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vantages may be eclipsed by the critical problem
of laser asymmetries.
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J. A. Tarvin, F. J. Mayer, D. C. Slater, Gar. E. Busch, G. Charatis,
T. R. Pattinson, R. J. Schroeder, and D. Sullivan

EMS Elsion, Inc. , Ann Arbor, Michigan 48106

D. L. Matthews
Lawrence Livermore National Laboratory, Livermore, California 94550

(Received 2 November 1981)

The x-ray spectrum emitted by a gas jet irradiated at 10~6%/cm2 has been measured
for laser wavelengths of 1.05 and 0.53 pm. The flux of hard x rays (hv) 10 keV) emitted

by a gas jet is less than 0.3% of that emitted by a glass target irradiated at the same
intensity. This low flux implies that less than 0.1% of the incident energy is used to heat
electrons to energies greater than 10 keV.

PACS numbers: 52.25.Ps, 52.25.Fi, 52.40.Db

The aim of laser-fusion studies is to compress
deuterium-tritium fuel to high density and then
heat it,. to produce a thermonuclear reaction. The
production of electrons with energies greater than
10 keV in laser-irradiated plasmas lowers the ef-
ficiency of the thermonuclear burn by limiting
fuel density. The fast electrons heat the interior
of an imploding target prematurely, making the
fuel more difficult to compress; and they trans-
port energy from the absorption region to the low-
density expanding corona, reducing the efficiency
with which absorbed energy is converted to kinetic

energy of implosion. They have been studied in
solid targets at laser wavelengths of 0.53,' 1.06,' '
and 10.6 pm,"and in gas targets at 10.6 pm. '
The generation of fast electrons is usually asso-
ciated with resonance absorption" but two-plas-
mon decay and stimulated Haman scattering
(SHS)' are also believed to be important produc-
tion mechanisms.

In an extension of a previous experiment, ' we
have studied the interaction of intense laser light
with a gas jet. In contrast to all previous experi-
ments with intensities greater than 10"W/cm2
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FIG. 1. The gas-jet experiment. Incident light
travels up the density gradient. X-ray detectors are
orthogonal to the jet axis.

of visible or infrared light, our experiment shows
little evidence of fast electrons produced by 1.05-
or 0.53-p m light.

The gas jet has properties which are desirable
for investigating laser-plasma interactions. The
density of neutral gas in the jet before irradiation
varies smoothly and is easily characterized and
highly reproducible. The high-density gas re-
quired to form a critical surface for visible light
is confined to a comparatively small volume. The
experimental arrangement is shown in Fig. 1.
High-pressure gas expands through a small ori-
fice into a vacuum chamber, forming a broad jet.
The laser light travels upstream, ionizing and
heating the gas. Some of the light is absorbed in
the underdense plasma and some of it is scat-
tered. The remaining light is absorbed or re-
flected at critical density, where the laser fre-
quency &u, =2«/Ac is eIlual to the electron plasma
freIluency, ~~ = (4&n, e'/m, )"'. Here n, and m,
are the electron number density and mass, re-
spectively. Hydrogen, nitrogen, neon, argon,
and sulfur hexafluoride mixed with nitrogen were
the target gases in the experiment. All but hydro-
gen, which was irradiated at 1.053 pm only,
were irradiated both at 1.053 and at 0.527 p, m.
The laser pulse was 90 psee wide at half power
and the light was focused by an f/5 parabolic mir-
ror with a 75-cm focal length. At best focus,
90%%uo of the light was contained in a 100-p m-diam
spot, so that an 8-J pulse provided a range of in-
tensity around 10"W/cm'.

