic equilibrium. Depending on the

vibrational and ●lectronic relaxation rates and mechanisms in the high

density/high temperature fluid, the ●xcited states could have a nonequi-

librium population density. Different authors23-25 have propoged differ-

●nt initial steps for the chemical reaction schemes in detonating ●xplo-

Sivas. However, definitive supporting experiments have not been per-

formed. The ensuing microscopic c+emical reactions involving ●nergy

release md product formation also require experimental study.

The objective of our vork has been two fold; (1) to determine the

moleculat structu~e and identify chemical species in unreacting and

r~acting shock-compressed ❑olecular systems and (2) to study the effect

of pressure and temperature on cor~densed phase energy transfer. Also, W

vould llke to identify the uniqtie feature~ of a shock vave vhich contrib-

ute to the ●nergy transfer processes. Achievement of these goals vould

contribute significantly to understanding the Ini,ial mechanisms

govarning shock-induced chemically reacting molecular systems ~d

possibly to tho steps controlling product formation. TWOexperiments are

being ●mployed in tha pursuit of these objectives. A tvo-stage light gas

gun is being used to dynamically sk~ck-compress molecular liquids to

pressures vhere chemical reaction occt’rs. The high densitythigh

temperature fluid is then probed using coherent Raman scattering toch-

niquas. In the second ●ffort vhich is still in the construction phase, a

picosecond pump/spontaneous ●nti-Stokes Raman scattering probe experiment

Vill be used to measure vibrational relaxation ratas in liquids

statically compressed using high pressure cells.
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11. EXPERIHWI’AL CONSIDERATIONS

Prior to discussing our ●xperimantal studios and results to data,

several problens ●ssociated with conducting condensed-phase sttock-vavo

●xperiments will be reviewed. Theso difficulties havg historically

limited the ability to conduct ●xperiments iti the ●dvmse conditions

through and immediat~ly behind the shock-front and for our studigs

strongly governed the experimental techniques used.

For many ●aterials shock vaves are believed to be of the order of

1 urn or less in tnickness. 26-28 The passage time through tha front of a

1 urn-thick shock whose velocity is 5 ka/s is thus of the order of 200 pa

or less. Hence, if we desire to temporally and spatially resolve s mea-

surement through a shock-front (5 data points), the diagnostic technique

selected must be capable of spatial and temporal resolutions of 0.2 pm

and 40 ps, respectively. Condensed-phase chemical reaction times could

be af the order of 1 ps, thus necessitating even better temporal resolu-

tion. However, if all that is desired is to resolve features in the fev

mm long region behind the shock-front vhere relaxation ●nd reaction

processes may occur, then these requirements are drastically reduced.

Optical techniques offer some potential for achieving ❑easurements

within these stated limittitions. Hovever, vith such methods some addi-

tional complications arise. 14any 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 difficultiaa

inherent in optical shock-vave diagnostic techniques are the changes in

material refractive index th~t accompany the density changes characteris-

tic of shock waves and the possibility of photochemistry induced by the

optical probes. FigurQ 2 shows the path deviation that eccurs when ●n

optical beam is passed through a hypothetical, shock-compressed nyatem.

The trailing shock wave near the sample boundaries tmds to bend the op-

tical beam ●vay from the shock-front thus making prediction of the
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●xpected optical path difficult. my shock-front curvatura will compound

this difficulty. If the shock velocity in the windows is greatm then in

tha sample, ●dditional complications could ●rise from the ●ffect of tha

mor~ complox wave structure on window transmission. Mny molaculas

undergo photochemical reactions vhen exposed to light, particularly that

in the ultraviolet region of the spectrum. If these reactions ●re 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 saruples often are averages

over the nonuniformities and consequently do not reflect the details of

the microstructure. For ❑aterials like granular explosives, the inhomo-

geneous nature is readily apparent and experiments are interpreted ac-

cordingly. For samples thought to be homogeneous, ambiguities ‘an arise.

