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The behavior of liquids and dense fluids has been the 
subject of several previous Ac~ounts.~-~ In a dense fluid 
the short-range repulsive interparticle (or intermole- 
cular for our studies) forces dominate and determine 
the structure and thermodynamic behavior of the 
fluid.l+ This dominance is especially true in materials 
subjected to shock waves or explosive detonations in 
which the densities may be two or more times the initial 
densities and temperatures may be several thousand 
degrees. The structure, thermodynamics, energy 
transfer, and chemical reactions of dense fluids have 
been described theoretically in terms of intermolecular 
(and intramolecular, for interactions within the mole- 
cule) potential functions and statistical mechanical 
treatments.l~~-'~ For liquids of not too high density, 
pairwise additive potential functions can be used. 
However, many-body effects necessitate corrections for 
the high-temperature dense fluids of interest in this 
A c c ~ u n t . l * ~ ~ ~  

Experimental confirmation of these theoretical de- 
scriptions, especially for high-temperature dense fluids, 
has been obtained in several ways. First, these de- 
scriptions have been compared with the results of hy- 
drodynamic/thermodynamic experiments such as shock 
Hugoniot measurements4p9 or with numerical simula- 
tions, that is, computer experimerh6t8 A shock Hu- 
goniot is the locus of all pressure-volume end states 
attainable by a shock wave propagating into a particular 
initial pressure-volume state. The problem is that 
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macroscopic experiments such as shock Hugoniot 
measurements average over the microscopic (that is, 
molecular) aspects of the fluid and are, therefore, in- 
adequate for a complete understanding of dense fluid 
behavior. Consequently, present models of dense fluids 
have been verified only to the extent that they agree 
with such bulk property measurements. A complete 
verification of these models requires more experimental 
data,3 particularly from experiments that provide in- 
sight at the molecular level. In this Account, we de- 
scribe an experiment, based on combining shock-com- 
pression techniques and nonlinear optical scattering 
methods, that was used to explore the microscopic as- 
pects of dense fluid nitrogen, oxygen, and carbon 
monoxide. These simple diatomic molecules were 
chosen because initial results are easy to interpret and 
because these molecules are important in explosive 
applications. 

The Experiment 
Spectroscopic measurements, when possible, can 

provide the desired microscopic level information. 
Recently, we have been able to probe some of the mi- 
croscopic phenomenology of high-temperature dense 
f l u i d ~ ~ ~ J ~  using samples of liquid nitrogen, oxygen, and 
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Figure 1. Schematic of the CARS experimental setup for 
shock-compressed materials. The fluid in the target is dynamically 
compressed by impact of the projectile from a two-stage gas gun. 
The output from a NdYAG laser pumps a narrow-band dye laser 
to provide the pump frequency and a broadband dye laser to 
provide a broad range of Stokes frequencies. The CARS signal 
is detected by an intensified photodiode array (OMA) gated on 
for 20 ns at the expected time of arrival of the signal. Two l-m 
spectrometers are used, one to measure the CARS signal, w,, 
produced in the sample and the other (in conjunction with a 
photodiode array) to measure the spectral profie of the broadband 
dye laser, w,. AR denotes the accelerating reservoir of the gas 
gun, and SHG corresponds to second harmonic generation. 

carbon monoxide shock-compressed to 2-3 times their 
initial density and several thousand degrees. Single- 
pulse, broadband, coherent, anti-Stokes Raman spec- 
troscopy (CARS) was used to obtain the vibrational 
spectra of the high-temperature dense fluids.l6-ls 

