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PHYSICAL REVIE% A VOLUME 9, NUMBER 3

Self-generated magnetic fields associated with a laser-produced plasma

I.. I.. McKee, * R. S. Bird, and F. Schwirzke
Naval Postgraduate Schoo/, Monterey, California 93940

{Received 16 July 1978)

The dependence of the self-generated magnetic fields associated with a laser-produced
plasma on position, time, incident laser power, and nitrogen background pressure has
been investigated. The presence of the ambient background is found to influence the gen-
eration of the fields during the laser irradiation of the plasma. This influence continues
long after laser shutoff and causes the fields to reverse their direction.

I. INTRODUCTION

It has generally been assumed that unless an
external magnetic field is applied, a laser-pro-
duced plasma (or laser plasma} is expanding under
essentially field-free conditions. However, it has
been discovered that a magnetic field may spon-
taneously arise when a laser plasma is produced
by the laser-induced breakdown of a gas' or by
the laser irradiation of a solid target. 2 From
these and subsequent investigations'-' it appears
that self-generated magnetic fields may arise
under very general conditions during the produc-
tion of a laser plasma. In fact, these fields appear
to be an inherent property of laser plasmas, and
recent results of computer calculations" have
demonstrated the importance of including the gen-
eration of these fields in theoretical treatments
of laser plasmas.

This article describes a detailed study of the
self-generated magnetic fieMs associated with a
laser plasma. The results of the experimental
study are discussed in terms of a thermal source
term for magnetic fields.

II. EXPERIMENTAL APPARATUS

The neodymium-doped-glass laser system used
consisted of a Q-switched oscillator stage and a
single amplifier stage. The output of the laser
system ranged from about 4 J to about 11.5 J in

a 25-nsec pulse or about 150-450 MW.
The target was a 0.005-in-thick Mylar (C„H,O, )

foil. The laser beam struck it at an angle of 30'
to the flat-target" s normal and burned a 2-mm-
diameter hole in the target on each shot. Since
the resulting laser plasma streams out normal to
the target's surface regardless of the angle of
incidence of the laser beam, ' this choice of angle
allowed the laser plasma to be probed along its
flow direction without having the laser beam strike
the probe.

The target was located in a vacuum chamber
into which nitrogen gas could be admitted to pro-
vide an ambient background for the expanding
laser plasma. The nitrogen gas pressures used
varied from 10 4 to 1 Torr.

The self-generated magnetic fields were detected
by means of a small (-1-mm-diameter coil} in-
ductive magnetic probe. The probe signal, which
was proportional to dB/dt, was conducted via 50-Q
cable to the input of an oscilloscope, where the
signal was integrated by means of a passive RC
integrator before being displayed. The probe
signals were sufficiently free of electrostatic
noise pickup to allow field signals as low as 1 G
in magnitude to be resolved. A field of this mag-
nitude gave about a 0.2-mV integrated probe sig-
nal and the oscilloscope had a maximum vertical
sensitivity of 1 mV/cm.

III. EXPERIMENTAL RESULTS

The target normal forms the z axis for a con-
venient cylindrical coordinate system to reference
the probe positions. The origin is the point at
which the laser strikes the target, and the +z
direction is the direction in which the resultant
laser plasma expands. The self-generated mag-
netic fields were found to be mainly in the azimuth-
al direction about the z axis and pointed in the -8
direction (as if caused by a conventional current
in the -z direction). This is in basic agreement
with the results of Stamper et al.

The magnetic-field signals detected at fixed
positions were basically pulse shaped with rela-
tively fast rises and relatively slower decays, as
shown in Fig. 3 of Ref. 6. As the magnetic probe
was moved away from the target, in general the
probe signals were delayed further in time, and
their durations increased.

The most striking result of this investigation was
the strong dependence of the self-generated mag-
netic fields on the ambient pressure of the nitro-
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gen background gas."' Figure 1 shows the varia-
tion of the maximum azimuthal magnetic field at
a fixed position (i.e., the peak field in the probe
signal) with the pressure of the nitrogen back-
ground ga,s,

There are three regions evident in Fig. 1. For
pressures lower than 1 mTorr, the magnitude
of the magnetic field does not depend on the nitro-
gen gas pressure. For pressures in the range of
1-200 mTorr, the magnitude of the field rises
very sharply with increasing pressure. At pres-
sures higher than 200 mTorr, the magnitude of
the field rapidly decreases with increasing pres-
sure. This curve exhibits a.n amplification of the
field magnitude by a factor of 6 a,s the ambient
gas pressure was increased from 1 to 200 mTorr.