For example, Fig. 3 depicts two image-intensifier-camera pictures 29 of

the shock-front of detonating nitromethane and m 80% nitr~methane/20%

acetone mixture. These pictures shov that microstructure exists in the

vicinity of the shock front even in liquids, vhich are often thought to

be homogeneous. Also, nothing is known about microstructure in the

region immediately behind the shock front. Vhen performing ●xperiments

on nitromethane or similar substances, especially experiments utilizing

optical techniques where a spatial resolution of tans of ●icrons iS

de~ired, one ❑ust be aware that results may actually reflect an avarage

over a smaller characteristic: microstructure. Conversely, a single Mea-

surement vith spatial resolution smaller thau the microstructure may be

misinterpreted as representative of the average material,

Shock recovery exp~riments are often used to observe chemical und

physical changes through and immediately behind the shock-front. Elovev-

er, these changes occur not only in the high pressure and temperature

region at the shock front, but also in th~ somevhat lover pressures and

temperatures of the ●xpansion region. The inability to separate these

tvo ●ffects makes the interpretation of these experiments difficult.
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sEIWK-COHPRBSSBDLIOUIDS

Three coheront M scattering techniques have been ●ttempted in

shock compressed liquid SSBPleS. Advantages of these techniques,

primarily because of large scattering intensities and the beam-like na-

ture of the scattered signal, ●re increased detection samaitivity,

temporal resolution limits ●pproaching laser pulse iengths~ *~ld possible

spatial resolution approaching the diffraction limit of the optical com-

ponents. As vlth all optical ●e”hods in shock-wave 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

scattering 30’31 (Fig. 4) occurs vhen the incident laser intensity in a

medium exceeds a [hreshold lwel and generates a strong, stimulated

Stokes beam. The threshold levci is determined by the Raman cross-sec-

tion and l,inevidth of the transition and by the focusing parameters of

the incident beam. Typical threshold intensities are - 10-100 GV/cm2.

?igure 5 illustrates the arrangement used for the backvard stimulated

Raman scattering experiment. An aluminum projectile oi knon velocitY

from a S1-mm-diam, 3.3-m-long gas gun impacted an aluminum target plate

producing a shock vave which ran forvard into a 7.5 to 8-mm-thick reagent

grade benzenn sample (Hallickrodt, Inc.). Standard data reduction tech-

niques 32 using published shock-velocity/particle-veloci ty data33 were

used to determine the state of the shock-compressed benzene. Experiment

design vas greatly facilitated using the HACRME one-dimensional-vave

propagation computer code.34

A singic 6-ns-long frequency-doubled Nd-doped yttrium aluminum

garnet (Nd:YAG) laser pulse vas iocused using a 150-mm focal length lens

thiough the quartz vindov to a point in the benzene 2 to 6 mm in front of

the rear sauple wall, The high intensity of the laser at the focus,

coupled with the preserice of a large cross-section Raman active

vibrational mode in th~ Lample, produces gain in the forward and backvaid

directions ●long the beam ~t a fr~quency that is different from the
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M:7AC frequency by tho frequency of the activ~ mode. The timing

aequamce was determind by the incoming projectile. Interruption of ●

EeMe laasr beam, in conjunction with an ●ppropriat~ time delay, triggered

the laser flash 1~ approximately 3~ us prior to i~pact. A tise-of-ar-

rival pin activated just before impact and the ●ppropriate time dday

served to Q-switch the laser just prior to the shock vavo strikimg tha

quartz vindov and ●fter it vas past tho focal point of the incident lwar

light .

