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The thermal conductivity of a plasma of density 6 x 10'® ¢cm™? is measured when it is
heated by a 300-MW, 3-ns CO, laser pulse. The data are best represented using a heat
flux which is limited to ~ 4% of the free-streaming limit. Low-frequency turbulence is
observed of sufficient intensity to cause this flux limit,

In this Letter we report definitive measure-
ments of the thermal conductivity of a laser-
heated plasma when the temperature gradient is
large and an ion-acoustic instability is excited.
The classical treatment of thermal conductivity!
has been by a first-order perturbation to a Max-
wellian, However, when X, /L (the ratio of the
electron mean free path to the temperature-
gradient scale length) is greater than 0,02, sec-
ond-order terms dominate and there seems to
be no rigorous theory. Here we use

X, /L=2.292x108T,|VT,|n, InA, (1)

with T, in eV and », in inverse cubic centimeters.
We have previously measured the thermal con-
ductivity? with 7,=T; and x,/L ~ 0.04 and found

a reduction by a factor of 2 from Spitzer’s value.
When T,> T;, the return current from the heat
flow can drive an ion-acoustic instability, which
would decrease the heat flux.** Here we have
increased A, /L to 0.5 (from Ref, 2) and with T,
~5T, have seen a very low thermal conductivity
accompanied by low-frequency turbulence.

As before, our measurement is based on ruby-
laser light scattering. We have extended this
technique to spatial and temporal resolutions of
200 um and 1 ns. Other experiments on laser-
produced plasmas®~7 have used much less direct
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diagnostics to measure thermal conductivity.
Many other phenomena (magnetic-field genera-
tion, resonant absorption, atomic physics, fast-
electron transport) complicate these experiments,
In contrast, our experiment has to our knowledge
none of these extraneous phenomena,.

The plasma used has been described previous-
ly.?2 It was a weak hydrogen Z pinch with initial
density and temperature of 6 X10® cm™ and 4 eV,
respectively. The center of this plasma was
heated by a 300-MW, 3-ns CO, laser pulse, fo-
cused to a measured spot size of 350+ 50 um,
Ruby-laser light scattering at 90° was performed
with the differential scattering vector (k) both
parallel and perpendicular to VT',. The scatter-
ing parameter o was in the range 0.5<a <1,5,
The electron density and temperature were ob-
tained by fitting shifted Salpeter curves for dif-
ferent ¢’s to the electron features. This method
is described by Kunze.® The error bars on den-
sity and temperatrue were determined by the
range of the values of a which would fit within
the experimental error bars, These values of n,
agreed with those obtained using a Rayleigh cali-
bration of the system, A fast photomultiplier

(RCA C31024A) gave a 1.2-ns time resolution,
Reproducibility was good enough to plot spectra

on a shot-to-shot basis., The spatial resolution
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FIG. 1. Examples of experimental data and simula-
tion results with s =1 and w =1, For each simulation
the two solid lines indicate the band of temperature
possible within the + 100-ym alignment setting error,
At 6= 0, the best fit of f = 0.03 is shown together with
f=1.,0 and f= 0,01, At 6=800 um the band is for dis-
placements between 700 and 900 ym and simulation
results are only shown for f=0.03,

(~200 pm) was defined by the spectrometer en-
trance-slit height and width, and the measured
ruby-laser focal-spot size, Data were taken for
different displacements (6) between the CO,- and
ruby-laser foci.

