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The systematic dependence of the magnitude of the self-generated magnetic fields of a laser-produced

plasma on nitrogen background pressure has been investigated. At expansion distances of a few

millimeters or more, the strongest fields were found to reside at the front of the streaming laser

plasma. Magnetic fields were created in the laser plasma long after laser shut off by allowing the

streaming plasma to impinge upon a glass plate.

Magnetic fields spontaneously generated in the
absence of applied fields have been observed in
several experiments with laser-produced plas-
mas. '~ Stamper eI; g/. ' have suggested that these
spontaneous fields result from thermo-electric
currents associated with temperature and pressure
gradients existing during the early stages of the
formation and heating of a plasma by a giant laser
pulse.

We have made a systematic study of the depen-
dence of the spontaneous magnetic fields on the
pressure of the background gas which indicates
that magnetic fields are generated by pressure
gradients in the front of the expanding laser plas-
ma. Field amplification or field reversal can be
caused by increase or reversal of the pressure
gradients in the plasma front long after the end of
the laser pulse.

The equation describing the development of the
magnetic fields is obtained from the generalized
Ohm's law

J=o [E+V,xB+(1/en, ) vt', ],
where all quantities have their conventional mean-
ing and the subscript e refers to the electron com-

ponent of that quantity. Solving for E and using

88VxE= —---
8$

gives

—= v'x g', x5)+ v 5+ — vT, x vn, .8B 1
8t '

p Ocr en,
(2)

The first two terms on the right-hand side are the
flow and diffusion terms. The generation of a mag-
netic field requires that the last term, the source
term S, be nonzero.

The beam from a 300-MW (V. 5 J in 25nsec) neo-
dymium-doped glass laser was focused by a lens
with a 28-cm focal length. The principal targets
were aluminum and Mylar discs. The laser irra-
diation produced a 2-mm hole in the I;lylar (disc
thickness 0. 01 cm) but did not penetrate the alumi-
num. The laser beam entered a vacuum chamber
and struck the target at an angle of 30' with re-
spect to the target normal. The resultant plasma
streamed out along the target normal' defining a
convenient cylindrical-polar coordinate system
with the z axis along the target normal, the 8 = 0 ' line
vertically up, and the origin centered on the burn
spot. The magnetic field was analyzed with small
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FIG. j.. Maximum azimuthal magnetic field as a function of N2 background pressure a4 &=0.3 cm, 9=0', and g=0. 4
clTl fox' aluminum and Mplal tax'gets.

(- 1-mm-diam) inductive probes. Electric double
probes were used to study the plasma density vari-
ations.

The propagation velocity of the laser plasma
front, as determined from the electric-double-
probe signals, ranged from about 1.5&& 10~ cm/sec
at 0. 1 mTorr N~ to 3 x 10 cm/sec at 250 m Torr Nq.
These velocities were determined by computing the
average velocity of the maximum probe signals
along the line y= 0.3 cm, 8 = 0, for z values from
1.0-2. 5 cm. The magnetic fields were primarily
azimuthal, symmetric about the z axis, and corre-
sponded to an electron current in the +z direction.
For pressures above 250 mTorr Na and at distances
larger than about g= 1 cm, azimuthal magnetic
fields are generated at the front of an expanding
aluminum-laser plasma, which are in a direction
opposite to the initial fields. This phenomenon is
currently under investigation.

Figure 1 displays the manner in which the maxi-
mum azimuthal magnetic fields, detected at a fixed
position, depend on the background pressure of ni-
trogen for aluminum and Mylar targets. The pres-
sure at which the magnetic field attains its maxi-
mum value was found to decrease as the probe was

moved out along the line ~=0.3 cm, 8=0. At aQ
positions checked (the closest being x=0. 3 cm, 8
= z = 0) a pressure dependence was observed. Fig-
ure 1 indicates that field amplification depends only
on the background gas and that, below about 1
mTorr, the fields are target dependent. The spa-
tial relationship of the magnetic fields to the laser
plasma density g,; for an aluminum target and back-
ground pressul'es of 0. 1 and 5 mTorr at a time 300
nsec after the arrival of the laser pulse at the tar-
get surface is shown in Fig. 2. For the earliest
times checked (20 nsec), the maximum fields along
this line resided at the front of the expanding laser
plasma,

In a previous study, ' it was observed that, for
background pressures above about 30 mTorr, the
streaming laser plasma swept up the photoionized
background plasma. This snowplowing of the am-
bient background plasma caused a pileup of the la-
ser plasma. The front thickness 5 of the laser
plasma was found to scale as the cube root of the
background pressure.

The pressure dependence of Fig. 1 shows three
regions of behavior. Below about 1 mTorr the
fields are pressure independent. In this region the
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background plasma density appears to be too small
to interact with the laser plasma for the scale
lengths of this experiment. In the region above 1
mTorr, the coupling of the background with the la-
ser plasma directly influences the source term of
Eq. (2). This influence can be shown by writing the
source term S= (0/en, )V T,

xnan,

in the form k(VT)„/
e5, where (VT)„ is the radial temperature gradi-
ent, here in the negative x direction, and cn, /~,
=1/5. The density gradient is in the negative z di-
rection and 5 is characteristic of the length over
which the density changes. As the background
pressure increases, 5 decreases, becoming of the
order of the shell thickness at the front of the
streaming laser plasma. In the region above 250
mTorr, irreversible dissipation of field energy into
particle energy is dominant.

In Fig. 2 the fields for a background pressure of
5 mTorr are larger than those for 0. 1 mTorr, with
the exception of the region from z = 1.3 to z = 1.5

cm, where the fields for 0. 1 mTorr are slightly
larger. Thus it appears that magnetic fields have
been created along this line. An order-of-magni-
tude calculation of the classical diffusion time
shows it to be much larger than the experimental
time so that the increased field at the front does
not appear to be the result of field diffusion, but
the result of field generation at the front.

From Eq. (2), it follows that the source term re-
verses its sign if the direction of the pressure gra-
dient is reversed and it should be possible to cre-
ate azimuthal magnetic fields, in a direction oppo-
site to the initial fields, by reversing the direction
of the pressure gradient at late times in the plasma
expansion. Magnetic field reversal has been ob-
served several hundred nanoseconds after shut off
of the laser pulse. The field reversal was pro-
duced by allowing the expanding laser plasma to
impinge upon a glass plate placed at g = 1.15 cm.
The resulting pileup of the plasma caused a rever-
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Flo. 3. Plasma density profile along the line ~=0.3 cm and 0=0' for an aluminum target; upper-right-hand corner:
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sal of the pressure gradient, a reappearance of the
radial temperature gradient, and a corresponding
production of azimuthal magnetic fields in a direc-
tion opposite to the initial fields. Figure 3 shows
the plasma density profile for expansion into a
background of 5 mTorr N~in the absence of the
glass plate. The upper insert shows the azimuthal
magnetic fields versus time at the position z=-0. 3
cm, 8 = 0, z = 1.0 cm without the glass plate in
place, while the lower insert shows the azimuthal
fields at the same position but with the glass plate
at x=1.15 cm and parallel to the target surface.

The magnetic field attains its largest negative val-
ue at a time t= 350 nsec, corresponding to the ar-
rival of the front maximum at the plate.

In conclusion, the magnetic fields are found to
depend onthe background-gaspressure because the

background gas influences the pressure gradients in

the front of the streaming laser plasma. Also, mag-
netic fields can be produced long after laser shutoff.

It may be assumed that such a mechanism for the
generation of magnetic fields can occur in other
streaming plasmas, as for example, in the solar
wind encountering the earth's magnetic field.
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