In liquid benzene, 35 -1the V1 symmetric stretching mode ●t 992 Cm

has the lowest threshold for stimulated Raman scattering induced by

532-nn light, and vas the transition observed in these experiments. As

depicted in Fig. S, the backward stimulated Raman btam vas separated from

the incident laser by means of a dinhroic filter and vas then focused

onto the 10-~m-vide entrance slit of a l-m Czerny-Turner spectrograph

●quipped 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,

●s ●rc the backvard stimulated Raman-scattering line from ambient

benzene. The latter feature resulted as a consequence of the shock vave

having passed only about two-thirds of the vay through the sample, and

hence ● stimulated Reman signal, was also obtained froa the unshocked

liquid .

The frequency shift of the Reman line has small contributions of

approximately 0.1 ca ‘1 because the light crosses the ■oving interfaco be-

tveen tvo media of different refractive indices and becaus~ of the mate-

36 Since these errors ●re considerablyrial motion behind the shock vave.

‘1 for the measuredless than the experimental uncertainty of ~ 0.5 cm

frequency shifts and are a small fraction of the shift due to compres-

sion, no attempt vns made to correct the data for these ●ffects.

Figure 7 gives the measured shift of the VI ring-stretching ■ode

vibrational vavr.number versus prossurt of II,? shocked benzene. Obsmva-

tion of the ring-stretching mode at 1.2 GPa strongly suggests that
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benzeno ■olecules still exist several millimeters behind tha shock VaVO

at this prese. ~re, but does net, hovewr, ●xclude son dac~:~i-
t~on.27,37,38

Also depicted in Fig. 7 is the ring-stretching ●ode vibrational

wavenumber shift ■easured for benzene isother~lly compressed ● t

temperatures betveen 24°C and 209°C with ● diamond-anvil cell and tech-

niques previously described.3g Measurements of the phonon spectrum in

the region 40-200 cm ‘1 vere used to distinguish between benzme 1,

benzene II, and liquid benzene. The vibrational frequencies obtained

from spontaneous-Raman-scattering ❑easurements

568.2-rim line of a krypton laser agree well vith

benzene.35

at 24°C with use of the

previous results for

At fixed pressure, no temperature shift vas observed in these static

measurements, The wavenumber shifts for the dynamic experiments agree

veil with the static data for either liquid benzene or benzene 11, but

differ substantially from those for benzene I. At pressures belov the

40S41 the shocked benzene is there-I-II-liquid triple point near 1.2 GPa,

fore probably at temperatures high enough for it to be in the liquid

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 vavenumber shift for the ring-stretching ❑ode, and the

Eugoniot lies close to the phase boundary.

Beam intensities using BSNS are sufficiently large that film can be

used as a detector. The large incidomt intensities required, hovever,

can cause damage to optical components near focal points. Spatial 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 ●xperimental flexibility vere attempted.



-1o-

42-~5 (Fig. 4) occurs asCohorent anti-Stokes Raun scattering (CARS)

four-wavo parametric process in which throa vavcs, two ●t ● PUBP

frequancy, tiP, and one ●t ● Stokes frquency, M3, are mixed in ● sMplQ

to produce a coherant beam ●t the anti-Stokes frequency, was = 25 - (o~.

The ●fficiency of this nixing is greatly ●nhanced if the frequency dif-

ference ~ - us coincides with the frequency of ● ~ active aode of

the sample. An advantage of CARS is that it can be generated at incident

pover levels considerably belov those required for stimulated Raman scat-

tering. However, since phase matching is required, possible geometrical

arrangements are limited.

A schematic of the experimental apparatus used to perform reflected

brcadband coherent anti-Stokes Raman scattering (RBBCMS) in

shock-compressed benzene and nitromethane is shovn in Fig. 8. For

pressures greater than 2 GPa, a tvo-stage light-gas gun vas used to ac-

celerate a polycarbonate projectile vith 4--mm-thick AZ31B ❑agnesium ‘Jr

2024 aluminum impactors to a desired velocity. The projectile struck an

approximately 2.4-mm-thick 304-stairlless-steel target plate producing a

shock vav~ tihich ran forvard into a 2.7-mm CO 3.3-mm-thick benzene (or

nitromethane) sample. Lovsr pressures vere achieved using the previously

described technique for backward stimulated Raman scattering. St&inless

steel vas chosen as the target plate because of previous experience and a

series of reflectivity measurements vhich shoved that polished steel

would retain approximately 20 percent of its Or?,ginal ~eflectivity under

shock compression at 11 GFa in the liquid sample (approximately 70 GPa in

the stainless steel), This vas necessi~ry to reflect the CARS signal back

out of the shock-compressed liquid. Reagent grade benzene (Hallinckrodt,

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 RBE!C&JMexperiment vas determined by the