The density profile of the gas jet is determined
from interferograms of un-ionized gas and from
images of harmonies of incident 1.05-pm light
which are generated in the plasma. The second
harmonic is emitted at critical density and the
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FIG. 2. Density profile of a gas jet. The solid line
is from an interferogram of neutral nitrogen. Open
circles, harmonic emission from hydrogen; filled
circles, harmonic emission from nitrogen. The dashed
line is a 1/r~ fit to the last three data points. Inset
shows harmonic emission from hydrogen.

three-halves harmonic at one-fourth of critical
density. " The molecular density produced by a
100-p.m-diam orifice with a 130-atm source pres-
sure is plotted in Fig. 2. The solid line is the
Abel inversion of an interferogram of neutral ni-
trogen. The data points are from harmonic
images. The inset shows harmonic emission
from a hydrogen target. The fact that the data
from ionized hydrogen match the data from ion-
ized and un-ionized nitrogen so well verifies that
the molecular density is the same for different
gases and that nitrogen is fully ionized by the
laser pulse. The density profile is characterized
by the scale length for density variation at criti-
cal density, & = (p/l&pl)~ z„,, The scale length
increases with increasing orifice diameter and
source pressure. It also increases as the number
of electrons per molecule in the target gas in-
creases. In this experiment, the scale length was
usually about 100 pm, but it ranged from 70 to
200 pm.

The harmonic emission is weak. Less than 10 '
of incident 1.05-pm light is converted to the har-
monics in hydrogen targets and even less is con-
verted in nitrogen. The three-halves harmonic
is usually more intense than the second harmonic,
and they both become less intense when the scale
length is increased. Harmonics of 1.053-pm
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light were only observed from hydrogen and nitro-
gen and harmonics of 0.53 p m were not observed
at all. In each case, the threshold for observa-
tion was about 5&10 ' of the incident energy.

Two techniques are used to determine the elec-
tron temperature in the plasma. At array of fil-
tered thermoluminescent dosimeters measures
the bremsstrahlung spectrum of subkiloelectron-
volt x rays emitted by the jet." The inferred
temperature is about 500 eV and is almost inde-
pendent of laser intensity. A crystal spectro-
graph measures the ratio of line emission from
He-like and H-like species of neon, argon, and
SF,."'" This diagnostic indicates that the tem-
perature is as high as 900 eV and that the scale
length for variation of temperature is hundreds
of micrometers. Both of these techniques average
over the whole plasma and over the whole time
that the plasma emits x rays. " Consequently,
the temperature in the absorption region is likely
to be 1 keV, or slightly higher, during the peak
of the laser pulse. A peak temperature of 2 keV
would be inconsistent with the data.

It is difficult to study fast electrons from a la-
ser plasma directly because high electrostatic
potentials produced in the plasma alter the spec-
trum of electrons leaving the plasma. However,
the bremsstrahlung spectrum of hard x rays gives
information on the energy distribution of elec-
trons. We measure the x-ray spectrum with an
array of eight silicon P-i-n diodes with matching
absorption-edge filters. The absorption edges
range from 4 to 25 keV. The same array was
previously used with an additional, high-energy
channel in a wavelength-scaling study of spherical
glass targets. ' In that experiment, the data were
fitted successfully with a two-temperature brems-
strahlung model. The cold- electron temperature
0, was 1 keV, typically, and the hot-electron tem-
perature ~„varied between 4 and 20 keV, depend-
ing on intensity and wavelength. The hard-x-ray
spectrum dE„d/dhv obtained from an argon gas-
jet target is compared with that from a glass tar-
get in Fig. 3. In both cases, the incident wave-
length is 0.53 pm, the pulse length is 90 psec,
the laser energy is about 60 J, and the intensity
is about 8 && 10"W/cm'. Thermoluminescent
dosimeters show that the total x-ray emission
from one target is about the same as from the
other. The Ar target has a lower temperature,
however, and so its spectrum falls more rapidly
between 3 and 10 keV. Above 10 keV the x-ray
flux from Ar is weak (three of the four data points
are consistent with zero) and we can only place
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FIG. 3. Hard-x-ray spectra for glass and gas-jet

targets with similar laser energy, intensity, and pulse
length. Curves are best fits by a two-temperature
bremsstrahlmg spectrum. Dashed line is obtained with

OI, fixed at 12 keV.

an upper limit ondE„d/dhv. If &„is the same
for the Ar target as for the glass target (12 keV),
then the spectral density from Ar is less than.
0.3/o of that from the glass. This limit is only
weakly dependent on the assumed ~&. Below 10
keV, the x-ray spectrum depends upon laser
wavelength and target gas; but, above 10 keV, the
spectrum is similar to the Ar spectrum for both
wavelengths and all target gases.

