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SXPERIMENTAL MOLECULAR SPECTROSCOPY IN StlOCK-COMPRESSED MATERIALSw

D. §S. Moore and S. C. Schmidce

Los Alamos Narlonal Laboratory. Los Alames, NM 87545, USA

Shocked materlais present an exciting challenge to the experimental spectruncnpist. The
severe constraints in time and space lmposed by the shock process can also Yu accempanied by
chemical complexity. Many standard spectroscoplic techniques hawe recently been adapted with
varying degreas of success. Those dlscussed here aie uv/visiblice absorprion. emlssion, and
fluorescence, infr-ared absorption, and spontanecis and coherent Raman scaizering. The
{mporzance of cthe connection to boch theory and static hiph-piessure methots s spphas{zed

1. INTRODUCTION
Aadvances in the understanding of shock/

material {nteractions have para.leled the
Advances {n the experimental techniques
availlable to probe the sample. The measucement
nf bulk preperties such ax density. tempevature,
mechanical Jdeformations, and hydrodynamic
etloctls have provided useful characterizacions
of some materials, but there remaln difficultiag
in the pertarmance and {acerpretat lon of such
sxperiments {n molecular materfals, espn:lally
rnerpelic ones. The purpose of this papar ls to
revi{rw the various spectroscopic rechniques that
have heen ar coull he used to messure mel.cul-'r-
ievel propertles of shock-compressesd molecular
Patorba, s In particular, we are interested (n
the us of such techniques to identify the
toteriar physical ard chemlcal processey that
«eat apon dhock compressi{on and how these

crescopile processes couple to hydrodynamles
ol ot rpy transport. In this context  soveral
tecwsdary capabllities of the experlmental
ptabes can he discevnad, (1) they need lo be
able to distingulah botwesan chenlcal specien;
“tv they should be able to provide structural
Informetion; 1)) they should have enough

temporal and spatial resolution to measure the

denfzed kineic hahavior, and (a1 thay should

operate in real time.
There are many experimental difficulties to
overcome to adapt optical techniques to the
study of shock-compressed materials. For many
materials, stirong shock waves are belleved to be
less than 1 um in thickness and have veloclitles
of the order -f 5 km/s. Therefore, Lf we desire
to make spectroscopic measurements [p the shock
wave, the technique selvced needs spatial anu
temporal resolution of better than ).2 um and lU
ps, ragpectively. Howaver, these requlrements
are congsiderably relaxed -o study the region
immediately Lhchind the shock wave

Jompression many matevialu are opaque or become

Under shock-

opaque. Consequently, rhe use of these optical
techniques may be limited to phenomennlogical
studies {n a tew select mairrlals. Another
limitation {5 the retractive index change
throvgh the shack that reaults {n bewling ot
aptical pathe Theretors, we may be tarced to
use opti 1 arvangements that are not
necegsart by optimam tor each tachnlgue, and nay
not ba able to ge yume *ochnlques at all.  We
a1y dedire thar the oprical probe he non-
frtrusfve.  The measutrements may he dlstorted by
probe-induced ettectn such an photochomintuy
Finallv, {n fvhopogeneous samples, measurement s

will otten he auerapgen aver the fnbomogeneft feq,

Powotk o done cader the aunpeens ot the HS Department of Enetgy



and consequently will not reflect the details of
the microstructure. This effect may also occur
in samples thought to be hcmogeneous.1 It
should now be obvious that no one optical
technique has all of the necessary spectroscopic
qualiries or could overcome all of the above
experinental Jdifficulcies. Theratore, the
epactroscople study of these systems w'll
necessarlily be mulcifaceted, using u comblnation
of several techniques in appropriately chosen

select materials,

2. TECHN!IQUES

7.1. Ultraviolet/Visible Methods

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

2-4
temperatures

2-1n

and to i{dentify spectral
foatures. Other investigations of emission
during shock-compression have bern reviewed by

L7 The calculation ot

Davison and Graham.
temperature by using elther brightness or multl-
color methnds reinally requires addiricnal
knowledge or assumptions aboun the emissivity
amd aptical depth of the raiatating source.
Fa'lure to recognisze this can rusult in an
Incomiiete Interpretat fon of the obsarvations
A H000 F black bady =«

