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Self-generated magnetic fields in laser-produced plasmas for metallic targets
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Direct evidence is reported that associated with laser-produced plasma for metallic targets, the self-

generated magnetic field consists of two identifiable parts having different radial and background pressure
dependences as well as propagation speeds. For background pressures greater than about 0.1 mTorr and
probe distances greater than 5 mm, two independent B signals are observed. The B, field is laser driven and
originates from a stream of electrons (T, —10 eV) moving counter to the incident laser beam. The B, field

originates from the Korobkin effect and is associated with the expanding plasma. For the experiments
reported here the magnetic fields are 10' 6 or less.

I. INTRODUCTION

The first reported measurement of self-gen-
erated magnetic fields in laser-produced plasmas
was that of Korobkin and Sero v. ' They used a
small induction coil to measure the presence of
a magnetic moment of a laser-produced spark in
air. This has subsequently been called "the
Korobkin effect." Askaryan et al. ' extended these
measurements to the case of metallic targets.
They measured the time rate of change of the mag-
netic induction, B, produced by light pressure on
the surface of a metal and in the plasma of the
flare produced when a laser beam acts on a me-
tallic surface. Since that time Stamper et al. ,"'
Serov and Richardson, ' Bird et al. ,' and perhaps
others have performed similar experiments us-
ing different diagnostic methods, different laser
frequencies, or different power levels to measure
properties of these laser-produced magnetic
fields. Several theoretical papers' "have been
published in which different hypotheses are pro-
posed as to the origin of this magnetic field and
estimates are made of the magnitude of the mag-
netic induction, B, inside the plasma. These mag-
nitude estimates have ranges from a few gauss to
greater than a megagauss depending on the exper-
imental parameters. As has been pointed out pre-
viously, ' "megagauss fields could have a signif-
icant effect on the plasma dynamic processes as
well as the momentum coupling, heating, a.nd
laser-radiation absorption properties of the laser-
produced plasmas. These effects in turn could
have important consequences in our understanding
of the physics of laser-target interaction, in par-
ticular, the laser fusion problem.

The experiments of Stamper et al. ' report the
radial variation of the spontaneous field to be
B o= x "for x & 1 cm and B~x 4' for x & 1 cm.
This is for a 250- pm-diam fiber of Lucite, and
the field i.s observed in the plane of the fiber.
Serov and Richardson, ' using an aluminum target,

measured an x "radial dependence also in the
plane of the target. Bird et al. ' report a field
associated with the expanding front of a laser-
produced plasma from an aluminum target for
background gas pressures greater than 250 mTorr
and distances larger than about 1 cm in front of the
target. This is an azimuthal field symmetric
about the laser-beam axis, and in a direction op-
posite to that measured wi. th their probe near the
plane of the target (distances less than about 1

cm). They do not give the radial dependence of
either field. These disagreements in the mea-
sured radia. l dependence could be the results of
different target configurations (fiber versus a
flat disk), laser frequency, laser power, or some
other experimental condition. In our experiments
reported here we have attempted to clarify the
radial dependence of the self-generated magnetic
fields and to identify the source of these fields for
the case of metallic targets and laser power den-
sities 5X 10"W/cm' or less. From our measure-
ments we find direct evidence that the self-gener-
ated magnetic field consists of two identifiable
parts having different radial and background pres-
sure dependences as well as different propagation
speeds. From these data the origin can be iden-
tified for each of these fields.

II. EXPERIMENT

Us ing the experimental setup shown s chemat-
ically in Fig. 1, we have measured the spatial,
temporal, and background pressure dependence
of the self-generated magnetic fields. The field
B was measured using a high-speed magnetic
probe similar to that used originally by Korobkin
and Serov' and is described in detail elsewhere. "
The probe is an induction coil 2.6 mm in diam-
eter with from 5 to 10 turns of 0.1-mm-diam cop-
per wire. The coil is filled with epoxy to prevent
plasma penetration and is connected to the primary
of a small transformer with a grounded center tap.
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FIG. 1. Schematic sketch of the experimental setup.
The Nd:glass laser is mode controlled using an aperture
and a resonant cavity. The amplifier is a three-pass
rod.

