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Experimental results are presented on the growth, diffusion, and saturation of magnetic

fields spontaneously generated by the interaction of intense microwave radiation with an in-

homogeneous plasma. Finite-bandwidth pumps permitted the investigation of the mechanisms

responsible for magnetic field generation and their control.

Megagauss dc magnetic fields which have been
observed in experiments with laser-irradiated
sobd targets" may play an important role in
both energy absorption and transport in laser-
irradiated-pellet fusion. Several mechanisms
for magnetic-field generation have been pro-
posed'4 including resonance absorption and non-
parallel temperature and density gradients.

The short temporal and spatial scales in laser
experiments make detailed measurements of
these magnetic fields difficult. Herein we report
on experiments employing microwaves in large
tenuous plasmas where precise measurements
can be made more easily. An earlier eXperiment

by DiVergilio et al. ' demonstrated the feasibility
of magnetic field generation in such a device.
We have investigated the growth and saturation
of self-generated magnetic fields over five-or-
ders-of-magnitude variation in incident field in-
tensity. In addition, we have investigated the ef-
fects of finite-bandwidth pumps on magnetic field
generation.

Microwave radiation (f,= 8 GHz) is launched
from a gridded horn (aperture = 2A. ,) along the z
axis of a cylindrical unmagnetized plasma (80
cm diam, 80 cm length) produced by a multifila-
ment discharge. The plasma density increases
along z (nldn/dzl '= 50 cm= 5X,). There is also
a relatively gentle density gradient parallel to
the incident electric field E( ldnn/dxl '= 200 cm).
To minimize accentuation of axial field compo-
nents due to wave refraction in the plasma, the
experiments are conducted with the critical-den-

sity surface located within a few vacuum wave-
lengths of the horn aperture. Typical plasma
parameters are T,/T, =10, T,=S eV, andn„=10"
cm '. The calculated value for ri„~= E»,'/8nkT,
is approximately 1'%%uo at an incident power of 2.4
kw. For the experiments reported herein 10 '
~ '0v~ ~1.

A variety of interactions occur in the vicinity
of the critical layer shortly after the onset of
microwave pulses of typical rise time ~= 10 nsec.
We observe density steepening near the critical
layer, electron main-body heating, the appear-
ance of ion waves, exponentially growing high-
frequency fields characteristic of parametric in-
stability, and the acceleration of the tail of the
electron distribution. In addition, we observe
the growth and diffusion of magnetic fields in the
plasma. The magnetic fields are measured using
axially and radially movable 1-cm-diam, 10-
turn electrostatically shielded coils. The mea-
sured time response of these coils is & 20 nsec
in vacuum. The axial component of the magnetic
field J3, is parallel to the horn and plasma cham-
ber axis, while B, is perpendicular to the inci-
dent linearly polarized microwave electric field.
&„wasconsistently the largest field component.

Figure 1 shows the growth of &, near the axis
as a function of axial position at a moderate pow-
er level (q,~= 10'). The rf was turned on att
=0 and remained on for the times indicated. Ra-
dial measurements indicate that the field is ap-
parently formed by currents parallel to E„flow-
ing within a few centimeters of the critical lay-
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er. Note that the field null point monotonically
propagates into the underdense plasma. The
magnetic field diffuses at a rate consistent with
the calculated plasma resistivity. Upon cessa-
tion of rf input, the magnetic fields persist for
several microseconds, decaying at a rate con-
sistent with their spatial extent and the plasma
resistivity (see Fig. 1 inset).

At the relatively low power level which the re-
sults of Fig. 1 represent, the measured main-
body heating is too small to account for the ob-
served field amplitude through the ~n &VT source
term. Moreover, since the heating peaks on axis
(r = 0) near the critical layer and Vn is nearly
axial, the field produced by this term should be
toroidal about the & axis. In contrast, our experi-
ments indicate that near the critical layer, the
fields are produced by currents parallel to E„as
one would expect for field generation due to reso-
nance absorption.

The growth of the magnetic field as a function
of power was investigated. At moderate power
levels (q,~~ 10 ') the magnetic field in the over-
dense and underdense plasma well removed (by
a few centimeters) from the critical-density lay-
er monotonically increases in amplitude to a
saturated value which remains constant for the
longest microwave pulses (™15 psec) employed.
The saturated magnitude of B, in the overdense
lasma is displayed in Fig. 2(a) as a function ofp m

power. At very low powers (P 50 W, q„

X10 4) the magnetic field increases nearly linear-
ly th ident power. There is no clearly dis-
cernible threshold for the appearnce of the mag-
netic field. In this regime, the early growth
rates approximately agree with predictions con-
cerning magnetic field generation due to reso-
nance absorption. The initial growth rate near
the critical layer is given by'

B,=A(me/mc)q(nkT, ) sin8 cos8,

where A is the absorption coefficient and 0 is the

angle of incidence. Using L9= 14' as determined

by axial electric-field measurements together
with the density scale length to compute the ex-

ected absorption coefficient in a linear density
profile, one obtains B„=2.5 x 10 ' 6/p sec for an

incident power level of 50 W. This compares
well with the experimentally measured value of
4&&10 4 G/p, sec. The linear relationship between
the saturated magnetic field and input power
agrees with theoretical predictions of magnetic
field strength limited by wave convection or dif-
fusion of the magnetic field from the source re-
gion. However, the saturation time (= 1.5 psec)
and the saturated level are approximately an or-
der of magnitude larger than theoretical predic-
tions. '