The total energy E& of suprathermal electrons
generated in a laser target can be estimated from
the bremsstrahlung spectrum. By assuming that
fast electrons lose most of their energy in colli-
sions with thermal electrons, Brueckner'4 was
able to relate E„to the x-ray spectral density at
zero energy (dE„d/dhv)„„,. Brysk" noted, cor-
rectly, that (dE„q/dhv)„„ocannot be measured
and may not be finite. He suggested that && be
related to the total bremsstrahlung emission E„d.
For a single electron with energy & much greater
than the plasma temperature, the ratio of the
rate of bremsstrahlung emission d&„q/dx to the
rate of collisional energy loss dc/dx is"

8 e ZR=——
3n kc m, c2 lnA '

where Z is the ion charge state. The total energy
radiated by an electron with an initial energy &,
is, therefore,

4 e2 Ze '
e = RdE=—

~0 37T kc m c lnAme

When this expression is averaged over a Max-
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wellian distribution of N electrons with a tempera-
ture 6)&, we obtain the total hard-x-ray energy
E„dradiated by the target. Using" inA =S, we
can solve for N and calculate the total energy in
fast electrons,

E„=3NH„/2=6x10'E„,/(Zg„/keV) (3)

This expression gives E„in terms of parameters
(E„dand &„)which are readily obtained from com-
puter fits of the x-ray spectra. When Eq. (3) is
applied to x-ray spectra from glass targets, such
as that shown in Fig. 3, we find that 8% to 15' of
the incident energy is converted to fast electrons.
This estimate accounts for about half the energy
absorbed through resonance absorption. ' For the
Ar spectrum shown in Fig. 3, E„dis 2 p J, & is
18, andE„ is 6 mJ. Note that this is anuPPer
/imit and that it is only 0.01%%upof the incident en

elegy. For other targets, which have lower &,
the upper limit can be as high as 0.2%.

Why is there such a dramatic reduction of fast
electrons~ The most important mechanism for
producing fast electrons in the glass target is
resonance absorption, which would be eliminated
in the gas jet if stimulated Brillouin scattering or
collisional (inverse bremsstrahlung) absorption
prevented light from reaching critical density.
Strong backscatter occurs" at both laser wave-
lengths, but the scattered energy is never more
than about half the incident, so that stimulated
Brillouin scattering alone would not prevent light
from reaching critical density. For a plasma
with a 100-pm scale length and a 1-keV electron
temperature, collisional absorption" can signifi-
cantly reduce the intensity of 1.05-pm light reach-
ing critical density if & is greater than five. The
absorption is more complete for higher Z, greater
scale length, and shorter wavelength. This func-
tional dependence is entirely consistent with the
variation of the intensity of second-harmonic
emission observed in this experiment. A hydro-
gen gas jet with a 100-p m scale length, however,
should only have collisional absorption very near
critical density. The large scale length must be
inhibiting resonance absorption directly in this
case; otherwise, the second-harmonic emission
would be much more intense than it is.

