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A laser-produced plasma has been used in a new approach to the problem of investi-
gating the mechanisms associated with the turbulent energy dissipation is a collisionless
laboratory plasma. The measurements indicate that the two-stream instability enhances
the resistivity in the wave front by more than two orders of magnitude and thus deter-
mines the width of the wave front to a value of about d =13c/cope.

The creation of a dense high-temperature plas-
ma by means of a giant-pulse laser is of prime
interest to the field of plasma physics. Such a
hot plasma which expands across a magnetic
field also uncovers new extensive possibilities
for the investigation of instabilities and collision-
less damping mechanisms in the wave front. The
expansion of a laser-produced plasma in a mag-
netic field has been discussed by Bhadra. ' It has
been shown' that the initial expansion phase of
the P» 1 plasma can be described by the hydrody-
namic theory of Dawson. ' The plasma tempera-
ture T decreases rapidly with increasing radius
and most of the energy content of the plasma
shows up as kinetic expansion energy. Obviously,
the next problem is then to investigate the inter-
action of the expanding plasma with a confining
magnetic field. This interaction is of special im-
portance if the purpose is to confine a thermal-
ized hot plasma in a stable magnetic-field config-
uration. Surface currents in the wave front can
thermalize the expansion energy, again by re-
sistive effects. An expanding plasma of infinite
conductivity would repeatedly bounce off the com-
pressed 8 where P = 1. With finite resistivity,
diffusion across B will also occur. Hence, the
bounce radius and the characteristic width for
pressure gradient in the wave front are deter-
mined by the effective resistivity. If the density
in the spherically expanding plasma has been re-
duced such that the collision frequency becomes
small, instabilities may develop in the front and
contribute effectively to the energy dissipating
process. The problem of stability within the
wave front of a steady-state solitary wave prop-
agating across the magnetic field has been ana-
lyzed by Sagdeev. 4

The two-stream instability will start where the

current-associated mean ordered velocity of the

electrons in the wave front becomes larger than
the mean thermal velocity. The current is in the
direction perpendicular to B and to the normal
of the wave front. The growth time of the two-
stream instability, with the growth rate y = cope
x(m/M;)"', is rather small in comparison with

the propagation time of the wave which is on the
order of ~ = 10(c/&ape VA), where VA is the Alf-
vdn velocity and d= 10c/~~e is of the order of
the characteristic width of the front when the re-
sistivity of the plasma is determined by the pres-
ence of the instability. (dpe is the plasma fre-
quency, c the velocity of light, m and Mz the
electron and ion masses. If y7»1 a steady state
will exist within the wave front and the onset of
the instability can be studied locally by consider-
ing the perturbed motion of the ions and elec-
trons by means of the equations of the two-fluid
theory. The oscillation frequency of the per-
turbed motion of the electrons is of the order

In the considered density range ne-10"
cm 'and with B &1500 G we have ape»co~e,
where co~e is the electron cyclotron frequency.
Hence, the effect of the magnetic field on the per-
turbed motion can be neglected. The wavelength
of the high-frequency disturbance is characteris-
tically much smaller than the radius of the plas-
ma. Under these circumstances the perturbation
can be described as a plane wave which propa-
gates in 0 direction, perpendicular to B and per-
pendicular to r. The ions are considered at rest
in the reference frame which moves with the
speed of the wave front. Assuming a small per-
turbation ve the electron velocity can be written
Ve= Veg(r)+ ve, where Vee(r) is the unperturbed
mean velocity of the electrons in L9 direction.
The density and potential perturbations, ne and
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y, are defined by similar expressions. Thus the
linearized equations of motion become
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no = no(r) is the unperturbed r-dependent plasma
density in the wave front. The electron continu-
ity equation becomes

i(&u+kV )n +ikn v + (d/dr)(n v ) =0.
e8 e 0 e8 0 er

Assuming negligible unperturbed motion of the
ions in 8 direction, Vg =0, the continuity equa-
tion for the ions takes the form

