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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.'=® The 1. 06- um-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 um.® The pulse ener-
gy ranged from 20 to 70 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" W/cm?,

The laser pulse was focused on flat targets of
“deuterated” and ordinary polyethylene, (CD,),
and (CH,),, 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. Itwasfoundnecessary
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 pulses were seen from the
(CH,), 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 10%® and 10! neutrons were
seen when the (CD,), target was used. 3%

The fact that large pulses were seen from a
(CH,), 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 Lebedev
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 7 was computed from the mea-
sured absorption ratio using the curves computed
by Elton.”

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
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TABLE 1. X-ray absorption ratios for four C,H;C1
target experiments,

Laser Aluminum Nickel
Shot pulse® E°® T4 E° T4
number (6)) R® keV) (keV) R® (keV) (keV)
1 43 2.8 8.0 1.7 3.8 116 48
2 45 2.5 8.3 2.0 4.4 112 41
3 49 2.3 8.5 2.3 4.8 108 37
4 42 2.4 8.4 2.2 3.5 120 53

2Half-width 5 nsec. See profile in Fig. 2(a).

PRatio of integrated signal outputs for aluminum absorb-
ers of 0.0206 and 0.0412 g/cm?,

°An “average” energy E for the x rays computed by as-
suming exponential absorption of a monoenergetic spec-
trum.

4The estimate for bremsstrahlung temperature T com-
puted from the curves in Ref. 7.

°Ratio of integrated signal outputs for nickel absorbers
of 1.40 and 5. 60 g/cm?.

number of measurements with thinner aluminum
foils (0.007 and 0.014 g/cm?). The ratios ob-
served in these measurements correspond to elec-
tron temperatures of about 0.5 keV and are in
agreement with previous measurements of other
workers.® Numerical hydrodynamic computa-
tions®'!? of the laser-heated plasma produced by
this focused intensity have indicated maximum
electron temperatures of the order of 1.0 keV,

Since our measurements were integrated over
the target in both time and space, we sampled a
distribution of temperatures. Furthermore, the
x rays penetrating the thick absorbers are selec-
tively representative of the higher-temperature
material. Therefore, the thicker-aluminum-ab-
sorber measurements in Table I might be inter-
preted as being representative of the temperature
of some particularly hot spot of the target, al-
though this is a somewhat higher temperature than
expected.

On the other hand, the measurements reported
here for the nickel-absorber ratio do not agree
at all with our expectations for the electron tem-
perature. The values of 37 to 53 keV are not com-
patible in any way with our predictions for the
maximum electron temperature; they are an order
of magnitude too high. The results suggest that
a unique electron temperature does not exist and
that an anomalous heating of some of the electrons
has taken place.

The disparity between our experimental results
and the results expected for a plasma with a tem-
perature of about 1 keV can be emphasized by a
comparison of absorption curves. A single absorp-
tion curve involving data obtained with dissimilar
absorbing materials can be approximated to the ex-
tent that absorption in the energy region of princi-
pal importance is a result of the photoelectric ef-
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fect and does not involve significant absorption-
edge discontinuities. In such a region, the mass
absorption coefficient u can be represented to a
good approximation in the form

InR/X=pzM/E™, | )

where R is the intensity ratio for the absorber
thickness X for a monoenergetic x-ray beam of
quantum energy k= hv, and M and m are constants.
In the energy regime where photoelectric effect

is dominant, m=3. For the aluminum absorbers
used here, M=2.7x10* keV® cm? g*!; for nickel,
M=2.6x10° in the same units. Thus we can, in
an approximate manner, express the aluminum
and nickel results in terms of a common thickness
parameter MX as is done for one of our experi-
ments in Fig. 1. Similar curves were obtained
for our other data.

The ordinate E; in Fig. 1 is estimated from the
solid angle of the detector, its light efficiencies,
gain, and other electrical constants. Not all of
these parameters are as well known as we would
wish, but we believe that our estimate of E; is ac-
curate enough for a rough comparison between the
aluminum- and nickel-absorber results. In Fig.