A complete experimental description has been given 
e l s e ~ h e r e . ~ ~ , ~ ~  Briefly, as shown in Figure 1, a projectile 
launched by a two-stage gas gun dynamically com- 
presses a sample in a target. Our gas gun uses a powder 
charge to drive a piston in a barrel to compress a hy- 
drogen working gas. The compressed hydrogen then 
accelerates a second, smaller projectile in a second 
barrel to velocities between 3 and 7 km s-? The impact 
of this projectile on the target generates a strong shock 
wave that compresses the sample. The cryogenic target 
assembly used to condense and hold the liquid for these 
experiments consists of a highly-polished stainless steel 
target plate at the front and a lithium fluoride window 
at the rear. Impactor and target plate thicknesses were 
chosen, and electrical time-of-arrival pin assemblies 
were installed in the -1.5 mm long liquid samples, so 
as to ensure that rarefaction waves from the rear and 
the side of the target would not compromise the one- 
dimensional character of the compression in the region 
observed optically. We calculated pressures, densities, 
and temperatures for the shock-compressed fluid using 
an effective spherical potential that has been shown to 
accurately reproduce both molecular dynamics simu- 
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lations with nonspherical potentials and experimental 
Hugoniot 

is a parametric process in which three 
waves, two at a pump frequency wp and one at a Stokes 
frequency w,, are mixed in a sample to produce a co- 
herent beam at the anti-Stokes frequency w, = 2wp - 
w,. The efficiency of this mixing is greatly enhanced 
if the frequency difference 2w, - w, coincides with the 
frequency wj of a Raman active mode of the sample 
and/or if wp, w,, and/or w, are tuned to electronic 
transitions of the scattering The ad- 
vantages of using CARS rather than spontaneous Ra- 
man scattering are that it provides a large scattering 
intensity, beamlike scattering rather than scattering 
into 47r steradians, and the frequency w, of the scat- 
tered signal greater than the initial laser frequencies at 
wp and w,. The latter feature mitigates the interference 
from possible sample fluorescence. 

We obtained the pump frequency in the CARS pro- 
cess (Figure 1) by using a portion of the 5-10-ns fre- 
quency-doubled output of an injection-seeded, single- 
frequency Nd:YAG laser to pump a narrow-band, tun- 
able dye laser. A broad range of Stokes frequencies was 
produced by a home-built, broadband dye laser pumped 
by the remaining Nd:YAG output. Flash lamp and 
Q-switch timing were provided by a photomultiplier 
tube/HeNe laser combination (not shown in Figure 1) 
activated by the projectile and the electrical time-of- 
arrival pins, respectively. The CARS signals produced 
in the sample were directed through a narrow-band 
filter monochromator and then dispersed by a l-m 
spectrometer. To obtain multichannel detection of the 
CARS signal, we used an intensified photodiode array 
gated on for 20 ns at  the expected arrival time of the 
CARS signal. Gating the detector on for only a short 
time eliminated any stray light produced by the gas gun. 
In addition, the broadband dye laser spectral profile was 
measured in each experiment by another l-m spec- 
trometer and photodiode array. The latter measure- 
ment was made to help achieve accurate data simula- 
tion. 

Figures 2 and 3 show samples of the single-pulse, 
multichannel CARS spectra that were recorded. For 
experiments in which the shock wave in the target had 
not reached the window (see Figure l), spectra corre- 
sponding to the solid curves in Figure 2 (top) and 3 were 
obtained. Figure 2 illustrates the results for a single- 
component sample such as nitrogen. Figure 3 repre- 
sents spectra typical of mixtures, in this case 50% ni- 
trogen/50% carbon monoxide. The peaks identified 
by asterisks at 2327.2 cm-l in Figures 2 (top) and 3 and 
at  2138.4 cm-l in Figure 3 are the CARS signals from 
unshocked nitrogen and carbon monoxide, respectively. 
In the figures, Po gives the pressure of the unshocked 
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Figure 2. Samples of single-pulse, multichannel CARS spectra 
of nitrogen. Top: Spectra of unshocked and singly-shocked fluids 
obtained in an experiment in which the shock wave has not 
reached the window at the rear of the target assembly shown in 
Figure 1. Bottom: Spectra of singly- and doubly-shocked fluids 
obtained in an experiment in which the shock wave has been 
reflected from the rear window. Fluid pressures are denoted by 
Po for unshocked fluid, Pl for singly-shocked fluid, and Pz for 
doubly-shocked fluid. The peak at 2327.2 cm-' (identified by *) 
is for unshocked nitrogen. Solid linea represent experimental data, 
and dashed lines correspond to calculated synthetic spectra. 
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Figure 4. A Raman shifts for the fundamental transition of 
nitrogen versus Hugoniot pressures achieved by shock c o m p d o n  
(compared with 2327.2 cm-I). 0, CARS singly shocked, 0, CARS 
doubly shocked; 0, spontaneous Raman scattering, diamond anvil 
cell; -, calculated isotherms; - - -, Belak et al.l0 

