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Results are reported on an experiment to measure the ion temperature in a 100-kJ 0-pinch
deuterium plasma. A ruby laser was used for scattering observations at 5' and 90' using
multichannel spectrum analyzers and gave n =1.05 &&10 cm 3 and T; =300 eV. An independent
measurement of the density was made by means of Rayleigh scattering. The neutron yield
from the plasma was measured to be 8 &10 sec '. The observed neutron emission was
compared with that expected from a plasma with an ion temperature of 300 eV and was found
to be of thermonuclear origin.

I. INTRODUCTION

It has always been recognized that light scatter-
ing would be an ideal technique for plasma diagnos-
tics since it would make possible space-resolved
measurements of plasma parameters without in-
troducing any perturbations to the plasma itself.
Since the cross section for Thomson scattering is
extremely small, no suitable light source of suffi-
cient intensity has been available until the develop-
ment of the laser. ' In giant pulse lasers one has
an ideal source with the possibility for the first
time of measuring plasma parameters with true
space and time resolution; space resolution of the
order of millimeters and time resolution of the
order of 10~ sec.

The nature of the scattered spectrum depends on
the value of the scattering parameter3 n defined as

n = x,(ne'/4m v T,)"' (1/sin-,'g),
where Xo is the incident wavelength, n the electron
density, T, the electron temperature, and 8 the
angle of scattering. For a thermal plasma for n
«1 the scattered spectrum has a Gaussian shape
whose half-width is a measurement of the electron
temperature. In addition to measuring the elec-
tron temperature, the electron velocity distribu-
tion may also be measured. Since the scattered
spectrum in the presence of a magnetic field is
modulated' at the electron gyrofrequency, one can,
by resolving this fine structure, measure the mag-
netic fields inside a plasma with true space resolu-
tion. For finite values of a, in the neighborhood
of a=1, the shape of the scattered spectrum is
very sensitive to changes in the n value, and so in
addition to the electron temperature, density can
also be simultaneously determined from the same
scattering spectrum by a best fit of the experimen-
tal data to the theoretical profiles. For n» 1, the
scattering is governed by collective effects, the
spectrum now characteristic of electrons moving

at the ion thermal speed, and the half-width of the
scattered spectrum now dependent on the ion tem-
perature T, The shape of the spectral profile
measuring T,. under the condition z»1 is depen-
dent on the ratio T, /T, , and hence T,. and T, can
both be measured simultaneously by a best-fit
analysis of the experimental points to theoretical
profiles. The satellite peaks appearing in the
scattered spectrum for n» 1 may be spectrally re-
solved to study damping mechanisms in plasmas.
Influence of density fluctuations on anamolous dif-
fusion may be studied by a knowledge of the Fou-
rier sum of the squared density fluctuations, which
is a quantity measured directly in a scattering ex-
periment. In addition, since electron drift veloc-
ities introduce asymmetries in the scattered spec-
trum, ' from the shape of the spectral profile,
drift velocities may be measured too.

The first laboratory experiment on laser scat-
tering was reported by Fiocco and Thomson" by
scattering a ruby laser beam from an electron
beam. Scattering from a laboratory plasma was
reported by Funfer, Kronast, and Kunze'2 on a 9-
pinch plasma at a scattering angle of 90'. Spec-
trally resolved scattering measurements were re-
ported by Davies and Ramsden, ' the scattered
spectrum showing a Gaussian profile characteris-
tic of plasma electrons in thermal equilibrium for
~«1. Several other papers' "have appeared re-
porting measurements of the electron temperature,
density, and velocity distributions under the con-
dition n & 1 on a variety of plasmas. The last pa-
per also discusses the problem of laser-induced
plasma changes.