This construction provides a magnetic probe
having a 1-nsec response and high discrimination
against the va, rious sources of electrical noise
present during the creation of the laser-produced
plasmas. In addition, the probe has the high sen-
sitivity of 6 V nsec/G. The probe-amplifier com-
bination has a signal threshold (signal-to-noise
equal to unity) of 0.3 mG/nsec, and a, rejection
ratio (discrimination between perpendicular com-
ponents of B) greater than 10'. The measured rise
and decay times of the magnetic probe, including
cables and amplifier, is 3.5 nsec. The probe sig-
nals were consistently verified to be those of the
transient magnetic induction by rotating the probe
180' and observing the accurate reversal of the
signals.

A neodymium-glass laser with one stage of am-
plification was used to produce the plasma. The
laser output was 1.2 J (+10/g) in a 30-nsec pulse
and was TEMpp in a single longitudinal mode. The
energy and temporal behavior were monitored for
each pulse to assure the reproducible operation.
The laser radiation was focused with near-normal
incidence on the disk targets located inside a me-
tallic vacuum chamber of special design. The
chamber des ign is such that the probe- to- focal
spot distance can be changed independently in the
z and x directions without disturbing the focusihg
lens-to-target distance. Also, the target can be
rotated about an axis parallel to the laser beam.
This rotation of the target permits the presenta-
tion of a fresh surface to the laser beam. For a
focusing lens with focal length=20 cm, the laser
spot size was estimated from burn patterns to be
about 100 p.m in diameter. The laser power den-
sity on target was thus of the order of 5 x10"
W/cm'. The metallic targets were disks (2 mm
thick x 20 mm diam) of iron, copper or a.lumi-
num. A disk (30 mm thick x 20 mm diam) of in-
sulating material, similar to Bakelite, was also

used for the reported measurements. Only data
for the Fe targets are reported here. The Cu and
Al data are essentially the same as that for Fe.

The temporal dependence of the B signal was
recorded for different radial and axial positions
for fixed background-gas pressures. For these
measurements air was the background gas. By
rotating the magnetic probe, either the axial (B,)
or the azimuthal (B z) (with respect to the laser
beam axis) component could be measured. For
each of the measurements reported here the axial
component was zero, B,=O; the measured fields
had only azimuthal components B~.

III. EXPERIMENTAL DATA

Shown in Fig. 2 is a typical set of B data for the
case of an iron target, with background-gas pres-
sure of 1 mTorr, and probe position x=1 cm and
various z values. The origin of the t axis is taken
a,s the first maxima. For z&-0;5 cm, the B sig-
nal is clearly seen to consist of two parts, labeled
B, and B,. As the z position is changed, the in-
dependence of the B, and B, signals is demon-
strated. The B, signal has fast rise and decay
times and a pulse width comparable to that of the
laser pulse. The initiation of this pulse coincides
with the time of laser-target interaction to with-
in the temporal resolution of the measuring sys-
tem (about 3.5 nsec). To first order, the pulse
width of B, is independent of the background pres-
sure and is approximately that of the laser pulse.
The magnitude of the B, signal depends slightly on
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FIG. 2. Typical magnetic probe signals for background
pressures of 0.1 mTorr, r =1 cm and different z pos-
itions.
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FIG. 3. Radial dependence of the B& signal. FIG. 4. Radial dependence of the B2 signal.

pressure and is discussed later. The propagation
speed of the B, signal is estimated to be'2 && 10'
cm/sec or greater using the probe-to-laser spot
distance and the B, time from Fig. 2. The time
values from Fig. 2 and thus the propagation speeds
are instrument-resolution limited but ~ 2 && 10'
cm/sec. This speed is consistent with the elec-
tron temperatures (10 eV) measured by Isenor"
for laser-induced electron emission from metallic
surfaces.

