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OPTICAL DIAGNOSTICS FOR CONDENSED-PHASE
SHOCK~COMPRESSED MOLECULAR SYSTEMS*

S. C. Schmidt, D. S. Moore and J. W. Shaner

ABSTRACT

Experimental techniques capable of obtaining information about the
molecular phenomenolrgy in the region through and immediately behind the
shockfront during the shock-coupressiou of condensed-phase molecular
systems are discussed and compared. Difficulties assoclated with perform-
Ing measurements in this region are briefly reviewed. Some concomitant
static rxperiments that can te used to complement the dynamic measurements
are suggested. Developmeants and advances expected in dlagnostic techniques

during the next few years are summarized.

Work supported by rhe LS Department of Energy.



I. INTRODUCTION AND OBJECTIVES

Prresently most hydrodynamlies codes model explosive behavior by
treatliag a heterogeneous explosive as an effective mediunr that is a
continuuml’2 (EMC) that chemically reacts according to either a pressure
depencient or Arrhegs kinetics rate law. One or more parameturs are used
to in:orporate the global chemical behavior, hydrodynamic phenomenology and
effects of material heterogeneity. Essentially no effort 1s made to
incorporate any of the microscopic details of the shock-compression/energy
release phenomenology that constitutes the detonation process. In the past
few years, several studies3~8 have been started that attempt to improve the
met'iodology of defining the EMC from a single cowmponent to one that
incorporates idecas such as not spots, voids or multicomponents. A short
ovierview of these developments 1s given by Lee and Tarver.> Figure 1
conceptually depicts what we believe are the essentiul components of
ar.alytical models which can be used to describe detonation and shock-wave
p-opagation in heterogeneous and homogeneous condensed-ptase materials.
Fomogeneous materials are 1included. because there is evidence to suggest
“hat these materials do not remain hydrodynamically homogeneous during
shock-compresaion.9 The dotted 1line segment 4n Fig. 1 portray. current
10 (SCT) may be
used to generate the EMC. The degree of sophisticatiocn of the theory will

practices. In the future, statistical continuum theories

reflect our level of understanding of the microsccpic physical chemistry
and fluid mechanic processes. Ideally, we would like (o start with pure
components and model the intevactive behavior of thesa components with the
medium. A more practical cbjective might be to understand and d:scribe,
using a SCT, the global behavior of explosive and tinder decompositiorn and
reaction in the heterogeneous hydrodynamic environment. There are scveral

11-1¢€

examples in the literature of such tneories teing used to describe

mechanfcal and electromagnetic wvave progapation in heterogeneous wmaterials.

Using an SCT to describe aud model explosives will require
considerably more experimental data than {s available. For example, wa
would 1like to know to what "state'" the explosive crystal and binder are
being shock-compressed and what is the subsequent reaction history. Gauge

experiments yield only thermodynamic parameters. Shock-recovery
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experiments allow only a determination of the final products after

<pansion and cooling and give no direct information about the species

mediately behind the shock front or reaction zone. Some of the cptical
te- hniques described 1in this paper potentially can be used to obtain this
infc rmation. In particular we are hoping that Raman scattering, used in a
clever fashion with appropriate test materials can be used to ascertain the
structure and Jnitial reaction steps of explosive crystals. Raman
spectroscopy has already been used to make temperature estimates of shocked
explosives.le’19 Another example of data required to implement a SCT is the
hydrodynamic behavior of heterogeneous materials. To our knowledge there
are few or no experiments in progress which will provide information which

can be used to construct a SCT prescription for explosives.

A nearer term application of molecular 1level optical diagnostic
techniques is to attempt to understand the microscopic details of the
enargy transfer and chemical reaction paths followed by media during shock
compressiors With such information, it may be possibls to specify and

design particular reactive molecules for specific applications.

The goal of this paper is to discuss and evaluate experimental tech-
niques that appear wuseful to determine the phenomenology througt. and
Lmmediately behind a shock-front during shock-compression of mole-ular
3ystems. The phenomenology of particular interest 18 the microscopic
physical and chemical Lehavior that occurs in this region and the coupling
mechanisns of the microscopic processes to hydrodynamic and energy

transport phenomena.

We have chosen to separate potential diagnostic techniques into four
categorfes: (i) those that contribute directly to deduciny phenomenology
from a real-time measnrement {n the region of interest; (2) those that con-
tribute indirectly in that phenomenolugy {s inferred from measurcments made
outside the domain of interest; (3) complementary experiments on non-shock-
compressed systems and (4) those expuriments whose results cannot be used
to Jetermine phenomenology but sarve as constraints in modeling behavior.
Historically, most diagnostic techniques tor studying condensed phase

shock-wave phenomena have fallen into categories two and four. In this
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discussion we will focus primarily on category one: direct realtime
measurements through and immediately behind the shock-~front. Possible
complementary measurements at high pressure and temperature, i.e. category
3, will also be discussed because such results are useful in the interpre-
tation of category 1 experiments and may ser.: to elucidate some of the

unique features of the shock-front.

II. EXPERIMENTAL CONSICERATIONS

Prior to discussing diagnostic techniques, several problems associlated
with conducting condensed-phase shock-wave experiments will be reviewed.
These difficulties have historically limited the ability to conduct experi-
ments Iin the adverse conditions throush and immediately bahind the shock-
front. The success of any technique can probably be measured in 1its

ability to circumvent one or more of these problems.

For many materials shoek waves are believed to be of the order of 1 u

or less in thickness.20’21

The paésage time through the front of a
1 u-thick shock whose velocity is 5 km/sec is thus of the order of 200 psec
or less. Hence, 1if we desire to temporally aad spatially resolve a mea-
surement through a shock-front (5 data points), the diagnostic technique
selcected must be capable of spatial and terporal resolutions of 0.2 u and
40 psec, respectively. Condensed-phase chemlcal reaction times can be of
the order of 1 psec, thus necessitating even tetter temporal resolution.
However, if all that is desired is to resolve features i{in the few wm long
region behind the shock-front where relaxation and reaction processes ray

occur, then these requirements are drastically reduced.

Optical techniques offer some potential for achieving measurements
within these stated limitations. However, with such methods some addition-
al complications arise. Many materials are opaque or become opaqiue when
shock-compressed. Consequently, the use of optical diagnostic techniques
will be 1limited to & few seloct materfals primarily for phenomenclogy
studies. Such studies may, however, have tremendous potential when used in
conjunction with other techuiques for determining phencmenology of shock-

compressed waterfals. Two other difficuities {nharent 1in optical shock-
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wave dlagnostic techniques are the changes i1n material refractive 1index
thac accompany the density changes characteristic of shock waves and the
possibility of photochemistry induced by the e¢>tical probes. Figure 2
shows the path deviation that occurs when an optical beam is passed through
a shock-compressed system. The trailing shock wave near the sample
Loundaries tends to bend the optical beam away from the shock-front thus
making prediction of the expected optical path diffi-zult. Any stock-front
curvature will compound this difficulty. If the shock velocity in the
windows 1is greater than in the sample, additional complications could arise
from the effect of the more complex wave structure on windcw transmission.
Many molecules :ndergo photochemical reacticns when exposed to light, par-
ticularly that in the ultraviolet region of the spectrum. If these
reactions are fast compared to the characteristic time of the optical diag-
nostic, measurements could include the effects of both the shock stimulus

and the photochemical reaction.