Experiments to observe cooperative effects in
scattering have been performed mostly at small-
angle forward scattering to satisfy the condition
n» 1 as was reported first by Ascolli-Bartolli,
Katzenstejn, and Lovjsetto ' and by DeSilva,
Evans, and Forrest obtaining evidence for the
existence of the expected central-ion feature.
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II. THEORY

Scattering of electromagnetic radiation by a
medium ' is due to density fluctuations, and the
problem of scattering of light by plasmas has been
considered in detail by several authors. '

The quantity measured in a scattering experiment
is the spatial Fourier transform of the charge den-
sity and the spectral distribution of the scattered
radiation is given by3 33

v ~ I(&u')der'= I' (x)dx+Z[n /(1+n )] I'&(y)dy,
(1)

where x = &u'/&u, . and y —= &u'/&u, , with u' the Doppler
shift in frequency, ~, = k(2xg/m, )'~ and a&;

= k(2x2', /m, ) ~, where x is the Boltzmann con-
stant, m, and m,. are the electron and ion masses,
and k=2kosin-, '8, with ko the wave number of the
incident radiation. The term 1" (x) in Eq. (1), is
given by

-x2

r.(x) =
1+ 2 rf(„)]2 (2)

Chan and Nodwell, ' doing a 45' scattering on a
plasma jet, observed the two satellites, while
Ramsden and Davies working on a 8-pinch plas-
ma were able to detect the ion feature and re-
solve the satellites. In both the latter experiments
the widths of the satellites were considerably high-
er than the theoretical value, possibly due to non-
uniform plasma density in the scattering region.
Observations with n-1 were reported by Evans,
Forrest, and Katzenstein 3 and by Anderson~4 ob-
taining both T, and n by a least-squares fit to the
theoretical profile. Forward-scattering measure-
ments spectrally resolving the ion peak and thus
measuring the ion temperature were first reported
by Ramsden, Benesch, Davies, and John. ' Fur-
ther measurements were reported by Kronast,
Rohr, Qlock, Zwicker, and Funfer, by John,
Ramsden, and Benesch, '

by Ramsden, John,
Kronast, and Benesch, by John and Kronast,
and by Daehler and Ribe by using multichannel
detection systems. All but one of these studies
was also aimed at comparing the measured ion
temperature ' ' with the ion temperature cal-
culated from the observed neutron emission, as-
suming a thermal plasma.

In this paper we describe the experimental de-
termination of the ion temperature on a 100-kJ 8-
pinch deuterium plasma by a forward-scattering
measurement with the conditions a = V. 2 in conjunc-
tion with an independent 90 scattering measure-
ment of the electron temperature and density for
a = 0.44. The ion temperature thus measured is
compared with that calculated from the neutron-
emission rate from the plasma as measured by a
calibrated neutron detector.

I, =1/(1+ n2) (3b)

ZQ

(1+n')[1+ n'+ Z(T, /T, )n'] (3c)

It follows immediately from the above three equa-
tions that for n «1, the intensity I=I„the scat-
tered intensity being almost exclusively in the
electron component with I, =0, and for a»1, I
=I, , with I, =1/n, most of the contribution to the
scattering coming from the ion component.

III. CHOICE OF PARAMETERS

Since n is proportional to 1/sin-, e, for a given
plasma one changes from a small n value to a
large n value by changing from a large scattering
angle to a small angle or forward scattering. Ex-
perimentally the most convenient large-angle scat-
tering is 90' and for many laboratory plasmas of
interest including the 8-pinch plasma under inves-
tigation here, 8=90 satisfies the condition a&1.
Figure 1 shows a family of graphs of n as a func-
tion of n for a wide range of temperatures and dif-
ferent scattering angles 8. It is also clear from
the figure that for plasmas of density and tempera-
ture of orders of magnitude 10' /cm and 10~'K the
condition n & 1 is achieved for 8 & 10 . Since the
width of the scattered spectrum is proportional to
sin-,'8 and T', it is easily seen that the half-width
of the ion component is proportional to n ~, and

