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SXPERIMENTAL MOLECULAR SPECTROSCOPY [N $)OCK.COMPRESSED MATHRIALU®

D. S. Moore and S. . Schmidc

l.os Alamos Natlonal Laboratorw. Las Alamos, ®M 87545, USA

Shocked materia.s present an exclting challenge to thie experimental spectiwwonpist. The

severe constraints in time and space lmposed by the stock prucess «an also v accempanied Ly
chemlcal complexity. Many standard spectroscoplc techniquus hive recenily tween adapted with
varving degrees of success. Those discitssed here aie uv/visibic absorpiion. emisslon, and
fiuorescence, Infrared absorption, and spontane:s and coliercnt Raman sca:<eving. The
imporiance of the connection to both theory and static hipglt-presasure methotsy {5 vwpliasized

INTRODUCTION

Aadvances In the understanding of shock/
materlal i{nteractions have paralleled the
advances In the experimental technliques
avaliable to probe the sample. The measusement
¢ Lwlk preportles such as dens'ty, temperature,
aevhanical eformations, and hydrodynamic
vilvcts luve provided useful cliaracterlzatlions
wt some materlals, but there romaln difficulcias
in the pertarmance anl fncerpretatlon of such
wxpreiments fn molecular macerlals, osposlally
sitnrpelie oit:s. The purpose of this papar s to
verrlew the various spectroscople recliniques that
lwve bewen or coull be used to messure mel.vul'r:
tvvel pr-pertles of shiock-compressed molecular
Patnr i,y Iu partlcular, we are interes*ed In
the use of auch tochinlyues to identlfy the

vy ar physical ard chemical processey that
«tcar qpon thock compression and how thess
scopmseaple processes vouples Lo hiydrodynamles
ot et rgy transport . dn thils contexry  suveral
T ewary capabilities of the experimental
probes can he discorund. (1) they nead 1o be
Able o dlatiugnl al hoiwesn chisplcal speclon;

S they alnald e able to provide struetuatal

Information; +)) they should have eunough
temporal awd spatial vesolution to measure the

denleed klnesle behaviour, amd tas thay shinnld

operate In real time.
Tliere are many experimental difficulties to
overcome to adapt optical techniques to the
study of shock-compressed materlals. For many
materials, strong shock waves are belleved to be
less than 1 um in thickiess and have veloclitlies
of the order »f 5 km/s. Therefore, Lf we desire
to make spectroscoplic measurements [p the shock
wave, the technique selve’ ¢d needs spatial anu
temporal resnlution of hutter than ).2 um and lu
ps. respectively. llowavsr, these rogulrements
are couslderably relaxo: ~o study the regloun
immediately Lchind the :ulinck wave

tompression many matevialu are opaque or become

Under shouk -

opaque. Consequently, rhe use of these optical
technliques may he limited to phentomennlogleal
stud;es i a lew select maturlals. Another
Iimitation s the retrartivn lndex «hange
throegh the sharck that resulis Lu bewllng ol
wptlcal praiths Therelare, wa may bhe Loveml o
nim oplti 1 arvaupements Chat ave unot
nevegaar Ly aptiman Lee vocht tachubgae, aul mav
ot ba able ta tye sume cchinlyues at all.  We
1o dedlre thar the aprlcal probe be non-
Lutrusive . The wmeasuvemettn way be llgvavted Ly
probe: {uduaml eficctn nachi an photochomintyy
Fluallv, In luhoaogeuews tamplos, measurement s

will often he avevagen aver the ulamogene )t 1oy,

oWtk el capler the e en ol the BS Depaviment ol Ewer gy



and consequently will not reflect the details of
the microstructure. This effect may also occur
in samples thought to be hcmogeneous.1 [t
should now be obvious tuat no one optical
technique has all of the necessarv spectroscopic
qualiries or could overcome all of the abuve
experiunental Jdifflcultles. Thueratore, tlie
rnectroscoplc study of these systems w'll
necessarlly be mulcifaceted, using u combluation
of several techniques !n apprepriately chosen

solect matorlals,

2. TECIN!QUES

7.1. Ultraviolet/Vislble Methods

a, LUV/viaible Emission Spectroscopy of
condensed:phase, shock-compressed materials has
been reported by manv authors. These
measurements have been used to determine

