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cal Information Center is to provide
the broadest dissemination possi-
ble of information contained in
DOE’s Research and Development
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academic community, and federal,
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Although a small portion of this
report is not reproducible, it is
being made available to expedite
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RAM N SPECTROSCOPIES IN SHOCK-COMPRESSED MATFRIALS*

§. C. Scheidt. D,

S. Moore and .J. W,

Shaner

Loa Aifamoa National Taboratory

Los Alamos,

Spontancous Raman apectroscupy, stimutated Raman scattering and coherent

Raman sciattering have been uaed

vibrational frejuencics for detonating and

New Mexlco

antl-Stokes

ti measure temperatures and changes Ln molecular
Aliocked materials.

Inverse Raman and

Ramiao Lnduced Kerr effect spectroscoples lhave heen supgeared as dlagnoatic probes for

etermining the phenomennlopy of shovk-induced chemical reactlons.
uaing Raman

advantages, and disadvantapes of

The practicaitey,
Heattering tuchniques as diagnoatic

prihus of microscople phenomenalony through aml tmmedlarely behind the shock [ront .|f
shock=-comprisded molecular systemw are discussed.
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Ramin  apectroscopy 18 a potentlally vatuable
exoerimeutal  techulquer  for ddetermining  the
strustare apil oty traudter  mechanismy
domluaat througle aml tmmediatety  behlund el
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e tulerstawdlay thl 4 phenomenslogy will re-
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waves are believed tn be of the order of 1 nw
or leas 1In thickurss. The passage time
tnrough the frout of a4 shock whose velosclty L
5 km/9er i3 thuy of the order of 200 puec  or
lenn, Henew, Lf wie deslee temporal and
apitlal resolutlons theomgh a shock-trout (5
data  palnts), the diagnostic technlijue o=
fectmdl mane be capabte of spattal and temporat
reavintious of 9.} n aud 30 pyacc, respective-
Lty. I paee chemieal reactloua are  ddomlnaut
asg 1y tor cerguale materials, the
temporal resolatlion must be betier. Within
bawlwl.lth ul  Ifffeactien lLimlts, optical
techul:ptes af fer o pritentlal tor achileviag
apatlatly rusolwal Last temoral measurements.
llowewer, otth sl methods there are several
compl Lot b, Mty materlalv are apapue og
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OPTICAL BEAM

Refractive EEfrcta OF
On Dptleal Beam.

Flgure L. Shnck  Wnve

of the uptleal diagunstie, measurements  conlld
tnelude the effeets of borlt the shoek stlnoius

and the phoivchemleal et loa.

Meadinrementu mule sl woulomeyssaeonun gamp by
often ars  averagen over the aommlformlit Les
aud eowtnpuent ly o aot reflect the detalln of
chr mlerostructurs:. For maserlaid  1lke
grinnlar exploslven the wonhomegeurous nature
1s readtly appitreat  awl  experimen s oare
Interpreted areorllugty.  For qup lew thoughit
to be hooageaeous, ambigulelea et arfqe,. For
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Avetone Misturn

example, Fig. 2 deglcts twe Lmage-intensifi-
er-camera plctures~ of the shock-front of di't-
onat ing nitromethanc and sn B80T nitromethane/
20X scetone  mixture, Liqulds are often
thought to be homogen2ous materfals, however,
thege plcturas show that microstructure exists
in che viclalty of the shock-front. Nothing
{s known about the microstructure {n the
reglon lmmediately behind the Ffront. When
perfrrming experimenta on nitromethane or
similar =ibstancea, especlally exper Lments
utitiizing optical tachniques where spatial
redolutions of tens of mizrons are desired,
one muAat be aware that resulta may actualily
reflect an averape over a amaller
characteristic microstructure. Converscely. a
single rieasurem nt with aspatial reaolution
sualier than the micriateucture may be
misiaterpreted as repeesentative of the
average matariai.

INCHHERENT RAMAN SCATTFRING

Spontuncous Raman spectroscopy In  ahock-conm-
presyed nyatems wan firsc percormed In datorg-
ting crystalliue Hexogent: (RDX) .

Subserquencly the techniqua has been used to
mensure  the wemperature of detonating ultro-
metiane’ awl to Look b the ireyuency shift of
vibractoaat hgngu ot detonating pentrite
(PETN) amil RDX. * Ay attemp: LA prescntly
umler way to perform Raman acattaring mensure-
meutn In a medinm  whicih is %hnrk-rompresned
nsluy 21 high vetoclty gus guu.

