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tron densities at the ®Ge nuclei is (195 q (0)F
- €0,

- 19Ge(0)1?)=-5.6xX10%° cm™®. With these ‘as-

sumptions the change in nuclear radius is AR/R

=+1x1073. A small isomer shift between

Ge absorbers and germanium in chromium tar-

gets, 6=40.17+0.07 mm/sec, indicates a re-

duction in s-electron density for germanium

in chromium.

We cannot exclude the possibility of radiation
damage in the chromium from our present re-
sults. However, no changes in the Mdssbauer
spectra were observed during an irradiation
time of approximately one week. It may be as-
sumed that any radiation damage occurring in
the target takes place in a time short compared
with a few hours.

We wish to thank C. J. Sparks for making the
x-ray analysis of our targets.
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LASER-PRODUCED DIELECTRIC BREAKDOWN IN LIQUIDS
WITH RESULTING ABSORPTION OF A SECONDARY LIGHT BEAM

M. W. Dowley, K. B. Eisenthal, and W. L. Peticolas
IBM Research Laboratory, San Jose, California
(Received 13 February 1967)

We have observed phenomena in various lig-
uids which we attribute to laser-produced di-
electric breakdown. They are (a) a long-lived
attenuation of a secondary light beam, (b) a
small amount of forward scattering of the sec-
ondary light beam, (c) a distortion of the trail-
ing edge of the laser pulse, and (d) a lumines-
cence, coincident with the laser pulse, and
having a low-intensity long-lived tail. The break-
down we believe is localized at particle sites
in the liquids and results in pockets of dense
plasma. In a liquid with particles of well-de-
fined size, we observe a threshold in laser
power below which no luminescence is seen
and the other effects are also apparently ab-
sent. A threshold in field strength for lumines-
cence is strongly suggestive of dielectric break-
down. These effects are produced at relative-
ly low laser powers of the order of a few mega-
watts per square centimeter depending some-

what on the liquid and the number and size of
nucleating sites. No extensive macroscopic
cavitation occurs.!

A xenon flash tube together with a monochrom-
ator was used as a secondary source. The flash-
tube output of approximately 2-usec duration
was made to coincide with the output pulse of
a Pockels-~cell, @-switched ruby laser, OTI
Model 130. The attenuation of the secondary
beam was monitored with an RCA 1P28 photo-
multiplier. The laser and flash tube beams
could be made to intersect in the sample cell
at various angles and over path lengths from
0.5 to 10 cm. Changes in intensity of 0.3% in
the secondary beam could be measured reliably.

The most striking phenomenon is the atten-
uation of a secondary light beam (see Fig. 1).
The attenuation rises sharply coincidentally
with the laser pulse and decays slowly with
a time constant of a few hundred nanoseconds
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FIG. 1. Oscilloscope photograph tracing. Double ex-
posure showing laser pulse on upper beam, and the
peak of the secondary source, negative-going, on the
lower beam. The undeflected lower trace shows the
secondary-beam peak intensity in the absence of the la-
ser pulse. The deflected lower trace shows a decrease
of the secondary-beam intensity in the presence of the
laser pulse of approximately 30 mV. The major part
of the secondary source pulse, peak intensity 650 mV,
was balanced off in the Tektronix type-W plug-in differ-
ential amplifier. The decrease shown represents ap-
proximately 4% attenuation of 4500-A light in a solution
of phenanthrene in benzene. Sweep speed is 100 nsec/
division.

which is approximately the same for all liquids
studied. The percent attenuation is independent
of wavelength of the secondary beam from 3500
to 6500 A. The attenuation, which can be as
large as 50%, varies with laser power as In,
where n varies between 1 and 3 for different
liquids. There is an associated scattering of
the secondary beam with the same time behav-

ior. The scattered light, however, accounts
for only 10% of the attenuated light and is con-
centrated within 10° of the forward direction.
Scattering with this angular dependence is char-
acteristic of small particles. From Mie the-
ory? we crudely estimate the size of the laser-
activated scattering centers to be of the order
of 1 u.

The measurements on the distortion of the
laser pulse were made with an ITT 114 bipla-
nar photodiode and a Tektronix 519 oscilloscope.
They indicated that the attenuation begins ap-
proximately at the peak of the laser pulse and
results in a net narrowing of the pulse by ap-
proximately 10%.

The emission or luminescence was observed
photographically. That part of the liquid in
the path of the laser beam appeared weakly
illuminated. The time behavior of the emission
was measured with a 1P28 photomultiplier us-
ing a broad pass-band (blue) filter (combina-
tion of Corning 4-70, 4-71, and 4-72 filters).
The emission was sharply peaked initially,
with half-width of approximately 20 nsec fol-
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lowed by a long, low-intensity, exponential

tail with a time constant very similar to that
observed in attenuation. We have observed
these effects in many liquids including benzene,
water, carbon disulfide, 2-molar solution of
phenanthrene in benzene, and a 0.1-molar benz-
anthracene in benzene. We suggest that the
phenomena are common to all liquids.®

Dielectric breakdown resulting in dense plas-
ma formation appears to us to be the most like-
ly explanation of these results. Many investi-
gators have reported breakdown in gases and
at gas-solid interfaces using focused laser beams
with powers in the neighborhood of 10 W/cm?.*
Production of plasma and laser-pulse attenu-
ation occur. Attenuation by a dense plasma
of free electrons and ions appears to be the
only possible explanation of the essentially wave-
length-independent broad-band absorption that
we observe. Mechanisms depending on absorp-
tion via multiphoton-produced excited states
or photodissociation products are ruled out
on the grounds of the wavelength~independent
absorption and the similarity of absorption in
all liquids. In particular, the threshold (described
below) for emission and absorption is not ex-
plained by such mechanisms.

