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[57] ABSTRACT

A method for determining molecular vibrational fre-
quencies in shock-compressed transparent materials. A
single laser beam pulse is directed into a sample material
while the material is shock-compressed from a direction
opposite that of the incident laser beam. A Stokes beam
produced by stimulated Raman scattering is emitted
back along the path of the incident laser beam, that is, in
the opposite direction to that of the incident laser beam.
The Stokes beam is separated from the incident beam
and its frequency measured. The difference in fre-
quency between the Stokes beam and the incident beam
is representative of the characteristic frequency of the
Raman active mode of the sample. Both the incident
beam and the Stokes beam pass perpendicularly
through the shock front advancing through the sample,
thereby minimizing adverse effects of refraction.

5 Claims, 2 Drawing Figures
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FREQUENCY SHIFT MEASUREMENT IN
SHOCK-COMPRESSED MATERIALS

This invention is the result of a contract with the U.S.
Department of Energy (Contract No. W-7405-ENG-
36).

BACKGROUND OF THE INVENTION

The invention disclosed herein is generally related to
methods and apparatus for the spectroscopic analysis of
shock-compressed materials. More specifically, this
invention is related to the analysis of shock-compressed
transparent liquids and solids by the use of a technique
known as backward-stimulated Raman scattering.

A continuing long-term mission of the Los Alamos
National Laboratory is the study of the chemical and
physical characteristics of materials at high tempera-
tures and pressures, particularly temperatures and pres-
sures such as those which exist in high explosive detona-
tions. Such characteristics are useful for determining
equations of state for the materials and for predicting
the behavior of the materials, particularly high explo-
sives, in various configurations and environments.
Under such conditions intramolecular and intermolecu-
lar forces change considerably and nonequilibrium con-
ditions may be expected. Chemical behavior may be
dramatically different from that expected from either
extrapolations from ambient conditions or thermody-
namic equilibrium calculations. Accordingly, it has
been sought to develop fast nonlinear optical techniques
to study high-pressure processes which are governed by
transient and possibly nonequilibrium phenomena.

For many purposes, it is sufficient and useful to deter-
mine the physical and chemical characteristics of mate-
rials which are shock-compressed to high pressures by
mechanical means rather than by the use of explosives,
thus enabling simpler and safer experiments to be con-
ducted under controlled conditions which to some ex-
tent simulate the conditions in a high explosive detona-
tion. The present invention is directed to a novel spec-
troscopic technique which employs such a mechanical
shock means, and which is particularly useful for deter-
mining vibrational frequencies of shock-compressed
materials.

Several optical diagnostic techniques have been pre-
viously used to study shock-compressed materials. For
example, both emission and absorption spectroscopy
have been used for this purpose. However, these tech-
niques suffer from the disadvantage of low signal
strengths against high backgrounds. Also, many molec-
ular vibrational transitions occur in the infrared region
of the spectrum, where detection systems are not fast
enough for the very short time periods available during
shock-compression experiments. Optical fluorescence
and phosphorescence techniques have also been pro-
posed for the purpose of studying shock-compressed
systems, but as yet have only been applied to statically
compressed systems.

Several techniques which have been either proposed
or actunally applied to shock-compressed systems are
based on the phenomenon of Raman scattering. Raman
scattering is the inelastic scattering of light from mole-
cules. In this regard, light impinging on a molecule is
ordinarily scattered elastically, without undergoing any
change in frequency, by a scattering process known as
Rayleigh scattering. However, a small fraction of the
light may undergo inelastic, or Raman scattering at a
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different frequency. More specifically, in Raman scat-
tering a portion of the energy of the incident photon is
typically absorbed by the molecule, resulting in the
scattered photon having a lower energy and longer
wavelength than that of the impinging photon. In some
cases the incident photon absorbs energy from the mol-
ecule, resulting in the scattered photon having a higher
energy and shorter wavelength than the incident pho-
ton.

In both the Rayleigh and the Raman scattering pro-
cesses, the molecufe is momentarily excited by the inci-
dent photon to an excited, or virtual, energy level. In
Rayleigh scattering the molecule decays back to the
initial energy level, whereas in Raman scattering the
molecule decays to an excited vibrational level which is
typically the v=1 vibrational state. The difference in
energy between the incident photon and the emitted
Raman photon is equal to the energy difference be-
tween the ground vibrational state and the v=1 vibra-
tional state.