incoming projectile. A signal from three Retie laser/photodiode detectors

located in the barrel approximately 2.8, 1.2 and 0.7 m from the targat~

In conjunction vith an appropriate tiue delay, triggered the laser flash

lamps ●pproximately 300 us prior to impact. A tine-of-arrival pin acti-
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vated just ●fter the shock entsred the liquid and another tlats delay

served to Q-svitch the laser approximately vhen the shock VW. ●rifmd ● t

the quartz vindov.

Since the Raman frequencies of the shock-compressed saterials ●re

not precisely known, and since we vish to produce CARS signals from sore

than one mode or species, a broadband dye laser, vith a bandvidth equiva-

lent to the gain profile ox the dye, vas used as the Stokes beaa. 46 A

portion of the 6-ns-long frequency-doubled Nd:YAG laser pulse was 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 vere focused and crossed (vith

approximately l-mm length of overlap) at a point approximately 1 mm in

front of the vindov using a previously described technique. 47 The beam

crossing angle (phase-matching angle) vas tuned by adjusting the distance

betveen 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 pa:h parallel to

the tvo incoming beams. After being separated from the pump and Stokes

beams using a long-wavelength-pass dichroic filter, the beam vas focused

onto the 100 Vm-vide entrance slit of a l-m spectrometer equipped vith a

1200 l/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 (Tracer Northern Hodel TN-6133) coupled to an optical multichannel

analyzer (OMA) (Tracer Northern Hodel TN-171O). The instrument spectral
.

resolution vas approximately 4.2 cm-~.

Figure 9 Stlovs the OHA recorded RBBCARS signals for the

ring-stretching mode of benzene at pressures from ambient to 10.6 GPa

(approximately 1000 0K).48 Spectral positions vere measured relative to

the 253.652-rim llg emission line in second order.

A preliminary analysis of the spectral lines vas performed using:44

I u&lx(3)12 Ias a s (1)
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where Im and Is ●re the intensities of the anti-Stokes and Stokes beams

respeot ively. For this calculation, Is was chosen to be a Gaussian that

approximately fit the broad band dye laser profile. In future

●xperiments, because of shot-to-shot variations and noise in t’ie dye

laser profile, ● spectrographic record will be made of the profile for

each shot and used directly to calculate the synthetic spectrn. The

third order susceptibility, X(3), is given by

(2)

where ~ is the contribution from t)i~ no~:cesonant background and j is

the sum over spectral lines. The real., x~, and imaginary, X;, parts of

the CARS susceptibility are

and

(3)

(4)

respectively. ~j! rj ~d Xj ● the fre~uency, half ●mplitude half width

(EVEM) and the peak ●mplitude of the corresponding spontaneous Reman

scattered line. For this work no ●ttempt was made to derive population

dmsities (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 ●xperimentally measured ●nd calculated spectra

for the benzene ring stretching ❑ode ●t 7.4 GPa. The intensity of both

spectra has been normalized to ● peak amplitude of 0.95. The structural
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features that ●ppear in the measured s~ctra art thought to result fr-

the noise in the broad band dya laam. AMinitial analysis of tha SpC-

tral shape ● t 10.6 GPc is dramatically diff8rent and mquiro? tvo

spectral lines to fit the measur~d profile. This will bdiscused in ●

future publication.

