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Vibrational spectroscopy of fluid N2 up to 34 CxPa and 4400 K
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Single-pulse multiplex coherent anti-Stokes Raman scattering (CARS) was used to observe the vi-

brational spectra of liquid N2 shock compressed to several pressures and temperatures up to 34 GPa
and 4400 K. Vibrational frequencies, peak Raman susceptibilities, and Raman linewidths were
determined for the fundamental and several excited-state transitions by comparing experimental
spectra to synthetic spectra calculated using a semiclassical model for CARS intensities. The ques-
tion of excited-state populations in the shock compressed state is addressed.

Recently there have been numerous papers discussing
the high-pressure, high-temperature behavior of N2.
There have, however, been no measurements of the Nz vi-
brational frequencies in the dense fluid state at tempera-
tures sufficiently great to result in excited-state transi-
tions. Such data would be of enormous value both to
characterize the intramolecular potential function and
possibly to verify directly the existence of dissociation.
Measurements of ground and excited-state vibrational
transition intensities could also provide an upper-limit es-
timate for the Nz dense-phase fluid-vibrational relaxation
time.

Reported here are measured frequencies, relative-peak
third-order susceptibilities, and spectral half-widths of the
fundamental and several excited vibrational transitions of
diatomic N2 at several pressures and temperatures up to
34 GPa and 4400 K. The pressure-temperature states
were achieved by dynamic compression techniques and
the vibrational spectra were measured using coherent
anti-Stokes Raman scattering (CARS). The experimental
apparatus has been described previously. ' Briefly, a pro-
jectile launched by a two-stage light-gas gun dynamically
compressed a sample in a target designed to reflect the
CARS signal back out through an optical aperture. The
cryogenic target assembly used to condense and hold
liquid N2 for these experiments has been described else-
where, but was modified to include a highly polished 304
stainless-steel target plate at the front and a 6.3-mm-diam
quartz or lithium fluoride window at the rear. Impactor
and target plate thicknesses were chosen, and pin assem-
blies were installed in the —1.5-mm-long liquid-N2 sam-
ple, so as to insure that rarefaction waves would not
compromise the one-dimensional character of the
compression in the region observed optically. Single-
shock velocities were conservatively measured to +5%%uo

and the initial pressure and temperature of the liquid-N2
sample were determined to +0. 1 psi (absolute) and +1 K,
respectively. Initial sample densities were taken from
Jacobsen et al. The N2 samples were condensed from
gaseous Nq (purity greater than 99.9%).

In order to take advantage of the broader gain profile of
the laser dye DCM (Exciton Chemical Company) (-600
cm ' versus -200 cm ' for Rhodamine 590 previously

used), it was used in the broadband dye laser, to produce
Stokes frequencies from 627 to 645 nm. The pump fre-
quency in the CARS process was obtained by using ap-
proximately 40% of the Nd: YAG (YAG denotes yttrium
aluminum garnet) laser output to pump a narrowband dye
laser (Quanta-Ray PDL-1) at near 557 nm. Multichannel
detection of the CARS signals was done using an intensi-
fied photodiode array (Tracor Northern model No. 6132)
and analyzer (Tracor Northern model No. 6500). In addi-
tion, the broadband dye laser spectral profile was mea-
sured in each experiment using another 1-meter spectrom-
eter, a photodiode array (Reticon model No. RL512S) and
a transient digitizer (Biomation model No. 805).

Pressures, densities, and temperatures for the singly and
doubly shocked regions were calculated using an effective
spherical potential ' that has been shown to accurately
reproduce both nonspherical molecular-dynamics simula-
tions and experimental Hugoniot and brightness-
temperature data. The calculated results are presented in
Table I along with the initial conditions for each experi-
ment. Doubly shocked states are inferred from im-
pedance matching of the N2 shock, at the measured shock
velocity, reflecting off the known window material assum-
ing the theoretical equation of state for Nz. The
equation-of-state parameters for quartz and lithium
fluoride are from published data. Based on the previous-
ly stated experimental errors, the estimated uncertainties
are as follows: pressure +1 GPa, density +0.03 kg/m,
and temperature +300 K for the first shock; and pressure
+2 GPa, density +0.05 kg/m, and temperature +300 K
for the reflected shock. The size of the uncertainties is
dominated by the experimental uncertainty in the shock
velocity. For comparison, Ross and Ree's corresponding
states potential leads to pressures and densities within the
above uncertainties and an upward temperature shift of
350 to 500 K depending on shock strength.