At powers in excess of approximately 50 W

there is a s arpharp break in the curve of saturated
field versus power together with a sudden in-
crease in saturation time. The saturated field
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increases more nearly as I" for powers in the
range of 50 to 300 W. At 50-W incident power,
the magnetic field grows and saturates within 1.5
p. sec. At 80 W the growth is bimodal, with the
magnetic field increasing rapidly to approximate-
ly half its saturated value during the first 1.5
p sec, and the field more slowly increasing to
its full saturated value in approximately 7 p sec.
At higher power levels the saturation time de-

creases to = 2 p sec. This behavior is consistent
with the onset of parametric instability. Near
threshold, the parametric decay reaches satura-
tion relatively slowly, while the saturation time
decreases at higher intensities. The P' depen-
dence of & can be explained through the power-
dependent absorption coeff icient.

We have further investigated the spatial and
temporal evolution of B, at high intensities (q„,
= 0.1) using short-duration pulses (= 200 nsec) in

order to reduce the effects of both parametric in-
stability and the V'n ~ &7.' source. The magnetic
field at = 100 nsec after the beginning of the pulse
is found to be quite localized (k,bx = 2 at full
width at half maximum) as is expected for reso-
nance absorption. However, the width increases
rapidly (doubling during the next 100 nsec) pre-
sumably a result of the increasing importance of
other source and loss terms.

In previous experiments, "' the effect of finite
pump bandwidth on parametric instability, densi-
ty-profile modification, and hot-electron pro-
duction was examined. It was found that a ran-
domly modulated pump with a bandwidth exceed-
ing several percent attentuated or eliminated the
above phenomena. Similarly, one would expect
that the magnetic field due to resonant phenomena
such as parametric instability should exhibit
significant reduction when a finite-bandwidth
pump is employed. However, the actual effects
will be sensitively dependent upon the particular
resonant phenomenon. For example, resonance
absorption is a linear process which can occur
at different frequencies at different locations
along a plasma density gradient and thus can be
relatively unaffected by moderate bandwidths in
contrast to the parametric instability.

The saturated level of I3, as a function of pump
bandwidth is shown in Fig. 2(b) at two power
levels. The higher power (340 W) is located just
above the region where the magnetic field is a
very rapidly increasing function of power, while
the lower power is located in the linear regime
(B~P). At the higher power, bandwidths «u/cu,
as small as 1'%%uo yielded significant reduction in
the magnetic field. The magnetic field was nearly
independent of bandwidth for bm/(u, & S%%ua. Small
bandwidths apparently eliminate the field pro-
duced by phenomena such as the parametric de-
cay instability which are sensitive to pump band-
width. The residual field unaffected by pump
bandwidth may be due to simple resonance absorp-
tion. At a lower power level (P= 17 W), finite
bandwidth has a much smaller effect on the mag-
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netic field generation. The above results were
obtained using randomly modulated pumps and
appeared to be independent of whether the pump-
bancbvidth mechanism was due to random phase
or amplitude modulation.

For P ~ 2 kW, the magnetic field does not sim-
ply saturate, but exhibits a more complicated
temporal behavior even at locations well re-
moved from the critical layer. Figure 3 shows
the magnitude of B, as a function of incident pow-
er at several times after pump turnon. When
measured during the first few microseconds, B,
is a monotonically increasing function of pump
power. However, when measured at successively
later times, B„begins to decrease with increas-
ing power. This effect is very pronounced for
g,~& 5&10 . We note that at these high power
levels, there are large, relatively complex, den-
sity-profile modifications due to radiation pres-
sure which follow approximately the interfer-
ence pattern of the incident and reflected rf
pulse. ' In addition, at the higher powers, some
ionization occurs for larger pulse durations.
Such density-profile changes could modify the ef-
ficiency of resonance absorption as well as other
magnetic-f ield- generation mechanisms.

Magnetic field generation using short duration
(1.5 p sec) very-high-power pulses (q„,~ 1) was
also investigated. For these pulses, the peak
magnetic field remains a monotonically increas-
ing function of incident power. In the range 2 kW
~ P & 20 kW, the & field increases nearly linear-
ly with P'~2. For p,~~ 0.1, B increases more
slowly than P"". For P ~ 2 kW, electron main-
body heating &T, is observed which is sufficient-
ly large for the &n&VT term to be significant.
For g», ~ 0.1, ~T, ~ P. It is interesting to note
that the increase of &T, with increasing P begins
to saturate at approximately the same power at
which the saturation of & occurs.

The present investigations indicate that the
generation of magnetic fields even in the relative-
ly simple geometry of our experimental arrange-
ment is a complicated, multimechanism process.
The measurements of the saturated field as a
function of power provide a comparison for theo-
retical treatments accounting for multimechanism
generation and diffusion of & fields.
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