Raman  scattercing
ol tight [rowr
crodua-sertion  anl
tlvzlity are wounabilezably
dipole  wmlsloun/ abuorption
amiil scatterfug crods=-section bevcomen partle-
nlartly rulevant when the svetcerling mal{am han
u Large  backgraund emisslon  level such  us
might  be rrue In o hot ol k=crompritkdgyd mates
rlal. Thla dlfflenlty van be cvercome to weme
egree by atslng  a ahort wavelvougth vxrelelug
Mmpetey; however,  cure mudat he taken  to
avo [t Intertering £ Lioveveene e Erom
photoctraleally produesl gpecien,

moLleculsen, The Hractueriong
heuer the detectinn geast-
Hmalier chau for
provesses. The

Sture Kamaun weattering ocenrt laty 47 averaildl -
aud, detectina can be made at an angle ta the
wreltlag besen o that  apatlat rewolution Iy
ietermlesd by elther tlte Jdifliractloa timle of
tlee optteal componrurs or fae sewietlvicy  of
the detweror ol the magon! twde ol the aeattor=
Tug vean=aee foue This bea algatfleaor al-
vt age  compareal to ddlpole cmtaa, o/ abnorp-
thaa  tecbalques where  the  olaperved et feet
reaulte from calanlon/ ahaoept ion alaapg a path
Tengthe femporal renolut ban Lo [imbited by the
avanll vty of thn nteector, 1he  pulae
durat b of the exeltlug  Laner il tine
magul il of the medattertug cronu=aoet lon, A
reanlut ton of apprecimately 10 nree wast
aciteanl ln detouat tg PETN. Y R )
Al 1rhqmnllvuilv the Raman  tratitoriug  ux-

b
pul'lmuul-(' woul to meadre temperaturen via

fa the tnelastic su'.nttu.rlug?



STOKES, ANTI-STOKES RAMAN SPECTRUM

INTENSITY RATIO
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Spontnncnu7 Raman Scattering Ex-

Figur:e 3.
perim nta. b

Stokcea=aut L=§tokes Intenaicy ratlos aml
vibratlanal frequeacy  shilfes far thock-com-
progdel e tonat Ly witerwals.  For h‘ltl: vxprr-
tmeat:t  aeatterlng  was observed at 907 to che
Inrtdeat, excltlng callatlon.  Temporal resalu-
tlon wid al the urder of L) usec ami 1 30 nsece
window wun obse_ gal  Ln whieh measuremeats
conld be mule before the Inteeas fight emleted
by the detonatlon froat pave a large onaek-
g'ruuu-l Ltuteustty.  Baswl on a PETN detonat lon
veloetty of - 8 ko/=aee this fmplles the ohuer-
vatlon replan wan about 450 mleroan loug.  The
detomatar wat tloe ma jor toures ot tlmlupg au-
rertatuty, Ayerlap ol the Laner pu'te Jlth
the W wiee wlmlow coald be Loproved by ualugp
a mor. proeelae trilggeriag Ml fov
f-nwltelitue the Laser, Ttur totormar oo whodeh
i be patwesl trom tluews kol ob exper bneat
I priwartly thee bbb In wolbecalar mweryy
leve la reemlttuy | rom ok =cossrecbon ol an
patlneate ot the vibre ot lonal temperatu o la the
roglon beblwl the alwock=teonts Althongle goeld
apat Lal  rewolat lon 1o ety Fleree e
QL1 dlrteult beor bovaete relract bae b
whtoett, analenteted Lo Fig. 1, make preclae
opt Leal al Lgumeat i Lealt s Goapliag theeue
problems Jlth o ametd weatterlbay aap bt
apprectt to Iimit  the poteattal al aedtatry
Roman seatterlog (ov makbaa prectas aput bl
mesti e nt o, pactleal e ly me e meut
tlaoagl, the ahoek -braat el the ettt Lo ot
apue bt winle ama LD conteeat ran Baece - Advenat e
Al D sl ket ot cpoataaenaner Raman ueat -
torbag v ogleen L Falihe 1

Rewvpauens Ramin weatbteciag oveare wleen e
pxetElap Prepoeeaey = lu  rertnaes or e
rooputge wlithe an et traeddt bon st b
averl e, v Far L tevete sl cond ronen vecbaes
wutee Aamnu b echgts Phe e teresl Taten -
alty cau betvepns clount beal ity loath tor
|l vt ¢ aml srveriinete Ve oml velbo Ta -
Pentt b1V ot aaliny Deveme P e b ta Y e et

of resonance fluorescence. In addition, for
disrrete resounance Raman acattering, since
laser radiation {3 belng absorbad by the
sample, complications from phorochemiatry and
3ample heatlng can be expectea. Time resolved
nsec Aand 55?8 reagonance Ramin ApectroAcopy ex-
perimenta”* have Lien parformed 1in diiute
solutions 2t Aamblent condltions. Genevally
algnal averaging was used to {improve alg-
nal-to-nolse ratlos. Pulsen resonance Rawan
scatterinpg measurement9 may bhe possibie In
shock-compreysuia gystama to determine
vibrational Ffundamentals and overtonea of
small cuncentration speclea. However, gatlng
of the etactor might be required ta elimiuate
fluorescence effe=fs. Also, rcaulcs of riungle
pulse crperiments,” whife {mproved compared to
Apontaneoua Raman acattering intensicle do
not slow signal-to-nolsce ratios aa flarge as
observed uning the cohcrent techniquuy
discussel later in thla paper (Table I).