The scattering cross-section and hence the detection
sensitivity for Raman scattering are considerably
smaller than for dipole emission/absorption processes.
The small scattering cross-section is particularly signifi-
cant when the scattering medium has a high back-
ground emission level, such as might be the case in a hot
shock-compressed material. This difficulty can be over-
come to some extent by using a short-wavelength excit-
ing frequency. However, care must be taken to avoid
interfering fluorescence from photochemically pro-
duced species.

Raman scattering is ordinarily isotropic, i.e., the scat-
tered radiation is emitted uniformly over 47 steradians.
However, it has been observed that, when a laser beam
is focused in a sample of material, and when the incident
laser intensity exceeds a certain threshold level, coher-
ent Raman scattering may occur along the axis of the
incident beam. The intensities of these forward and
backward directed beams is of considerably greater
intensity than that of ordinary Raman scattering as a
consequence of laser-like amplification in either direc-
tion along the path of the laser beam. Typical threshold
intensities of the incident laser beam for stimulated
Raman scattering are 10-100 GW/cm2. As a conse-
quence of the large scattering intensities and the beam-
like nature of the scattered signal, there is the possibility
of increased detection sensitivity and shorter temporal
resolution limits.

A technique that is related to yet different from the
present invention was developed by the applicants of
the present invention and is disclosed and claimed in the
applicants’ U.S. patent application Ser. No. 562,150,
filed Dec. 16, 1983.

The phenomenon of backward-stimulated Raman
scattering is put to use in the method of the invention,
which is described below.

SUMMARY OF THE INVENTION

It is an object and purpose of the present invention to
provide a method for determining molecular vibrational
frequencies in materials at very high pressures and tem-
peratures. )

It is also an object and purpose of the present inven-
tion to provide a method for determining molecular
vibrational frequencies in shock-compressed liquids.

It is also an object and purpose of the present inven-
tion to provide a method for determining vibrational
frequencies of molecular species as a function of pres-
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sure, from ambient atmospheric pressure up to pressures
which are comparable to those which exist in high ex-
plosive detonations.

Additional objects, advantages and novel features of
the invention will be set forth in part in the description
that follows, and part will become apparent to those
skilled in the art upon examination of the following
detailed description or may be learned by practice of
the method of the invention. The objects and advan-
tages of the invention may be realized and attained by
means of the instrumentalities and methods particularly
pointed out in the appended claims.

To achieve the foregoing and other objects, and in
accordance with the purposes of the present invention
as embodied and broadly described herein, the present
invention provides a method of determining molecular
vibrational frequencies of shock-compressed materials.
The method makes use of the phenomenon known as
backward-stimulated Raman scattering (BSRS). In ac-
cordance with the method, a short duration incident
laser beam is directed into a shock-compressed transpar-
ent sample of material, which may be either in the liquid
or solid state. The intensity of the laser beam is suffi-
ciently great to induce stimulated Raman scattering in
the sample, resulting in an oppositely directed Stokes
beam being emitted along the axis of the incident laser
beam. Shock-compression is achieved in such a way as
to create a shock wave which travels through the sam-
ple in a direction opposite to that of the incident laser
beam. The duration of the incident laser pulse is much
shorter than the time the sample remains in the shock-
compressed state. The backward-stimulated Raman
beam is separated from the incident beam and its fre-
quency is measured.

In the preferred embodiment, the sample is destruc-
tively shock-compressed by means of a high velocity
projectile fired from an air gun. The sample is shaped so
that its dimensions in directions transverse to the direc-
tion of travel of the projectile and the path of the inci-
dent laser beam are largé compared with the dimension
of the sample in the diréction along the path. The di-
mensions of the projectile are also preferably large in
the direction transverse to the direction of travel of the
projectile and the axis of the incident laser. This results
in a substantially planar shock wave being created in the
sample, and further results in the shock-compressed
sample being substantially free of rarefaction waves,
which would distort and refract both the incident laser
beam and the Stokes beam.