For exampie, rece viewed

*hrough a 000 K blwk hody will 1w he obyerved

4ince the radiation ts absorbed and re-emitted

4t the temperature of the Llnteirveniag laver

‘his wtfoct has been ohaerved during the

2

compression of loni: crvatals Alse, what do

‘eamperature measurements in comprenyed powdery
mean ' Loes Lthe em{asion originate becaure ot

friction batwesn microcrystals at rhe volda or
compression ot opaq tn the volds, o [ (!

tndivative of a bulk *emperature withia the

mictaooryataly

Same apect gl featarsy M teriag froam prav

hody emi=4ion have bhuen detwcted  Apong thean

are tthoabwynineacenes th vhock -'lill||l|'l"|'u‘l|

" =
quart:.“"‘3 molecular spectral features In

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

9,19, 1%

compressed benzene, excimer-laser-

inltiated lead styphnare and mercury

1 detonating NS, HMX, and l’!-:'l'.“l.]'o'lLS

fulminate,
and shock-compressed granular HNS and PBX
904 1310 1 emitting specles that have been
identified i{nclude C,, CN. CH, NO,

L0 and many atoms such as Na.

(tentativelwv),
""hile in some cases the emission Is admittedly
from gna phase products and can be understood [n
terms of pas phase molecular parameters, in
other cases the emission arlses from within che
condensed sample.q'lz'l* A pressing question s
how the emission features shift and broaden with
prassure and chemical composition., In addicion,
the origin of molecular cmission in granular
explosives may be ambiguous as discussed above.
Other serious questlons are what {s the role of
spalled material, and what high-temperaturs,
gas-phase reactions luflucnce the result?

b Uv/eigible Absorp-jon has been used to

2. 17

and the
18-2"

study index of refraction changes,
shifts of absorption hants with pressure.
Many improvements to the v wisible absorption
technlque have heen {mplementad to overcome
experimental ambiguities The latest
refinements, one with a {iashlamp Ln a
projecc!le, and one with a reflecting surtface
tvom shock ette: -,

temove:d fmplemented by

Duvall, et al  are deplered dn Py | The
measurad absarption band JWitts are daed 1o
Infeor changes 1t the mwoiecalar enerpy loveln

Howaver, thene fnterence . are complleated,
capecially to tarper ol sled, by the
(heueed whitee

oo by,

complegity ¢ the pre.coe

malecular wtatens Aflurfon atwllen,
atd copraricons to star s Ligh predsae
ahaorpt fon experiment " oave heon aed b

tackle nome of these arhignitloy I addf? fon,

aome progreds has heet ecte tnomodeling the
deng ity dependebes ol eie tronfe abuorpt fon

haaedy

{ie the
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FIGURE 1
UV/visible absorption apparatus with a) 23

reflector or b) flashlamp {n the projectile.

w. Fluorescence .3 frequently used as a
diagnostic for state.rc-state chemical dynamics
studies, messuroments of Incramolecular
velaxation processes, and determinations of
collisionally driven [ntermnlecular relaxacion
rates  Current techniques use lasers as sources
to selectively populate a small subset of
exclted states,  Subsequent emlssion from the
manf{told ot states pupulated by collislional or
unimolecular processes iy then mouitored by a
varfety ot last detection methods. The
character of the obaerved emission i3 determined
hv the energy traniater rates, the radiative
lifetimen of the populated states, and the time
resolution of the detection system. Recently
thty mathod (sae Fig. ) has been uaed to
meaiure the viscostty and temperature ol -hock:
.32

lowded molecular sv«lems, tn studv the

shock hahavios of o simple diffuston - controlled

V)

chompeal peavr fon, At ta meanure wave lonpth

bt or B oVine omiasbon fn shoek compresied
1 ahy ba i the prablem ot calliatanal quenehiing
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FIGURE 2
Fluoresrence specgEOScopy apparatus with lager
shock production.

as organlc dves, and, in the region of lower
shock pressures, spectral broadening can be
small.30-33 However, at higher prassures, even
1f pressure- and temperature-induced broadaning
13 not a problem in speci{flc cases, the dye
molecules themselves may decompose. The key to

34,15

the ruby experimen©: is that the absorption

is broad, but the uxcl:ed CrJ*

fon quickly
relaxes into a stute whose fluorescence remains
narrow to high pressures .and temperatures.
Other transition meral {ons (or complexes) may
have tha same attributes

An altetnative to normal fluorescence fy the
uge of dJoubie resonance tuchnlquou.!ﬁ An