Dielectric breakdown occurred at low pow-
ers (~10" W/cm?), apparently in the region of
particles in suspension. After successive
filtering of the liquids through Millipore filt-
ers ranging from 5.0 to 0.01 u (100 A) in pore
size, the absorption of the secondary beam
is sharply reduced and is unobservable at low
laser powers. Studies with uniform-sized parti-
cles in colloidal suspensions confirmed the
breakdown theory. We examined three suspen-
sions of Ludox silicate spheres in water, hav-
ing mean diameters of 70, 150, and 250 A. The
Ludox solutions, which contained a well-char-
acterized distribution of uniform-sized parti-
cles, exhibited a clearly defined threshold in
laser power for emission, absorption, and
scattering. Figure 2 illustrates this threshold
for the 150-A Ludox spheres. At 5 MW /cm?
of laser power there was no detectable emis-
sion and the attenuation was below our sensi-
tivity. The existence of a threshold for emis-
sion is particularly strong evidence for dielec-
tric breakdown, and the correlation of absorp-
tion and emission lends strong support to the
notion that the absorption is due to the result-
ing plasma. We found also that for approximate-
ly equal concentrations of silicate particles,



VoLuME 18, NUMBER 14

PHYSICAL REVIEW LETTERS

3 APRIL 1967

500 _.
P
7
7
d
/7
@ 400+ ’
= / —30
= ’ a
/
z / S
& 300F L g
= / 2
/ -
4 , z,oE
® 200 )/ 43 <
& / ®
2 /
3 / —10
W00l [
/
/
/
0 &L 1 1 1 o

o] 10 20 30 40
LASER POWER-MEGAWATTS /cm2

FIG. 2. Plot of percent attenuation (right-hand scale,
squares) and emission (left-hand scale, black circles)
against laser power for a 150-A Ludox sample.

the absorption increased with particle size.
The absorption varied roughly as the concen-
tration of the particles. Also, the threshold
for breakdown appeared to be inversely relat-
ed to particle size in the range studied.
Dielectric breakdown in the neighborhood
of a particle may occur for the following rea-
sons. If the particle is opaque, rapid heating
with release of electrons can occur in the field
of an intense laser pulse.® If the particles are
essentially transparent, the intense laser beam
may induce a photoconductivity® leading to ab-

sorption. The creation of free electrons which
subsequently absorb laser light may be facil-
itated by the presence of the colloidal double
layer. Also, as is well known, a conducting
sphere in an electric field concentrates or fo-
cuses the field at its surface by a factor of 3.
This would facilitate breakdown.

In summary, we believe that the absorption,
scattering, and emission result from dielec-
tric breakdown at particle sites in the liquids.
Careful filtering reduces these effects. We
have not, even with the most careful prepara-
tion, been able to eliminate them entirely for
powers above 100 MW /cm?.

We are indebted to our colleagues, particu-
larly R. G. Brewer and J. G. Swalen, for help-
ful discussions. The technical assistance of
F. Rodgers is much appreciated.

IR. G. Brewer and K. E. Rieckhoff, Phys. Rev. Let-
ters 13, 334 (1964).

®M. Born and E. Wolf, Principles of Optics (Perga-
mon Press, New York, 1959), p. 651.

3p. J. Regensburger and E. Panizza, Bull. Am. Phys.
Soc. 12, 82 (1967). This work came to our notice dur-
ing the preparation of this Letter.

4E. K. Damon and R. G. Tomlinson, Appl. Opt. 2,
546 (1963); R. G. Meyerand and A. F. Haught, Phys.
Rev. Letters 11, 401 (1963); R. W. Minck, J. Appl.
Phys. 35, 252 (1963); W. L. Linlor, Phys. Rev. Letters
12, 383 (1964).

5P, Langer, G. Tonan, F. Floux, and A. Ducauze,
J. Quant. Electron. 2, 499 (1966).

K. E. Rieckhoff and B. S. Shasma, Bull. Am. Phys.
Soc. 11, 898 (1966).

POSSIBLE OBSERVATIONS OF COLLISIONLESS
ELECTROSTATIC SHOCKS IN LASER-PRODUCED PLASMAS

D. W. Koopman* and D, A. Tidman*
Maryland Institute of Technology, Bethesda, Maryland
(Received 27 February 1967)

In an investigation of laser-produced plasmas,
granules of LiD have been irradiated by 15-nsec,
3-J pulses from a ruby laser. The target ma-
terial consisted of a cluster of 5- to 25-u diam
solid particles which were injected into the 400-p
diam laser focal region by an electromechan-
ical apparatus. Expansion velocities of the
luminous boundary of the high-density plasma
were measured from streak photographs with
an image-converter camera.! A similar phe-

nomenon has been investigated by other authors.??
The apparatus is shown in Fig. 1. Langmuir
probes with faces 1.6 mm diam separated by
1 cm were located 6.3 cm from the laser focal
spot, and the signals to these biased probes
were recorded on oscilloscopes. No magnet-
ic fields were present and provision was made
to produce a dc glow discharge in the chamber.
The purpose of this note is to describe some
preliminary results of an experiment in which
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