The frequency shifts ●stimated for the 7.4 GPa line and the lines at

other pressures are depicted in Pig. 7 along vith the frequency shifts

determined from BSRS measurements discussed previously. The rasults show

an initial linear change of the frequency shift vith pressure and then ●

veakening of this dependence as the region near 13 GPa is approached.

Previous vork27,37,3e,49,50 suggests chemical reaction occurs at thwa

pressures. A plot of frequency shift versus volume change shows R non-

linear dependence at all pressures.

The RBBCARS spectra for the CN stretching mode of nitromethane a:

pressures from ambient to 7.6 GPa (approximately 9S0 ‘K)sl are shovn in

Fig. 11, The existence of the CN mode at microsecond times ●fter

shocking implies that decomposition of the nitromethane has not occurred

es has been observed for times of tens of ❑icroseconds52 and in static

h~gh temperature/high pressure studies. 53 Measurements are presently

being ●xtended to higher prsssures vhere nitromethane is thought to be

reactive for very short shock run distances. ~2,1,8,5~-56

Synthetic spectra were obtained for the nitromethane CN $tretch ■od~

using the procsdure previously described for benzene. Figure 12 shows

the axperiaentally measured and calculated spectra for 5.5 GPa normalized

to a peak intensity of 0.95. At 5.5 GPa and for the lowr prossur~

nitromethane spectra, this preliminary maly9is suggests that t h@

spectral signatures are ❑uch bettet matched using tvo spectral lines
-1separated by approximately 10 cm . This second line has been observed

57 The fitting ● tpreviously in static high pressure Raman spectra.

7.6 GPa requirvd a ❑inimum of four or five spectral lines to reprasent

th~ ❑easured data. Discussion of these results vill be vithheld for a

future publication vhen more ●ccurate synthetic spectrm can be calculated

using measured dye laser profiles.
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Figure 13 shows the ●stimates for thu Raman frequency shifts of the

-r~ intense spectral feature versus pressure wing tho analysis

indicated ●bovo. Also depicted ●re the frquency shifts mmsurad for tha

CN stretch mode of solid nitromethane using a diamond anvil high pressura

cellsa and the spontaneous Raman ❑easurements for nitromethane shocked to

12 It is noted thatpressures of J GPa. our results obtained for the

shock-compressed material do not differ significantly from theitaman

shifts obtained for solid nitromethane. At present, we do not have m

●xplanation for the difference betveen our results ald those obtained by

Delpeuch and Heni!12 using spontaneous Raman scattering. Barlier

resultsll by these authors agre?d more closely vith our results. The

plot of frequency shift versus volume change vas very similar to that

observed for benzene.

RIKBS 59 has been discussedRaman-iriduced Kerr e<fect spectroscopy

as a diagnostic tech~que19~20~00 for performing measurements in

shock-compressed systems which may have a large non-resonant background.

RIK.ES requires ● single frequency pump beam, a broad-bsnd probe sourer,

no phase matching and iover incident pover levels than stimulated Raman

scatt~ring (Fig, 4).

The effect can be described in terms similar to the abov~ descrip-

tion of CARS. A linearly polarized probe laser beam is passad through

the rotating electric field of a circularly polarized pump beam. The

four-vave parametric process described above induces ●n ellipticity on

the probe beam vhenever the frequency difference betveen the tvo lasers
61,62 Since the●quals that of a Rarnan active transition in the sample.