Q-4
temperatures

2:1h

and to ldentify spectral
foatures. Other investigations of emlssion
during shork-compresslon liuve bern reviewedl by

I The calculution ot

Davison and Gralam,
teaperirutre by using elther briphviess or multl.
volor methinds wsnally regquives wldivienal
kuowledge or tgsumpttons ahoun the emissivity
ol aptieal depth of ihe raiatatlng source.
Fa'l'tre tu recognice this can rusulet {n aun
locompiete luterpretat lon of the observations
Fov vxampie, a adid) F black bailvy = ree viowedl
hvouph 4 0 E bk body will v be observed
dthce the radlation Is absorbed and re-emitteil
4t thie temperature of the intevwenlap laver

‘his wifoct han heen uthaervel sduring the

capression of lonie vrvstals 4

Aiawn, what ale
Tenpeeratire peasurements in comprensed powilers
seatt ' fnen thie emlaslon velglinate bevaune ol
et ian betwestt mlcvacvvstaly at the valdae oy
compresslion ot paa o The walds, ot 1L LY
tielleavgve ol a lalk P emperature withila the
it byatgln?

Hone apert bl Leataves olittevlay Lven pgravw
hosdy emlwalon have bueti sletecied  Apong thnae

are Cpthalumne e nes T aloek o]

"o
quart:.""3 molecular spectral features In

shock-compressed RDX and PETN.3'6'7 shock-

9,19, tx excimer-laser:

compressed benzene,
inlciated !ead styphnate and mercury
fulminate, !l Getonating uNS, HMX, and PETN,10:+3
and shock:vompressed granular HNS and PBX
9404 . 13.10 e emitting specles that have been
identifleil lunclude Ca. CN, CH, NOz

L0 and mary atoms such as Na.

(tentatlvelwy,
""hile in suome oiases the emission is admiceedly
from gas phase products »uf can he understooil b
terms of gas phase mo.ceular parameters, in
orher uvases the emission Jarlses from within the
rondenscd sumple.q'lz':* A pressing question is
how the emission featurss shift and broaden with
pressure anrd chemlcal composition, In additlon,
the orlgin of molecular cmission Iin granular
explosives mav be ambiguous as discussed avdove.
Other serious questions are what is the role of
spalled material. and what hlgh:.temperature,
gas-phase reactlons luilurnce the resule?

b Uv/eigible Absory j:'n has beern used to

< L awd the

18.2"

study index of refractlwu vhanges,
shlifes of ahsurptlon lunts with pressure.
Mauy Improvements to the v wlslible absorption
techiniyue have been lupleneatad to overiome
experimental amblgultles The latest
refinemencs, one with a ! lashlamp Ln a
projocc!le, aud one wlth o veflecting turvlaee
remove:dl tvom shock wllee o, liplemetod hy
Dwvall, e al  ave ddeptered lu Flp. L The
maasurad absavptlon Lot Jbilvs ave stand b
Lulfev ehangen i the sredeetlar enerpy lovels
howaver, theane titleren . ave complleatml,
eapoeialle Tu tavper el Sled, by the
comptlogiey o0 the prescowe todneed shift v fo the
mnlecolar yiaten Brver s te, ol Iat Lon u!udlﬂﬂ.ﬂu
Al veepravinens e rat s Llgh pesteeaee

abaarpt Lo ernrlmvu'n'ﬁ catte hovp sl ta
vk le wame o Sl arhiveel ey Iee obeld 1t Doan,
e progreecs os been ocle T mede Loy, vhe

et Lty dopemletee ot obe tranle adiorp Lo
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UV/visible absorption apparatus with a)