The dependences of the self-generated magnetic
fields on background gas pressure and on incident
laser power are combined in Fig. 2. The curve
for each laser power in this figure has the same
basic shape. Thus, for these ranges of laser
powers and ambient pressures, the laser power
served only to scale the magnetic fields. The am-
bient ga.s pressure was the more fundamental
parameter, All further field measurements were
taken for a fixed incident laser power of 300 MW.

The symmetry of the azimuthal magnetic fields
about the z axis was tested. Within the experi-
mental error of 10%, the magnitude of the azi-
muthal field was found to be the same when the
field was measured at different angular positions
along several circles centered on, and normal to,

the z axis. Hence, the azimuthal magnetic fields
were axisymmetric about the z axis.

The azimuthal magnetic fields were mapped
extensively in the 8=0' plane (vertica1 plane above
the s axis) for three ambient pressures of nitro-
gen: 0.1, 5, and 250 mTorr They represent,
respectively, pressures corresponding to the
pressure-independent region, the onset of the
field amplification region, and the field "damping"
region in Fig. 1. The results of the two-dimen-
sional mapping are presented as contour plots of
the magnitude of the field. Figure 3 shows the
contour plots of the maximum azimuthal fields
mea. sured at each point in the plane for any time.

In these plots, the foil target is located at the
left edge of the plots and is perpendicular to the
plane of the figure. The laser beam comes in
from the right at 30' to the plane of the figure
and strikes the target at the lower-left corner
of the plots. The resulting laser plasma then
expands to the right. The region where the laser
beam intersects the plane of the figure cannot be
probed due to interference with the laser beam and
is left blank. The direction of the field is perpen-
dicular to the plane of the contour plots. A posi-
tive field value corresponds to an orientation of
the fieM in the -6I direction about the z axis and
a negative value to the opposite azimuthal orienta-
tion. Because of the symmetry of the azimuthal
fields, these contour plots give full three-dimen-
sional representations of the field when they are
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rotated about the z axis.
Figure 3 illustrates the decrease of the magni-

tude of the magnetic fields with distance. For
each pressure, the magnitude of the fields de-
creased more sharply in the radial direction than
in the axial direction. Also, Fig. 3 shows that the
magnetic field decreased more rapidly with dis-
tance for an ambient nitrogen pressure of 250
mTorr than for the other tv' pressures.

The manner in which the magnetic fields de-
cayed with time along the r =4 mm line is shown
in Fig. 4. This figure gives the largest field mea-
sured at any axial position along y =4 mm at each
instant of time. The reference time (I =0) for
the time studies was the time at which the laser
power attained its maximum value. Figure 4
shows that the field in the 2M-mTorr case de-
cayed significantly more rapidly with time than
did the fields in the other two pressure cases.

The results of mapping the magnetic fields in
the 8=0' plane for the three ambient pressures
of nitrogen were time-resolved. The contour plots
derived from these measurements showed that the
magnetic-field contours, l,ike the laser plasma,
expanded and propagated out from the target. The

propagation velocity of the position of highest
field was about 10' cm/sec for ambient pressures
of 0.1 and 5 mTorr of nitrogen and about 6.5x 106

cm/sec for 250 mTorr.
Figures 5(a)-5(c) illustrate the expansion and

flow of the magnetic field contours out from the
target. Even at the peak of the laser pulse, Fig.
5(a) shows that there were differences in the mag-
nitudes of the fields for the three ambient-pres-
sure cases. The largest observed fields did not
appear until 40 nsec [Fig. 5(b)], since the largest
field contours had to flow out of the inaccessible
region in order to be observed. Apparently much
larger fields occurred at earlier times close to the
target, but these large fields decayed sharply as
they flowed out of the inaccessible region, as Fig.
4 implies. As the expansion and flow of the field
contours progressed, distinctions between the
shapes and spatial extents of the contours for
the three ambient pressure cases became appar-
ent, a,s Fig. 5(c) shows. The chief distinctions at
these early times were that the fieM contours for
0.1 mTorr exhibited a relatively small radial ex-
pansion and the contours for 5 m Torr had the
broadest spatial extent.