Inittal pulse coild be uked to exclte a doslred
electronle or vibratlonal transitlon. A second
laser pulse, temporallv delaved with respect to
the first, could then excite the mulecule to a

higher snerpv level fhe oatgaton of the higher
levels would then be monitored versus Lhe duelav

time bHrtwoen pulhes to detormine the relaxation

time of the (ntermadiate lwovel,

20 Intrared Methods

Ao dblrored Absopption rechnlques wepe

compy Leated ot il veensr e by the Lack af b
detect e and or bawr o oed woar ey A
hows e e tast cnce eeomdy detectors are

Vg l-\l'l' oo b e ot geely, howevey o

ey Bph bttt e o e by veuitred 1o
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[ime-resolved infrared spectral photogrnggy
(TRISP) apparatus for shocked materlals.

overcome the brightness of the shock-compressed
sample. In addicion, for rducection of moleculur
specles, vhat is nended is n IR detector array.
similar to the irtensified photodiode arrays ar
vidicons avallable for w.:k In the visible.
Those, unfortunately, are not yer available. A
usable altearnative ls the tima-resolved infrared
spectral photugraphy (TRISP) system davised by

Sorokin and coworkers 3

This system
clrcumvents both of the above problems by
emploving stimulated electronic Ruman scattering
In alkall metal vapors to Jown-uonvert a
broadband ~i4ible laser pulse into the Iufrared
This broadband infrared pulse ls passed through
the sample, record.ng the absorptions present
*here, and ly then up-converted back to the
v{slble, retalping the recorded absorptions,
using a four-wave mixing procecas alss in alkall
sotal vapors, The up-vonverteld hroadhand
*idibie pulse I3 then uwnrracted uging a vidicon
o (ntonsiflel dlode arrav
TR haa recentlv been usded in shock-

arprosaeg qamples and ay o dlagnostic to look
Por apeeies (0 the gas-phase plure directly
thove deropat tug small pallets of hipgh

wxploufvng A

The expocimental apparatus tor
RSP meavirement s fn o shockoconpreadsd damples

I whawny in Flg A diftteulty with the une

FIGLRE &
Pictoral rupresentatiuns o¢f Raman and resonance
Raman procerses.

of this technlique as « reval-time optlecal
dlagnosti: in shock-comprvssad sarples is the
timing constralnt placed on the method by
necessarily very thin samplea (timing jitter
must be much less than 1 ns for use of the 1 n»
IR pulse to measure absorption in a 5-um-thick
sample). An alternative is te usc dilucion
methods to avoid saturacion of the absorption,
but, as in the casa of uv/visible ablorpuon.25
dilution may elimlnate the concerted-type
chomical rvactions that we wish to obsarve.

2.3. Raman Methods

a.Spontaneous Raman Spectroscopy in shocked
materials was first performed in detonating
crystalline RDx.6 Subscquently, the tochulque
has been uned to measure ‘Ye temperature of
detonnrln;’o and shock-cumprellodao nitromethane
and to vbserwe shork mod:flcatlon of vibrational
Lands Ln Jdetuna*lng PETN, Y MxL Y and
p]

ROK.“l'"d shock-coapres ol w.ter,?? and shock.

sompressed TATR. "

Raman spoetroscopy s made pousthic by the
{nelaatie zeartering o! o photon by molecvles in
the probed sample (woe i o). The ditteremoe
in ftrequency betwenn 'Le incldent and scattered
photopa I equal o the toequeney of a Raean
active molecalar transd ton Raman catteriug

CPaONS et bans dre many clers of magni taeds



smaller than those for emission and absorption:
hence, difficulties could be encountered in
macterials shock-compressed to very high
temperatures. The cross-sections can be
increased bv using UV pump lasers rather chan
ones in the visible (the cross-section increases
1s v“); however, care must be taken to avoid
interferences from fluorescing or
phectochemically produced species.

b. Resonance Raman, When the exciting laser
frequency {s in resonance with an actual
molecular transition, the scat.ering cross-
section for that species can dramacically

1ncrease.a7

In an isolated molecule, the
resonance Raman effect can be due tc (1)
interaction of the excitaclon with a discrete
transition {n the molecule, or () i{nteraction
of the excitation with a disscciative contiauum
in che molecule (see Fig. 4).