reflector or b) flashlamp in the pro_jcccile.z3

v, Fluorescence .s frequently used as a
dlugnostic for state:.ru-state chemical dynamlcs
studies, measuremenrts of intramolecular
relaxation processes, atid determlnations of
collislonilly driven I{ntermnlecular velaxatlon
rates  Gurrrnt techniques use lasers as sources
to selectively populate a small subset of
rxelted statrs,  Subsequent emission from the
aanitold af states pupulated by collislonal or
tulmoleeilar processes ly then moultored by a
warlety ot last detecilon methods. The
“lutracter of the uobaerved emission is determinel
v the euergy traunaler rates, the radiatlve
lifetimes of the populated states, and the time
trsolution of the detect{on system. Reveucly
ity mothod (see Fig. !t has bean uaed to
e e the viw uslty and temperature o] dhaeck:
HLER P

Lomlnd molecular ava:iems, tn stialy the

slovk heleeelos b o alaple dilndg Lo vout ol L
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FIGURE 2
Fluoreanence spec§503copy apparatus with laser
shock production.

us organic dves, and, in the region of lower
shock pressures, spectral broadenlag can be
small.30'33 However, at higher pressures, even
Lf pressure. and temperature-!nduced broadaning
Ils not a problem in specitic cases, the dye
molecules themselves mav decompose. The key to

34,15

the ruby experimen©: is that the absorption

is broad, but the uxcl:al CrJ*

fott quickly
relaxes lnto a gt.ite wlhose fluorescence remalns
narrow tn Liigh pressures .and temperatures.
Other transitlon metal {uns (or complexes) may
have tha same ittributes

An ulterpative to normal fluoresceuce 1y the
uge of doubje resomance tochblgues. o An
{nielal pulre voiild be used to axclte . doulred
electronle or vibratiouwal transition. A sacond
laser pulse, temporallwv delaved with respect to
the flrs:, ¢ould then exalte the wolevule to a
hiighey vaevpy level e ealgulon of the hiigher
levels woulil then be monitored versus tie delavw
time brtwoen ptlnes to et rmine the relaxatloun
time of the Intermedlate lovel,

2 lulvared Metliowisy

A dbLrarsl Abavrption ceclmbyuen were
vompl teatwl o vl veeser Do by the Laek oot Lot
deteet v atel et et o e o,
Dowerrer Pt e tast o ety aleteetare e
avaat Laly Lo b st et sevtpwoly, lewevey,

sery gl B lphtittan o e Ly pesptlvaeed e
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[ime-resolved Infrared aspectral phocogrnggy
(TRISP) apparatus for shocked materlals,

overcome the brightness of the shock-compressl
sample. In addition, for lutection ef molecular
specles, what (s neaded is n IR detector array,
similar to the irtensitied photodlode arrays ar
vidicons avallable for w.:k in the viaible,
Those, unifortunately, are not yet avallable. A
usable altarnative is the time:.resolved infrared
spectral photugraphy (TRISP) system devised by

Sorokin and coworkers n

This system
circumvents both of the above probleme by
vmploving stimulated electronic Raman scattering
{i alkall metal vapors to Jown:vonvert a
irvadband v!sible laser pulsm inte the Lufrared
This broadband infrared pulse Lls passed through
the samjile, vecording the absorptlons present
“heve, and {y then up-converted back to the
vlsible, retalning the recorded absorptions,
wsing a four-vave mixing proceas alse In alkall
setal wapors, The up.converted bhroadhand
Vitibie pulse Ls then woracted uging a vhilicon
v Intebsiflet lode arrav

TRV s vevewmt e been used {n shock:

wrprecon, ample el oy ol agnesele To looe

tar oapee e lu the ganeplese plume dicaerly
iy oot ot Liy, tnall pellers of hilph

wXjtlun ] van Id

The oxpusimontal appavarag lav
YRLGE miivnvement s Lo sluerkcoapreaaml damples

tn sltowte tn Flp Aol benley with vl otne

FIGLRFE &
Pictoral rupresentatiuns ¢f Raman and resonance
Raman procerses,

of this technliqitv as u real-time optical
dlagnosti: In shock:comprvssed sarples is the
timing constraint placed on the method by
necessarily very thin samples (timing jitter
must be much less than 1 ns for use of the 1 ns
IR pulse to measure absorption in a 5-um-thick
sample). An alternative ls to usc dilucion
methods to avoid saturation of the absorptien,
but, as in the case of uv/visible l‘.norpcl.on.'25
dilution may elimlnate the concerted-typa
chomical reactlons that we wish to observe.