~(IKES involves the use of ● single frequency pump laser and ● broadband

Stokes laser, it can b~ performed vith an apparatus very similar to tha

●bove described RBtlCARS●pparatus. The modifications necessary ●re shovn

jn Fig. 14 and ●re described below. The portion of the frequency-doubled

NdtYAG laser beam that does not pump the dye laser is passed through ●

Freanel rhomb to produce a be~ of > 99% circular polarization. The dye

laser bea~ (stokes frequencies) is passed through a high quality

Clan-Taylor (ai~-gap) prism to produce ● beam of - 1 part In 106 linear

polarization, The tvo beatis ure focused ●nd crossed in the sample using
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● 150 mm focal length, 50 ~ diam~tor lana. The

dcgraes, giving an ovarlap length of - 150 Mmat

crossing anglo is

the fo’cw. Tho

beam is than raflocted by tho highly polishad front surfaco of tha

near 6

atoku

tmgot

plate back through the sample ●nd along ● path parallel to th~ incoming

beams. A ●irror separates the reflected dye lasar baam from tho othor

beam and directs it first through a Dabinet-solial polarisation

compensator and than through ● Glnn-Taylor polarization analyser. The

compensator was found to be necessary to remove th@ Qllipticity

introduced into the linearly polarizad Stokos laser beam by tha

birefringence inherent in the optical components located betveen tha po-

larizers, including the ambient sample. When the tvo Clan-Taylor prisus

are crossed, the dye laser beam is blocked ●xcept ● t fr~quencies corre-

sponding to Ramsn resonances, vhere the RIKBS signals ●re passed. Thena

signals are directed through a dove prism, focused into the ●ntrance

slits of the 1 m spectrometer and detected by the OHA systcm.

Figure 15 shovs tvo RIKES 992 cm-i region spectra of benzene

shock-compressed to 1.17 GPa. Both traces have spectral features, hovev-

●r they ase not consistent and do not exhibit the pr~ssuru-induced

frequency shift expected for the benzene ring stretching mode based on

previous BSRS and RBBCARS●xperiments. In a polarization sensitive co-

herent Raman experiment, such as RIKES, the possibility ●xists that

shock-induced changes in a material vould perturb th@ prob. laser polari-

zation sufficiently to obscure the desired signals. Ther@fore, the sen-

sitivity of the RIKES apparatus CO ❑inor rotations of the dyo laser po-

larization vas investigated. The figure of merit used vas the polariza-

tion ●nalyzer rotation angle necessary to saturate the detector vlth

unblocked dye laser, It vas found that the detector could be dr!vcn from

zero signal to saturation vith ~ polarization rotation angle of - 20 ●rc

minutes (20~) (using S0 pm slits and 50 I.IJ dye 16ser ●nergy). The RIKBS

signal found for the ring-stretching mode of ambient liquid benzena near-

ly saturat~d the detector through 25 Mm slits (using - 200 UJ pump laser

energy ●nd 6° beam crossing angle). These data suggest that, if the

shock-compressed sample induced ● rotation of the probe laser polariza-

tion > 20’, th~ signal vould b- mask~d by the broad dye laaer background

passed by the analyzer. Tha RIKES spectra (Fig. 15) obtained in ahock~d
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waples shov only broadband dye laser which has been

Ization analyzer. These results indicate that

sample induces a rotation of at least 20’ on the dye

passed by the polar-

the shock-compressed

laser polarization.