COITERKENT RAMAN SPROTROSCOPY

Several vohurent Raman  scattecing techulques
liave  been  demouastraced (Fig. 4).  Advantages
o chese techniques, primarily due to  large
Aacatterlug  Intenatties (Table T) and mintmal
exprrlmeutal compiicatiung, are increaged de-
teectlog sunaitivity, temporst resdalutlon
Limien appruaching Laser plue  durations  and
poalble  gpatial resolution appraaching the
difEracelon Llmie of che optleal componeu:st.
As  with altl optical methods, optleal avcosn.-
billty (l.e., becansge al onacity) remalnn
mijor JdCFTealty with e coheesat Raman tech-
algue,

Aavkwitrd=at Lol ated Ram:..a acatterluay
(B5RG) L been obierved Ia slm-:k--'.umpr.--i.-ul--l
e, Stlmul.aredl  Raman ln:.-llr.--.rlm;l 1
(Flgo 4 oeeara whep the InelJeat taser lotea-
qlty In a mallum excemile o theeshofd Tevel il
rueratea a0 qrrouy, Htlmctated, Stokes heam,
Tl threababd Leve] Is adetermloed ov o the Ramian
croeve=teet low sud laewhdbh o2 ahe tragasithong
aanl by the torwdlug parameters of tle Lae Ldeat
b sam, Typleal ool Tatenslt Lea are
o=l eW/emt s Flpare 5 [llnterates phe
arcanpraecat aeal tor 1 baexkward b fmadat ol
Ramiu teatterlug sxperlimeat s An atluwloem proe -
juetl L of Dnown veloelry from i
Yl=n=d o b asloog gas gau lapacted o al=
umbuua  target ptate praaloceten o thock wiave
whiel van Gorward tato a 9 to Il=em=thl.ok Lea-
Zewe 'r.)-n|ll-'- itawlaedl Lt et Log teeb-
atpee wluy publlalusl aluwh seeloetty/  pac-
tlhele = boe T br data woee et ba et e e floe
thate ot the abock=comperiegsl lenzeae, A
whstle Ot -Lang, Fempueney - dogh Ll i =qupand
vitrlam alumluwnw gavaer (NdvAn)  Lasee pulae
Wit Lavienal theanet the gquartz whinlaw 10 5
prtur o the hevgzege ! ta o oma ta Proat ol o
v ctmp e watle o Pl timtag tspoenee vt e -
tevabwest by tie hueamlan peaeset | e, butaew -
vl b et el Latteer ecun, Lo e et ton
with e pprapebate clwe ey, tolggevad  phe
Lveer 1 Ledhe Lomp qppeactmgt e by e e pelare 1



{mpact. A time-of-arrival pin activated just
before (impact and the appropriate time delay
served to Q switch the faser just prior to the
shock wave striking the quartz windois and
after it was well past the focal poilnt of the
fncident taser iight.

In liqul?6 beuzene, the v symmetric
stretching mode at 992 ¢m~! hes the flowest
threshold for wstimulated Raman scattering .
tnduced by 532-nm light, and was the transi-:
tion ohdervi d in thedse experiments. As
deplcted in Fig, 5, the backward stimulated
Raman beam was separated from th: incldent
laaer oy meaus of a dichrolc fillter and was
then Fo-used onto the 10-p-wide entrance slit
of a i-m Czerny-Turner apectrograph ecquioped
with a 1200-grooves/mm grating used in firsrc
order. Figure 6 showa the resulting
speutrogram for benzene shock-compresaed to
0.92 GPa. The roflected incident faser Llne
and the bnckward s:iimulated Brillouin-scacter-
ing Line at 532 nm are observalkle, aa are the
backward stimufsted Raman-scattering Lline from
the sharked samplec and the backward atimuiated

COHERENT RAMAN SCATTERING
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U oS ' f :
—— } L. l W Vi
: Y
‘e, Am COM PNL NUL- SYCAFS RAMAN
; l"l‘-:l' : 14 ey  COMLATNT STears 2uus
umanct | 1 ! ( .
- : [)
MY M )’/l - } -
. ) v [
; A ~IWTY Liuan
STRALATID Raan \ I '
f i DU D KL (TPICT N
oo e
[T w)u - ]u ‘@ ] 'u-l JOT
[ L - - - byl [ . ;
I "% [P v &
R

tohereut  Ramaa  Scattertuyg  Tech-
nlques.

Flgure 4.
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332 nm Ambien’ Shocked
Benzenc Benzene
Figure 6. Scattered ILight Spectrosiem For

Shock-Compressed Benzene.

Reman-scattering Line from amblent benzene.
The Llatter feature resulted as a consequence
of the shock wave lhaving passed only about
two-thirds of the way through the sample, and
hence a Atilmuiated Raman Ssignal was ualso
ohtained from the unshocked itiquid.

The frequency sh!ft of the Raman line
wiil have smail contributinns of approximately
0,1 cm™! because the light crosses the moving
fnrerfnce between two media of diffcerent re-
fractive Indices and because the _material
behind the shock wave was .noving. Since
these c¢rrors ave considerably Less cthan the
experlmcneal uncertalnty of * 0.5 em™! Ear the
mensurud fieyuency shifts and are a small
fraction of cthe shlft durr to compression, no
attrapt wau made to correct the data for these
vftectm.

Figure 7 gives the measured ahift of cthe
v, ring atrecching mode vibrational wave num-
ber versus predsure af the ahockeld benzeno.
Obucrvation of  the ring-stretchlng mode at
L. 18 ©Pra strougly SURgrHLa that benzene
moLnien sl exlsred deveral mlitlimeters
halitud the shock wave at  thls  presaure,  but
dors “nt. however, cerclude  sume ilecerpost-
ttou, !