The radial dependence of B, is given in Fig. 3;
the straight line is a least-squares fit of the data
and has the slope —2.25+0.09. In the figure, n
is the angle between the s coordinate and the probe
position vector, B=(r'+z')' '. (see Fig. 1). The
B, signal has only an azimuthal component (B,~)
with a direction corresponding to a stream of
electrons leaving the target and moving towards
the focusing lens. These data indicate that the

B, field arises from an equivalent current ele-
ment with the characteristic inverse-square ra-
dial dependence of the Biot-Savart relation. This
electron current is laser driven and only exists
during the laser-target interaction time. Further
evidence that B, arises from an electron current
is found by substituting an insulating target for
the metallic target. For this case the B, signal
is absent and only the B, signal is observed. The
same effect occurs when our metallic target is
electrically insulated from the metal chamber;
no B, signal, only a B, signal, is observed.

For background-gas pressures up to about 50
mTorr the propagation speed of the B, signal is
2 && 10' cm/sec as estimated from the distance-

time data of Fig. 2. This is about the same speed
as the initial velocity of the expanding luminous
plasma of a laser-produced air spark measured
by Korobkin et al."using an image-converter
camera. The B,-field radial dependence is shown
in Fig. 4 where the solid line is a least-squares
fit of the experimental data and has the slope —3.1
+0.2. The x ' behavior and the propagation speed
indicate that the B, field is due to the interaction
of the expanding plasma and the background gas.

he ion-electron separation at the front of the
expanding plasma may be the source of the electric
dipole. As the plasma expands from the target,
this dipole changes to produce the B, field. The
direction of the B, signal is totally azimuthal and
of the same sense as the B, signal.

Figure 5 shows the dependence of the magnitudes
of the B

y
and B, s igna ls on the backg rou nd —gas

pressure. These data are typical for the probe
coordinates, z&2 mm and x&2 mm. As reported
by Bird et ai. ,

' the pressure at which the B, field
attains the maximum value was observed to de-
crease as the probe distance was increased. Dif-
ferences in probe distance probably account for
the pressure shifts seen in comparing Fig. 5 with
the data of Bird et a/. Bird et az. used a metallic
target insulated from the vacuum chamber and
thus could not observe a B, signal. They also
report azimuthal fields with direction opposite
to the B, fields of Fig. 5 for P&250 mTorr and
z &1 cm. Such oppositely directed fields were
searched for but were not observed for our experi-
ment, probably because Bird used larger laser
peak power (300 MW vs 40 MW).
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At the present time the following sources have
been suggested as the origins for the magnetic
fields: (a) electron and ion currents from the tar-
get, (b) charge separation in an expanding plasma,
(c) temperature and density gradients in a plasma, '
(d) light pressure on a plasma, "' and (e) Faraday
effect produced by circularly polarized light. For
the experiments reported here, only sources (a)
and (b) have significant contribution to the mea-
sured 8; the other sources have negligible effects.
Sources (a) and (b) can exist after the laser pulse

while (c), (d), and (e) can exist only in the pres-
ence of the laser pulse.

The magnitudes of the two fields, B, and B„can
be estimated by time integrating the two signals.
Special attention must be paid to include only those
times for B, before the expanding plasma has en-
gulfed the probe. These estimates are consistent
with the predictions of Widner. Experiments are
currently in progress to extend these experiments
to about 10"W/cm' using the UMI-35 laser system
under construction at the P.N. I,ebedev Physics
Institute. At these larger power densities, elec-
tron temperatures in excess of 10 eV are expected
and, according to the calculations of Widner" and
others, sources (c), (d), and (e) are expected to
be important. The resulting magnetic fields should
be a megagauss or larger, according to the Widner
model.
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