They also lead to the conclusion that, while it may be possible to per-

form RIKES experiments in shock-compressed materials in spite of our

failure, the experiment is considerably ❑ore difficult than techniques

not sensitive to the absolute polarization of the laser beam (such as

BSRS and RBBCARS). o

Iv. ENERGYTRANSFERIN HIGH PRESSURE LIQUIDS

Although an abundance of literature 63-80 exists describing condensed

phase ●nergy transfer and relaxation phenomenology at ambient pressures

and various temperatures, there is a dearth of studies showing behavior

as a result of high pressure, 81-83 of large stress gradients, and of

temperatures typical in shock-vave environments. Since understanding

condensed pnase molecular ●nergy transfer is fundamental to understanding

shock-icduced chemjccl reactions and detonation, we have initiated an ex-

periment to study the effects of pressure and temperature on condensed

phase energy transfer. The experiment is based on the picosecond

relaxation experiments of Laubereau et al. 84,85 and Fendt et al. 86 and

ultrasonic studies of Takagi et al.74~75 which study the vibrational

energy transfer in substituted methanes. These ❑aterials w~re chosen be-

cause they have a simple ❑olecular structure and have relaxation times

comparable to those expected in shock compr~ssad hydrocarbons. Th@ lowar

vibrational energy levels and sore. overtone and combination levels in the

vicinity of the CH stretch levels near 3000 cm-l are shown in Fig. 16 for

dichloromethane, dibromomethane and diiodom~thane. The results of the

studies for dichloromethane show that after populating the CH stretch

❑odes using a picosecond infrared laser pulse (~quilibration betvaan tne

two ❑odes is very rapid) thase levels decay through ● veak Fermi

r~sonance to an overtone level of the bending ❑odes. The presence of the

Fermi r~sonance is deduced from a lino in thg infrared spectrum ●t

2832 cm‘1 duc to the first overtone of the V2 banding mode (Fig. 16). VI

‘1 is from●nd V6 arg the tvo CH scratching modes and the peak at 2832 cm

2V2 . We beliave that an important aspect of ●nergy transfar during shock
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compression and shock-compression chamistry is hov the •ner~ flows

through the vibrational dagr~er of fr..do~, i.o., how they ara populat.d

from tha translational ●nergy of the shock vaue and if they ●rc in aqui-

librlum. In the cas~ oi the ●bove systaa, c~prossion ●ithcr using

shock-vave techniques or statically using t diamond-anvil call, vill

induce c r~lative shift in the VI, ~6 and V2 lmmls that should ChUW

the resonant coupling of the CR fundamental lavels and tho N2 ov~rtoneo

The relaxation time should change accordingly,

Figure 17 schematic shows an ●xperiment to measure the changQ in the

CH stretch mode ●nergy relaxation time at high pressure ●nd teuperaturo.

Sub-picosecond pulses from a colliding-pulse-aode-locked ring dye haer 07

vill be amplified using an excimer laser driven four stag, ●mplifier ●nd

then used to generate picosecond infrared pulses vhich vill vibrationally

excite, by infrared absorption, the CH stretch le~els of the substituted

methanes. Part of (he original amplified pulse vill be optically delayed

and used to probe the population density of the ●xcited state by

spontaneous anti-Stokes kaman sca.tterlng. Experiment repetition rate Is

100 Ez.

The Raman scattering signals vill be detected by ●ither a high quan-

tl:m ●fficiency photo multiplier tub~ ●quipped vith suitable filtmrs er in

a spectrograph using an optical ❑ultichannel analyzer. Compression of

the sample to s~veral GPa will be accomplished using a diamond anvil or

other high pressure cell.

Experiment details and results vill be described in a future

publication. It is foped that this experiment can be used to study tho

intra- or int~r-molecular relaxation phenomenology at detlsities similar

to those ●xisting during shock compression, At pressures of sevaral GPa,

the molecules may not ●xist Individually but as som other typa of struc-

ture vith radically shifted energy levels. Interpretation vould raquire

a theoretical approach vhich differs significantly from th- frequently

used bimolecular collision model.
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V. SUHHARY

Fundaaencal understanding of tho detailed microscopic phermaenology

of shock-induced chemical reaction and detonation vaves is king sought

by using pulsed coherent optical scattering experiments to dete:mine the

■olecular structure, constituents a.r~d●nergy transfer ●echanisu in both

shock-compressed and static, high pressure/high temperature fluids. To

date ❑easurements of the ring stretching mode of benzene and the CN

stretching mode of nitromethane up to shock-induced pressures just belov

those for vhich reaction is suspected to occur have shown both a shift in

the vibratio~~al frequencies and a definite change in the spectral

profile. These results have confirmed that these ❑olecules still ●xist

on the ❑icrosecond time scale behind the shock front, but that some form

of energy tTansfer ~~ Occ,lrring from the hydrodynamic ❑ode to the

molecular internal degrees of t;eedom, Future experiments, both static

high pressure picosecond vibrational relaxatim and dynamic coherent

Raman scattering at shock-compression pressures in the region vhere reac-

tion is expected, should yield sig~ificant insight tovard understanding

the very complex and rapid processes that prevail in the shock environ-

mentt.
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FIGUR8 CAPTIONS

Pig. 1. Condansed-pham. aolacular wtergy transfer.