i&un. +ikn v. +(d/dr)(n V. ) =0,
i 0i8 0 ir

and Poisson's equation becomes

4w(n. n) = k'-y-d cp/dr'.i e

Since the characteristic length of the high-fre-
quency perturbation is smaller than the width of
the wave front, dn0/dr «dne/dr, ve and y can be
eliminated to yield an equation for the perturbed
electron density ne'.
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ne(r) shows an oscillatory structure if the ex-
pression in the brackets becomes positive. Con-
sidering a stationary profile propagating across
the magnetic field, which is common to shock
theory, the current-associated electron velocity
Ve8 will have a maximum where the pressure
gradient is steepest (Fig. 1). At the turning point
d'n/dr' =0. If the wavelength of the disturbance
is larger than the Debye length, I/k»XD, then
the frequency of the unstable mode of oscillation
co & ape and the dispersion relation can be writ-
ten approximately as4

&u'= &u .'k'(T /m-V ')
Pi e e8

2 1 2
pe 2 per

FIG. 1. Structure of the wave front (schematic).

in z direction and the steady-state wave front
propagates in the ~ direction across the magnet-
ic field, the unperturbed current is given by j
= -enVeg = (c/B)dPe/dr Henc. e, Veg = -(c/4wne)
xdB/dr. Substituting ~pe' = 4ne'/m and X= i(1/B)
xdB/dr ~, where E is inversely proportional to
the width of the front d, the criterion for the on-
set of the two-stream instability becomes

d & (wc/(u ) (2/P)'", (1)

where P=8wnTe/B'. Criterion (1) will be satis-
fied at a certain radius since n and Te decrease
rapidly during the expansion of the laser-pro-
duced plasma: nr = 3N/4wr', Tr = T0(r0/r)'.
is the total number of target particles which
have been ionized by the giant-laser pulse. T,
and r, are the temperature and radius of the plas-
ma when it ceases to absorb laser energy. After
the initial sharp drop of the temperature due to
the adiabatic expansion the temperature increas-
es again due to the resistive energy dissipation
by the surface currents in the front. If we want
to compare the instability criterion (1) with the
measured width d of the front of the expanding
plasma, we have to introduce the ~pe and p val-
ues which exist within the wave front where the
pressure gradient has a maximum. From Fig. 1
we can assume that at the maximum of the pres-
sure gradient ~pe'=-,'cu&~' and P=-,'P~, where
(dper, Pr, and d are the quantities which can be
determined rather easily in the experiment at a
given radius. Thus the criterion for instability
becomes

x[(u '-k'(V '-T /m) jPe e8 e
d & 2w(2/p )'"(c/(u ).per ' (2)

co becomes imaginary and the two-stream insta-
bility appears if there is a region inside the
wave front in which Veg') Te/m. If B is oriented

The laser used was a Korad K2Q system with a
neodymium-doped glass rod and a Pockels cell.
A 150-MW 20-nsec pulse was focused on the tip
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of a Pyrex fiber of 30 p. diam by means of a 10-
cm lens producing an image size of -300-p. full
width at half -maximum intensity. Each laser
pulse was monitored by placing a Fresnel plate
in the beam and reflecting -2%%uq of the total power
of the output onto a magnesium oxide diffuser,
which was viewed by a photodiode, as shown in

Fig. 2. Both energy and power could be moni-
tored by this means on a Tektronix 519 scope.

Alignment of the target at the focal point of the
lens on the optic axis was accomplished by means
of a small cw laser and a referenced telescope.
By placing an exposed Polaroid print at the down-
stream vacuum-box window, the resulting burn
pattern gave verification of the correct target po-
sition. The total number of target atoms exposed
to the laser pulse can be calculated from the
evaporated length of the fiber. Typically, about
1 J was absorbed by E= 10"target particles.
The magnetic-field coils produced a dc mirror
field which could be varied from 0 to 1500 G in

the central region of the target with a mirror ra-
tio of 2 to 1.