As the excitation energy approaches a
molecular resonauce, the distinction terweer
Raman scattering and absorprlion and reemission
becomes blurred. What s {mportant to the
distinction between these two processes ic the
degree of loss of phase Information in tha
experiment. In the condensed phasa, aspeclally
when shocked to high pressuces and temperatures,
{t {s likelv that most movcules will undergo
phase Interruption due to collislons within
their normal excited state lifetime ilmplylng
that discrete rasc.ance Raman would be 1llike
fluorescence and can be sald to have the sanme
advantages and disadvantages.

When dissoclative rrangitions are probed,
*he paln in cross-section due to the resonance
condition may be more than otiset hy the small
traction of excited molacules that ve-emit
Patore dlnwnrtn‘lng.“: Althiough, I pas-phase
Srotiens, resotiance Raman techndques and atalopy
cdlsnociative embsalony bave recently inderpone
Aramat e prowth becaute thev nrovlde unique
tutormat fon abeat the dfssocdat (v potential

vty ardan e, 4, Ity the stany ot shock

) ' \
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FISURE 5

Plctoral representations of several coherent
Ranan processes. Heavy arrows denote coherent
beams.

compressad,condensed-ptase systems thelr use
will likely be problematic.

Large increases in Raman scatterirg cross-
sections can also be pruduced when the exclting
lager is jus~ pear resonance with an electronic
transition in the molecule, This near-resonance
enhancyment in the Raman cross-seztrion may be
much larger chan the normal Raman o frequency
depandence, and may eriblu detectlion of some
speciegs that have the correct spectroscople
atrributes,

€ Coherent Raman Specirogcopy. Several
coherant Raman techniques have been devaloped In
recent years (Flg. 5). These techniques use
large optical frequency aloctric flelds to non
linearly drive the fnelastle scattering process.
leadting to large scattered signals vhat arve
beam-1ike in nature, he onsequent demands on

the signal collect{on und derection svstems are

therefore sipnilicantly roduced from those
roquived by spontaneous Famin methods,
stimulated Faman was the f{rst coheront
Raman tecinlque to be auedd in a abock comprosse d
snmplo.)” Sotmalated Faman uunrtrrlnnjl vecury

when the foefdent Laaer intepsity {n a Raman.



active material exceeds a threshold level and
generactes 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 ex»erimental
complexity.so This technique does have some
disadvantages: (1) the incident laser powers are
large; (2) not all molecules have the required
large Raman cross-sectlon and narrow Raman
linewidth; (3) only the lowest threshold
transition in the condensed sample producos a
signal; and (4) spatial 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 spectroscopy (SRGS).52 have been
lugaclt.dsj'SA as diagnosctic technlques for
shock-compressed mararials. 3Signals can be
obtalined at power levels cunslderably below
those required for stimulated Raman scattering
vecause the process [s driven by the presunce of
both the (rcident and Stokes laser flelds (see
Fig. 5). In cthe process, some fractlon of pump
photous is converted into S.okes photons. The
dlifference ip the two techniques lles Lln which
beam {s detected., In the case of SRLS, the loss
of photons at the pump frequency ls detented.
In SRGS, the galn of photons ut the S:okes
frequenczy |5 datected. The lack of accurate
information on vibrational frequencies at
rlevated preasures and temperatures, and the
dosire to detect more than onc spocles, dictates
the uso of a Lrovadband laser for one of che two
incldent pulses. The limlting detactlivity is
determined by the spectral noilse in the
hroadband laser unless signal averaging or

double beam techniques are used.

e nhietent antd-Stokes and cohevent Stoked

Yargl, soatte Uing (CARS and CSRS, runpvulxvnlvv”’

