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Spontaneously generated magnetic fields of the order of a kilogauss have been observed
in a laser-produced plasma, using a variety of targets and background pressures. The
generation of these magnetic fields is explained in terms of thermoelectric currents
associated vAth lalge temper'atul e gradients neM' the target.

A dense, energetic plasma can be produced by
focusing the pulse from a Q-switched laser onto
a small solid target located in a background gas.
%e have observed the generation of large mag-
netic fields in such a laser plasma in the absence
of any applied. fields.

In our experiment, the target was located at
the center of a large (12-in. i.d. && 54-in. long)
Pyrex tube containing an ambient gas. A lens,
located at the end of the tube, was used to focus
the laser beam onto the tax'get. A neodymium-
doped glass laser was used to produce the laser
plasma. It had an output of 6Q J in 30 nsec with
a beam diameter of 32 rnm and a full-angle, half-
power beam divergence of 200 p, rad.

Magnetic px'obes wex'e lnsex'ted ra(Ihally thl ough
small side tubes neax the target. The probe sup-
ports were in a plane perpendicular to the tube
axis and made an angle of 45' with the vertical

fiber target. They could be oriented so as to re-
cord the time derivative 8 of either the axial (8,)
or azimuthal (B~) (with respect to the laser beam)
component of the magnetic field. The probes
collslsted of small (dlaIIlete1' &1 mm) coils of
wix e. They were connected via 50-0 coaxial sig-
nal cables to an oscilloscope which x ecorded B.
Several steps were taken to insure that the data
was accurate and meaningful. The probes were
calibrated for orientation and sensitivity in a
fast probe calibrator. A probe was considered
to be operating satisfactorily, in the experiment,
only when signals were accurately reversed
when the probe was r otated through 180'. This
simple test' insures against spurious electro-
static signals. Replacement of probes was nec-
essary, at times, since they were easily dam-
aged by the intense laser plasma. The magnetic
field was mapped on a shot-by-shot basis with
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good reproducibility (-10%). The spontaneous
magnetic fields were observed with a variety of
probes. These included glass and epoxy-coated
probes, single and double probes, and probes
which were either open or closed to plasma pen-
etration into the interior of the coils. A large
(-1-cm-diam) probe, having a turns-area param-
eter over twenty times greater than the probes
normally used, was used to measure the fields
at large radii (x) 4 cm). The field intensities
in this range could not be accurately measured
on the small probes but, nevertheless, there
was agreement to within a factor of 2 or 3 for
the two probes.

The target in most of our studies was a 250-
p, m-diam fiber of Lucite (C,H80, ). This was ap-
proximately the diameter of the laser focal spot.
Lucite was chosen because it produced an ener-
getic laser plasma absorbing more than 95% of
the incident radiation, while the carbon and oxy-
gen provided opportunity for doing spectroscopic
studies. The studies indicate a peak electron
temperature in the laser plasma of about 100 eV.
Experiments were also made using aluminum and
silver surfaces as targets. The aluminum and
silver disks (, in. thick&-', in. diam) were sup-
ported by an insulator. Most of the data were
taken in a nitrogen background. The background
gas was photoionized by energetic photons from
the laser plasma. This photoionization is com-
plete out to a radius of several millimeters and
then decreases as the inverse square of the radi-
us. Spectroscopic studies give an electron tem-
perature for the background plasma of about 3
eV and a degree of ionization of about 5% at x =0,
~ =-2 cm for a Lucite target in a 200-m Torr
background of nitrogen' (see insert in Fig. 1).
The expanding laser plasma couples strongly to
the background. An interaction region or front
is observed, ' by means of image converter pho-
tography and shadowgraphy, to travel outward
with an initial veloctiy of (1-5)&&10 cm/sec.

Magnetic fields were observed as pulses which
propagated with the same velocity as the fronts
observed by optical means. The pulses became
diffuse, with a spatial extent of the order of the
radius at which they were observed. The magni-
tude of the spontaneous fields was insensitive to
background pressure. The fields in a 200- and
a 50-m Torr background of nitrogen were, within
experimental error, the same, and the fields in
a background of 6&&10 3 mTorr of air (base pres-
sure) were only down by a factor of 3 or 4. The
fields for ~ & 1 cm, z & 0 were primarily in an
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FIG. 1. Radial variation of spontaneous fieIds.

azimuthal direction but, for a Lucite target,
showed a comparable axial component for x(1
cm, z =0. The polarity of the azimuthal fields
implied conventional current flow in the direction
of the laser beam. Figure 1 shows the radial
variation of the maximum azimuthal field ob-
served in the midplane (z =0) for a Lucite target
in a 200-mTorr background of nitrogen with 10%
hydrogen added for diagnostics. For ~&1 cm,
B~ r ' . In this range, the front passes the
probe while the laser pulse is still incident on
the target. For x&1 cm, B~x 4 . Here, the
laser pulse is over before the front reaches the
probe. A typical B oscillogram is shown in Fig.
2 for the same target and background as Fig. 1.
The probe was at ~=1 cm, z =0. The maximum
field in this pulse is 450 G.