1 we have also fitted the bremsstrahlung absorption
curves for temperatures of 2 and 40 keV (calcu-
lated from Ref. 7) to the aluminum and nickel
ratios, respectively. The excess of high-energy

x rays implied by our experimental data is clearly
evident,

Recently, x-ray spectra from plasma-focus ex-
periments have been reported in terms of a power
law, 11:12

a _A
d_k=kl! (2)

where A and the power [ are constants. Because
the plasma focus and the laser-produced plasma
have similar densities (~10?° - 10?2 cm™®), it is of
interest to compare these spectra. To do this, we
must unfold our absorption data to obtain the ex-
ponent /. We note that E;, the ordinate of Fig. 1,
can be written

“dl
E =4mf2f = X gp, 3)
0 o dk

where 7 is the radius at which the intensity con-
stant A is evaluated. Substituting Eqs. (1) and (2)
and integrating, one obtains

'(n) 1
mM" X"’

E,= (4nr2A) (€Y}

where the exponent » is given by

n=(-1)/m . (5)

Rearrangement of these equations enables us to
solve for the exponent / in terms of experimental
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FIG. 1. X-ray absorption curve for shot 3, based on the

four measured points as described in the text. The two
temperature curves were calculated from Ref. 7.

quantities:

In(E,/E,) ©)

I=1+
" In(M,X,/M Xy)

where the subscripts 1 and 2 refer to two different
absorption measurements. For the data presented
in Fig. 1, we obtain an exponent of 4.7 from the
aluminum-pair ratio and an exponent of 3.4 from
the aluminum-to-nickel ratio. These are approxi-
mately the same as the plasma-focus exponents
reported previously. !''!? The nickel-pair ratio for
hard x rays was not evaluated by this technique be-
cause the Compton effect distorts the value of m

in that spectral region.

In addition to neutron and x-ray measurements,
the reflection of the 1.06-um neodymium-laser
light was monitored with calibrated photodicde
detectors and compared with the incident light.
Figure 2 is a plot of five such measurements, in-
cluding shot 3 of Fig. 1. The latter also includes
a light-transmission measurement made through
the polyvinyl chloride target. It is seen that the
reflected pulse has a different shape than the in-
cident-light pulse; in particular, sharp bursts of
reflected light are seen, beginning 2to 5 nsec after
the onset of the incident pulse.

These results are different from previous re-
flected-light measurements obtained by the group
at Limeil, !® but we believe that there are signifi-
cant differences in the experimental conditions.
The Limeil group used an f/1 focusing lens (which
corresponds to a solid angle of 0. 66 sr), and they
measured a reflection coefficient of 30 to 40%.

We used an f/7 focusing lens whose solid angle is
0.016 sr.

We recall that for focal-spot sizes of ~100-um
diameter or less and laser-light pulses of ~1nsec
or more, the plasma plume will expand sideways
as well as toward the laser light.® The reason for
this, of course, is that the rarefaction waves will
move into the plume at velocities greater than
~ 10" cm/sec. In this case, most of the laser
light will encounter the plasma density gradient
at oblique incidence'*; therefore, the angle be-
tween most of the reflected light and the incident
light will be greater than the 4° angle subtended
by our lens. Consequently, it is not surprising
that we see much less reflected light than the f/1
lens measurements of 30 to 40%. If we multiply
the f/l lens measurements by the ratio of the solid
angles of the two lenses, we obtain a result of about
0. 8% reflection, which is in agreement with our
measurements of 0.5 to 1.0% (Fig. 2).

The bursts of reflected radiation that we observe
have not been reported elsewhere, to our knowledge.
In some cases, such as Figs. 2(d) and 2(e), they
amount to more than 2 to 3% of the incident power.
This intensity cannot be isotropic because it would
then exceed 100% of the incident light, Ifthe bursts
fill only a small solid angle, they would probably
not be easily seen through an f/1 lens. From these
considerations, we conclude that the reflected-
light bursts are preferentially emitted in the back-
ward direction with respect to the incident light,

In that case, a plausible explanation is that a back-
ward-stimulated light beam is tracing out the same
optical path as the incident light. In this situa-
tion it will be aimed back toward the focusing lens
even in the presence of oblique density gradients
that scatter the ordinary reflected light into larger
angles.

The delay in the onset of these light-reflection
bursts is believed to be due to the finite time re-
quired to build up a sufficiently thick plasma in
which such nonlinear optics effects can grow. !°
The light-penetration curve measured in Fig. 2(a)
is in qualitative agreement with this assumption,
since it falls rapidly as the pulse develops. Pre-
sumably, at late times only the fringes of the focal
spot can penetrate the target, because there the
plasma has not yet been developed.