Stenal beam lutensfclea unwing BSRS  are
wufflejently large that FLlm can be uaed as a
tletrtor. The farge Lncldeat futywnuities
resquied, however, can vaune damage to optleal
compoueits uear  foeal  polats, Spatial and
temporal  redogution (Tabie T) are detormined
by the canfoval parameter ot the feming Lens
aml  the fneldewt laaer pulase duraction. Thn
BSRS techualbpue  alay aufferes Lrom  che L=
flealty  that only  certaln matecniva produee
atlmul:ateddl Raman suatreslug  aml  of thoge
moleculea only the loweat rhireshold trausitlon
protueces  wat terlug. Thrrefore, stlmulatol
Ru 1 weatterlug 18 probably beat nned an a
diaguoatle ta look at stngle uetect gpeclen In
the  gtemly ruglnn heomldl  the front of a
mupportel ghock,

luverao !(.-lm.- v oor gtimelatel  Ramia  toan
Apeeetoggeopy - (Fig. &) lan been  aug-
geettwd ™ an a adbaguost Le tochal e for ghock-
rompreaac] ayqtemt. Seatterlog e ocecur  at
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RABEARS Repridentsy Twn Data

I'nlota.  tHoeegtalutlen Ta The Dat.a
Are HLasa Ou the data llnlat.

IneLileat power Levela conanbiderably below those
coapatred  far sttoebited Ramao seattertag by
overlapplas tlue pump beam wlien a beam, winatly
a  hraad  bawl aoaree, at e auri-fitokea ee-
queary,  Radbat bou 14 seearternad Crome the besanl
b taree (appeitent as oan abaorpt loa)  [ato
the pump Foequeasv, No o threshaldl tateosity
exlids an la the coens ol silmulatasl aman
wead torlap, heaee, cle vomp labe Rama=get Lve
qpeetrum, wlth subfl e lbea, Intewtiey (s
overcaees luocesecaes il other backpronul
el leeta, abeuhd tlo be vidipte.

Slaee  plurte matehing I aot reawd el oan (o !

mioy ot e ecolurreat teclmbygen dlaeaeus]
Later, teveral ot rle arcaupemeat 0 e
sl e, Spat tal il temporat tevtn e Loy
(Table 1Y ahwoatd be tle Shifraotlon Yimgt o al
the ot leal componmue awl the Laer ol
Leayth, l'l'.'l|)-'l‘l'|'.'l'l'_- . Adbicrealey does el

whth the  Loyverte Ronan tecbalque whon 1
browudbaml  odve Lewver Lo el o vl i b e
teeams Rowsthoestee ar Trreealorivbon ol plue Lo
tesiatl ty ol e cowt baeny, e a0 e baa
Yelta lar ol the optilies ta the Later el 1t her.
mal arclicat o La the alse atream, s e af e
weler ot clee abaeerpt Too al s, Hloer wlber el

affecting spectral resolution and detectlion
sensitivicy.

Coheren: anti{-Stokes Raman scattering (CARS)
and gghisent Stokes Raman scattcring
(CSRS) =“* (FLg. 4) occur as four-wave psra-
metric processey In which three waves, two at
a pump f{requency and one ai elther the Stokes
or anti-Stokes frequency arc mixed in a sample
to prcduce a cohzrent lLeam at the anti-Stokes
or Sto¥es frequency, reepectively. The mixing
ts greatly enhanced LE the frequency
differancr hetween the pump and the Stokes ov
anti-Stoki's frequencies colncid2s with a Raman
ective mode c¢f the sample. Like !nverse Raman
scatteriug, CAKS and CSRS can be produced at
fnclilent powir Lcvels considerably below those
required for s8timulated Reman scattering.
h.wever, since phase matching s required,
possibhia gevmatrical arrangementd are {imited.

Flgure B deplects an experifment used to measure
CARS in shick-compressed 1Liquid benzeue and
mixtuces of benzuene and benzene—ily . The gay
gun descrided previounly waa used to  accaler-
ate u magnesium projectiie with an B-mm chick
304 atalnless sgteel warhead to a desired
veloclcy. Tln: projectite atruck a 2. i{-mm
thick 304 atalnless qtaee! target plate
prinlueing . siock wave whilivh ran forward iLrto
a 7.5 to 8.0-nm thl:sk Gbavzene (or mixrare!

sample. Stalnless  steel was chusen becausc
previoud experlence has showa Lt to retaln its
retlectivity  under  shock  ompresstion. The

state of  the  shoct=vompresswl samples  wan
dueternlned uding nuhl&shvd shock-veloclty /par-
ticte-velovity da.a. Mixture eusteies  woere
determiuedl  acecording te  volume tractioun of
beuzirne amil beazene-d; . The tlmlng  saquence
fur  the RBBEARS experiment olftfoernl trom chat
of BIRYS axperimeuts in that 1liminam
tlme-nf=-arvival plns  replacwal the leNe Laver
bram tripgpertuy syatems SLace the Ramm | roe-