Fig. 2 shows a set of graphs of the half-width aX

in which

f(x)=2xe-~ f e' dt

represents the spectrum of scattering by free elec-
trons with spectral width ~, or the so-".ulled "elec-
tron component. " The second term I',(y), given by
a function of the same form as I'„when a is re-
placed by

z()./r, )a')"'
P=

and g is replaced by y, represents the spectrum of
scattering by electrons moving in phase with the
ion or the ion component of the spectrum having a
spectral width +,. It is easily seen from the above
equations that the shape of the electron component
of the scattered spectrum is strongly dependent on
the parameter Q. and the shape of the ion compo-
nent on the parameter P. However, for a non-
thermal plasma the shape would also be affected by
an electron drift velocity. '0 The total scattered in-
tensity is

I= f I(&u') d&u'= I, +I, , — (3a)

where I, and I,. are the intensities of the electron
and ion components and are given by
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as a function of T,. for a range of scattering angles.
Note that for a given ion temperature, the smaller
the scattering angle 9, the smaller the width of the
scattered spectrum, which puts a lower limit on
the scattering angle 9 to which one can go to in-
crease n and an upper limit on the linewidth of the
laser to be used in the scattering observations.
The solid angle of viewing ~Q also depends on the
choice of a, and it is easily seen to be proportion-
al to (au)n~, where b, u is the spread in n due to
the finite angular spread L9 necessary to provide
the solid angle AQ. In the present case for the for-
ward scattering the angle was chosen to be 5'. The
stray-light problem also becomes very severe as
one goes to smaller angles.

beam at the midplane of the L9-pinch coil to a di-
ameter of 6 mm. The direct laser beam was final-
ly absorbed in the laser dump which was a Chance-
Pilkington OB10 blue filter glass at Brewster angle
at the end of a 30-cm-long glass tube.

B. Detection System

l. Forward Scattering

Light scattered at 5' to the forward direction
was collected by a quartz axicon36 which is basical-
ly a thin prism of revolution and has the property
of collimating light from a finite length along the

IV. APPARATUS

A. General Setup

The laser used was a ruby laser with an effective
power of 30 INW and pulse width of 50 nsec. The
linewidth and wavelength stability were better than
0. 1 A. A general schematic of the experimental
setup is shown in Fig. 3. The simulated laser
beam shown in the diagram was used in the optical
alignment of the system. The lenses used were
all selected better-quality Bausch and Lomb plano-
convex lenses. A and A& were brass apertures
and B& and Bz ordinary microscope slide beam
splitters. The aperture A limited the beam di-
vergence of the laser to 3 mrad. The laser wave-
length monitor was a Fabry-Perot interferometer
measuring the linewidth and wavelength stability
by photographing the ring pattern. Aperture A&

further ensured that the beam divergence was
limited to 3 mrad. Lens L4 finally refocused the

8 =9p

e=45o

IQ e= 20O

e= IO'

e=5.

0.1

IO IOO IOOP

FIG. 2. Half-width Ag of the scattered spectrum
(assuming Gaussian) as a function of the ion temperature
T; for different values of 8.
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FIG. 3. General schematic of the
scattering experiment.

axis. The scattered rays rendered parallel to the
axis by the axicon was then focused by lens L, at
As. The length of the plasma column observed
which is limited essentially by an annular masking
aperture on the axicon was -12 cm. The viewing
dump was made up of two concentric glass flasks
and painted black to provide a black background for
the detection optics. Light from A2 rendered par-
allel by lens L~ was passed through a 4-A half-
width interference filter IF, centered at the laser
wavelength which was used to block off the plasma
continuum outside its pass band. A photomultiplier
placed behind the partially transmitting reflector
R collected - 15/~ of the total scattered light which
gave a measure of the total light scattered by the
plasma. The light reflected by 8 was dispersed
by a pressure-tuned Fabry-Perot interferometer
and measured by a seven-channel detection sys-
tem. " The system was similar in principle to the
one described by Hirschberg and Platz' and used
by Daehler, Sawyer, and Thomas39 and recorded
the complete spectrum of the scattered laser light
in a single shot. The resolution of the system was
0. 2 A.