2.3. Raman Methods

a.Spontaneous Raman Spectroscopy in shocked
materials was first performed in detonating
crystalline RDx.6 Subsuijuently, the techulque
has beeit uiied to measurc '“e temperature of
detonnrlng’o and shock-comprellodhn nitromerhane
and to vbserve shork mod: P liatlon af vibrational
Landas Ln Jdaetauna*lug pETS, Y Mt and
ROK.“L'“d shoek coaprey el w.te=, " aud yhoek.
sompressed TATR. ™Y

HI

Ramen wpevtvoscapy s male poasihie by
tneladtie sewtering o o phnton by moleenles in
the probed sample Cune Fiv g, The dllleren b
o fregudaney hetwenn "be fwe bident awd nearrereed
plitana Ty equal o the fregueney ol o Raean

artive molealar teannl® ton Ram.tit ettt e

CEONS et Eaee e many cede s al marn] tiele



smaller than those for emission and absorption;
hence, difficulties could be encountered in
materials shock-compressed to very high
temperatures. The cross:sections can lie

increased by using UV pump lasers rather than

ones in the visible (the cross-section increases

1s v“); however, care must be taken to avoid
interferences from fluorescing or
phetochemically procduced specles.

b, Resonance Raman, When the exciting laser
frequency ls in resonarnce with an actual
molecular transition, the scatwering cross:
section for that species can dramatically

47 In an isolated molecule, the

increase,
resonance Raman effect can be due tc (1)
Interaction of the excltatlion with a dlscrete
transition in the molecule, or (l) interaction
of the excltatlon with a disscciacive contl uum
In the molecule (see Fig., 4).

As the excltatlon energy approaches a
molecular resonauce, the dlsiinction terweer
Raman scattering and absorption and reemlssioun
becomes b'!urred. What is important to the
distinctlon between these two processes lc the
vlagree of loss of phase Information in tha

experiment. In the condensed phasa, especlally

when shocked to high pressures and temperatures,

it is llkeiv that most mo'wcules will undergo
phase luterruption due to colllslons within
thelr wormal excited state lifetime lmplving
thit discrete rasc.,.ance Raman would be 1lke
fluorescence and can be sald to have the same
advantages and dlsadvantages.

When dissoclative trangltions ave probed,
‘e patdin Lu cross.sertlon due to the rusonance
rutvlizlon may be more thau otlsel hy the small

traction of exclred molacules that rve.omlie

Lotare dlnwnrln*lng.h: Altlmugh, 1u pas.phase
Wroasten, tewabance Roaman lrrhulquvw ad ol opy
celbsnew fative vmbgafens bave vecently anderpone
dreamat Le prawt i becaute thew vravbhile anlque
totarmar tow abeat the slvssoc Lay e patent fal
vraren ot N e e st at ek
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FIGURE 5

Plctoral reprenentations of several coherent
Raman processes., Heavy arrows denote coherent
beams.

compressed,condensed-phrase systams thelr use
will likely be problematlc.

