
VOLUME 25, NUMBER 16 PHYSICAL REVIEW LETTERS 19 OCTOBER 1970

Rev. Mod. Phys. 36, 216 (1964).
P. G. De Gennes, Phys. Lett. 5, 22 (1963).
P. G. De Gennes, Superconductivity of Metals and

Alloys (Benjamin, New York, 1966), Chap. 7.
J. D. Clarke, Proc. Roy. Soc., Ser. A 308, 447

(1969).
J. E. Zimmerman and A. H. Silver, Phys. Rev. 141,

367 (1966).
A. H. Silver and J. E. Zimmerman, Phys. Rev. 157,

317 (1967).
J. S. Langer and V. Ambegaokar, Phys. Rev. 164,

498 (1967).
B. O. Zaitsev. Zh. Eksp. Teor. Fiz. 50, 1055 (1966)

[Sov. Phys. JETP 23, 702 (1966)].
Referring to Table I we note that the solution in re-

gion A is such that f &3 which means that the current
density never reaches its critical value J, =2~3/9 in
region A. It is possible to show analytically that the
solution in region B is of type 1 for 1-fo «1 and of
type 2 for fo«1; it switches from one to the other at a

2 2value of fo )a such that J=y fo(1-fo) . Other solu-
tions were also found, but were rejected because they
were not bounded (for f &s), or could not be matched
to the well-behaved solution in region A.

Yu. G. Mamaladze and O. D. Cheishvili, Zh. Eksp.
Teor. Fiz. 50, 169 (1966) [Sov. Phys. JETP 23, 112
(1966}].

That f &1 is an artifact of our one-dimensional
model. Under actual experimental conditions, a weak

link between bulk supe."conductors and the current flow-
ing on the surface of the bulk superconductor, & should
reach its equilibrium value (f-1 and p = const) rough-
ly within a coherence distance away from the junction.
The cutoff X, in expression (4) can be introduced to
correct for this artifact. The actual J(p) curves should
appear skewed to the right, as a result of a corre-
sponding correction 2X, (1-f )' to the phase, but this
has a negligible effect for sufficiently small p, e.g.,
the slope (dJ/dy) &-~ can be shown to be 2 (X, + d/y)
-y/2d for d»y.
' lt is not clear whether the portion of the J (y) curve

beyond the maximum J corresponds to a physically
realizable equilibrium solution. Theoretical considera-
tions for a homogeneous superconductor carrying a
uniform current show that the decreasing part of the
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be stabilized in a short link, however [see A. Schmid,
J. Low Temp. Phys. 1, 13 (1969)].
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X-ray diffraction has been observed for the first time from material under shock com-
pression. This was accomplished by directing a single pulse of x rays at Lip which was
under compression from a shock wave, and observing the (200) diffraction line froxn the
shock-compressed state. The experimental window for observing the effect was -20
nsec; the pressure behind the shock front was -130 kbar.

In recent work, Johnson, Keeler, and Lyle
demonstrated that a Debye-Scherrer pattern can
be produced in less than 100 nsec. ' The x-ray
device which is capable of this incorporates a
pulsed x-ray generator built according to the
principles of Blumlein' and Fitch and Howell. '
The authors in Ref. 1 suggested that this device
be applied to the study of materials undergoing
shock compression„. . a report of first experiments
towards that goal is published . lsewhere. ' Re-
sults of those experiments, while encouraging,
were not conclusive because of the difficulty of
reliably turning on the x-ray drive at the appro-
priate time. Using a Blumlein device which was
modified to overcome this difficulty, however,

we have clearly observed diffraction effects
arising from the '..nteraction of x rays and the
shock-compressed state of LiF.

For this experiment, we made use of scintilla-
tion detectors described elsewhere. ' These de-
tectors, with a response time -5 nsec, consisted
of four channels, with the center point of each
channel separated by 0.19 cm from its neighbor.
The resolution of this detector system seriously
limited accuracy but was sufficient to demon-
strate without question that diffraction effects
were observed from the shock-compressed state.

The experimental geometry is shown in Fig. 1.
A high-explosive, plane-wave lens was boosted
by a TNT pellet 1.2']t' cm thick. The resultant
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FIG. &. Sample geometry for x-ray diffraction
study of Lip under shock compression.

shock wave traversed a 0.6-cm brass plate be-
fore striking a 0.4-cm LiF sample. Two barium
titanate pressure-sensitive probes were posi-
tioned at the front surface of the brass plate and
were used to turn on the x-ray source and oscil-
loscopes. Another probe was positioned at the
front surface of the LiF sample to monitor shock
breakout. Shock velocity for this sample was de-
termined from the measured interval time.

The sample was positioned at 22& deg with
respect to the x-ray axis. The detector assem-
bly, mounted on a 20 arm, was positioned at an
angle of about 45 deg. This angle was chosen
so that most of the x rays diffracted from the
(200) planes entered detector channel 4. The
normal signal-to-background ratio for this sam-
ple, reflection, and detector is approximately
3.0.' A monitor detector, consisting of a single
channel, was positioned to intercept a portion
of the undiffracted beam. This monitor was used
to calibrate the two x-ray pulses required for
the experiment and also functioned as a timing
check. Timing was further monitored by dis-
playing on oscilloscopes the signals from the
pressure probes and a Blumlein current probe.