:l-.t;;pl . Tersad
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quenciea of the sliock-comprvssed materials are
not precizely known, and since we wished to>
producte CARS signals f-om tnre than one mode
or specifes, a broad-band dye laser, with a
bandwidth equivslent to the gain profllis of
the dye, wss used a8 the Stokes beam. A
portion of the 6 ns flong frequerncy doubted
Nd:YAG laser pulse was nsed to pumv the dye
faser. The resulting two laser beams (dve and
remaining pump) were passed through separate
Galilean telescopes and sent along paralietl
paths towards the sample. The heams were

focu<ed and crossed (with aporoximately { mm

Ltength of overlap) ut a polnt 4 mm in front of
the reur sample wal%,uslng a previoualy de-
scribed technlque. £ The he.am crossing angle
(phase-matching angle) was tuned hy adjusting
the axial distance between the paraiiel beams
using a precisifon tranalation stage on the dye
laser beam turning prism. The CARS beam was
reflected out cf the shocxced sampla by the
highly poiialied front surface of the target
platue and along a path paraiiel to che two
fncominy beams. After being acparated from
the pump and Stokes heams using A Loug=wave-
leugth-pass dichroic fiiter, the bean was then
passed chrough a dove prism amil focnsed onto
the 75um wlde entrance L1t of the spectrome-
ter. The ilove prism was used to rotiate the
fmap: uf the CARS wnignal no that any beanm
movemant reaultling From the changlug posltiou
of the reflecting surface during the shock-
compruedsion prucessy would translate to
movement  alon, ratherc then across, the spec-
trometer  entriance  uife. The signails were
ditected ot the exlt «f the apectrometer usiug
i Hlileon-futenstfled-tarret vidiecun (EQH-
Par 12050) coupled to an optleat matei-cliiunet
analyzer (ODMA) (EGL=1"AR LJQSA).

Fleurs ' ahowt the OMA recor-il RBIEARS
glunals  €or tler riug=strrtchilng modes of ben-
zeae aml beuzene-d,  tn a0 007 benzene, 407
beazewe =l (by volume} mlxture, buth at
ambient wcosmditlons aml  ahovk=compregsed  to
0.91 «cla. also  gbown 1y the 253,652 um lig
tiue Lo nevowl avilyr aeenl an g wave Leagth rea=
erence. The  speetrat data abtabwal  -ining
RBBCARS alpwn uo  evidiuee  Tor  the  preseace
behiml Ehn dhock  of  decompogitian proluct
upur.lt“ll' (ar vonveotrationn above the 10-210%
favel) taviap Ramian avtilve trauwltioun wltlila
the vibratleual teequency  roplon gpammal by
the paln protlle of che dye (Loy between BDD
awml 1100 vty Tu  wbdlirton,  the apectra
vbtaluml Ior  the elxturen oo uot ceatalo any
evhilerove Tor Alectertun sxchonys react Lo he-
tween  the henzeae mpeelen unrlng, the =1 un
alfter pautage ol the ahork, Tt exetizbye band
orenreed,  vew  peakn would be ovblent bt ween
the beaseue st beozeae=l, traastltlean, Meu-
anrml  vibratlounl  riap=smiratehilay  Froooeey
gh!'rts Ffor beazewe obtalaed aalap RBLARS  and
tle andFtc meanaeed wnla BERG an s Fanet Lan
af ahock peectgree are slhowa o Py, B Tl
data fadbeates that the tee techmbpoes @eannre
wiptlyaleat Feegqueeey ahld Mt at viulyva bear
ulewk presanroa, Teapoeal rewolatlon e the

RBBCARS

w
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Figure 9. RBBCARS SPUCEEHZL The Amblent Peak
Positinnd Of The Two lpeciea Are
992 ¢m™' For Bruzeno Amd 945 em~!
For Hunuunu-ds.

RRBGARS techulque L3 determined by  the  taser
pulse durattion. Sin¢e the hceam  crouning-
duples requlred for phase matehleg are a tew
degrees,  gpatial  resolution L3 gomewhat Less
than the coufecal parameter af  the  focuslug
Lteaa (Table 1Yo This dlecrease in spactal res-
oincion lrom that poteutially avalliable with
fnver:te Ram:tu geattrring ta a digtinect
dlyadvantige nf AR and SR, and will
ultlmately  be  a hamdicap whea trylug tu mea-
Aanre  relaxatlon  pheoonenn in the replon
Immed Lately behtwd thee aboek-=lroat.

The real advaatage  »of BARS anil ESRS expne 1=
meat 1s the laggs seattering  Intensticy  aml
bram={lke uwature ol the signals that enabte
tramunloua diaerimluation  agatust  backg=ouml

I Laoreneaes il vmlagtlon. CARS aln
feespaerney llaerimlnates galnant Fluorenceen:e
Interferean e, By  qiraper sample o lectlon,

luterierecaee From the vou-reaoanne barkgroaul
al qual1t awml erogu=talk betwern clogely gpamed
ITaes can lor mlnlml el Becande of the Large
algwitl =t n=palae rattoa expeatel, cletectiea of



specles with concentrations drwn te part-per-
hundred levels shuuld be poss.ole.