Fig. 2. Refractive ●ffects of shock vave on

Fig. 3. Detonation wave ●icrost ructura

nitromethane/acetone ❑ixture. 28

optical beam.

for nitromethano and ●

Fig. 4. Coherent Raman scattering techniques.

Fig. 5. Schematic representation of backvard stimulated Raman-scattering

●xperiment. SHG, second harmonic generator; Earm. Sop., harmon-

ic separator. Sample, liquid benzene.

Fig. 6. Scattered light spectrogram for shock-compressed benzene.

Fig. 7. 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 stnge

gas gun and the open circles represent data obtained using the

tvo stage light gas gun. The straight line is ● fit of tho

shock-compressed data at pressures less than 1.2 GPa. The phase

of the benzene during the diamond-anvil cell compression has

been determined from phonon spectrum measurements. At 24 C

benzene I vas observed as a metastable phase ●bove 1,2 CPa ●nd

benzene II vas observed ●s ● metastable phase belov this

prea~ure. Both sp~ctrometers vere calibrated vith liquid

bmzene at room temperature.

Fig. 0, Schematic representation of the reflected broadband coheratt

●nti-Stokee Raman scattering ●xperiment, sac - sacond harmonic

generator; Harm. Sep. - harmonic separator; OHA - optical

multichannel ●nalyzer; Sample - banzeiw ●nd nitromathane,
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?ig. 9. RBBCARS spectra of ambient and ~hock-compr~ssed benzonos The

aabient peak pmltion of tho bzcno is 992 cm-l. Bhock

pressures ●r~ indicated. Wavelength calibration was don. rela-

tiva to the 2S3.652 M 8g line in second order.

Fig. 10. Spectral fit of 7.4 GPa ring stretching ●ode of benzato. VNe-

length calibration is with respect to the 253.652 nm 8g line in

second order and the spectral slit width is 4.2 CM-l.

Fig. 11. RBBCARSspsctra of ambient and shock-compressed nitrometha.ne.
-1The ambient peak positicn is 920 cm . Shock pressures ●re

indicated. Wavelength calibration vas done vith respect to the

253.652 nm Rg line in second order.

Fig. 12. Spectral fit of 5.5 GPa CN stretching ❑ode of nitromethane.

Wavelength calibration is vith respect to the 253.652 nm Ilg
.

line in second order and the spectral slit vidth is 4.2 cm-l.

Fig. 13. Nitromethanc CN stretching mode vibrational frequency shifts

‘1) vs pressure.(with respect to 920 cm

Fig. 14. Schemmtic representation of the Raman-induced Kerr ●ffect

spectroscopy experiment. SIG - second harmonic generator;

Harm. Sep. - harmonic separator; OHA- optical ❑ultichannel

●nalyzer; Sample - benzene.

Fig. 15, Raman-induced Kerr effect spectra (RIKES) nf ●n ●mbient ●nd tvo

shock-compressed liquid benzene samples. The shock pressure

vas 1.17 GPa and the 557.03 nm and 556.22 nm Kr calibration

lines are shovn, All spectra are obtain~d et the same pover

lavels.
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?ig. 16. Vibrational ●nergy levels, some owrtonos and combinations end

infrard s~ctre:

rcls.xation times,

spectra ●* the

scratching ■odes.

Pig. 17. Presaurc dependent

~ac~tt ~#q ~ ~#20 m vibratiood

Tl, shown vith tbe infrared ●bsorption

●oasurcd ●nargy decay times of tho ~

vibrational relaxation ti~ ●xporlmmt.
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