90' Scattering

3. Neutron Detector

The neutron detector used was a polished NE-
102 plastic scintillator 3&& 6&12 in. in conjunction
with a photomultiplier. The scintillator -photo-
multiplier assembly was properly shielded against
x rays and magnetic fields. The detector was
calibrated in position by using an Am-Be source
with a total neutron flux of 10s/sec. Calibration
was established for the count rate of scintillator
pulses and also for the mean current drawn by the
detector when irradiated by the Am-Be source and
these calibrations agreed to within 20%. An inde-
pendent check was made using a BF3 Counter.

(~8-P INC H

COIL

i~/ L8

An eight-channel polychromator similar to the
one described by Glock et a/."was used and the
setup was as shown in Fig. 4. Scattered light at
90' was collected over a length of 7 mm by the
lens Ls through a slot in the 8-pinch coil and after
reflection by a 10-A half-width interference filter
IF& which was set for peak transmission at the las-
er wavelength was focused onto one end of a fiber
optic bundle of diameter of 3 mm. The other end
of the fiber optic was a slit 1 em&&0. 75 mm and
formed the entrance slit of the polychromator.
The exit slits were also fiber optics of the same
dimensions and had a spectral width of 55 A per
channel.

FIBRE
OP

8 PHOTO—

p p MULTIPLIER
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NG

500 lines/mm

FIG. 4. Details of the eight-channel grating
polychromator used in the 90' scattering measurement.
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C. Problem of "Stray Light"

One of the problems in a laser-scattering exper-
iment arises from the extremely small cross sec-
tion for Thomsog scattering, a consequence of
which is that from typical plasmas approximately
only 10 ' to 10 of the incident radiation is scat-
tered. Great care therefore has to be taken to
prevent any direct laser light or "stray light" from
getting into the detector. We list below some of
the precautions that were taken by which the stray-
light level was reduced to less than 10/o of the
scattered signal in the forward-scattering case.
The lenses were tilted - 5' and were also apertured
just sufficiently to let the laser beam through. The
use of two "clean-up" apertures A and A, was a
most important factor in reducing stray light. The
alignment of A& was very critical and any slight
misalignment was manifested as almost an order
of magnitude increase in the stray-light level.
There were two apertures in the light trap and the
Brewster-angle entrance wjndow was not in the
line of sight of the axicon. ' A properly aligned
viewing dump was a very important factor in re-
ducing the stray light. The whole optical path was
divided into several optically isolated regions by
black partitions. Use of interference filter IF,
(Fig. 4) as a reflector helped to reduce stray light
in the 90' scattering by an order of magnitude.

D. Systems Check and Calibration

The magnitude of the stray-light level was de-
termined by comparing it with Rayleigh scattering
from nitrogen. Rayleigh-scattered light was used
also in the gain calibration of the channels of the
forward-scattering system. Wavelength calibra-
tion and measurement of resolution and spectral
width of the system were also made using the laser
light by pressure scanning of the Fabry-Perot with
nitrogen. Gain adjustments of the photomultipliers
of the polychromator were made using the plasma
continuum radiation as the light source with appro-
priate corrections added to the different rise-time
responses of the electronics of each channel, and
the laser light being used for wavelength calibra-
tion.

E. 0-Pinch

The plasma wa, s produced in a 106-kJ 9 pinch
with deuterium at 60-mTorr pressure in a dis-
charge tube with an internal diameter of 5. 8 cm.
The coil length was 38 cm with an internal diam-
eter of 6. 5 cm. A reverse 8, field of 3.5 kG and
quarter period 24 p, sec was first applied and 1.5
p, sec later the gas was preheated by discharging
a 0. 5-p, F capacitor at 17.7 kV. This wasfollowed
20 psec later by discharging the main capacitor
banks of 510 jL(, F at 19 kV. The preheater and main
banks had quarter periods of 0. 22 and 6 p,sec, re-

spectively, and the peak magnetic field was 72 kG,
corresponding to a peak current of 2. 4x 106 A.
The gas pressure and reverse B, were chosen to
give the maximum neutron yield.