Measurements made usiog inhomogenecus samples often are averages over
the nonuniformities and consequently do not reflect the details of the mi-
crostructure. For materials like granular explosives, the irhomogeneous
nature 18 readily apparent and experiments are interpreted accordingly.
For samples thought to be homogeneous, ambiguities can arise. For example,

9 of the shock-front

Fig. 3 depicts two image-intensifier-camera pictures
of datonating nitromethane and an 807 nitromethane/20% acetone mixture.
Liquids are often thought to be homogeneous materials. However, these
plctures show that microstructure exists in the vicinity of the shock-
front. Also, nothing Is known about microstructure in the region
immediately behind the suhock front. When performing experiments on
nitromethane or similar s'bstances, especially experiments utilizing opti-

]

cal techniques where a spatial resolution of tens of microns is desired,
one must be aware that results may actually reflect an average over a
smaller characteristfc microstructure. Conversely, a single measurement
with  spati{al resolution smaller than the microstructure may be

misinterpreted as representative of the average material.
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Shock recovery experiments are often used to observe chemical and
physical changes through and immediately behind the shock-front. However,
these changes occur not only in the high pressure and temperature region at
the shock front, but also in the somewhat lower pressures and temperatures
in the expansion region. Inability to separate these two effects makes the

interpretation of these experiments difficult.
ITII. DIAGNOSTIC TECHNIQUES

In this section we will discuss several established and potentially
vseful diagnostic techniques which can be used to study the behavior of
shock-compressed molecular systems. As stated previously, those experi-
ments that yield results elucidating micro:copic phenomenology through and
immediately behind the shock-front will be emphasized. Other established
mettads, such as shock recovery, conductivity and gauge techniques, are

well known historically.

A. Direct Techniques

Two methods have been identified as potentially capable of having
either <suffic:-=nt temporal or spatial resolution for measurements in the
shock-front regiont (1) Fast Optical Spectroscopic and Scattering Tech-
niques and (2) Pulsed X-Ray Techniques. Because sub-nanosecond coherent
Xx-ray sources rapable of probing a shock front are still to be developed,

the optical methods are the most realizable in the near future.

1. Optical Methods

a. Absorption/Emisslon Spectroscopy. Emission spectroscopy oi

condensed-phase shock-compressed chemicallv reacting and inert materials

has been reported by many authors. These measurements have been used both

20,22-33

to determine tewmperatures and (> identify spectral features

20,24,27,34-38 resulting from shock-nowpression. Other investigations of

emission during shock-compressionu have been reviewed by Davison and

Graham.an
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Calculation of temperature using either the brightness or the multi-
color methiod wusually requires additional knowledge and assumptions about
the emissivity and optical depth of the radiating sources. Failure to
recognize this can result in an incomplete interpretation of the observed
phenomenon. For example, as shown in Fig. 4 a 6,000 K black body source
viewed through a 4,000 K black body will not be observed since the
radiation 1s absorbed and re-remitteu at the temperature of the interve 'ng
layer. This effect has been observed20»26 during the shock-compression of
ioniec crystals. Figure 4 also shows results of changing the emissivity of
the 4,000 K layer from 1.0 to 0 and 0.9. Radiation measured in the case of
emissivity equal to 0.9 could easily be misinterpreted as originating from
a 4,650-K black body. Brightness and color temperatures, as observed in a
series of experiments using shock-compressed plastic bonded explosive (PBX)
9404,30’31 could also be incorrect because of surface inhomogeneities

similar to those depicted in Fig. 3.

To date, most observed emission spectra have been grey-body inm
character, however, in som: cases, Séth for inert and reacting materials,
spectral features which differ from grey-body radiation have been detected.
Triboluminesccnce and non-grey-body ridiation have been observed for shock-

20, 27, 34, 35 and other materials.28 Spectral feutures have

compressed quartz
been noted for shock-compressed 1,3,5-trinitro-1,3,5 triazacyclohexane
(RDX)ZA’36 and pentaerythritol tetranitrate (PETN).37’38 For the RDX

36 measurements aided in inter-

observations, complementary Raman scattering
pretation of the data. Generally the potential for emission spectroscopy

has not been fully exploited.

In order to use emission spectroscopy for determining phenomenology
through and immediately behind the shock-front, two major obstacles must be
overcome. First, an experiment with adeqrate time resolution must t: de-
vised. As was discussed previously, a temporal resolution of 40 psec {is
probably necessary for shock fronts. This 1 solution may be achieved using
electronic streaking cameras. Second, a method of separating shock-front
emission from background radiance wmust be found. Figure 5 suggests a pos-
sible experiment. Here, as the shock-front progresses from the opaque inue

the transparent materials, the transparent material can be viewed as
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shocked radiating layers buillding up one at a time. Techniques exist40,41
for interpreting emission spectra from such sources, providing & measure-
ment can be mpade as each new 1laver 18 added. Even though emission
intensities can be expected to be small for relativ=1ly chin optical depths,
existing elmrctronic streaking cameras equipped with intensifiers may be
capable of recording the emission with more than adequate time resolution.
Such emission spectra should yield features useful for tlie deductionm of the
microscopic phenomenology through the shockfront. Some advantages and dif-

ficulties of emission spectroscopy are given in Table I.