Another characteristic of these experiments is
that there are positive shot-to-shot correlations
between the occurrence of the light-reflection
burst, the neutron pulses [from (CD,),], and the
hard-x-ray intensity. These correlations are, at
present, only a qualitative observation made under
a variety of experimental conditions. ? However,
similar correlations among reflected-light energy,
x-ray emission, fast-ion emission, and neutrons
have been reported elsewhere, 1617

In view of all our results, it is tempting to ex-
plain these observations by one basic phenomenon,



| o

“GwW)

o
LA AL AL L B I B
o

1
|
|
|
|
|
\

Yt \

o

LA L N B L L B L
.o
.-

O
l|ll|||ll|

Incident Pl’ reflected PR’ and transmitted PP light

o
L L
LIS B B O B L B |

~\ |
~ ‘ol \

oL 1 Ly ~r 0 o MY T
0 5 10 0 5 10
Time (nsec) Time (nsec)

FIG. 2. Incident P;, reflected Py, and transmitted Pp
light curves vs time for five different experiments on poly-
vinyl targets C,H3Cl. Figure 2(a) is shot 3, the same one
as in Fig. 1. The other curves are for various earlier
experiments, for which transmitted-light measurements
were not taken. The normalization in time is estimated
to be accurate within 1 nsec,

plasma instabilities. The x-ray results seem to
be best explained by the parametric ion-acoustic
instability'®-2? in which an incident electromagnetic
wave of frequency w is coupled to an electron
plasma wave of frequency =~ w,,andtoanion-acous-
tic wave of frequency w,~ wy- w,,. Thetwoplasma
waves grow at the expense of thelaser wave, reach-
ing a large intensity that distorts the electron-
velocity distribution function. A few high-energy
electrons are accelerated thus creating the ob-
served high-energy x rays by means of the brems-
strahlung process.

The threshold intensity I, for the parametric in-
stability can be written

i v) (ve
Ip=4cn N, kT, (;L) ( wﬂ) , @)

where #» is the plasma index of refraction, N, is
the electron density, and v,, v, are the damping
rates for the acoustic and plasma waves, respec-
tively. The lowest value of this threshold intensity
isfound at a plasma density N, close to the cutoff
density N,, because at smaller densities the Lan-
dau damping is very large for the electrons. Thus,
if we choose N,~0.9N,, then only collisional damp-
ing will be important for the electron wave. At
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this density, the refractive index n~0.3. Next,
we use the laser-plume computer calculations®:t?
to estimate typical plasma temperatures of T,
~0.5 keV =~ T, from which we can find that the
acoustic-wave damping ratio v,/w, is about unity
and the plasma-wave damping ratio is about 0.001.

Substituting back into Eq. (7), we arrive at an
estimate for the threshold intensity of about 6x 102
W/cm?, This threshold may be as much as one
or two orders of magnitude higher in steep density
gradients'® where the plasma waves and acoustic
waves transport energy from the region of lowest
threshold. However, our average intensity is a
factor of 30 higher than the minimum threshold
estimate. Furthermore, we have recently ex-
amined our laser pulse with improved time resolu-
tion and have found preliminary evidence that the
incident laser pulse contains many subnanosecond
“spikes, ” which would imply intensities greater
than 10'® W/cm? at the target. We therefore con-
clude that our highest incident intensities exceed
the threshold for the excitation of the parametric
ion-acoustic instability.

Next, we consider how a suprathermal-high-
velocity-electron spectrum can be created by the
unstable plasma. First, we note that the coherent
“quivering” velocity of the electron in the high-
frequency electromagnetic field is not great enough
at these intensities to account for the observed
high-energy x rays. An elementary calculation
gives average quivering energies of 0.03 to 0.3
keV at intensities of 10' to 10'®* W/cm? when the
plasma density is N,=0.9N,. However, the plas-
ma oscillations induced by the instability provide
a mechanism for electron acceleration, This is
most clearly shown in plasma-simulation computa-
tions,2!'22 where a significant high-energy “tail”
is observed to appear in the electron-velocity dis-
tribution function after saturation of the linear-
growth phase of the instability. The tail consists
of electrons that are pulled out of the thermal
distribution and accelerated to the phase velocity
of some of the plasma waves, A significant en-
hancement in the number of electrons at higher
velocities is observed. The effect is apparent
for electrons having velocities up to ten times the
thermal velocity, where the statistics of the avail-
able number of particles in the computation be-
comes too small for accuracy. This corresponds
to a hundredfold increase in the energy of such
electrons above the average thermal energy. This
increase is sufficient to explain the 40-keV ap-
parent temperature obtained in our x-ray experi-
ments.

We conclude from these considerations that the
parametric ion-acoustic instability is capable of
explaining our experimental results. Another re-
lated instability, the so-called “growing mode” or
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“oscillating two-stream instability, ” *'?° may also
contribute to the absorption. We have not con-
sidered it in detail because its threshold is usually
calculated to be somewhat higher than the para-
metric threshold and because it occurs at the cut-
off density, further inside the plasma than the re-
gion where the parametric instability occurs.