The most crucial part of the experiment is to
synchronize the x-ray pulse with the shock front.
Because of x-ray absorption by the sample (95/&&

of the diffracted Cu Kn x rays come from the

top 0. 1 mm of the LiF sample), it is necessary
to turn on the x rays just before the shock break-
out from the sample; we attempt to do this 30
nsee before.

Two independent processes operate to frus-
trate the successful culmination of these attempts.

First, it is difficult to turn on the x rays exactly
when planned because of timing jitter associated
with electrical components of the x-ray trigger
system. This jitter is generally less than 10
nsee, however, so does not by itself prevent an
experiment from being successful. Second, the
shock transit time for a particular sample must
be estimated beforehand. This cannot be pre-
cisely done because of sample variability, es-
pecially with regard to density. We found it im-
possible to obtain LiF samples with high and
uniform density and, at the same time, small
crystallite size: In general, the higher the den-
sity the spottier the diffraction pattern. Den-
sities for our three samples varied from 2.54 to
2.58 g/cm'. This compares with a theoretical
density of 2.64 g/cm'.

Three trial runs were carried out, with re-
sults as shown in Table I. The signal ratio in
this table is the ratio of the signal observed dur-
ing the shock event to that observed during a dry
run without shock. The results clearly show that
x rays were turned on too early for the second
run. Data from this run are included, however,
to demonstrate that signal ratios behave as ex-
pected when x rays are turned on early.

The two other trial runs were successful, with
timing of the first better than the third. Shock
transit time for the x-ray samples is difficult to
measure because of the geometrical constraints
imposed by the x-ray beam —no shadowing of the
beam by pressure probes, etc. —and because of
the elastic precursor wave in brass. We found
the time interval between the signal from the
pressure probe located at the front surface of
the brass plate and the signal from the monitor
x-ray detector to be within 5 nsec of the planned
time, thereby assuring that the x rays would be
timed properly if jitter arising from a poor es-
timate of the shock transit time did not interfere.

Considering the best possible ease, for which
timing is perfect, detector placement is ideal,
etc. , we would expect channel 2, positioned ap-
proximately to intercept the (200) line of the
shock-compressed state, to increase by a factor
of about 3.0 and channel 4 to show a decrease to
one-third of its dry-run value. Measured ratios
for these two channels for the first run were 2.6
and 0.7, respectively, remarkably close to the
predicted values for an ideal ease. The third
run did not approach these values because of
the timing error; nevertheless, it is in essential
agreement with the first run when allowance is
made for the fact that x rays were turned on too
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Table I. Results of x-ray diffraction experiment.

Trial run

X-ray turn-on time
(nsec before shock

breakout) Channel
Signal ratios

(shock/dry run)

20 o o o

2.64
1.28
0.70
1.07
0.99
0.99
1.04
1.25
1.40
1.21

o o o

'Signals lost; see text.

early. In runs 1 and 3, signals from one channel
were lost because of base-line drift in the oscil-
loscope monitoring that channel.

The width of these detectors, when considered
in relation to the diffraction geometry of the ex-
periment, is such that a line shift from channel
4 to channel 2 corresponds to 628 =2.6 deg. Cal-
culation of the shock pressure using the mea-
sured shock velocity and Christian's' particle
velocity for LiF indicates that the pressure near
the front surface of the samples was 130+15 kbar.
While this detector system is obviously not cap-
able of great resolution, we note that 628 = 2.2
deg can be calculated for this pressure if one
assumes that hydrostatic conditions are achieved.

It is of interest to consider factors affecting
the diffraction intensity from the shock-com-
pressed state. Using the Dugdale-MacDonald
relationship we calculate a shock temperature
rise of 113+16' corresponding to a Debye tem-
perature change of 31%%uz.

' The intensity decrease
brought about by the combined effect of a higher
Debye-Wailer factor and greater 28 value amounts
only to about 2 /z. It is anticipated that the dif-
fraction lines from the shock-compressed state
are broadened by pressure gradients across the
sample volume illuminated by the x-ray beam;
however, it would not be possible to notice this
effect with our detector system because of the
relatively large aperture of each channel. Nor-
mally computed scattering factors no longer ap-
ply to atoms under compression. This problem
will have to be resolved ultimately when quanti-
tative data become available, but is of no con-
cern at the present.

These results demonstrate that x-ray diffrac-
tion can be applied to the study of shock-wave
compressed solids, since diffraction effects can
be observed. There are at least two important
deductions which derive from the observed ef-
fects. First, the fact that diffraction took place
implies that crystalline order can exist behind
the shock front and that the required ordering
takes place on a time scale which is short com-
pared with 20 nsec. Second, the location of the
(200) reflection of shock-compressed LiF im-
plies that on the unit cell basis this compression
is isotropic; i.e., the shock compression is es-
sentially hydrostatic.

We have shown that x-ray diffraction can tell
us something about materials undergoing shock-
wave compression; now it is necessary to devise
a detector scheme capable of better resolution in
28 in order to obtain quantitative data.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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