Absorption spectroscopy measurements of shock-compressed materials
have been used to study mechanisms of 1light absorptionzo'zs'ag index of
refraction Changes’ZO,AO,SO—SA and the shift of absorption bands during
shock-compression.55'61 Davison and Graham%0 have recently reviewed experi-
ments which measure changes im the refraction index. Cenerally, absorption
measurements have been performed in the visible and ultraviolet regions of
the spectrum using 1instruments of relatively 1low dispersive power.
'?igure 6 shows the absorption experiﬁents used by Duvall et al.’7-61 1o
techniques, one with the flashlamp light source located in the projectile
and one with the reflecting surface removed from shock effects, represent
improvements over previously used methods. During the experiment absorp-
tion occurs primarily in the steady-state region behind the shock front and
the shift of the absorption bands 1s assumed to occur immediately on
passage through the shock-front. Shifts in absorption bands can be used to
infer changes 1in molecular energy levels. However, interpretation can be
difficult since the details of vibronic state energy levels are complex and
may not be wunderstood. If, in such an experiment, spatially resolved
measuremencs ara desired through and in the region immediately benind the
shock front, knowledge of pressure, temperature, density and reaction
phenomenoclogy along the absorption path must be wused to deconvclute the
spectra. Ewald and David44-45 have observed spatially resolved changes
behind the shock front of the absorption spectra of uranyl chloride
golutiung using the experimental configuration deplcted in Fig. 3. Spatial

resolution was % 1 nm.
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Molecular vibrational transitions ocecur in the infrz ed region of the
spectrum where sensitive fast detection systems are not yet available.
Techniques employing stimulated electronic Raman scattering down conversion
of short pulse length broadband visible radiation to longer wavelengths for
use as a broadband infrared absorption source and then stimulated elec-
tronic Raman scattering and parametric up conversion of the transmitted
signal to the visible for detection may be usable for fast infrared absorp-
tion spectroscopy of shock-compressed materials. The system developed by
Bethune et al.5276% 45 shown in Fig. 7. Spectral and temporal resolutions

achieved are 0.5 <:u:"1

and 10 nsec respectively. Adopting this technique to
shock wave studies would require trausmission and reflection of the infra-
red beam in shocked materials or through shocked windows. Other advantages

and disadvantages for absorpticn spectroscopy are givem in Table I.

b. Luminescence. We include in this category all forms of 1light

emission from a material im which thermal energy 1is not the mechanism of

excitation to the radiating state. Electroluminescence 318 luminescence

resulting from strong-electric-field acceleration of electrons or ioms to

20,65-68

optical energies. Chemiluminescence results when energy released in

a chemical reaction 1s radiated as light. In a d..onation or shock-com-
pression induced chemical reaction, the luminescence might appear as an

increased intensity above that expected from a black body spectrum.

Another form of luminescence, tribOIUminescencezo’35’66 is thought to

result from the fracturing of material; it may be an electroluminescence
effect. Luminescence has also beer observed in shock-:ompracsed porous
solids-67'69'71 The large strains induced by shock waves can also produce
transient localized <effects, such as compressing tirapped gases to
temperatures above those of the surrourding material.’l Such an effect
would yield radiation intensities in excess of the black body levels based
on the material temperature. Reported observations of luminescence from
shock-comprecsed materials resulting from any of the above effects have
received limited use for ascertaining the phenomenology during shock-com-:
pression. Perhaps better temporal and spatial resolution of the emitted

radiation would aid interpretation.
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Fluorescence 1s emission subsequent to excitation by the absorption of

light. Phosphorescence 1s the name given to the £fluorescence which

continues, primarily due to a forbidden decay process, long after excita-
tion has ceased. Fluorescence is frequently used as a diagnostic to st
intra- and inter-molecular collisionally activated processes and to measure
relaxation rates’2? for vibronic and vibrational states. Current technigues
use lasers as exciting sources to selectively populate a single energy 1ev--
el. Fast emission spectroscopy is then used to monitor the population in
the initially excited energy level, as well as the manifold of states to
which the excited state converts by collisional or unimolecular processes
(Fig. 8). The character of the emission band 18 determined by the intra-
molecular relaxation or tne internal conversion time and the radiative
lifetime of the pertinent states. Data interpretation can be complicated.
A useful variation of this technique is optical-optical double-rescnance
spectroscopy.73 For example, an initial infrared pulse can be used to
excite a vibrational level in the ground electronic state. A second laser
pulse, temporally delayed with respect to the first, excites the mculecule
‘to an energy level in a higher electronic state. Tha relaxation of the
intermediate level is mapped out by monitoring the intensity of emission of
the higher electronic state as a function of the delay time between the two

excitation pulses.

To date, fluorescence and phosphorescence techniques have been used to
study materials under static high preGSure74 but have not been applied to
condensed-phase shock-compressed systems. Fluorescence may be a gond
method for determining intra- and {nter-molecular energy transfer
mechanisms for vibronic states (Table I). Emission intensities, although
not as large as the beam intensities of the zoherent scattering techniques
to be discussed below are sufficiently strong te bUe observed using
picosecond techniques. Discrimination against a bright thermal back~round
may also complicate their use in shock-wave applications. Double resonance
techniques, 1f usable, would produce signals only where the beams overlap

and consequently would permit better spatial resolution.
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Ce Spontzneous Raman Spectroscopy in shock-compression systems was

first performed in detonating crystalline rDX. 37 Subsequently the technique
has been used to measure the temperature of detonating nitromethanel? 73
and to look at the frequency shifts of vibrational %ands of detonating PEIN
and RDX.’877 & Laman scattering measurement has recently been performed in

water that was shock-compressed usinrg a high velocity gas gun.78

Raman scattering 1s the inelastic scatterirnyg of iight from molecules
(Fig. 9). The scatteving cross-section and hence the detection sensitivity
are considerably smaller than for dipole emission/absorption processes (see
Table II). The s8mall scattering cross—section becomes particularly
re’evant when th2 scattering medium has a large background emission level
=vech as might be true in a hot shock-compressed material. This difficulty
a2 be overcome to some degree by using a short wavelength exciting
frequency; however, care must be taken to avoid inteifering fluorescence

from photochemically produced species.

Since Raman scattering occurs into 4 7 steradians, detection can be
made at an angle to the exciting beam 8o that spatial resolution 1is
determined by either the diffraction limit of the optical romponents or the
sensitivity. of the detector and rhe magnitude of the scatteriug cross-sec-
tion. This {s a ::ignificant advantage zompaced to dipule emission/absorp-
tion techniques where the observed light results £rom emission/absorption
along a path length. Temporal resolution is limjted by the sensitivity of
the detector, the pulse duration of the exeiting laser and the magnitude of
the scattering crosa-section. Figure 10 shows schematically the Raman

scattering erperiments75'77

used to measurc temperatures via Stokes-anti-
Stokes intenslty rcotios and wvibrational frequency shifts for shock-
compressed an’ detonating energetic materials  An explosively driven plane
wave penerator was used to generate a shock in the sample. A pin signal in
conjunction with a tima delay was used to Q-switch the 1laser after the
shock-front had traveled a few mm into the sample. The laser pulse was
directed into the sample normal to the ahock front. For both experiments
scattering was observed at 90° to the incident exciting radiation. Timing
accuracy of the laser pulne with respect to passage of the thock front was

nf the ord-r of 0.1 js. The information that can be gained from these
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kinds of experiments is primarily the shifts {n molecular energy lecvels
resulting from shock-compression and an estimate of the vibrational
temperature in the regiun behind the shock front. Although good spatial
resolution 1is possible, these experiments will have Aifficulty because the
refractive index effects discussed earlier make precise optical alignment
difficult. In addi:ion, the small signal iatensities, particularly when
viewed against high emission backgrounds, wiil limjt the ability of Raman
scattering to datect sepecies with small concentrations. Advantages and

disadvantagas of spontaneous Raman scattering are given in Table II.