V. EXPERIMENTAL PROCEDURE

The Fabry-Perot is pressure tuned to transmit
the laser light and have it centered on any given
channel, in our case the fourth channel, as ob-
served by the stray-light signal. Then the plasma
is fired and at the desired time in the discharge
the laser is fired. In a single firing the following
observations are made and are shown in Fig. 5.
in the forward-scattering case: the signals on the
Fabry-Perot seven channels, the total scattering
monitor, the interferogram on the laser wave-
length monitor, the laser amplitude by diode moni-
tor, and the signal from the neutron-detector scin-
tillator. In a separate shot for 90' scattering,
corresponding data for the eight channels of the
polychromator were obtained. Stray-light mea-
surements were taken before and after each scat-
tering observation, as a continuous check on the
stray-light level and wavelength calibration. The
true scattering signal for each channel is obtained
by subtracting the stray-light signal for the corre-
sponding channel. A number of shots were taken
at different times in the discharge. For an inde-
pendent measure of plasma-density, Rayleigh-
scatteripg measurements were taken at a pressure
of 300 m Torr of nitrogen. The experimental-scat-
tering profiles obtained are compared with theo-
retical profiles after being folded onto the in-
strumental profile and temperature and density ob-
tained by a best-fit analysis.

VI. RESULTS AND DISCUSSIONS

A. Temperature and Density

In principle one can determine the ratio of the
electron temperature to the ion temperature from
the shape of the forward-scattered spectrum and
the ion temperature T, from its absolute width,
provided the electrons hnd the ions are in separate
thermal equilibrium. But in our case of a low T, /
T, value (which was about 0. 45) the shape of the
spectrum, while not affected by a drift velocity of
up to half the thermal velocity, was very insensi-
tive to changes in the ratio T, /T, , and the corre-
sponding error brackets did not allow for an ac-
curate determination of the ion temperature T,
Therefore an independent determination of T, was
essential and was made by performing the 90'
scattering measurement. The spectra of light
scattered at 5 and 90 to the forward direction are
shown in Fig. 6 and were taken between 4 and 5
p.sec after the beginning of the plasma discharge,
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corded simultaneously in a
single-plasma discharge show-.

ing the scattering signals on
the seven photomultipliers of
the Fabry-Perot multichannel
system, the signal on the pho-
tomultiplier monitoring the to-
tal scattered signal, the photo-
diode signal monitoring the
laser output, the signal on the
neutron-detector, Fabry-Perot
inter ferogram monitoring the
wavelength stability and line-
width of the laser, and also the
time-resolved s treak photo-
graph of the plasma taken at
the midplane of the g-pinch
coil.
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corresponding to the time of peak neutron emis-
sion. The points are averaged over a number of
shots and thus the standard deviations indicate both
the error in the measurements and the irrepro-
ducibility of the plasma. The 90' spectrum refers
to a 7-mm-long plasma region in the center of the
coil, and the scattered light was taken over the
whole cross section of the plasma which was rea-
sonably homogeneously illuminated by the laser
beam. A best-fit analysis of the spectrum was
made after taking into account the instrumental
width of the polychromator and gave an electron
temperature at 4. 5 p.sec, which corresponded to
the time of peak neutron emission, of T, =75',6 eV
and o. = 0.44'0",, , with the electron density n = (1.3
+0.35)x10"cm '. The above measured electron
temperature for use in conjunction with the for-
ward-scattering data, had to be corrected for the
fact that in the case of the forward scattering the
temperature is averaged over a 12-cm length of
the plasma column. Time-resolved measurements
of the electron temperature between 3 and 5 p, sec
showed that T, at the center of the coil had at least
a tendency to fall off slightly with time even before
the peak magnetic field was attained at 6 p,sec, in-
dicating that while there was still a trapped anti-
parallel magnetic field at 4. 5 gsec there was al-
ready some particle loss at this time. Hence the
correction for the measured electron temperature
to get a mean for the 12-cm length was made by
interpolating between the case of negligible end
losses and the lossy case of no antiparallel trapped
field as was reported by Beach for a similar 9

pinch. This gave the space-averaged value for the
12 cm length of the plasma column to be 67 &,'eV.
Also, in the 90 scattering case, experimental con-
ditions were such that the preheater and main bank
capacitor voltages were higher by about 10 and 5%,
respectively, with respect to the forward-scatter-
ing case. Therefore a correction had to be ap-
plied to the above value of T, and accordingly the
corrected value appropriate to the forward-scat-
tering conditions was obtained to be T, = 60'&3 eV.