progression arising from one of the interrogated regions. 
In the case shown, the nitrogen lines have not broad- 
ened sufficiently to obscure the individual peaks of the 
two progressions. In many cases the individual lines 
broaden sufficiently so that it is difficult to distinguish 
the singly-shocked from the doubly-shocked lines 
without spectral simulations. For these experiments, 
P1 is the pressure of the singly-shocked fluid and P2 is 
that of the doubly-shocked region. 

We calculated the synthetic CARS spectra that rep- 
resent the experimental using known tech- 
niques. In Figure 2, this result, after convolution with 
the appropriate slit function, is represented by the 
dashed line. 
Rssults 

Figures 4-6 show the A Raman shifts (the change of 
vibrational frequency from ambient) for the funda- 
mental transitions of nitrogen,l6Y oxygen,1' and carbon 
monoxide18 versus Hugoniot pressures achieved by 
shock compression. A Raman shifts have been used so 
that the results for the different molecules can be 
readily compared. Similar results are also available for 
several hot-band transitions. Data are available to 
much higher pressures for nitrogen than for oxygen or 
carbon monoxide because both af the latter molecules 
become opaque when shocked to above 10 GPa. For 
oxygen, proximity- or collision-induced absorption is 
thought to cause the difficulty,17 whereas for carbon 
monoxide, some form of chemical reaction is suspect- 
ed.18 The increase in nitrogen opacity above 20 GPa 
and above 40 GPa for the doubly-shocked fluid is 
thought to be the consequence of ionization.16 Also 
given in Figure 4 are Raman scattering data obtained 
with static high-pressure methods.28 

For all three molecules, the vibrational frequencies 
show a monotonic increase with increasing shock 
pressure. In the case of nitrogen, sufficiently large 
pressures are reached, so that the frequencies for both 
the singly- and doubly-shocked material appear to begin 
to decrease. Static high-pressure measurements of vi- 
brational frequencies in solid nitrogenmaO and solid 
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Figure 5. A Raman shifts for the fundamental transition of 
oxygen versus Hugoniot pressure achieved by shock compression 
(compared with 1551.3 cm-'1. 0, CARS singly shocked, 0, CARS 
doubly shocked; -, calculated isotherms. 

hydrogen30 show a similar reversal in the dependence 
of the Raman shift with increasing pressure. Initial 
explanations of this effect invoked a change in the 
molecular electronic structure at the highest densitiesaM 
Recent isotopic mixture studies indicate that the re- 
versal in the frequency shift in the molecular solids at 
high density is most likely due to resonant interactions 
(that is, dynamic couplings may exist that would ex- 
plain the r e v e r ~ a l ) . ~ ~ ~ ~ ~  Although different possibilities 
have been s u g g e ~ t e d : ~ ~ ~  an explanation for this be- 
havior of the vibrational frequencies is still being 
sought. 

When the fluid is singly or doubly shocked to the 
same preasure, the difference in the measured A Raman 
shifts noted in Figures 4-6 is related to the differences 
in temperature of the shocked materials. This differ- 
ence is also observed for Raman scattering measure- 
menta of nitrogen made in the diamond anvil cell at 
equivalent pressures but lower temperatures. The effect 
of temperature on the potential functions and the 
portion of the potential sampled' manifests itself clearly 
by these differences in the vibrational frequencies. The 
advantage of using high-pressure experiments to sepa- 
rate the effects of pressure and temperature on dense 
fluid behavior has been previously noted.2 