Resonance Raman scattering occcurs when the exciting frequency i1is 1in

resonance or near resonance with an actual electronic transition of t'.e
system.79'8° For discrete and continuum resonance Raman scattering, the
scattered intensity can 1increase dramatically both for fundamentals and
overtones and ralenrtive resonance enhancem2nt can occur for select species.
Emission 1lifetimes from excited states can also become long due to the
onset of resonance fluorescence. In addition, since laser radiation 1is
being absorbed by the sample, coaplications from photochemistry and sample
heating can be expected. Time resolved nsec and psec resonance Raman

spectroscopy experimentaao’81

have been performed at ambient conditions.
Generally signal averaging was used to improve signal-to-noise ratios-
Results of single pulse experimentseo while improved compared to
spontaneous Raman scattering intensities, do not show particularly good
signal-to-noise ratios. Pulsed resonance Raman scattering measurements may
be possible in shock-compressed systems to determine vibrational overtones
1f the actual electronic transitions are known, however, gating of the de-
tector miyht be required to e)iminate fluorescence effects. Under shock-
compression this technique would also suffer from the same alignment and

timing difficulties as spontaneous Raman scattering exper‘ments (Table II).

d. __ Coherent Raman_Spectroscopy. Several coherent Haman scattering

techniques are avallabla (Fig. 1l1). Advantages of thesa techniques,
primarily because of large scattcring intensities and the beam like nature
of the scattered signal (Table II) are increamsed detection sensitivity,
temporal resolution limits approaching laser pulse lengths and poesibdble
spatial reasolution approaching the diffraction limit of the optical compo-
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nents. As with using all optical methods in shock-wave applications, opti-
cal accessibility because of material opacity or particuiate scattering

remaing a major difficulty with the coherent Raman techniques.

Backward-stimulated Raman scattering (BSRS) has been observed 1in

shock-compressed benzene.82 Stimulsated Raman scatterin383’84 (Fig. 11)
occurs when the incident laser intensity in a medium exceeds a threshold
level and generates a strong, stimulated, Stokes beam. The threshold level
18 determined by the Raman cross-section and lineswidth of the traneition
and by the focusing parameters of the incident beam. Typical tlireshold
intensities are ~10-100 GW/cmz- Figure 12 1llustrates the arrangement used
for a backward stimulated Raman scattering experiment. An aluminum projec-
tile of known velocity from a 51-mm-diam 3.3-m-long gas gun impacted an
aluminum target plate producing a shock wave which ran forward into a 9 to

1l-mm-thick benzene sample. Standard data reductioen techniques85

86

using
published shock-velocity/particle-velocity data were used to determine
the state of the shock-compressed benzene. A single 6-ns-long frequency-
doubled Nd-doped yttrium aluminum garnet (Nd:YAG) laser pulse was focused
through the qu¢ .z window to a point ia the benzene 2 to 6 mm ian front of
the rear sample wall. The timing sequenca was determined by the incoming
projectile. Interruption of a HeNe laser beam, in conjunction with an ap-
propriata time delay, triggered the laser flash lamp approximately 300 us
prior to impact. A time-of-arrival pin activated just ovefore impact and
the appropriate time delay scrved to Q switch the laserz just prior to the
shock wava striking the quartz window and after it wasz well past the foc .l
point of the incident laser light.

87 at 992 cn~! has

the lowest threshold for stimulated Raman scattering Induced by 532~nm

In 1liquid benzene, the Vv, symmetric stretching mode

light, and was the transition observed in these experviments. As depicted
in Fig. 11, the bSackward stimulated Raman beam was scparated from the
incident laser by means of a dichroic filtes and was then focused onto the
10-y~wide entrance wlit of a l-m Czerny-Turner spectrograph equipped with a
1200-grooves/mm grating used in f .rst order. Figure 13 shows the resulting
spectrogram for benzena shcck-compreosed to 0.92 GPa. The raeflected

incident lamer iine and the backward stimulated Brillouin-scattering lina
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at 532 nm are observable, as are the backward stimulated Raman-scattering
line from the shocked sample and the backward stimulated Raman-scattering
line from ambient benzene. The latter feature resulted as a consequence of
the shock wave having passed only about two-thirds of the way through the
gample, and hence a stimulated Raman signal was also obtained from the
unshocked 1liquid.

The frequency shift of the Raman 1line has small contributions of
approximately 0.1 cm'l because the light crosses the moving interface be-
tween two media of different refractive indices and because of the material
motion behind the shock wave. 88 Since thase errors are considerably less
than the experimental uncertainty of * 0.5 cm~! for the measured frequency
shifts and are a small rraction of the shift due to compression, no at’.empt

was made to correct the data for these effects.

Figure 14 gives the measured shift of the v, ring-stretching mode
vibrational wave number versus pressure of the shocked benzene. Observa-
ﬁion of the ring-stretching mode at 1.ia GPa strongly suggests that benzene
molecules still existed several millimeters behind the shock wave at this

pressure, but does not, however, exclude gome decomposition.89

Signal beam 1intensities using BSRS are sufficiently large that film
can be used as a detector. The large incident intensities required, howev-
er, can cause damage to optical components near focal points. Spatial and
temporal resolution (Table II) are determiued by the confocal parameter of
the focusing lens and the incident laser puvlse duration. The BSRS tech-
nique also suffers becauge only certain melecules produce stimulated Raman
scattering and of thcuse molecules only the lowest threshold transition can
be observed. Therefore, stimulated Raman scattering is probably best nsed
as a diagnostic to look at single select species in the steady region

behind the front of a supported shock.

Inverse Ramaa or stimulated Naman loss Spectroscopygo’91 (Fig. 11) has
92
d

been suggeste and used as a diagnost: technique for shock-compressed
systems. Scattering can occur at incf{ ''nt power levels considerably below

those required for stimulated Raman scattering by overlapping the pump beam



-15-

with a beam, usually a broadband snurce, at the anti-Stokes f£frequeacy.
Radiation is scattered from the broadband source (appears as an absorpticn)
into the pump frequency. No threshold inteusity exists as in the case of
stimulated Raman scattering. Hence, the complete Raman-active spectrum,
with sufficient intensity to overcome fluorescencr and nther background
effects, should be visible.