The Lucite laser plasma showed anisotropies
of the order of 2 in the velocity of early expan-
sion. A horizontal velocity twice that of the ver-
tical velocity was, presumably, due to the pres-
ence of fiber above and below the target region.
A preferred expansion velocity back toward the
laser was always present. If the laser pulse hit
the target at one side there was a perferred ex-
pansion to that side.

Data were also taken using aluminium and sil-
ver surfaces as targets. The conducting-plane
boundary allows comparison with the solutions of
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FIG. 2. Typical B oscillogram.

boundary-value problems. A mor e complete set
of data with respect to axial position was taken
in these experiments. Figure 3 gives the axial
variations of the maximum fields in the pulse.
The fields for an aluminum target were apprecia-
bly larger than fox silver. This could be a result
of the larger radiative energy loss from a silver
target. The fields were, within experimental er-
ror, in an azimuthal direction about the incident
laser beam for all probe positions. This is ex-
pected since the only anisotropy for a surface
target is a higher expansion velocity back toward
the laser.

The spontaneous generation of a magnetic field
requires the presence of an initial solenoidal
electx'ic field. Near the focus there are large
gx adients in temperature. We consider the plas-
ma and the target to form a thermoelectric junc-
tion with the laser focus as the hot junction. For
the initial evolution of the laser-generated plas-
ma and before any interaction occurs with the
background plasma, one can apply a simple two-
fluid model of a collision-dominated plasma since
the plasma density near the focus is very large,

The generalized Ohm's law, neglecting electx'on
inertia and ion pressure, is given by

J =(r(E+v, xB/c+VP, /n, e —n VtT)

where e is the plasma thermoelectric tensor;
P„v', and n, are, respectively, the electron
pressure, temperature, and density; and the other
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FIG. 3. Axial variation of spontaneous fields.

quantities have their conventional meaning. For
a circuit moving with velocity v„ the rate of
change of magnetic flux 4 over a sux'face 8 span-
ning it is given by

d4/dt = f~[BB/et Vx(v xB-)] dS

=cf~(VP, /~, e+ e ~ VT-o 'J)dS. (2)'
The sources for the flux are the thex moeleetric
term e V7" and, if Ve&VTw0, the term with
VI', . These can be considered as an equivalent
"battery" which drives the currents needed to
produce the magnetic field. The thermoelectric
contribution would vanish if & were a scalar in-
dependent of position, i.e., if there were no dis-
continuities or junction conta, cts. From Eq. (1)
and Far aday's law, assuming scalar conductivity,
we obtain

PB/&t =Vx (v, xB)+(c'/4na)V'B+S(r, t),

where 8 is the source term.
Since we ax'e intel ested ln times and distances

before any interaction with the background plas-
ma occux s, the plasma conductivity will be given

by the Spi.tzer formula. ' The diffusion time for a
length I. is given by v„»~d, «=(I &u~/c)'. For the
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plasma in this experiment, ~d f f exceeds the ex-
perimental times for distances larger than a few

millimeters. Therefore neglecting the diffusion
term in Eq. (3), the azimuthal component of the

magnetic field is given in spherical coordinates
(p, e, V) by

6B,/st+ p '5(pv, B,)/6p =S(r, i). (4)

B~(p, t) = (c/e)(k T,/v, p)f(t f&, dp/v-, ), (6)

where U is the Heaviside unit step function.
Such a profile for the magnetic field appears to

be consistent with the experimental observations
at early times. The magnetic front propagates
with the plasma expansion front as observed, and
the duration is the approximate duration of the
laser pulse. The maximum field falls off as I/r
which agrees approximately with experimental
observations, Fig. 1, for x(1 cm. The maximum
field at any point r can be estimated from Eq. (6)
if we take To-100 eV and vo-107 cm/sec:

B,=(10'/p) G,

which agrees in order of magnitude with the ob-
servations for a constant-velocity profile. The
duration of the B pulse, at early times, is ap-
proximately that of the laser pulse, in agreement

In Eq. (4), we assume a spherically symmetric
expansion of the laser plasma. The source term
can be approximated at the focus of the laser by

S(r, f) =(ck T,/e) [u(p)/p jf(t). (5)

S(r, &) will, in general, depend on 8, but the ex-
plicit dependence has been ignored here. T, is
the source electron temperature and f(t) is the
shape of the laser pulse in time. We can solve
Eqs. (4) and (5) for B~, assuming that v z=voU(t

fo d plv 0) ~

with (6). The above analytical treatment aims at
describing the main characteristics of the obser-
vations and has a number of shortcomings of de-
tail. However, we think it covers the main effect
both qualitatively and quantitatively.

At later times and longer distances, because
of the momentum coupling of the expanding plas-
ma with the background plasma, the simplified
model presented above would need re-examina-
tion. Detailed study of the processes connected
with the formation of a high-Mach-number shock
are in progress.

In the course of writing the manuscript, our at-
tention was called to the work of Korobkin and
Serov' who observed a small spontaneous mag-
netic moment [(3-5)&10 ' Oe cm'j in the laser
induced breakdown of a gas. Because of the mea-
ger data and sketchy description given, we can-
not make a comparison between the two experi-
ments.
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