Reman-laquced Kerr effect spuctroscopy
(RIKES)“ " _has heen suggested as a dlagnostic
technique™ for performing measurements in
shock-ccmpressed svstems which wmay have a
large non-resonant background. Simiisr to in-
verse-Raman scattering, RIKES requires a
single trequency pump b:am. a bruoad-band prove
source, no phase match.ng and lower {incident
power levels than stimulated Rsman scattering
(Flg. 4). Apprepcilat: polarization of the in-
put pump and probe bcams resules In a
acattirred probe beam whose polarfzation 1is
rotated at conditions of Raman resonance. An
analyzer piaced in chn Jcattcered probe beat
thus _ransmits 1light only at differcnces in
frequency corresponding ti* Raman resonances.
This Arrangement f{deally would giv-. a large
signal ifnrensity agalnst a s9mall background
making Lt a good clinlce for thi detection of
gpacles with 1mall concentrations. In shc 'k
applications, liowever, two difficulties ecnutld
arf4e.  The strainid shock-compressed sample
could exhibtit hivefringence which would rotate
the polarization of all of the Lncldeut probe
frequenciva, resulting in n  large anwie e o
background. The sacoml probiem arises Ln geo- |
metric arrancement  connideracioos. Sincu a
polarizatlon anatyzer 19 requirwed in the out-
put beam, a stralght {lae transmission
arcaupement la the mogt  fogleal chalrce. A
devonml choter would be simliar to Fig. 10 with

optical cumponeots  arraunged to null any
polarizliag etfocts af the refleccling anctaee.
Temporal anl gpatial resolatlons tor sumch an
arcaugement  ghoudd be the faser pulie Leagth
aml the diFfraerilon ttmle of the optleal  onm-
prucut:t el

Filpure 11 shown  twn RIRES  gpeetia From two
dirtereat experlaeat of tle 92 om™ replon
of bruzear shock-compres:aed to 1017 BPas Both
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Figure 10, Qanwe Loloeed Keee Flbeset Seatber -
Lag Xxpercloeat .

traces have spectral features, however they
are not consistent aud do not exhibit the
preasure-induced frequency shift expected for
the benzene ring stretching mode based on
previoua BSRS and R3BBCARS experimants. In
addition the broadband signal at the dye

frequency suggests a shock~-induced
polarization rotation of the entire pr e
beam. The conclusion reached from these

experiments s Lhat while Lt may be pnssible
to perform RIKES in shock-ccmpressed materi-
els, the experiment will he conslderably more
difftcuit cthan techniques not requiring
polarized ifacer bcams (Tabie I).

If the output beam of a parametric mixing
proces:s 1s sufficlently strong, it can ‘urther
mix with ore of thu incldunt beams anu create
a new output beam at yet a different fre-
quency. Higher order Raman spectral exclta-

e T T T T
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Flyur: 1. RIKES  Speotra or Twur Shock -
Bompres:l - Aol due AmbLeat 'res-
mure Deazeae Experbmeats, The
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Vihrattoaal Frequeaes At 992 oq°
v ityon Oy The Lower Troace. The
Kryptou  callhro Liaen Aree
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TABLF. I. RAMAN SPECTROSCOPY

Temporal jpatial
Technique Resolution Resolution Difflculties Advantages
(us) (u)
Incoherent
Spontaneous 10 1o Low sensitivity limits Can ldentify vibratlonal
temporai and spatial res- gpectra and specles.
Difficult in high ecals- Can measure temperature.
slon background appiica-
tions.
DiZficult where fluores-
cence or photochemistry
occurs.
Resnuance 10-4-10" Lo May require small specles Can ldentify ‘ibrational
concentrations. spectra and species.
Could have compating Increased sensitivity com-
fluorescence effectr. pared to spontaneous Raman
scattering.
Colierenr
Stimulated 1o=4-t 2300 Spatial resofution mar- Can fldentify uingle vibra-
glnatl. tional spectra.
High power levels re- Good temporal resofutioa.
quli'ed.
liimited detectfon cupa- Scattered beam comes back
billity (single .ode and aiong incldent beuam.
specles).
Inversc 10="-10 1o Appears as a small signal Can ldentify Vibractional
on large background. spectrta and specles.
Noes rot require phase-
matching.
Good Spatlial resolution.
Good Temporal resolurion.
All Raman active wolecules
and modes scatter.
No non-t :sunant Back-
ground.
Ant L-Stokes
Stokes (CARS, 10="-10 £I0h Phane matchiung requlred. ttan Lldentify vibraticial

1pectra and srecles.

Spatial resoluttinn ade -
quate.

tynd temporal resolutio:.

Giond
vity.

detectlion senslel-

AlL Raman active molecul:s
damd oy sgeatter.



st

Raman Induced 19-"-10 10 Sensitive to birefrin- Can fidentify Vibrational

Kerr Effect gence effects.

(RIKES)

spectra and specles.

L ed3 not require phase
matching.

Good spatial resolution.
Good temporal resolution.

All Raman active molecules
and modes scatter.

Other Complicated.

tion studles (IIORSES) (Fiz. 4) have been used
to generata collerent second Stoke: and second
anti-Stokes bheamy. Other wulti-col.r paramet-
ric mixing processes using polarized beams
have been used to observe Raman transitions.
These techniques are generally used to
suppreds non-resonant hackground effects. Ob-
servation o9f any of these more complicated
proc:sses In stock-compressed systems wiil
probably come after some of the techniques
discussed previonusly are further cdceveloped.
Optiecal allignment for any "echnique rejuliring
polarized bheams wili surely be dtfEfcult.