Figures 6(a) and 6(b) show the late-time char-
acteristics of the fieM contours. By 300 nsec,
Fig. 6(a) shows that the highest field contours
were flowing out of the observation region for 0.1
m Torr and the contours for 5 m Torr had expanded
significantly in the radial direction. The contours
for 250 mTorr had broken up into several islands
at that time, and the field in two of these islands
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FIG. 3. Maximum Be for various pressures of nitro-
gen background gas.

0 I I I I

0 2 0 4 0 6 0 8 IO l2 l4 i6
TIME (psec)

FIG. 4. Maximum8e along v= 4 mm vs time for var-
ious pressures of nitrogen background gas.
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had reversed its direction. Figure 6(b) shows
that this field reversal continued to develop until
the field had reversed its direction everywhere
in the observation region for 250 mTorr, and the
magnitude of the field increased in the reverse
direction. A weaker reversed field also developed
for 0.1 mTorr at these late times, as Fig. 6(b)
shows.

At times later than 700 nsec, the reversed fields
for 0.1 and 250 m Torr decreased in magnitude
in the observation region. The field for 5 mTorr
of nitrogen finally reversed its direction at about
1.3 p. sec near the target.

The current-density distributions which pro-
duced the self-generated magnetic field were de-
termined by applying

VXB=p, ] (1)

to the magnetic field data. The typical current-
density pattern for 250 mTorr is displayed in
Fig. 7. The current flow was toroidal in three
dimensions with no current flow in the azimuthal
direction. The largest current densities deduced
for the three pressures were 360 A/cm' for 0.1
mTorr, 557 A/cm' for 5 mTorr, and 1.53x10'
A/cm' for 250 mTorr of nitrogen.

IV. DISCUSSION

The equation which governs the self-generated
magnetic fields is'

B—= vx(v, x B)+ O'B+ VT, x Vn, ,&t '
P. OO

(2)

where v, , n, , and T, are the electron flow veloc-
ity, density, and temperature, respectively, and
o is the scalar electrical conductivity. The three
terms on the right-hand side of Eg. (2) describe
the convection, diffusion, and generation of mag-
netic fieM, respectively.

According to the source term in Eq. (2)

VT, XV', , (3)

the geometry of the magnetic field is determined
by the geometry of the laser plasma. A laser
plasma produced from a planar target is ideally
axisymmetric about its expansion direction so
that there are no azimuthal density or temperature
gradients. Then according to Eq. (3), the field
will be generated entirely in the azimuthal direc-
tion and wi11 be symmetric about the z axis, as
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observed.
The source term also shows that no field genera-

tion will occur unless &T, and &n, are nonparallel.
A computer study ha, s shown that during the laser
heating of the plasma, the largest contribution to
the source term comes from a temperature gradi-
ent in the m direction and the density gradient in
the -z direction. " The temperature gradient is
a consequence of the finite radial extent of the
laser beam and arises near the radial edge of the
laser-heated region of the plasma. This combina-
tion of &T, and ~n, will generate magnetic field
in the -6 direction, as observed initially.

The strongest field production can be expected
to occur at the front of the expanding la,ser plas-
ma, since the quantity (1/n, ) &n, in Eq. (3) is
largest there. ' Since this is also the region where
the laser plasma and the ambient background will
interact, it is possible for the background to in-
fluence the generation of the fields. The ambient
gas is photoionized by energetic photons from the
laser pla, sma. A strong momentum coupling be-
tween the resulting ambient plasma and the
streaming la,ser plasma has been observed, even
during the laser irradiation of the laser plas-
ma."" This momentum transfer causes decel-
eration of the laser plasma at its front, resulting

in an increase of the density gradient there due
to pla, sma, pileup. The observation that the rate of
momentum transfer increases with ambient pres-
sure, "" implies that the density gradient at the
front of the laser plasma increases with ambient
pressure. Consequently, Eq. (3) shows that the
rate at which the magnetic field is generated in
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FIG. V. Current density at 120 nsec for 250 mTorr of
nitrogen background gas. The magnitude of the largest
current density at this time is 612 A/cm~.
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the front region increases with ambient pressure.
As a result, larger fields are generated at higher
pressures, as Fig. 1 shows (for pressures less
than 200 mTorr).