A primary advantage of the present invention over
other known spectroscopic methods for analyzing
shock-compressed materials is that both the incident
beam and the emitted Stokes beam pass perpendicularly
through the plane of the advancing shock wave. Conse-
quently, diffraction and accompanying distortion of the
two beams is avoided. Also, the intensity of the Stokes
beam is greater than ordinary, or non-stimulated Raman
scattering, thus enabling greater detection sensitivity.

By using a projectile and sample which are wide in
comparison with the depth of the sample, the shock-
compressed region behind the shock wave can be ana-
lyzed free of the distortion that would otherwise be
caused by rarefaction waves.

These and other aspects of the present invention are
further disclosed and described in the detailed descrip-
tion of the invention set forth below.
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BRIEF DESCRIPTION OF THE DRAWINGS

The accompaying drawings, which are incorporated
in and form a part of this specification, illustrate the
apparatus used to practice the preferred embodiment of
the invention and, together with the following detailed
description, serve to explain the principles of the inven-
tion. In the drawings:

FIG. 1 is a schematic diagram of the apparatus used
to practice the invention; and

FIG. 2 presents the data obtained under unshocked
and various shocked conditions from a benzene sample.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 illustrates an apparatus for the practice of the
invention. The apparatus includes a target plate 10
which consists of a one-half inch thick aluminum disk
having an 8-mm deep, 38-mm diameter central cylindri-
cal cavity 12 opening onto one side. A liquid sample is
contained in the cavity 12 by means of a 1-mm-thick
quartz window 14. The target plate is mounted on the
muzzle of a 3.3 meter-long, 51 mm-diameter gas gun 16.
In operation, the gas gun 16 fires an approximately 300
gm aluminum projectile 18 at velocities of up to approx-
imately 1 km/sec. Prior to firing the target plate 10 is
sealed to the muzzle of the gun and the bore of the
barrel is evacuated. The projectile 18, target plate 10
and disposable optical components located in front of
the target plate are all destroyed by the impact of the
projectile with each firing of the gun.

The impact of the projectile on the back of the target
plate creates a substantially planar shock wave which
travels through the liquid sample and out the quartz
window at a speed several times the speed of the projec-
tile and the disintegrating target plate. There is thus
created momentarily a shock-compressed region in the
liquid behind the moving shock wave. The shock-com-
pressed region attains pressures on the order of 10 to 15
kilobars. During the few microseconds during which
the shock-compressed region exists, backward-
stimulated Raman scattering is induced in the shock-
compressed region of the sample by means of a single-
pulse laser beam which is directed into the sample
through the quartz window, as described further below.

The incident laser beam, which is hereinafter referred
to as the pump beam, is generated with a medium en-
ergy, neodymium-doped, yttrium aluminum garnet
(Nd:YAG) pulsed laser 20. The beam from the laser 20
is frequency doubled with a second harmonic generator
{SHG) 22. The frequency doubled beam is isolated with
a harmonic separator 24. The resulting pump beam has
a frequency of 532 nanometers, a pulse duration of ~6
ns (nanoseconds), and an energy of from 1-5 millijoules.
The pump beam is reflected by a mirror 25 through a
dichroic filter 26 to a second mirror 28, which is dispos-
able and which directs the beam through a disposable
lens 30 into the sample cavity 12. The lens 30 has a focal
length of 6 inches and is positioned to focus the beam in
the sample several millimeters behind the quartz win-
dow.

Timing of the pump beam pulse to coincide with the
few microseconds during which the sample is shock-
compressed is obtained by means of an electrical time-
of-arrival pin 32 located in the sample plate, and by
means of a helium-neon laser trigger 34 and associated
photodiode 35 located approximately 25 cm up the
barrel bore from target plate.
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In operation, the passage of the projectile past the
helium-neon laser trigger creates a signal which, after
being delayed by a delay unit 36, activates flash lamps
38 associated with the Nd:YAG laser. The flash lamps
are activated approximately 300 microseconds before
the impact of the projectile against the target plate. The
time-of-arrival pin 32, upon being subsequently struck
by the projectile, creates a second timing signal which,
after being delayed by a second delay unit 40, is applied
to a Q-switch 42 associated with the Nd:YAG laser.
The Q-switch 42 operates to release the 6-nanosecond
pulse from the Nd:YAG laser. With the timing system
just described, the laser pulse can be timed so as to be
focused in the sample several millimeters behind the
advancing shock wave, at a time when the shock wave
is approximately 1 millimeter from the window.