Large Iincreases In Raman scatterinrg cross.
sections can also be pruduced when the exciting
lager {3 jus~ pear resonance with an electronic
transition in the molecule, This near-resonance
enhancument {n the Raman cross-seztion may be
much larger than the normal Raman b frequency
depandence, and may eriblc detection of soma
specles that have thie correct spectroscoplc
attributes,

€ Coherent Raman Speuiroscopy. Several
cohereit Raman techniques liave been davaloped In
recent years (Flg. 5). Those technliques use
large optical frequency aleceric flelds to now

linearly drive the fuelastie scattering procens.

lcading to large scatteve:dl slgnals that ave
beam llke fu nazure.,  The Cunsequent dematili op
the signal eollection atvl Jdevectlon svstemy ire
thevafore slpnlllvantly vvibwed from thuse
veuivedd lev pontaieanns Baasty metiunly,
seimulated FPaman was the £lrse cobevenr
Ramant teaneitbaue to be st i a0 sbock compresne |
snmplo.’” Solmalaved Robnan unnrtorlunjl Wy

whott the Lec ey baner tntopsity T Raman



active material exceeds a threshold level and
generates a strong, directional (fo-wards and
backwards), beam at the Stokes frequency. The
backwards directed beam was conveniently used in
shock experiments to minimize the experimental
complexiCy.so This technique does have some
disadvantages: (1) the Iincldent laser powers are
large; (2) not all molecules have the required
large Raman cross-section and narrow Raman
linewidth; (3) only the lowest threshold
transition in the condenscd sample producas a
signal; and (4) spatlal resolution is limited to
the confocal parameter of the focusing lens.
Inverse Ramap or stimulated Raman loss
spectroscopy (SRLS), and its analog stimulated
Raman gain spectroscopv (SRGS).SZ have been
luggel:.dsa'sa as dlagnostic technlques for
shock-compressed materials. 3ignals can be
obtalned at power levels counslderably below
those required for stimulated Raman scattering
wecause the process is driven by the presunce of
both the {rcldent and Stokes laser flelds (see
Fig. 5). In the process, some fractlon of pump
pliotouts ls converted into S,okes photons. The
lfference v the twn techniques lles Lu which
beam is detected, In the case of SRLS, the loss
of photons at thie pump frequency s dete«ted.
in SRGS, ther galn of photons ut the Scokes
frequeizy la Jetected. The lack of accurate
{nformation on vibrational frequencles at
rlevated pressurus and temperatures, and the
dosire to detect more than onc specles, dictates
ihe udo of a Lroadband laser for one of the two
tuelident pulses. The llmiting detactivicey (s
‘et rrmined by the spectral noise (n the
lirumlband laset unless signal averaglng or

doulide beam technlijttos ire used.

e dohietent antd-ttokes and cohevent Stoked

Pttty 50alne CANG CCARS winl CSRS, vespeut iyelve
ciee Flyo ) ovenr as four-wave parameivie
procunties {n which threa wives:, two at a pump
Iredgiuiey aml one a4t elther vhw Stokres (CARS) ur
autd-Staked GESRGE Leespreney ave nlxel oo
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FIGURE 6
Coherent ancl-S:okgg Raman ("ARS) apparatus for
shucked materials,

sample to produce a coherent beam at the antl-
Stokes (CARS) or Scokes (CSRS) frequency,
respectively, This mixing ls greatly enhanced
Lf the frequency difference between the pump and
the Stokes (or anti-Stokes) laners colncldes
with a Raman active mode of tho sample. Like
SRGS and SRLS, CARS and SRS can be produced uat
lncldent power levels considerably below those
required for stimulated HRaman scattering.
However, in CARS and CSRS, phase-matching is
required, 1ind possible ge: netrlc arrangements of
the bcams are limited. Flgure 6 is a dlagram of
att experiment used Lo measure CARS spectra in