Because existing theoretical interpretations inade- 
quately describe the results observed experimentally, 
a technique was needed to organize and compare the 
measurements. The measured Raman frequency shifts 
depicted in Figures 4-6 have been numerically fit to 
empirical relations of pressure and t e m p e r a t ~ r e . ' ~ J ~ f ~ ~  
The long curves in the figures show the positions of 
selected isotherms, obtained from the relevant empirical 
relation. Each isotherm is drawn over the approximate 
range of validity of the empirical fit. Also shown for 
comparison in Figure 4 are the nitrogen Raman fre- 
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Figure 6. A Raman shifts for the fundamental transition of 
carbon monoxide versus Hugoniot pressure achieved by shock 
compression (compared with 2138.4 cm-'). 0, CARS, single shock; 
0, CARS, double shock; -, calculated isotherms; - - -, calculated 
isotherm of nitrogen (compared with 2327.2 cm-'). 
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Figure 7. A Raman shifta of CO compared with 2138.4 cm-' 
versus fraction of CO in mixtures of N2 and CO at 7.2 GPa and - 1420 K. The datum at 0.65 is near 6 GPa and is consequently 
slightly low compared with an empirical fit (-) of all of the CO 
and N2 data.l6JS 

quency shifts along a 2000 K isotherm from an ap- 
proximation to Monte Carlo calculations by Belak, 
Etters, and LeSar.lo As pointed out by the authors,1° 
the Monte Carlo calculations give frequencies that are 
slightly higher than experimental results, with the 
discrepancy becoming greater for increasing pressure. 
Possible reasons for this difference as briefly discussed 
in a previous publication16 include dissociation and/or 
ionization. This discrepancy is being explored by Le- 

No theoretical results are known for oxygen or 
carbon monoxide. 

Comparison of the lo00 K isotherms for the three 
molecules shows that nitrogen and oxygen have similar 
shifts, with that of oxygen being slightly larger. How- 
ever, the vibrational frequency shift with shock pressure 
for carbon monoxide is dramatically smaller than that 
observed for either nitrogen or oxygen. The 1000 K 
isotherm of nitrogen is drawn in Figure 6 along with the 
carbon monoxide results to emphasize this effect. This 
considerable difference is surprising in view of the fact 
that nitrogen and carbon monoxide are isoelectronic 
and have very similar properties such as liquid densities, 
boiling points, and shock Hugoniots up to 10 GPa. 

Figure 7 shows preliminary results for the carbon 
monoxide vibrational frequency at 7.2 GPa and 1420 
K versus the fraction of carbon monoxide in a carbon 
monoxide/nitrogen mixture. Note that, as the amount 
of carbon monoxide decreases, the measured vibrational 
frequency increases more rapidly near 100% carbon 
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Figure 8. Equation-of-state temperatures T,, and vibrational 
temperatures Tvib (extraded from the computed synthetic spectra) 
versus shock pressure for CO and N,. 

monoxide and less rapidly near 100% nitrogen. The 
nitrogen vibrational frequency exhibits a similar be- 
havior, decreasing more rapidly near 100% nitrogen and 
less rapidly near 100% carbon monoxide. Clearly, this 
behavior of the vibrational frequencies is a manifesta- 
tion of the influence that different molecular neighbors 
have on the intramolecular potentials. Previously, at 
much lower pressures and temperatures, the presence 
of a permanent dipole moment in carbon monoxide has 
been used to explain the much larger Raman line width 
in ambient liquid carbon monoxide versus nitrogen.37 
Other authors have noted the perturbation of vibra- 
tional frequencies and line broadening resulting from 
molecular interactions.% All of this evidence indicates 
that, if the intermolecular potential functions are to 
completely describe these high-density fluids, we must 
consider the detailed nature of the interacting molecules 
as well as many-body effects. An attempt to theo- 
retically describe these observations is in progress.36 