On the length and time scale of the laser heat-
ing, the plasma was homogeneous, constant, and
unmagnetized. As the plasma was so underdense,
refraction and variation along the laser beam
were negligible, and the experiment could be
modeled by a one-dimensional, two-temperature
fluid code with symmetry about the CO, laser
axis,

In the simulation, the absorption coefficient K,
for CO, laser radiation was taken from Billman
and Stallcop®:

K1=wcz)\2n92Te-l-5(1_csneAZ)—O-Sg, (2)

where w was an additional factor allowing for ar-
tificial variation of K;, The ponderomotive force
and the saturation of inverse bremsstrahlung
were included although their effect was small,
The electron heat flux ¢ was defined in the normal
way:

d=-s0T,*°VT,/InA, (3)

where s is a factor allowing for an artificial vari-
ation in the conductivity, When s =1 the conduc-
tivity corresponds to Spitzer’s value.! Addition-
ally, simulations were run in which §, as defined
by Eq. (3), was constrained not to exceed some
fraction (f) of the free-streaming limit, ¢ .
=nkT(2kT,/1m,)%°. Experiments were per-
formed with CO,-laser-pulse durations of 3 and
20 ns. An example of the results for 6=0x 100
and 6=800+100 um is shown in Fig. 1. Results
were also obtained at =100+ 100 and 1200+ 100
km. On the rising edge of the heating there are
large error bars due to the 1-ns instrumental
time resolution. Late in time the power of the
diagnostic laser is decreasing and the error bars
again become large, Simulation results with w=1
(classical absorption) and varying f are also
shown on Fig. 1. A good fit at both displace-
ments, where the band of simulation results fits
within all the experimental errors, is obtained
for f=0.03, but not for f=1 or f=0,01, Under no
conditions can f=1 fit the experimental data, If,
for example, the absorption coefficient is doubled
for f=1 the temperature at 6=0, £=3.5 ns is only
14 eV compared with a measured 20.6x1 eV

(Fig. 1, top), and at 6=800+100 um, £=3.7 ns

it is 8+ 1 eV compared with 5.5+1 eV (Fig. 1,
bottom). Thus by requiring the simulations to

fit the experiment at all four positions, and also
for runs with the two different pulse lengths, both
absorption and thermal conductivity were deter-
mined. The accuracy of the measurements of
thermal conductivity and absorption is shown in
Fig. 2, The hatched area shows the only regions
of absorption/conductivity space where the simu-
lation fits all the data.

Computations were also carried out in (s,w, f=1)
space but the fits to the experimental data were
poor. (The nearest fit was actually with s=0,065,
w=1.4, and f=1). So the comparison of experi-
mental and simulation results for the high-inten-
sity experiment unambiguously show best agree-
ment for classical inverse bremsstrahlung ab-
sorption with thermal conduction modeled classi-
cally up to a (2-5)% flux limiter,

In constrast, the lower-power experiment? gave
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FIG. 2, Hatched area shows region of (f,w,s=1)

space allowed by results. The factors » and f vary
the absorption and flux limit, respectively.

good agreement between experiment and simula-
tion for classical absorption and a heat flux of
0.4 times Spitzer’s value without using a flux
limiter (s=0.4, w=1, and f>0,05). Attempts to
use a model with classical (s =1) thermal conduc-
tion and a flux limiter gave much poorer fits, the
least bad being with s=1, w=1, and f=0.06.

The measured n, and T, defined a thermal lev-
el S; ., for scattering in the ion feature.® At 6=0,
where the scattered electron spectra were sym-
metric and thermal, the height of the observed
ion feature (S;,) is enhanced to ~14S; ;, as shown
in Fig. 3. S;, was obtained from the measured
scattering in a 13-A-bandwidth channel centered
at the ruby wavelength, after the small stray-
light and the electron-feature contributions had
been subtracted.

The results of the two experiments are summa-
rized and compared with Spitzer’s theory in Fig.
4, In the low-power experiment,? matching of ex-
perimental and computational results showed that,
for temperature gradients characterized by A, /L
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FIG. 3. Enhancement above thermal of scattering
in the ion feature. The 3-ns CO,-laser pulse starts
at time zero.
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FIG. 4. Normalized heat flux vs normalized temper-
ature gradient showing strong heat-flux limitation.