Diagnostics used to measure the plasma pro-
duced were fixed diamagnetic loops on the axis;
a 1-mm-diam movable magnetic probe; an image-
converter framing camera; and a photomultiplier
for viewing the total light. The exit beam was
analyzed by placing a magnesium oxide diffuser
and photodiode arrangement at the downstream
exit window in the same way that the beam was
analyzed at the upstream end. Charged-particle
detectors were placed at various distances from
the target orthogonal to the beam and target and
also downstream to measure expansion veloci-
ties and ion-saturation currents. The velocity of
the expanding plasma (10'-10' cm/sec} depends
on the absorbed laser energy. The observed ve-
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locities are comparable with the ones obtained
in 8 pinches which have been used so far exclu-
sively to study collisionless mechanisms in a lab-
oratory plasma. Also a Space Technology Labo-
ratories image-converter camera viewed the ex-
panding plasma. ' The photographs showed that
for fibers smaller in diameter than about 1PP p,

the initial expansion of the plasma was spherical.
Figure 3 shows oscilloscope traces of the total

light emitted from the plasma and magnetic sig-
nals at different radii. The upper traces are
from the photomultiplier showing the time behav-
ior of the light emission. The characteristic
time scale for three-body volume recombination
is, in the density and temperature range consid-
ered, R & 0.5 cm, much larger than the duration
of the second light pulse. The radial dependence
of the magnetic signal was measured by means
of a 1-mm-diam magnetic probe. At R =0.5 the
diamagnetic probe signal (recorded in positive,
upwards direction) corresponds to P & 1. An in-
crease of B is observed at R=1, 1.5, and 2 cm
before the diamagnetic signal is recorded, i.e.,
the expanding plasma compresses 8 like a piston
and thus produces an increase of the magnetic
field. At R = 1.5 cm a steep front exists as indi-
cated in the sudden increase of the diamagnetic
signal. Assuming a homogeneous distribution of
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X=10"electrons and an ionization level of Z=1
over a sphere of R = 1.5 cm, the density would be
n~= 7&&10' cm '. In reality a density profile ex-
ists and a reasonable estimate gives n~-3 &10"
cm ' and ~pe~= 10". Introducing these values
into criterion (2} we find that the two-stream in-
stability should occur if the observed width of
the front becomes d(0.46 cm. From the mea-
sured expansion velocity V= 10' cm/sec and the
rise time of the diamagnetic signal in Fig. 3 we
observe a width of d=0.4 em=13.3c/~p~, i.e.,
the criterion for instability is fulfilled.

That a collisionless mechanism is contributing
to the energy dissipation process in the wave
front is indicated by the discrepancy in the deter-
mination of the temperature from the magnetic
probe signal and from the effective conductivity
which can be estimated from the measured width
of the front. From the observed magnetic probe
signal, p~=8mn~T/8'=0. 33, with n~=3 &&10"

cm ', follows a temperature of Tobs=31 eV. On
the other hand, the width of the front is deter-
mined by the effective conductivity o. The dis-
tance for which B penetrates into the plasma is
given by the magnetic Reynolds number RM
=4wVod/c'=1. Hence, o can be determined'
from the measured expansion velocity V= 10' cm/
sec and d=0.4 cm:

v = c'/4mVd= 1.8 x10" seceff

The uncertainty in the experimentally measured
V, d, and the p signal is about+15/o.

Ne can compare this value of aeff with Spitz-
er's formula' which is based on the Coulomb col-
lision frequency only,

2(2T}w26=
~pyg ge2/2 lnA '

Assuming a Coulomb logarithm of lnA= 10 the

measured conductivity Oeff appears to corre-
spond to an effective temperature of Teff 1 eV
only. In conclusion, the observed conductivity
is about 170 times smaller than the "collisional"
one based on the temperature of T= 31 eV,

a T ) 1

coll obs
170
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This result strongly suggests that the two-stream
instability contributes to the effective resistivity
and thus inQuences the width of the wave front.
It should be noted that the observed ratio oeff/
ocoll is within the expected possible range. The
influence of the instability on the conductivity 0
= ne'/m v can be estimated by assuming that in

the turbulent plasma state the effective v is of
the order of the growth rate of the instability,

veff ~ p, Hence, the range of possible values is
given by 1 ) oeff/&col]. vcoll/ve ff - vcoll/y where
in the example considered vcoii/y) 1/'190.
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