Since phase matching is not required as in many of the coherent tech-
niques discussed 1later, several geom.tric arrangementa are possible.
Figure 15 shows a schematic of an inverse Raman experiment used to measure
vibrational frequency shifts in shock-compressed cyclohexane, nitromethane
and single crystal PETN.33 Spatial end temporal resolution (Table II)
should be the diffraction l1imit of the optical components and the laser
pulse length, respectively. A difficulty does arise with the inverse Raman
technique when a broadband dye laser is used for the anti-Stokes beam.
Roughness or 4irregularities in the intensity of the continuum, due mostly
to ctalon behavior of the optics in the laser and thermal gradients in the
dys stream, can be of the order of the absorption signal, thus adversely

affecting spectral resolution and de%ection sensitivity.

Cohcrent anti-Stokes scattering (CARS) and coherent Stokes Raman scat-

tertug (CSRS)93'94 (Fig. 11) occur a8 four-wave parametric processes in

which three waves, two at a ; -, frequency wp and one at either the Stokews,
wg, or anti-Stokes w,, frequency are mixed in a sample to produce s coher-
ent beam at the anti-Stokes or Stnkes frequency, respectively. Tha mixing
is greatly eunhanced 1f the frequency difference between the pump and the
Stokes or anti-Stokes frequencies coincides wiiLiu a Raman active mode of the
sample. Like 1inverse Raman scattering, CARS and CSRS can be produced at
incident power levels considerably below those required for stimulated
Raman scattering. However, sinca phase matching is required, possible

geometrical arrangements are limited.

Figure 16 depicts a CARS experincut in shock-coupressed liquid benzene
and mixtures of benzene and verdeuterobenzene (bcnzeno-de)m95 The gas gun
described previously was used to accelcerate a magnesium projectila with an

8-mm thick, 304 stainless steel warheud to a desired valocity. The projec-
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tile struck a 2.1-mm thick 304 stainless steel target plate producing a
shock wave which ran fcrward into a 7.5 to 8.0-mm thick benzene (or
mixture) sample. Stainless steel was chosen because previous experience
has shown 1t to retain its reflectivity under shkock compression. The state
of the shock-compressed samples was again determin>d using published shock-

86 Mixture deasities were determined

velocity/particle-velocity data.
according to volume fraction of benzene and benzene-de. The timing
sequence for the reflected broadband CARS (RBBCARS) experiment differxed
from that of BSRS experiments inm that aluminum time-of-arrival pins
replaced the HeNe laser Wneam triggering system. Since the Ranan
frequencies of the shock-compressed materials are ant precisely knowm, . id
since we wished to produce CARS signals from more than one mode or species,
a broad-band dye laser, with a bandwidth equivalent to the gainm profile of
the dye, was uvsed as the U§tokes beam.96 A portion of the A ns long
frejuency doubled Nd:YAG laser pulse was used to pump the dye laser. The
resulting two laser beams (dye and remaining pump) were passed through
separate Galilean teclescopes and sent along parallel paths towards the
sample. The beams were focused and crossed (with approximately 1 mm length
of overlap) at a point approximately 4 om in front of the rear sample wall
using a previously described technique.97 The beam crossing angle (phase-
matching angle) was tuned by adjusting the axial distance between the
parallel ULeams using a precision translation stage on the dye laser beam
turnitg prism. The CARS beam was reflected ont of the shocked sample by
the highly polished front surface of the target plate and along a path
parallel tc the two incoming beams. After being separated from the pump
and Stokea beams using a long-wave-length-pass dichroic filter, the beam
was then passed through & dove prism and focused onto the 75 mm wide
entrance s8lit of the spectrometer. The dove prism was used to rotate the
image of the CARS signal so that any beam movement resulting from the
changing position of the reflecting surface durfng the shock-compression
procass would translate to movement along, rather than across, the apec-
trometer entrance slit. The signals were detected at the exit of the spec-
trometer using a2 silicon-intensified-target vidicon (EGG-Par 1205D) coupled
to an optical multi-channel analyzev (OMA) (NGG-PAR 1205A).
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Figure 17 shows the OMA  recorded RBBCARS signals for the
ring-stretching modes of benzene and benzene-dg in a 607 benzene, 402
benzene~dg (by volume) mixture, both at ambient conditions and shock-
compressed to 0.91 GPa. Also shown is the 253.652 nm Hg _ine in second
order used as a wavelength reference. The spectral data obtained using
RBBCARS shows no evidence for the presence beh’nd the shock of decomposi-

tion product specie389

(at concentrations above the 10-20% level) having
Raman active transitions within the vibrational frequency region spanned by
the gain profile of the dye ({.e., between 800 and 1100 cm-l). In addi-
tion, the spectra obtained for the mixtures do not contain any evidence for
deuterium exchange reactions between the benzene species during the ~1 us
after passage of the shock. Tf exchange had occurred, new peaks would be
evident between the benzene and benzene-dg transitions. Measured
vibrational ring-stretching frequency shifts for benzene obtained using
RBBCARS and the shifts measured using BSRS as a function of shock pressure
are shown in Fig. l4. The data indicate that the two techniques measure
equivalent frequency shifts at equivalent shock pressures. Temporal res-
olution for the RBBCARS technique 1s determined by the laser pulse
duration. Sinct the beam crossing-angles required for phase matching are a
few degrees, spatial resolution 1s somevhat 1less than the confocal
paramerter of the focusing lens (Table 1I). This decrease in spatial res-
olution from that potentially available with {nverse Raman scattering is a
distinct diradvantage of CARS and CSRS, and will ultimately be a handicap
when trying to measure relaxation phenomena in the region immediately

behind the shock front.

The real advantage of CARS and CFRS experiments is th2 large scatter-
ing intensity and beam-ltke nature of the signals that enable tremendous
discrimfnation against background fluorescence and cmission. CARS also
frequency discrinfnate: against fluorescence interference. By proper
sample selection, interferenca frem the non-resonant background signals and
cross~-talk between closely spaced lines cun be minimized. Bocause of the
lavge signal-to-nolna ratios  expaected, detection of aspecfes with

concentrations down tuv part-per-hundred levels should ba pousible.
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A second RBBCARS geometry called reflected-broadband '"BOX" coherent

anti-Stokes Raman scatterigg98 (RBBBOXCARS) 1is presently being attempted in

a shock-compressed material. For RBBBOXCARS the two pump beaws in the four
wave mixing process are brought together at some angle rather than being
collinear. If this technique 1s successfal, the spatial resolution possi~

ble will increase considerably from that achieved with RBBCARS.