Two-plasmon decay is another possible source
of fast electrons, but, even when bvo-plasmon
decay has been observed, ' it has not been particu-
larly strong, and so the fact that it does not pro-
duce an observable number of fast electrons in
gas jets is not a great surprise. On the other
hand, one might have expected SRS to produce

fast electrons in gas-jet targets. For an incident
wavelength of 0.53 p. m, we searched for back-
scattered light in the range from 0.57 to 1.1 pm.
A broad spectrum in that range would be the re-
sult of SRS. Weak scattering was observed below
0.6 pm, but this feature was probably an artifact
induced by the very strong signal at 0.53 p, m.
From 0.6 to 1.1 pm, no light was observed. For
wavelengths less than O.S p, m, the detection
threshold was 10 ' of the intensity of scattered
0.53-pm light. From 0.9 to 1.1 pm, the threshold
gradually increased to 10 '. So, SRS was also
weak

Gas jets have an uncommonly benign response
to intense laser radiation. This response is re-
lated to the weak density gradients present in the
plasma, which tend to enhance collisional absorp-
tion and stimulated Brillouin scattering at the ex-
pense of resonance absorption.
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Test-Particle Transport in Stochastic Magnetic Fields: A Fluid Representation
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The enhancement of diffusion perpendicular to a strong magnetic field, induced by low-
amplitude field fluctuations, is calculated. A novel fluid representation of a model
Fokker-Planck transport equation is used to show the equivalence of the above problem
to that of a passive scalar advected by a prescribed fluctuating velocity field.

PACS numbers: 52.25.Fi, 52.25.0j

A charged test particle which suffers collisions
with a background thermal plasma, and is under
the influence of a strong uniform magnetic field
B, (&u, T»1, where ~, is the gyrofrequency and
w the collision time), is known to have a parallel
diffusion coefficient Dii which greatly exceeds the
perpendicular diffusion coefficient Di, Di/D

„

—&', where e =1/~, ~. When a small-amplitude
fluctuating component, 5B, is added to B, such
that the resulting field line trajectories are
stochastic, i.e., they have a perpendicular com-
ponent r i which diffuses,

lim ri'=2D s,

where s is arc length along a field line and D is
the magnetic diffusivity, it is known that D j(5B)
no longer goes to zero with c. For the special
case of frozen (time independent) BB, and in the
collisionless limit [Vr T»L„where Vr is the
thermal speed and L„is the exponentiation length
for the separation, ~, of neighboring magnetic
field lines, A-exp(s/L„)] Rechester and Rosen-
bluth' (RR) have estimated Di=D Vr.

The purpose of this Letter is to quantify and
extend the analysis of RR to the case of small-
amplitude, homogeneous, but otherwise arbitrary
magnetic field fluctuations and a distribution of
test particles with arbitrary initial spatial varia-
tion. This is done by an approximate analysis of
a model stochastic transport equation in the test-
particle phase space, of a kind similar to that
used by Krommes, Kleva, and Oberman. '

Let b=B/iBi (i Bi =&, =const) be written as

b =e,(1-h'/2) +h, (x, t)e, +h, (x, t)e,
—=b, +h+O(h'),

where h =h,'+h, '«1, V h=0(h'), e„e„e,are
an orthonormal triad, e, =e, &e» and h, and h3
are zero-mean, random variables. The model
transport equation for the test-particle phase-
space density, f(x, v, t), is of the Fokker-Planck
form

Bf Bf Bf—+v —+~ (vxb) ~-
Bg Bx By

Vr' Bf/Bv +~f= ~ ~
' . (1a)

Note that this model conserves the number of
test particles, but not energy or momentum.
Given the statistics of h, and h„and the initial
condition for f,

f(x, v, 0) = p(x)(exp -v'/2Vr')/(2vVr')' ', (1b)
I

we ca.n find p(x, t) = f (x, v, t )d't, the spatial den-
sity of particles. On general grounds it is ex-
pected that p will satisfy a diffusion equation as

If b is a constant, the diffusion tensor can
be calculated by standard methods. But when b
fluctuates, one usually conceives of first finding
an effective transport equation for (f ) and then
using, for example, the Chapman-Enskog proce-
dure to determine the diffusion of (p). Instead,
we will derive a fluctuating hydrodynamic repre-
sentation for (1), and directly calculate (p).
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