In Fig. 6(a), the forward-scattering spectrum is
shown. A best-fit analysis of the spectrum includ-
ing a convolution of the measured Lorentzian in-
strumental profile was made for different values
of the ion temperature T, corresponding to various
values of the ratio T, /T, . With the already de-
termined value of T, = 60 eV, this gave the value of
the ion temperature as T,. =300+ 50 eV.

The average value of the electron density n over
the 12 cm length of the forward-scattering region
was calculated making the reasonable assumption
that n/T is a constant to a good approximation and
hence o. is a constant over the 12-cm length. From
the average T, value the corresponding n value
was calculated and gave

m=1. 05&&10" cm" .
An independent measurement of the electron den-
sity, or rather, the total number of electrons in
the forward-scattering volume was made from a
comparison of the total scattering in the forward
direction with Rayleigh scattering from dust-free
nitrogen at a pressure of 300 Torr. The cross
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section o„for Rayleigh scattering is given by

o~ = (32m'/3n„) ( p, —1)'/&40,

where p, is the refractive index of the gas at a
particle density n~ and Xo is the incident wave-
length. The effective Thomas-scattering cross
section in the forward direction is given by o„,
=o, I, , where o, is the single-electron Thomson-
scattering cross section and I, is defined in Eq.
(3c) earlier. The frequency-integrated total-scat-
tering signal I~ from a scattering region containing
a total of N, electrons is given by

I~= (Iq o,)Ne,

and the total Rayleigh-scattered signal I~ from the
same scattering region containing N~ molecules is
IR = o~N~, so that

N, = (1/I&)(I~/Iz) (oz/o, )Nz = n V,

where V is the volume of the scattering region.
The ratio of Rayleigh-scattering cross section to

the Thomson-scattering cross section cr„/o, equals
1/377. In our case I, = 0.8 and with the experimen-
tally measured value of the ratio of the total Thom-
son-scattered signal to the Rayleigh-scattered
signal in the forward direction I~/I„=0.86, one
gets from the above equation nV = 8.3 &&10 + 50%.
The error of 5&o is due to the error in the mea-
surements of I~/I~ and the error in the absolute
calibration of the gauge reading the nitrogen pres-
sure. It might be worth mentioning that the 8-pinch
plasma turned out to be hollow as. is to be expected
from the antiparallel field of 3. 5 ko, part of which
was still trapped inside the plasma at the scatter-
ing time of 4. 5 p,sec.

B. Neutron Yield

l. Observed Neutron Emission

The neutron emission from the plasma was
measured by the calibrated NE102 plastic scintil-
lator. Over the several shots considered the neu-
tron emission fluctuated appreciably, sometimes
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giving a measureable current and at other times
the output signal consisted of individual pulses.
The average neutron yield as mea. sured was (8+ 6)
&10' sec '.

2. Expected Neutron Yield

For a plasma in thermal equilibrium, the total
number of neutrons N emitted is given by

N= fdV(2n; (ov)D») = n2f(nf+) (+v)DD

where n, is the density of deutrons, n,. V is the total
number of reacting particles, and (ov)» is the
average value of the D-D reaction cross section
corresponding to the plasma-ion temperature.
From Rayleigh scattering, nV=0. 81&&10' over a
12 cm length of plasma column. With the coil
length of 38 cm it was considered reasonable to
assume a neutron-emitting length of 30 cm; the
temperature drop beyond which would make its
contribution of neutrons lower by more than an
order of magnitude, and extrapolating from the
total number of ions, nV, in the scattering region
of length 12 cm, one obtains the total number of in-
teracting ions to be n,. V= 2. 8 &10'~, and the total
number of neutrons expected at an ion temperature
of 800 eV turns out to be 4x10'/sec. Taking into