The pulses of backward-directed light seem to
be best explained by simulated Brillouin scatter-
ing?¥:2* in which the incident electromagnetic wave
of frequency w, is reflected backward from an
acoustic wave of frequency w, at a Stokes fre-
quency of w, - w,. The threshold intensity is
also given by Eq. (7), where the damping con-
stant v, is reinterpreted to mean only the colli-
sional damping constant v,; and does not include
Landau damping, Thus, this effect can occur at
all plasma densities, although the growth rates
are smaller than for the parametric instability.

Furthermore, the Brillouin instability need not
grow up from the plasma noise level in our partic-
ular experiments. The reason is that the un-
absorbed incident radiation is reflected when it
reaches the vicinity of the cutoff density, so that
a backward-light flux always exists. If the fre-
quency width of the incident laser light is greater
than the Stokes shift w,, then it is more likely that
the observed reflected-light pulses are stimulated
by the backward flux than that a Stokes wave will
grow from the noise level. To estimate the fre-
quency shift, we use the approximate momentum-
conservation relation for backward Brillouin scat-

o

tering:
2K, =K, (8)
from which one can obtain the frequency ratio:
w,/wy = 2nv,/c, (9)

where v, is the acoustic velocity, Using the same
plasma conditions as before (»=0.3, T,=T,=0.5
keV), we obtain a wavelength shift of about 5 A for
a neodymium-laser beam. This is well within the
recently observed spectrum width of our laser
beam, where most of the energy is found within a
wavelength band of 20 to 50 A (varying from pulse
to pulse). In this connection we have not yet mea-
sured the spectrum of the reflected light. The in-
terpretation of such spectra is complicated by Dop-
pler shifts and line structure, and we have not been
able to decide on a clear relationship between our
results and spectrum measurements obtained by
other investigators, 25:26

Evidence for similar plasma instabilities and
anomalous absorption has been reported for iono-
spheric-heating experiments with 50-m radio
waves?” and in plasma experiments with micro-
waves.?® Our results extend the range of observa-
tions to laser-light wavelengths. The effect of in-
stabilities on the neutron emission is discussed
elsewhere. 5
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A new general expression for the electrical resistivity of a substance is obtained with the

help of projection techniques with the Liouville equation as the point of departure.

No many-

body detail is sacrificed and the “A% limit” is not invoked. The first-order result in a per-
turbation expansion in orders of the scattering is presented in explicit form and shown to have

a simple and physical appearance.
expressions for simple cases.

I. INTRODUCTION

The calculation of the electrical resistivity of
a substance can be performed at three different
levels. The most elementary is the Drude ap-
proach, ! wherein the electrons are assumed to be
subjected to a viscous force proportional to their
speed. Writing the classical Newtonian equation
for each electron as

m Z—f =k - oV, 1)

where the electron has mass m, charge ¢, and
velocity ¥, E is the applied electric field, and «
is a constant of proportionality, we can immedi-
ately calculate the steady-state (d¥ /dt=0) elec-
trical resistivity y as

y=m/Ne?t , (2a)
T=m/a, (2p)

where N is the total number of electrons in the
substance and 7 is the “relaxation time.”

Apart from the fact that the equation of motion
used is a classical one, the major drawback of
the Drude approach is that its implicit assumption
of a constant « (and therefore of a constant 7)
cannot be justified and an investigation of the ori-
gin of the viscous force cannot be carried out
within its framework. One merely makes general
statements asserting that the viscous force arises
from collisions of the electron with the scattering
centers (other electrons or different bodies) and
that the “relaxation time 7’ is approximately one -

It is also shown to reduce to the well-known Boltzmann

half the average time between two collisions.

A more sophisticated approach starts with the
Boltzmann equation, >~7 which describes the time
evolution of f, the ensemble density in u space.
The equation in its exact form is a complicated
nonlinear integrodifferential one, and so approx-
imations like “linearization” and the “relaxation-
time assumption” (see for instance Ref. 3) are
often used to solve for f.® From f one then obtains
the electrical conductivity o (which is of course
1/7) as’

o=~ —-—I T 0 86’* ak (3)

where v, is the component of the velocity of the
electron in state %2 along the direction of measure-
ment, €, is its energy, f? is the equilibrium
Fermi-Dirac distribution function, d%k is a vol-
ume element in & space, and 7, is the relaxation
time which arises out of the relaxation-time as~
sumption.

The above approach is widely used for practical
calculations and almost all discussions of elec-
trical resistivity or related problems are carried
out in its context. Under these circumstances it
is easy to forget its inherent limitations and the
criticisms that can be levied against it. The
most serious objection to this Boltzmann ap-
proach consists of an objection to the very use of
the Boltzmann equation. This equation was de-
rived® on the basis of intuitive arguments which
are not rigorous and attempts to obtain it deduc-
tively from more general starting points (like for