SUMMARY

Several spuntaneous iud coherent Raman  scat-
tering machaalsms have been dlscussed a8
pot-ntially valuable dilagnos.:le techalques ter
determining cthe stricture anue energy transter
mechanisms dominant during the aliock «com-
presslon of comlensed-phane molecular gyscems.
The pracvcleatley, advintanes anld .dlaalvantag.es
of wich techuleom: have been summarized.
petallv ‘escriptions of backwar:dl stimulated
Raman  geattering amd reflected bromlband co-
hecent anti=Stokes Raman seatterliog have  been
glveu-

Two  Eanilimental timitatlons of moking experl-
meutal meagurements fn the replon theeagh  aml
Immedlately  behind thock Eronts are the maxzl=-
mum possibice 9paclial resolatlow whislt  can be
achtevesd  aml  the Inepcaqded bamlwllth of Sast
rempor il metarements. For slalble waeefensth
pptlcal measuremeuts,  the (UG octlon Himle,

or cpatlas redaolutlon, 1a ~ /2 a0 Por bt -
codeegnil  temporal techalbques, the bawldw bt
ar ppectrod roessctat bow, I« tueny ol

wiveaunbere

In the vear luturee, gay Flve vearg, we helleen
the evolat o af Raman fuweatiecine mesctarement
tu  conanction with oattver Jdbapueatle teech-
abipen Wil enab e oo Lo pestorm the Lol Leding
metreaeat o (1) determlivat Lan al
slbeattemal o vrgy Lewcl o b many ol —eam -
prewual materlh tap (U D Leap U Lead Tow ot mate -
rlat ghaged whea adewk —samipeessag s (10 Ll -

fL-ul-m I'or miany  mat et ot cheread
apesloen cooultlop Pesw ek =Lwdaeesl alesamun-
qlthan, polymerleatbor ol veaet Lo oo e-

termination of reaction-rate phenomenology for
shock-compressed materials, (lL.e,, how do
rates and phenomenniogy change with larg. com-
pressinns and high temperaturea); and (5) mea-
surement of some detalis of shock-front :ntruc-
ture possibly providing insaignt regarding the

unique features of the shock process. When
the results of these measurements are coupled
with presently known information, the

poasibilities fox Lncrepsing our phenomenolog-
Lecail underatarding of the shock-coupresaton
process are numerous.

The authors wish to thank C. W. Caldwell,
R. L. Eavensun, and G. A. Laguna Ffor thelr
assistance in performing the shockwave crperi-
menty 1nd A\dele Zimmerwann and Mary Ann Lucero
for tyoing the mannscript and preparing many
of the Eirgures.

REFERENCES

[Lt] Kromer, S. B., OUptlcal stwly of the
characteristics of shock~compres::.ui
coudenseil dietecerices, Suv,
Fhys.~Uspekht LL, (1963) 229-254,

[2] Daviy, W. .. Fine structure in
niteomthane/acetone Jetonat Leus, in
Short, J. M. (e}, Proeecedings uf the
Feventh Sympos lum o Detonation,

Anuapniis. Marye Lanil, NSWE MP-32-1334
(Naval Surface Weapoun  Ceuter, White
Dak, Marviaml, 1981) 954=-964,

{31 Sehotlz, C.. Linares, B., Cherellle,
Jooanl Poular.l, Se. Ultra=taste
phystco«chemteal sllaguoses of Jetonation
faftiacion mechanldms. Ln Procewdtags or
the  Efsheh  Sympesinm on Explosives al
Pyrotecholes, Los  Aawelen, Catifornla,
AD=/9"  (Natloual  Techol=al Turormatlon
Jervice,  Sprlaptleld, V.. ginta, 1974
pPaper St

{4l Bolaarl, F., Toehlatl, U, sl Mealt, AL,
Ramun seatterfag temperatare measueemeat

belilad 1 stiock  wavee, in Short,
de My Gubdd, ocremdlaet of the Sewentl
Symponlan B Detowat b, Aunapo: o,

Marvlhanl, NSWE MP=80-01y (Nl Surdaese
weapiers Uender, Whilre Oak,  Marylaad,
M8y =101,

1% Dedpueeh, A Clervntibe, T qoel MEvchane,
Cee Molovalar eleciralde greoctare ol
lattiariom ot wevan lary exploalocn,  In



-

(6]

(7

18]

(9]

(10]

(11}

(12]

(13]

(14]

{151

(tn]

[n

Short, J+ M. (ed.), Proceedings of the
Seventh Sympesium on Detonation,
Annapolis, Maryland, NSWC  MP-82-334
(Naval Surface Weapons Center, White
Oak | Maryland, 1981) 65-74.

Tatlleur, M, H. and Cherville, J., Etude
des cnndition d’initlation de ta
f2atrite (PETN) par spectrometrie Raman
ultra~raplde, Propelliants, Expl. and
Pyrotech. 7 (1982) 22-27,

Holmes, N., Lawrance Livermore Natlonal
Laboratory, private comnunicatlion.
Rousseau, D, L., Friedmand, J. M. and
Willlams, P. F., The resonance Raman
effect, in Weber, A. (ed.), Raman
Spectroscopy of Gases and Liquid
(Springer-Verlag, Beriin, 1779) 203-252.
Woodruff, W. H. and Farquharson, S..
Tima-resolved regonance Raman
spectrodcopy (TR”?) and refated vidicon

Raman spectrography: vibiational spectra.

in nanoseconds, in HYeiftje, G» My (ed.),
New Applications of Lasers to Chemistry
(American Chemical Soclety Symposium
Series B85 Americian Chemical Soclety,
Washiagteorn, NG, 1978) 215-236.
Dallinger, R. F., Farquharson, S.,
Woodruff, W. H, and Rodger:, M. A. J.,
Vibrational spectroscnpy of the -:lac-
tronlcally exclited siate: 4. nau:dcecond
and plcosecond time-redoived resonance
Raman spectroscopy of carotenuld cx2ited
gtates, J. Am. Chem. Soc. 10 (1978)
7433-7440.