Experimental results3S43 show that the vibrational 
relaxation time of the dense, fluid nitrogen decreases 
from several seconds at atmospheric pressure to ap- 
proximately 0.2 ms at 0.3 GPa. Because these times are 
long, it was unclear whether at shock pressures and 
temperatures the relaxation time would decrease suf- 
ficiently rapidly (to 6 0  ns) to enable equilibration of 
the vibrational levels in the shock-compressed region 
interrogated by CARS. It was also unclear what effect 
impurities would have on the density dependence of the 
relaxation time.39*a For all experiments performed to 
date in which vibrational hot bands have appeared, the 
spectra are adequately represented by a simple model 
based on Boltzmann equilibrium of the vibrational 
 level^.'^^^^ This result implies that energy has been 
transferred from the bulk translational motion into the 
vibrational energy levels in a time less than or compa- 
rable to the characteristic time of the shock-compres- 
sion experiment. For these experiments, this time is 
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tional dephasing may not be separable from energy 
relaxation processes.) 

The second statement to be made about Figure 9 is 
that, as the shock pressure increases along the shock 
Hugoniot, the spectral line widths for nitrogen, oxygen, 
and carbon monoxide appear to increase almost linearly 
with temperature. With the exception of the one dou- 
bly-shocked datum for oxygen, a significant dependence 
on density is not readily apparent. For example, the 
single- and double-shock data for nitrogen and carbon 
monoxide appear to fall on the same curve. Also, the 
nitrogen and carbon monoxide data seem to form a 
continuous line, suggesting another way in which these 
molecules are similar. Oxygen displays a different, but 
also nearly linear, line width dependence on the shock 
Hugoniot temperature. The steep repulsive core of the 
intermolecular potential is being sampled at the shock 
densities investigated here. Consequently, the change 
in density with increasing shock pressure is much less 
than the change in temperature. This fact, coupled with 
an observed weak density dependence of the line 
width,16 could produce the results observed in Figure 
9. 
Concluding Remarks 

We are seeking a fundamental understanding of the 
detailed microscopic phenomenology of shock-induced 
chemical reaction and detonation waves by using 
pulsed, coherent anti-Stokes Raman scattering exper- 
iments to determine the vibrational frequencies and line 
widths in shock-compressed, high-pressure/high-tem- 
perature fluids. To date, we have confirmed that N2, 
02, CO, N20,52 CH3N02,15v53 and still exist as 

(52) Schmidt, S. C.; Moore, D. S. In Proceedings of the Znternutionul 
Symposium on Coherent Raman Spectroscopy; Marowsky, G., Ed.; 
Springer-Verlag: Heidelberg, in press. 

(53) Moore, D. S.; Schmidt, S. C. In Proceedings of the Ninth Sym- 
posium (Internationl) on Detonation; Morat, W. J., Ed.; Naval Surface 
Warfare Center: Silver Spring, MD, 1989; Vol. I, pp 180-189. 
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molecules on the nanosecond to microsecond time scale 
behind the shock front and that energy is being 
transferred from the translational degrees of freedom 
into the vibrational modes. For N2, 02, and CO, the 
vibrational relaxation times decrease to less than a few 
nanoseconds in the shock-compressed state. For ni- 
trogen, this difference represents a rate increase of 
nearly 10 orders of magnitude from ambient conditions. 
The vibrational population distribution appears to be 
Boltzmann and gives temperatures that agree satis- 
factorily with those obtained from equation-of-state 
calculations. Presently we are attempting to determine 
the vibrational temperatures of mixtures of these 
molecules. 

We have experimentally shown the effect of the in- 
termolecular potential (reflecting the thermodynamic 
environment of the shock-compressed state and 
many-body effects) on the intramolecular potential 
through vibrational frequency shift measurements. 
Theae results show differences in the behavior of N2 and 
CO that have not been elucidated by shock Hugoniot 
data. We have used line width data, assuming homo- 
geneous line broadening, to provide an estimate of de- 
phasing times. For N2, 02, and CO, these times have 
decreased to a few picoseconds or less at the highest 
pressures studied. Future work will include efforts to 
elucidate the behavior of mixtures of diatomic fluids, 
to obtain the Raman spectra of triatomic molecular 
fluids, and to conduct isotopic exchange experiments 
at shock pressures and temperatures. 
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