Raman-induced Kerr effect spectroscopy (RIKES)gg tas been suggested as

a diagnostic technique92 for performing measurements in shock-compressed
systems which may have a large non-resonant background. Similar to in-
verse-Raman scattering, RIKES requires a single frequency pump beam, a
broad-band probe source, no phase matching aid lower incident power levels
then stiounlated Rawman scattering (Fig. 11). Appropriate polarization of
the 1input pump and probe beams results in a scatrered probe beam whose po-
iarization is rotated at conditions of Raman resonance. An analyzer placed
in the scattered prove beam thus trausmits light only at differences in
frequency corresponding to Raman resonances. This arcangement i1deally
would give a large signal inteusity ;éainst a small background making it a
good choice for the detection of specles with swall concentrations. In
shock applications, however, two difficulties could arise. The strained
shock-compressed sample could exhibit birefiingence that would rotate the
polarization of all of the incident probe frequencies, resulting in a large
unwanted background. The second problem arises 4in geometric arrangement
considerations. Since a polarization analyzer is required in the output
beam, a straight line transmission arrangement is the mort logical choice
(Fig. 15). A second choice, shown 1in Fig. 18 uses an apparatus very
similar fo the RBBCARS apparatus.1°0'101 The portion of the frequency-
doubled Nd:YAG 1laser beam that does not pump the dye laser is passed
through a Fresnel rhomb to produce a beam of >99% circular polarizaticon.
The dye 1laser becam (Stokes frequencles) is passed through a high quality
filan-Taylor (air-gap) prism to produce a bean of ~1 part in 109 lincur po-
larization. The two beams are focused and crossnd in the sample at an
angle near 6 degrees, glviug an overlap length of ~150 um at the focus.
The Stokes buam is then reflected by the highly polished front surface of
the tavget plate back through the sawple and along a path parallel to the

incoming beans. A mirror separates the reflected dye laser beam from the
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other beams and directs it first through a Babinet-Scliel polarization
compensator and then through a Glau-Taylor polarization analyzer. The
compensator was found to be necessary to remove the ellipticity introduced
into the linearly polarized Stokes laser beam by the birefringence inherent
in the optical components located between the polarizers, 1including the
ambient sample. When the two Glan-Taylor prisms are crossed, the dye laser
beam 13 blocked except at frequencies corresponding to Raman resonances,
where the RIKES signals are passed. These signals are directed through the
dove prism, focused into the entrance slits of the 1 m sprctrometar and
detected by the OMA system. If the crossing angle 1s increased, temporal
and spatial resolutions for such an arrangement should be the laser pulse

length and the diffraction limit of the optical components used.

Figure 19 shows two RIKES 992 ¢ ! region spectra of benzene shock-
compressed to 1.17 GPa. Both traces have spectral features, however they
are not consistent and do not exhibit the pressure-induced frequency shifc
expected for the benzene ring stretching mode based on previous BSRS and
REBCARS experiments. In additicen the broadbaund signal at the dye frequency
suggests a shock-induced polarizatior rotation of the entire probe beam.
The conclusion reached from tunese experiments is that while it imay be pos-
sible to perform RIKES in shock-corpressed materials, the experiment will
be considerably more diffictlt than techniques not sensitive to the
absolute polarization of the lacer beems. (Table TI).

If the output beawm cf a parametric mixing process 18 sufficiently
strong, 1t can further mix with one of the incident beams and create a new

output beam at yet a different frequency. Higher crder Raman spectral ex-

clitation studies (HORSAS) (¥ig. il) have beecn nsed to generate coherent
second Stokes and sceond anti-Stokes beams. Other wnlti-color parametric
mixing processes using polarized beams have been nsed to observe Raman
transnitions. Thede techniqnes arve generally used to suppress noa-resonant
backpround effects. Obnarvatiou of uny of these more complicated processes
in shock-compressed wystems will probably come after some of the techulques
discussed previously are further developed. Optical -lignment for any

technigne dependent on polarization effects will surely ba gquite difficult.



-20-

€. Brillouin Scatterinz and Reflection Experiments. Brillouin scat-

teringloz’loa is the in2lastic scattering cf light from isentropic density
fluctuations or acoustic waves in a transparent mecdium. It is therefore a
probe of the low frequency exc'.tations of the system, in contrast to Raman
scattering. The frequency shift of the scattered light is dependent on the
velocity of the acoustic wave and the scattering angle. Similar to the
ordinary Raman effect, the scattering amplitude is small and, since the
frequency shift is also small, observation of Brillouin scattering without
a laser excitation source is extremely difficult. In a milestone experi-
ment, Keeler et 81_88,105 used the coharent scattering of light :‘rom acous-
tic waves, or backward stimulated Brillouin scattering, to measure sound
velocities in shock-compressed watcr and acetone. The experimental
arrangement 18 similar to chat shown in Fig. 12 for backward stimulated
Raman scattering, only the spectrograpb is replaced by an interferometer
and Fabry-Perot interferograms are obtained in place of spectrograms. In-
terpretation of Brillouin scatte-ing data for shock-coumpressed systems
requires two corrections; cne because the material particle velocity behind
fhe shock wave results in a Dopplé% frequency shift of both the incident
and scattered beams and & second beccause both the 1incident and scatterved
beams pass through a moving density or index of refraction gradient in the
shock front. The frequency shift fnr both of these corrections is of the
sawme magnitude as the Bri.louin shift.

Reflection of visible wavelength light has been used to determine the

20,106-108 and to qualita-

20,109

index of refraction of shock-compressed materials
tively examine the surface roughness of shock and detonation waves.
Generally, measurements pecformed with shock waves whose thicknesses are
much less than the wave length of the incident light give values for the
index of refraction of thu shock-compressed material which are comparable
to thosa meagsured using peometric methods. When the shock-wave thickness
or surface roughness approaches the wave length of the incident light a

more complex treatment is required to interpret reflectance measurements.

Tha 1index of reflection of molecular dielectrics is determined by the
electrical polarizibilf{ty of the material. The direct connection between

shock-{nduced polavization and chemfcal activity and mechanical deformation
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processes through the shock front is still ambiguous.llo Because electrical
or index-of-refraction measurements are bulk property values which can
average over several microscopic effects, these kinds of experiments will
most likely require complementary information describing the structure,
energy transfer, and chemical activity resulting £from chock-compression.
Once some detalls of the microscopic processes are known, associations to
the optical ard electrical behavior will enable a more complete and

beneficial interpretation of these results.

ort Wavelength Diffraction Methods. Short waveliength techniques

L .wo distinct advantages when compared to most other diagmostics wused
to explore shock-compression phenomenology: £first, short wavelength
radiation in the form of x-rays or energetic electrons will penetrate
norually opaque mzierials and second, the short wavelength radiation offers
a potential spatial resolution of the order of the radiation wavelength.