csee Fly,o 9 occeur ax lour-wave parame®ric

procoesses {n which thres waves, two at a pump

[requaney and one at elther the Stokrs (CARS) ov

antil-Stokes CCSRGY trequency are mixed Inoa

Par

rw Dv.l_.l bl

.
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FIGURE 6

Coherent an:l-S:okgg Raman ("ARS) apparatus for
shucked materials,

sample to produce a coherent beam at the anti-
Stokess (CARS) or Scokas (CSRf) frequency,
respectively. This mixing 1s greatly enhanced
Lf the frequency difference betwesn the pump and
the Stokes (or antl-Stokes) laners coincldes
with a Raman actlve mode of the sample. Like
SRGS and SRLS, CARS and SRS can be produced at
incident power levels considerably below those
required for stimulated Raman scattering.
However, in CARS and CSRS, phase-matching ls
required, 1ind possible ger netric arrangements of
the bcams are limfived. Figure 6 {s a dliagram of
an experiment used Lo measure CARS spectra in
shock-compressed llquldl.ss'se The noise {n the
broadband, Stokes, dye laser ipectrai profile
also causes piroblems with the CARS measurements,
but doaes not prevent detectlon of “he sgpectium,
as {t misht Lo SRGS or S5KRLS techniques. To
Interpret the data, the spectral profile of the
broadband dve-laser pulse lia recorded at the
name time ay the CARS spectrum uslng anothv
spartrometor . photodiode arrav.>? Measurement
rhat have been made to e uging the CARS
tochulque {uelade the preiouare and temperatiara
ghifts of the ring. vetching mode of bentene tao

16.9 uPu.“b'”" the ON wtyerching mode of



nitromethane to 9.0 GPa,56'59 the fluld N,
vibration fundamental and hot-bands to 19 GPa
single shock and 41 GPa double shock,57'58 and
the fluid 0o vibration te 9 GPa.58 These
results heve shown that CARS measurements can
provide very accuraze molecular le rel
information at pressures and temperatures of
interest to both the shock-wave and equation-of-
state comnunities. For example, the data have
heen used to test theoretical estimates of
vibrational frequencv shifts and bond lengths in

these dense molecular fluids.60

Through such
theoretical modeling, It should be possible to
characteri{ze molecular potential functions ac
very high densities and temperatures.

Ir. CARS experiments, the temporsl resolution
ls determined by tha lasar pulse duration.
However, since the beam rrossing angle is
determined («t from 1-3 dagroes) by phase-
matching requirements, spatial resolucion la
qulte poor, being of the order of the confocal
parameter of the focusing optics. Ono advantage
of CARS and CSRS experiments i{s the larpge
signals produced, allowirng discrimination
agalnst background flucrescunce and emission.
howaver, CaRS and CSRS produce signals even when
there (s no vibrational resonance, which is a
problem when attempting to detect small
concentrations of species. The resonant and
non-resonant parts lnterfera to produce
asymmetric line shapes, and ultimately, the
resonant contritution will te loat in the nolse
{at the ppt level). However, the aiymmetrlic
iineshape has 3o far been used to advantage when
fitting spectra Lo determine psak positioas and
linuu(dth:.59 Scill unexplered is the
vossibllity of using neerby aelectronic
transitions to Lesonantly or near-resonantly
vhiignce the CARS fntensities (a3 was discussed

61 However,

abure for spontaneous Raman) .
conylderable theoretical offort intv che effect:
ot broadening elrctronic and vibraclonal

transitions on CARS lineshapes and {ntenalties

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

Raman-induced, Kerr-effect spectroscopy
(RIKES)j2 has been suggesteds3 as a diagnostic
technique for performing measuremencs In shock-
compressed systems. RIKES uses a circularly
polarized pump beam and a highly linearly
polarized broadband Stokes beam, and requires ne
phase-macching. At zonditions of Raman
resonance, the ilnteractior of the two beams
results in slight ellip:ical polarizatlon of the
Stokes beam at the Raman resonant frequencies.
This elliptical component then passes through a
crossed polarizer, and is detected by a
spectrometer/intensified diode array. This
arrangement idesally would give large signals
against a small background, making it a good
choice for the detection of species with small
concentrations. In shock applications, however,
difficulties due to birefringence 'n the
strained chock-compressed sample, or
polarization rotation on reflection from a
shoched mirror could result in detection of many
incident probe frequencies lrrespective of a
Raman resonance, and would give a large unwanted

backgrounu.62

3. SUMMARY

We believe that the use of optical probes in
shock-compressed matar{als will contlnue to
spread and {ncreasa, The techniques most
revealing of molecular properties, such as Raman
scattering, will give specific informatioa
regarding shock:induced stiucture :hanges,
chamical reactlony, etc. This {nformatlion, when
uved In conjunction with the very lmportant

60,63.64 and future ‘hworetical efforts,

recent
ay well as cestablished bulk property
experiments, w!ll provide insight into the
Jetailed microscople prucesses through and
lmmedlately behind the shock front,

Complamentary high pressive/high temperature



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

shock and static environments.
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