CARS (Refs. 9—14) occurs as a four-wave parametric
process in which three waves, two at a pump frequency
cop and one at a Stokes frequency co&, are mixed in a sam-
ple to produce a coherent beam at the anti-Stokes frequen-
cy, coAs 2cop co& The efficiency of this mixing is great-
ly enhanced if the frequency difference cop —coq coincides
with the frequency of a Raman-active mode of the sam-
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TABLE I. Summary of shock conditions and spectroscopic parameters. (P denotes pressure in units of Gpa, p denotes density in
units of kg/m, T denotes temperature in units of K, v denotes velocity in units of km/s, and ~p is in units of cm .)

Initial

Conditions

Single-shock experiment

Transition (cm-')
~pk

J
yNR

(cm ') Transition (cm
—')

Double-shock experiment
CO~

+pk
J

yNR
(cm

—')

P =0.003
p=0. 78
T =82.9

cop ——17 947.4

Not
shocked

0—1 2328. 1 600.0 0.029

P =0.003
p=0. 78
T= 83.9

cop ——17 948.4

P=9.3
p= 1.53
T=2015
U =4.92

0-1
1-2

2343.5 13.2 2.5 P= 14.4
p= 1.73
T =2277

0-1 2356.0 13.0 2.6

P =0.003

p =0.783
T =82.9

cop ——17 948.4

P =10.2
p=1.56
T=2196
U =5.11

0-1
1-2
2-3

2344.7
2317.0
2287.2

12.5
5.6
2.4

2.6
2.6
2.6

P =15.8
p= 1.77
T=2480

0-1
1-2
2-3

2356.4
2327.0
2297.0

12.4
6.7
2.2

2.7
2.7
2.7

P =0.003

p =0.782
T=83.1

cop ——17 947.4

P=15~ 6
p=1.69
T=3521
0 =6.09

0-1
1-2
2-3
3 4
4-5

2351 ~ 3
2323.2
2297.5
2269.5
2242. 1

0.80
0.65
0.50
0.24
0.13

3 ' 5

3.5
3.5
3.5
3.5

P =34.4
p=2. 13
T =4444

0-1
1-2
2-3
3-4
4-5

2366.9
2338.3
2310.0
2281.5
2252.8

0.61
0.65
0.43
0.28
0.14

6.0
6.0
6.0
6.0
6.0

Insufficient signal-to-noise ratio to observe excited-state transitions.

pie. The intensity of the beam at cu&s is given by

2
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co~sI&Is(X;L; ) n~s+2

2ns~~s
'2 4

n~+2
X

np+2
3

'2

p2gpk

(co —co +cos) + I .

2

and

pk h

27TC

do'
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where h is Planck's constant, c is the speed of light, and
nAS, n~, and n~ are the refractive indices at co&s, co+, and
cuz, respectively. Iz and Iz are the incident intensities of
the pump and Stokes beams, respectively. N;L; corre-
sponds to the Lagrangian density of the ith layer, and the
sum is over noninterfering layers. 7"' is the nonresonant
susceptibility, Xpk is the peak third-order susceptibility, I

&

is the half-width at half maximum linewidth, and
(der/dQ)~ is the spontaneous Raman cross section of the
j to k vibrational transition. pj. is the number density in
vibrational level j. The sum on j is over transitions.
Equations (1) and (2) hold only in the case of no electronic
resonance enhancement. '

Phase matching is assumed to be experimentally optim-
ized in the ambient sample for the focusing conditions
used. The dispersion in the sample is assumed to linearly
scale with the increase in refractive index due to volume
compression according to the empirical relation
n =1.22+0.52(1 —V/Vo). ' V/Vo is the relative
volume due to compression and 1.22 is the approximate
index of refraction of ambient liquid N2. ' Linear scaling
of the dispersion results in the same phase-matching angle
at all compressions. These refractive indices are also used
in the local-field correction terms of Eq. (1).