The high intensity of the incident pump beam at the
focal point, combined with a large cross-section Raman
active mode in the sample, produces a coherent, stimu-
lated Stokes beam in the direction opposite that of the
incident beam. The frequency of the Stokes beam dif-
fers from the frequency of the pump beam by the char-
acteristic frequency of the Raman active mode. The
Stokes beam is directed back along the path of the pump
beam to the dichroic filter 26, where it is separated from
the pump beam and directed into a 1-meter-focal-length
Czerny-Turner monochromator 44 and recorded on
photographic film. The monochromator is equipped
with a 1200-grooves/mm diffraction grating, which is
used in first order.

It will be noted that a primary advantage of the pres-
ent invention is that both the incident pump beam and
the emitted Stokes beam pass perpendicularly through
the shock front as well as the containment window.
Consequently there is avoided any significant distortion
or refraction caused by refractive index gradients in the
shock front or the refractive index discontinuity at the
window/sample interface.

The present invention has been used to determine the
variation of the symmetric ring-stretching frequency of
benzene with pressure, up to pressures of approximately
15 kilobars, or 1.5 GPa. In liquid benzene, the symmet-
ric ring-stretching mode, which has a characteristic
frequency of approximately 992 cm—1, has the lowest
threshold for stimulated Raman scattering induced by
532-nm light, and consequently is the transition ob-
served in the experiments. FIG. 2 presents data showing
the variation of the characteristic ring-stretching fre-
quency with pressure. The crossed lines on one data
point indicate the range of uncertainties in the measure-
ments. : .

The measurement of vibrational frequency shifts at
extremely high pressures offers the opportunity of di-
rectly determining a single-mode Griineisen parameter
vi. This parameter is defined as 7y;=—salnv;/3InV,
where v;is the frequency of a vibrational mode and V is
the specific volume of the material. The Griineisen
. parameter is thus a measure of the variation of a molec-
ular vibrational frequency with the specific volume of
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the material. The parameter is useful in equation-of-
state calculations. As a result of the experiments con-
ducted with benzene, it has been determined that the
Griineiseni parameter for the ring-stretching mode of
benzene increases by a factor of approximately 4 for a
volume compression of 23%, which is the volume com-
pression attained at the upper pressure limits of the
experiments.
The foregoing description of a preferred embodiment
of the invention has been presented for purposes of
illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise form
disclosed, and various modifications and substitutions
may be made without departing from the essential in-
vention. The embodiment described above is presented
to best explain the principles of the invention and its
practical application to as to enable those skilled in the
art to utilize the invention. It is intended that the scope
of the invention be defined by the claims set forth be-
low.
What is claimed is:
1. A method of determining molecular vibrational -
frequencies in shock-compressed materials, comprising
the steps of:
applying a shock to a material sample so as to form a
shock wave which travels through the sample;

directing a pulsed laser beam into the shocked sample
in a direction opposite to that of the direction of
travel of the shock wave; and

measuring, while the sample is shock-compressed, the

frequency of the backward-stimulated Stokes beam
emitted from the sample in the direction opposite
to the direction of the laser beam.

2. The method defined in claim 1 wherein the back-
ward-stimulated Stokes beam is separated from the laser
beam by means of a dichroic filter.

3. The method defined in claim 1 wherein said shock
is applied to the sample by means of a projectile, and
wherein the dimensions of the sample and the projectile
in directions transverse to the direction of said laser
beam are large in comparison with the dimension of said
sample in the direction of said laser beam, whereby said
laser beam and said Stokes beam are not distorted by
rarefaction waves in the sample.

4. The method defined in claim 3, wherein said shock
wave formed in said sample is substantially planar, and
wherein said laser beam and said Stokes beam are
passed through a surface of said sample which is sub-
stantially parallel to said shock wave and normal to the
direction of propagation of said shock wave.

5. The method of claim 1 wherein said pulsed laser
beam has a duration which is small compared with the
propagation time of said shock wave through said sam-
ple, and wherein said laser beam is timed and focused so
as to be directed and focused into said sample at a Joca-
tion behind the advancing shock wave, at a time before

the shock wave exits the sample.
L * % * »