In order to show that the observed increase of
the field strength with ambient pressure was due
to enhanced field generation and not to enhance-
ment of the convection term in Eg. (2) (via field
compression), the total magnetic flux was calcu-
lated for the different ambient pressures. Since
the convection term conserves flux, any increase
of the flux will be due to an increase of the source
term. The maximum observed fluxes„as cal-
culated from the contour plots, were 5.8 6 cm'
for 0.1 mTorr and 46.4 G cm' for 250 mTorr.
Then the flux increases by a factor of 8, while
Fig. 1 shows that the field was amplified by a
factor of about 6 at 250 mTorr. Hence the in-
crease in field strength with pressure can be
accounted for entirely by enhanced field genera-
tion.

The largest fields are generated during the laser
heating of the plasma. However, field generation
can continue after laser shutoff. In fact, the ap-
pearance of the reversed field at later times
[Figs. 6(a) and 6(b)J is evidence that field genera-
tion was occurring at those times. Examination
of Eg. (2) reveals that the reversal of an axisym-
metric field can only occur via the source term.
Field must be generated in the reverse direction.
Further, it was observed that the reversed field
was larger and occurred earlier as the pressure
was increased above 250 mTorr, indicating that
the reversed source term, like the initial source
term, increased with ambient pressure.

The source term is apparently reversed as a
consequence of the interaction between the laser
plasma and the ambient plasma. After laser shut-
off the temperature gradient in the -r direction
decreases due to heat conduction. However, as
the two plasmas interact, the laser plasma is
heated at its front. This heating process will
produce an axial temperature gradient which is
in the -z direction at the very front of the laser
plasma. Since there is a density gradient in the
-r direction in this region, a reversed source
term will arise at the front, as Eq. (3) shows.
Because the two plasmas interact more strongly at
higher pressures, this reversed source term will
increase with ambient pressure.

The reversal of the source term at the front of
the expanding laser plasma explains the rapid de-
cay rate of the field observed for 250 mTorr in
Fig. 4. %'hen the source term reverses, it first
acts to reduce the magnitude of the field generated

initially. Since the reversed source term in-
creases with ambient pressure, the rate of de-
crease of the original field also increases with
ambient pressure, as Fig. 4 shows. The decrease
of the field strength with pressure for pressures
above 200 m Torr in Fig. 1 resulted when the field
for higher ambient pressures decreased in magni-
tude at a higher rate as it was being carried by
the expanding laser plasma to that probe position.

It should be noted here that an increase of the
diffusion term in Eq. (2) with ambient pressure
would not adequately account for the higher rate
of decrease of the field at higher pressures. The
diffusion term cannot cause the field reversal
associated with the rapid decay rates.

Reversed field should also be generated behind
the front region. The coupling between the two

plasmas causes plasma density to pileup at the
front, so that behind the front there will be a den-
sity gradient in the +r direction. In addition, the
heating at the front due to the interaction produces
a temperature gradient in the +z direction behind
the front. These gradients will combine to gen-
erate reversed field. Hence, two regions of field
reversal can be expected to result from the cou-
pling between the two plasmas.

Examination of Figs. 6(a) and 6(b) indica, tes that
the field reversal there was occurring in the re-
gion behind the front, where the density gradient
was in the +r direction. Apparently, the field
reversal at the front occurred outside of the
mapping region.

V. CONCLUSION

Qn the basis of the results presented here and
previous results, it appears that the presence of
an ambient gas can significantly influence the
generation of the self-generated magnetic fieMs.
This influence begins during the laser irradiation
of the plasma and continues long after laser shut-
off. The fact that fields can be generated in the
absence of laser radiation is a consequence of the
thermal nature of the source term in Eq. (2).
However, a more detailed comparison between
the data and the proposed theory will require den-
sity and temperature gradient measurements.
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