The observed single-pulse CARS spectra of ambient
pressure and six (three experiments) dynamically
compressed states of liquid nitrogen are shown in Fig. 1.
Because of timing constraints and the desire to have no
unshocked sample at the time the laser pulses arrived, the
shock wave in all three experiments has reflected off of
the rear window back into the once-shock-compressed
sample, producing a doubly shocked region. Because the
ambient liquid-N2 Raman linewidth is sufficiently nar-
row' ' and because the line broadening with pressure is
observed here to be sufficiently slow, spectral features
from both the singly (denoted in Fig. 1 by asterisks) and
doubly (arrows) shocked regions are clearly observed.

Wavelength calibrations (+2cm ') were all done using
vacuum wavelengths. The narrow-band dye laser was
placed near or in coincidence with the 17947.4-cm
transition of Kr, the broadband dye laser was calibrated
versus the 15615.2- and 15953~ 5-cm ' transitions of Ne,
and the intensified diode array was calibrated using the
19931.9- and 20311.6-cm ' transitions in He and the
19844.6-cm ' transition of Ne; all of which were ob-
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FIG. 1. Experimental and computed spectra for high-
pressure and high-temperature N2.

tained from standard calibration lamps. The spectral-
slit-function of the spectrometer-photodiode array com-
bination was also measured using the 19931.9-cm ' line
of He and a 100-pm-wide entrance slit. A good represen-
tation of this slit function was obtained by use of a 2.9-
cm ' full width at half maximum triangle. The spectral
profile of the narrow-band laser was accurately measured
and was fit best by a Gaussian with 1.3 cm ' width at
1/e amplitude.

The transition frequencies, linewidths, and peak cross
sections presented in Table I were obtained from the spec-

tra in Fig. 1 by fittings with synthetic spectra calculated
using Eq. (1) and convolved with the 2.9-cm '-triangular
slit function. Because the spectral fittings were accom-
plished primarily by visual inspection and the number of
spectra that were fit is small, an accurate statement can-
not be made about the errors in gz /7"' and I z. A con-
servative estimate of the error is a factor of 2 of the stated
value.

Experimental results ' show that the dense fluid-N2
vibrational relaxation time decreases from several seconds
at atmospheric pressure to approximately 0.2 ms at 0.3
GPa. Because these times are long it is unclear whether,
for the shock pressures and temperatures given in Table I,
the relaxation time will decrease sufficiently rapidly (to
=50 ns) to enable equilibration of the vibrational levels in
the shock-compressed region interrogated by CARS. It is
also unclear what effect impurities will have on the densi-
ty dependence of the relaxation time. ' Ratios of Eq.
(2) for excited-state to fundamental transitions were used
to explore the possibility of a non-Boltzmann population
distribution for the excited states. The right-hand-side ra-
tios were calculated using the harmonic-oscillator approx-
imation for the variation of the Raman cross section with
vibrational level (do /d Q)~ ~ (j+ 1), and assuming a
Boltzmann distribution for p~. For all transitions, the ra-
tios of the left side determined using the experimental
values stated in Table I, agreed with the values calculated
for the right-hand side. This suggests that, subject to the
stated approximations, vibrational equilibration occurs
faster than =50 ns at these pressures and temperatures.
However, because of the large uncertainties in the experi-
mental quantities (particularly the measured peak third-
order susceptibilities and the Raman half-widths), this
conclusion does not yet merit a definite statement.

In summary, at pressures up to 34 GPa and 4400 K, Nz
exists as a molecular fluid with vibrational frequencies,
third-order susceptibilities, and half-widths given in Table
I. For the observed transitions and within the uncertainty
in the measured frequencies, the spacings between transi-
tions are constant and do not differ from those expected
based on gas-phase data. Also, higher vibrational states
are excited in (50 ns. Within the limits of the approxi-
mations used and experimental error, thermal equilibra-
tion of these levels is suggested.
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