a1, 111-115 116-120

Johnson et and other 1investigators have wused

flash x-ray diffraction (FXD) to determine structural changes in sZtu for

materials subjected to large stresses as a result of either shock compres—
sion or shaped charge jet formation. In the experiment (Fig. 20) done at
Lawrence Livermore National Laboratory, an x-ray beam incident on the
surface of the waterial to be studied is discharged simultaneously with the
arrival at the surface of an explosively driven shock front. This
s{miltaneity was necessary as the penetration depth was small. The

scattered radlacion, reflecting crystal structure changes, is recorded at

the Bragg angle using either a scintillation detector!?l or a film

cassette. 122 Minimum x-ray pulse width achieved was of the order of

50 nsece A major difficulty encounteved with the experiment was the
inab{ility to discharge the Blumleln x-ray source with sufficient timing
accuracy to insure consistent synchronization with the shock-wave arrival

at the sample surface. denoka,123 et al. are presently working on a tech-

118

nique to fmprove the timing accuracy of thefr experiments. The Livermore

FXD experfment was usecd to show, for some waterials, that crystalline order

113

is preserved through the unock front and to observe a phase transition

resulting from ﬁhock-compression.lls
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Electron and neutron diffraction teciniques would have a similar tim-
ing problem 2lthough a new pulsed electron diffraction techniquelza
produces a shortef, more accurately timed pulse. In the case of electron
diffraction, the small range, how(ver, would probably necessitate placing
the beam source and target in a vacuum chanber which wculd be destroyed

during each experiment.
In summary, whi’e short wavelength methods may potentially offer
dusirable information, the difficulty in performing the experiments may at

this tiwe far exceed the results wihich can be obtained.

B. Complementary Techniques

Complementary experiments, even though they may not be performed using
dynamic high pressure/temperature systems, can contribute significantly to
our understanding of shock-cumpression phenomenology. We have identified
at least three kinds ot experiments where static high pressure results can

complement dynamic measurements.

l, Structure, Phase and Species Identificatiou. Interpretation of

results from shock-compression experiments has frequently been difficult
becanse the behavior and characteristic identifying features, e.g. optical
spectra, for many materials are not known at high pressure and temperature.
The BSRS experiment described in section A.l.d. is a good example of this
lack. Figure 21 depfcts the Raman frequency shift measured for shock-
compressed benzene. Also, shown 13 the Raman shift determined under static
conditions in a heated diamond anvil cell where the phase of the benzene
could be determined visually and by observing the phonon spectra.87 Only by
correlating the BSRS shifts in the dynamlie experiments to the results
obtained statically where the phase was determined, could we positively
identify the shocked benzene as being in the liquid state. Since .olecular
energy levels und cousequently observed spectruscopic features shift sig-
nificantly during shock-compreasion, identification of species through and

behind the sghck front will require similar councomitant experiments.
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125-141

2. Reaction Phenomenology. Aan abundance of literature exists

describing condensed phase energy transfer and relaxation phenomenology at
ambient pressures and various temparatunres. There is, however, a dearth of
studies showing behavior as a result of high pressure effects,laz-las of
large stress gradients, and of temperatures typical in shock-wave
environments. Under shock-compression, intra- and inter-molecular forces
will change considerably and non-equilitrium conditions may occur.
Chemical reactivity and other molecular processes may be dramatically dif-
ferent from that expected based on either extrapolations from ambient con-
ditions or thermodynamic equilibrium. A second kind of compliementary ex-
periment 1s to study energy transfer phenomenclogy and rates at conditions
where molecular energy level shifts and 'collision ra*es," 1.e. densities,
are c0mparéb1e to those expected during shock compression. Even though
such experiments do not duplicate shock-wa: : conditions they should provide
considerable insight regarding changes in collision-induced transition
probabilities and high density many-body cffects.

Two experiments are suggested: ‘;ne which studies the effects of
intermolecular forces on collisional vibratifonal deactivation and a second
which looks at changes in vihrational transition probabilities resulting
from compressional shifts of molecular vibrational levels. Both experi-
ments use fast pulsed-laser techniques to stimulate and probe the molecular
sample. In comparable, antual shock-compression experiments, the
stimulating pulse may not be needed 1if the material translational
temperature is sufficiently high.

Ewing et al.125'130 in a series of experiments using both neat liquid
nitrogen and mixtures of 1liquid nitrogen with small concentrations of
additives, measured the vibrational relaxation time of the pure material to
be slightly less than 1 min. Figure 22 shows a similar proposed fast
pilsed-laser experiment using a high-pressure liamond-anvil cell. The pump
beam excites the nitrogen molecule to the £irst vibrational level wusing
stimilated Raman scattering. The second delayed probe beam measures the
population decay of this level via spontaneous anti-Stckes Ramian scatter-
ing. Presumably, as the pressure in the cell {3 increased, the relaxation

time wil) decrease-“‘z'lAS At sufficiently high density, the relaxation
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rate will be fast enough that if the measurement were made behind a shock~
front 1o a dynamic experiment, substantial population of the excited state
in equilibrium with the transiational temperature of the shocked material
would occur within a few mm of the front. The goal of the experiments is
to observe vibrational relaxation in a dense fluid obtained both by shock
compression and by a high-pressure cell. 1In this way one could separate
the effects of fiuild structure (density) from the effects of intermolecular

potentials (temperature).

The second experiment is based on similar psec relaxation experiments

1.146 and Fendt et al.147 and ultrasonic studies of

of Laubereau et a
Takagi, et a1.135’137 which =~t dy the vibrational energy transfer in
substituted methanes. The lower vibratiounal energy levels and some
overtone and combination 1levels in the vicinity of the CH stretch levels

near 3000 cm !

are shown iz Fig. 23 for dichloromethane, CH,C1,. The
results of the studies show that after populating the CH stretch modes
using a psec infrared laser pulse (equilibraticn between the two modes 1is
very rapid) these levels decay through a weak Ferml resonance to an
overtone level of the bending modes. The presence of the Fermi resonance.
is deduced from a 1line in the infrared spectrum at 2832 <:m"1 due to the
first overtone of the v, bending mode (Fig. 21). V1 and Vg are the two CH
stretchirg modes and the peak at 2832 en”! {s from 2vy. We believe that an
important aspect of energy transfer duriang shock compression and shock-com-
pression chemistry is how the esergy flows through the vibrational degrees
of freedom, i.e., how they are populated from the translational energy of

the shock waveu'g'“‘9

and if they are in equilibrium. In the case of the
above system, compression either using shock-wave techniques or statically
using a diamond-anvil cell, will iaduce a relative shift in the Vi» Vg and
Vs levels that should change the resonant coupling of the CH fundamental
levels and the v, overtone. The relaxation time should change accordingly.
Experiments similar to that shown 1in Fig. 22 using CH2C12 and other
substituted methanes and psec laser spectroscopy can be uscd to study the
intra- or inter-molecular relaxation phenomenology at densities similar to
those existing during shock compression. At pressures of secveral kilobars,

the molecules may not exis® individually but as some other type of struc-

ture with radically shifted encrgy levels. Interpretation would require a
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theoretical approach which differs significantly from the frequently used

bimolecular cecllisica model.