35:58 14 nolse in the

shock-compreassed liquids.
broadband, Stokes. dye laser ipectrai profile

also causes piobloms with the CARS measurements,
but does not preveut detecilon of “he ypectium,

as Lt misht Llu SRGS or SKLS technlques, To

Lnterpret the iata, the spectral profile ol the
broadbawl ve:laser pitlsie Ly racoriled at the
sime time ay the CARS specivam usiug another
aspartrometer ‘. photwllmle arrav. 07 Mousurementa
thatt have bheen male to e aglung thae GARS
vochulgie Inelwle the presoare and temperatiea
shiifes al the viug veteblng mode of bheptone o
16.% HDA.UB'“" thee ON atpecehilng mole of



nitromethane to 9.0 GPA.56'59 the fluid Nz
vihration fundamental and hot-bands to 19 GPa
single shock and 41 GPa double shock.57'58 and
the fluid 0, vihratlon to 9 GPa.?® These
results heve shown that CARS measurements can
provide very accurate molecular le rel
Information at pressures and temperatures of
interest to both the shock-wave and equation-of:
state communities. For example, the data have
hean used to test theoretical estimates of
vibrational frequencv shifts and bond lengths in
these dense molecular flulds.®® Through such
theoretical modeling, Lt should be possible to
characterize molecular potential functlons a:c
very high denslties and temperatures,

Ir. CARS experiments, the temporrl resolution
{s determined by tha laser pulse duration,
However, since the beam rrossing angle is
determined (at from 1-3 degroes) by phase-
matching requirements, spztial resolutlon {a
yulcte poor, being of the order of the confocal
parameter of the focusing optlics. Ono advantage
of CARS and CSRS experiments is the larpge
signals produced, allowirpg discrimination
agalnst bacitground fluorsscurce and emlssiou.
however. CARS and CSRS produce signals even when
there Is no vibrational resonance, which ls a
problem when attempting to detect small
concentrations of spezies. The resonant and
non:resonant parts Interfere to produce
asymmetric line shapes, and ultimately, the
rosonant contribtution will te loat in the nolse
{at the ppt level). Howsver, the asymmetric
ilneshape has 30 far been used to advantage when
licting spectri Lo determine peak poaltious and
Hnnw(dchl.59 Still unexplered Ls the
pssibility of using neerby electronic
transitions to tesonantly or near:resonantly
vitidnica the ARS Internsitles (ay was idlgcussod
ithore for spoittatieous R.‘lmmm).()1 lowever,
conslderable theoretical offort intu che effect:
ol bioadenlug electronle and vibraclonal

tranaleions on CARS lineshapes .t lutenslitlics

needs to be undertaken before resonantly
enhanced CARS can become a truly useful
experimental tool.

Raman:induced, Kerr:-effect spectroscopy
(P.II(ES)';'2 has been suggesced53 as a diagnostic
technique for performing measurements in shock-
compressed systems. RIKES uses a clrcularly
polarized pump beam and a highly linearly
polarized broadband Stokes beam, and requires ne
phase'macching. At ~onditions of Raman
resonance, the interaction of the two beams
results in slignt ellip:zical polarization of the
Stokes beam at the Raman resonant frequencies.
This elliptlical component then passes through a
crossed polarizer, and is detected by a
spectrometer/intensified dlode array. Thlis
arrangement ideally would glve large signals
agalnst a small background, making lt a good
choice for the detection of species with small
concentrations. In shock appllications, however,
difflculties due to birefringence 'n the
stralned rhock:compressed sample, or
polarization rotatlon on reflection £rom a
shoched mlirror could result in detection of many
incident probe frequencles lrrespective of a
Raman resonance, and would glve a large unwanted

bachgrounu.62

3, SUMMARY

We belleve that the use of optlical probes in
shock-compregssed materials will coutlinue to
spread and [ncrease, The tecchniques most
revealing of molecular propertlies, such as Raman
scattering, will give specific Informatlion
regardirg shock:induced stiucture :hanges,
chemical reactions, ete. Thils information, when
used {n conjuunction with the very lmportaut

60,6364 and future 'heoretlical efforts,

recant
as well as established bulk property
expariments, w'!ll provide Lnsfight (uto tle
Jetailed microscoplc provasses through and
linmedliatoly beliind the stk front,

Complamentary hilph pressave/high temperature



statlic measurements will be used to test
diagnostic tools, determine structure and energy
transfer rates at shock-compression conditions,
and, hopefully, help to distinguish between

shock and static environments.
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