Schnidt, S. C., Moore, D. S., Schiferi,
D. and Shancr, .J. W., Backward stimnia-
ted Raman scattering in Shock-compressed
benzene, Puys. Rew. Lert. 50 (1983)
661-hbh,

Maler, M., Kalser, W. and Glordmalne,
J. A.., Backward stimulated Raman scat-
tering, Phys. Rev. 177 (1969) 580-599.
Linde. D. V. D., Maler, M. and Kaluser,
W., Quntitative fLnvestlgaclons of ctue
stimilatea Raman cffec:c uning snhnano-
seccond Llght pulaey, Phys, Rev. 178
(196%) L1-17.

Ricir. M. ., Methieru, R 50 id Waladg,
J. M., Gtompressfon of sollids by utranyg
shock wives, in fHeltz, Fo aml Turabull,
D. (uds.), Solld State Phystaes L)
(Academle rress, New York., 19531 |-Al|
Mek, ko Do, Shovk wave compresaion  of
beuzcuny, carboe il Fide, warhon
tetrachioride anl  Llgquld atirogea,
Chems Phya, 52 (19.)) AN =602,
Elleasgu, W.o D0 aml llesl, Mo, Raman
tpretrit of  gulli beazeae  umbor Il gh
pregsuren, o Cheme Thys, 41 (1974
1380=1189; ehla w19 callel B In
llerzberz, Go Infrared awl Raman cipesct ey
(Van Nostrand Relnhintd, ‘lew vork, I'tha)
118,

RKeeler, R. N.. Blieam, G0 and
Mirebell, Ao oy Stloalated  Brellloata
geactertag 1 aback-cunprea ual Finlda,
Phva. Rew. Lett. L/ (I96h1 NRZ-8Y,

(18]

[19]

(21}

[22]

Dremin, A. N. and Baroare, L. V., The
shock wave chemliscry of organlc
substsnces, In Nellils, W. 5., Seamer,
L. and Graham, R: A. (ads,), Shock Waves;
in Condensed Matter 1981, Am. Inst.
Phys. Proc. 7B (Amerfcan Institute of
Physics, New York, 16.2) 27-41.

Jonea, W, J. and Scc.cheff, B. P., 1In-
verse Raman spectra: Induced absorption
at optical frequencleas, Phys. Rev.
Lett. 17 (196%) 657-659.

Yeung, E. S., S5pectrnycopy by inve:se
Raman gcattering, in Heiftje,
G. M. (ed.), New Applications of Lasers
to Chemistry, American Chemical Soclaty
Symp..~ium Series 85 (Awerlcan Chemtcal
Soclety, Washington., DC, 1973) 193214,
Von Hotile, W. G. and McWiiilims, R. A.,
The application of Single-puise noniine-
ar Raman techniques to a ltquid
photoytic reacticn, in Crostey,
D. R. (ed,), Laser Prubes for Combuscion
Chemiatry. Ame Lcan Chemical Soclety
Symposium Seriea 134 (American Chemical
Socletv Washiagton, DC. 19B0) 319-327.
Maker, P. D. and Tecrbune, R, W,, Studr
of optical eftects i to an iadnced po-
Larization third order in the elecetrisal
fleld streugth, Phvy. Rev. 137 (1965)
ABNI-ASI3.

Tolles, W. M., Nibler, J. W., Mchonald,
J. R. and Harvey, A. B., A review of the
theory and appllication of coherent
ant L-5tokeqy Ramin  gpectrogcopy  (CARS)Y,
Appl. Spectrose. M (L977) 253-271,
Moore, D. S.. Schmide, S. ©. and Shanecr.
J. 9o, Stmultuneous mulzimed: pres.uare-
fnduced freyveury ghitrt messuremer:s La
shock=compressut crganl: llquld mixeures
by use of reflected broad=baad .ohepoat
anri-.tokes Raman goa i eriag, Phivs,
Rev. Lett. SO (19R}) I4;9-1822,

Roh, W. B.. Schrethar, P, W. and Taran.
Jo P Eo. Siagle=pulsr  rcolivrent  ri-
stukey Rumin scattering, Appl. Phys.
Lete. 29 (11741 1 74=]7h,

Valeutial, LI, Moore, D¢ & aa
Bomae, 4. 3., bLollifsion-free colinrenz
Mt l=ntaes Ramiao qpectrogeopy (CARS1 af
moeeatar photelcagmeata,  Cuweae My,
Leee. B3 (L9R11 21 71=27]. ’
delmau, D, Hell=oreh, R. W., |rvengan.
M. D0 aml Marcla, dL, Raman=Lnluesil Keer
vllwer, Phys,  Ree-, et Tn N UE
1#9-11),