3. Unique Features of Shocl:-Compression. Definitive experlments are

needed to elucidate the unique features of shock -~ompression relating to
reactivity. Because the phenomena occur extremely rapidly over very small
distances and the stress gradients are large, observation of the

mf ~roscoplc behavior is difficult.

Two complementary techniques or, actually, variations of shock-com-
pression cxperiments, which might provide some insight into behavior in the
abrupt shock-front, are suggested. The first is to reduce the strength of
the shock wave to a pressure level characteristic of d{nriplent reaction.
By doing this, the degree of reactivity may be lessened to rhat where the
region immediately behind the shock-front can be 1interrogated to reveal
evidei'ce of mechanisms in the front itself. The second is tc condu:t ex-
perimeuts a* reduced strain rates using ramp generator or recduie? astrain
rate techniques. By spreading the elusive shock-front region out la space
and time to facilitate diagnosis cvne may be able to observe ths o/ cct of
large variable stress gradients on molecules and material structires. Both
of these methods would be used in conjunction with parallel static experi-

ments.
LVe SUMMARY

Future development of diagnastic techniques for studying the
phenomenology of condensed-phase shock--compressed molecular systems will
probably evolve as follows. Investlgators will continue to use and refine
proven methods such as pressure und particle velocity, eleatrical conduc-
tivity and rercovery experiments to {nfer aspects of shock-rompression
behavior. Some of tlic wore direct measurement technlques, such as Raman
scattering, will give specific information about ~hnck-induced reaction,
decomposition, phase changes, etc. This iInformation, when used {in
conjunction with results of established methods, will provide insight into
the detailed microscopic phenomenology through and immediately behind the

shock  fvont. Complementary high  pressure/high temperature static
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measurements will be used to test diagrostic tools, determine structure and
energy transfer rates at approxirate shock-compression conditions and,

hopefully help to distinguish between shock and non-shock environments.

Two fundamental limitations for making experimental measurements in
the region through and immediately behind shock fronts are the maximum pos-
sible spatial resnlution which can be achieved and the increased bandwidth
of fast temporal measurements. For +risible wavelength optical
measurements, the diffraction limit, or spatial resolution, is ~1/2 u. Por
subpicosecond temporal techniques, the bandwidth, or spectral resolution,

is several tens of wavenumbers.

In the near future, say five ye rs, we believe the evolution of diag-
nostic techniques will enable us to perform the following measurements: (1)
determination of vibrational and electronic energy levels for many shock-
compressed materials; (2) identification of material phases when shock-
compressed; (3) jdentification for many materfals of chemical species
resulting from shock-induced decomposition, polymerization, reaction, etc.;
(4) determination of reaction-rate phenomenology for shock-compressed mate-
rials, 1.e., how do rates aud phenomenology change with large compressions
and high temperatures?; and (5) measurement of some details of shock-front
structure possibly providing insight regarding the unique features nf the
shock process. When the results of these measurcments are coupled with
presently known information, the possibilities for increasing our phenome-

nological understanding of the shock-compression process are numerous.

The authors wish to thank C. W. Caldwell for his assistance in per-
forming the shock—w experiments and Mary Ann Lucero for typing the

manuscript.
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TABLE I. ISSION/ABSORPTION/FLUO..ESCENCE SPECTROSCOPY

Tectaique

Difficulcies

Advantages

Ealissicn

Absorp

re

.

oa

Zaission occ  rs along an optical
path.

Difficule in infrared because of
iack of detector time resolution.

Ezission lines appear agalnst a
bright background.

Absorption occurs along an optical
path.

Difficult in infrared because of
lack of detector time resolution
and bright emission background.

Absorption occurs from complicated
vibronic states making interpreta-
tion difficult.

Absorption couild appear as a small
signal against large background.

Radiation measurement caan give esti-
mate of temperature.

Emission lines can give some indica-
tion of species.

Absorption band shifts can give es-—
timate of structure chairges.

Absorption bands can give some indi-
cation of species.




41—

ZABLE I. Continued

Techzigue sifficuities Advantages

Z=frared Adscrpiicn  Abscrption occurs aiong anm optical Absorption band shifts can give
Usizg Paraazeiric salii. estimate of structure changes.
Ccaversion

Yay be nard to ir»leaent. Good teamporal resolution
Absotrption could appear as a small Improved detection sensitivity in
siznal agaiasc large background. infrared.

Flucresceace Jifficulit to interpret bdecause of Fluorescence can giv some indica-

zany variabies. tion of species.
Sigaai could appear against a Can measure intra-level conversion
bright background. - rates.

Can achieve some sgpatial resolution.

Enough intensity for psec time reso-
lution.




TABLE II. RAMAX SPECTROSCOPY
Tezporal Spatial
Technique Reso_ition Resolution Difficulties Advantages
(as] (=)
inccherexzt

Spoataaeous g1 10 Low sensitivity 1imits Can identify vibrational
temporal and spatial res- spectra and species.
olution.
Difficult in nigh emis- Can mrasure temperature.
sion background applica-
tions.
Difficult where fluores-
cence or photochemistry
occurs.

desozance 19741074 10 May require amall species Can identify vibrational
concentrations. spectra and species.
Could have competing Increased sensitivity com-
fluorescence effects. pared to spontaneous Raman

scattering.
Ccherent
tizuylated 107%-1 2000 Spatial resolution dar- Can identify single vibra-

ginal. tional spectra.
High power levels re-~ Good temporal resolution.
quired.
Limited detection capa—~ Scattered beam comes back
bility (single mode and along i:cident beam.

spacies).




Tecizigue

“emporai Spatiaili
lesoiution Resolution

Difficulties

Advantages

~averse

Anti-Stoxes,
Stoxes (CARS,
538
J3JXCARS:

2azan Iuduced
XRecr Effect
(RILZS)

Other

{as) ()
107%-10 10
1074-10 1000

[100]
107410 10

Appears as a small signal
on large background.

Phase matching required.

Sensitive to birefrin-
gence effects.

Complicated.

Can identify vibrational spectra
and species.

Does not require phase matching.
Good spatial resolution.
Good temporal resolution.

All Raman active molecules and
modesS scatter.

No non-resonant background.

Can identify vibraticnal spectra
and species.

Spatial resolution adequate.
Good temporal resolution.

Good detection sensitivity.

All Raman active molecules and
modes scatter.

Can identify wvibrational spectra
and species.

Does not require phase matching.
Good spatial resolution.
Good temporal resolution.

All Raman active molecules and
modes scatter.
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