=< 0.04, the heat flux was best modeled by reduc-
ing the classical thermal conduction coefficient to
0.4+0.2 times Spitzer’s value. The discrepancy
is attributed to the failure of Spitzer’s first-order
perturbation theory for x,/L 20,02, The simula-
tion could not be made to fit the experiment well
for reduced thermal conduction based on a flux
limiter, No evidence of ion-acoustic turbulence
was observed or expected since the long (70-ns)
CO,-laser pulse allowed equilibration of T, and T;
to within about 109%.

In the high-power experiment the temperature
gradient A, /L was increased from 0,04 to 0.5 but
the normalized heat flux q/q .« was no higher
than in the low-power case. The experiment was
best modeled by the simulation using classical
thermal conduction up to A, /L 0,02, then a flux
limiter of 0.02 to 0.05 times the free-streaming
limit, Although a theory for large temperature
gradients does not exist, it would be reasonable
to expect that in the absence of turbulence q/q ax
would increase as A, /L increases, The fact that
it did not we attribute to ion-acoustic turbulence
because we observe an enhanced ion feature
(Fig. 3).

Unfortunately, this observation was with %
~2/xp (as @~3%). From simulations of current-
driven ion-acoustic turbulence,!® the spectral
function S(k) peaks at 1/Apand is much smaller
at 2/ap. Using our measurement at 2/arp and the
shape of S(k) from simulations, a fluctuation lev-
el n/n of 9% was deduced. From Ref, 4 this
would severely limit the heat flux, It is interest-
ing that although ion-acoustic turbulence reduces
the thermal conductivity it does not increase the
absorption. This is in agreement with theory*!
and is because the density is so much below criti-
cal.

The turbulence is presumed to be driven by the
return current, We rule out Brillouin backscatter
as the source of the turbulence because no back-
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scattered light was observed at these densities
and the enhancement (Fig, 3) lasted for longer
than the CO,-laser pulse (Fig. 1). The threshold
for the heat-flux instability is »,/L=0.6 for T,
=5T,%, which is close to our observed maximum,
A, /L~0,5, However the distribution functions®
on which this theory is based are unphysical
since they become negative on one side in the
region of velocity space where the net heat flux
occurs (1.5v,,<v <3v,;) when A, /L >0,02,

In conclusion we have observed a (2-~5)% flux
limit to heat flow when T,~5T;, which can be
explained by the observed low-frequency turbu-
lence,
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The kinetic treatment of the ponderomotive force concept is found from nonresonant
quasilinear theory for waves with spatially dependent amplitude, In general, the pondero-
motive effect appears as a velocity-space diffusion term, not just as a force. For an un-
magnetized plasma, the qualilinear equations are solved directly, and the correct density
modification exhibited explicitly, Examples are considered for both a homogeneous and
an inhomogeneous magnetic field, and aspects of rf end plugging are discussed,

The effects of electromagnetic waves on a plas-
ma are relevant to problems in both laser fusion
and magnetic confinement. In the former case,
self-focusing density modifications, parametric
instabilities, and magnetic field generation are
of interest, and, in the latter, wave heating, end
plugging of open systems, and impurity control.
For many of these problems, the collisionless
regime is appropriate, and both single-particle
and fluid treatments have shown that the pondero-
motive force plays a key role in nonresonant non-
linear phenomena. In this Letter, the inadequacy
of using only a ponderomotive force in a kinetic
treatment is demonstrated, and the porper col-
lisionless kinetic theory of nonresonant wave ef-

fects in a weakly inhomogeneous plasma is pre-
sented.

When fluctuating wave amplitudes are small and
autocorrelation times are short compared with
diffusion times, the lowest-order wave modifica-
tions of the particle distribution are given by
quasilinear theory. In this approximation, it is
known that nonresonant particles acquire an ap-
parent temperature due to the nonlinear interac-
tion with the waves.® This “fake diffusion” has
been used in calculating saturation amplitudes of
unstable waves,'*? and is reconsidered here in or-
der to understand ponderomotive effects in a
weakly inhomogeneous plasma.

In one dimension, consider an electrostatic
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