account the + 50-eV standard deviation in the ion
temperature of 300 eV would give the expected neu-
tron emission as between 1&10 to 2&10' per sec-
ond. This has now to be compared with the ob-
served average neutron-emission rate of (8 + 6)
x10'/sec. Within the limits of the error then, the
observed neutron-emission rate is in agreement
with that expected from a thermonuclear plasma
at the measured temperature of 300 eV, thus giving
the closest agreement yet between directly mea-
sured neutron yield and that calculated from plas-
ma parameters measured by scattering from a
laboratory plasma. This is additional evidence for
the thermonuclear origin of the neutron emission
from a 8-pinch plasma.
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Experimental Indications of Plasma Instabilities Induced by Laser Heating*
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The detection of - 100-keV x radiation and of directly back-scattered light is described for
neodymium-glass-laser light pulses focused on a polyethylene target. These observations can
be explained in terms of the nonlinear excitation of plasma waves by the laser light.

We recently made some measurements of x rays
and light reflection from a laser-produced plasma
which suggest that plasma instabilities have been
produced. Our neodymium laser, which includes
a multipass glass-disk system, has been described
elsewhere. ' 3 The 1.06- pm-wavelength neodym-
ium-laser light was focused by means of an f/7
lens to an irregular-shaped spot with a mean di-
ameter of approximately 80 pm. s The pulse ener-
gy ranged from 20 to 7P J; the pulse length ranged
from 2 to 5 nsec. The maximum power during the
pulse was 10 GW, corresponding to an intensity at
the target of = 2x 10'4 W/cm~.

The laser pulse was focused on flat targets of
"deuterated" and ordinary polyethylene, (CD&)„
and (CH2)„, respectively. The targets were tilted
about 5' to prevent back reflections from causing
spontaneous oscillations in the laser amplifier
chain. After each shot the target was moved to
expose a fresh new surface. It was found necessary
to wait 1 h between shots to allow the disk laser
to cool. Failure to allow ample cooling resulted
in a larger focal spot and a decrease or an absence
of neutrons and hard x rays.

Diagnostics for the first set of experiments in-
cluded a large plastic scintillation counter, in-
tended for neutron detection and located in close
proximity to the laser target. The detector was
initially shielded with 9. 5 mm of aluminum plus
6. 3 mm of lead. Nevertheless, when the laser
was fired, scintillation pu1. ses were seen from the
(CHz)„target as well as from (CD&)„. When the
shielding thickness was increased to 9. 5 mm of
aluminum plus 12. 7 mm of lead, no pulses were
seen when the (CH~)„target was in place, but small

pulses corresponding to 103 and 104 neutrons were
seen when the (CD&)„target was used. s '

The fact that large pulses were seen from a
(CHz)„target with a scintillation detector shielded
by 6. 3 mm of lead was interpreted as evidence that
considerable quantities of hard x rays were being
produced in these experiments. Similar hard x
radiation has been reported recently by the I ebedev
group in the USSR.

To measure the x-ray spectrum more accurately,
additional measurements were taken with four scin-
tillation detectors using a target of polyvinyl chloride.
One pair of detectors used europium-activated
calcium fluoride fluors in conjunction with alu-
minum absorbers; the other pair used thallium-
activated sodium iodide fluors and nickel absorbers.
To minimize background corrections, the nickel-
absorber pair was shielded from scattered hard x
rays by at least 6 mm of lead on all sides, except
for a narrow cone pointed at the focal spot. The
aluminum-absorber pair did not need such shielding,
because the soft-x-ray signal was much greater than
the hard-x-ray background. The absorption ratios
for a given absorber pair were normalized by
means of supplementary measurements made with
equal absorber thicknesses. An apparent elec-
tron temperature T was computed from the mea-
sured absorption ratio using the curves computed
by Elton. 7

Some representative results of these measure-
ments are presented in Table I; they indicate that
the transmission ratio for the nickel pair corre-
sponds to a much higher temperature than the cor-
responding ratio for the aluminum pair. In addi-
tion to the results given in the table, we made a




