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We have investigated theoretically the magnetization of the electronic thermal conductivity in a laser
plasma by the spontaneous magnetic fields resulting from thermoelectric effects in an inhomogeneous
plasma. We derive a system of equations describing the evolution of the magnetic fields and of the
electron temperatures. The increments of the magnetothermal instability are obtained. The role of
magnetothermal effects in experiments with laser plasma is discussed.

1. Spontaneous magnetic fields can arise in a plasma
produced by laser radiation. These fields were ob-
served experimentally in [1, 2]. Certain possible
mechanisms leading to these fields have been con-
sidered in the literature. In particular, the authors of
[2] have assumed that the magnetic fields observed by
them are due to the action of the thermoelectric power
in an inhomogeneous plasma. In the present paper we
consider this mechanism in detail and show that the
magnetization of the electrons by the spontaneous mag-
netic fields can be essential for thermonuclear research
with a laser plasma.

2. To be specific, we confine ourselves to the follow-
ing characteristic plasma parameters: density n~10%*—
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10%® em™3, electron temperature T,~5 keV, dimension
a~10"% cm, and expansion time £, ,~10"° sec. For such
a plasma, the magnetic Reynolds number is Re,
=4moa®/c?t,,,~10*, so that the friction between the elec-
trons and ions can be neglected. At the indicated pa-
rameters the mean free path ! is much less than a, and
the viscosity of the electrons can be neglected. We
write the equation of motion of the electrons in the form

nmv :-e"(E+Eext)' (1)

where E is the electric field and enE_; stands for the
sum of all the remaining forces, Substituting (1) in the
quasistationary Maxwell equations and recognizing that
a>»c/w, (~10° cm at n=10% cm™), we obtain for the
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- magnetic field generated in the plasma by the ex-
traneous forces
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In sufficiently weak magnetic fields we have
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It follows from (2) and (3) that
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Thus, in the case of noncollinear gradients of » and T,
the magnetic field in the plasma grows spontaneously.
If the angle between the gradients is of the order of
unity, then during the time of expansion the magnetic
field grows, according to (4), to a value ~(c/e)(T/a®\,
-which would amount to 10 megagauss for the indicated
parameter. A magnetic field of this magnitude could
affect substantially the hydrodynamics of the expansion
(H?*/8n~nT,).

3. The magnetic fields can, however, magnetize the
electrons much sooner {(for the considered example we
have §£,7,~1 at H~4x10*—4Xx10° G), It is then neces-
sary to express the thermal force in (3) at finite 2,7,;
in addition, the magnetization of the thermal conduc-
tivity makes it necessary to solve simultaneously the
equations of heat conduction and the equation for gen-
eration of magnetic fields. It is easy to estimate from
(4) that Q,7, grows to a value on the order of unity with-
in a time ~ma?/T,7,. This is the characteristic time of
the electronic thermal conductivity, and from the very
meaning of laser heating it should be much shorter than
the expansion time, Therefore during the times of in-
terest to us the plasma can be regarded as immobile,
and its density can be regarded as a specified function
of the coordinates. The expression for the noted in-
equality is I/a > Vm/M. This enables us also to neglect
the energy exchange between the electrons and ions. In
addition, at c/w,, <« ], the current velocity of the elec-
trons is less than the value Te're/ma2 characteristic of
the considered processes. This makes it possible to
neglect the terms containing the electron velocity and
to use the following system of equations, which de-
scribes the magnetothermal phenomena in a laser
plasma:

9 R

.aTB=_z.[VTexvlnn] +-—ce—rot—{. (5)
3 or

S i divq+S. (6)

Here Rp=-BY¥V, T, - B¥VT, - g*T[hxVT,] is the
thermal force, S is the source density, ¢=-«{V,T,
—k59,T, -«[hXVT,] is the heat flux, h=B/B, and
expressions for the values of x and 8 of a quiescent
plasma are given in (3], Equations (5) and (6) describe
a complicated picture of the evolution of magnetic fields
and the electron temperature, and must be solved
numerically. The simplest nontrivial case in this case

is the two-dimensional one.

4. We consider the system (5,6) at £2,7,<<1. In this
case we have

R
“L._07yT, - 081,18, x y7,l,
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The equations for B and T, take the form

B

2 i 08lret E[Bx yT1= SLyT, x ylanl, (7)
de m e
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S.0r =3,16diva<® VT, - 57div——"-[Q, x yT,1. (8)
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Equation (7) describes the evolution of a magnetic field
excited by the sources (c/e)[VT,XVlnn] and frozen into
a liquid moving with velocity

u--0,81° yT.. ©)
m

This drift of the magnetic field is connected not with the
motion of the medium, but with the heat flux. It is the
result of the fact that the magnetic field is frozen-in
more strongly in the hot electrons than in the cold ones
(this is apparently true also for a turbulent plasma).
Under the conditions I/a > Vim/M, the velocity of the
thermal drift exceeds the hydrodynamic velocity. ¥

5. The question of generation of magnetic fields is of
great interest for spherical compression of a target by
a programmed laser pulse, as proposed in [4]. Indeed,
when magnetic fields with £2,7,~1 appear, the electronic
thermal conductivity decreases. The violation of the
spherical symmetry of the thermal regime, due to the
magnetic fields, may turn out to be even more sig-
nificant. In the case of exact irradiation symmetry we
have VT,il V# and there are no magnetic fields. This
state, however, can turn out to be unstable against
perturbations of the magnetic field. Let us describe
qualitatively the instability mechanism. We direct the
x axis along VT, (Il Vn). A weak magnetic field Bl Oz
produces a Hall heat flow in the y direction. This flow
leads to the appearance of a component of VT, along the
y axis. The additional temperature gradient together
with the density gradient generates a magnetic field that
strengthens or weakens the initial perturbation, depend-
ing on the sign of (v7T,+ Vn), Confining ourselves for
simplicity to the case ka>>1 and kL VT,,, where k is
the wave vector of the perturbation, we present the
following formula for the increment (in the approxima-
tion in which kI << 1):

TC'G
F=18—" (gln. yhT,). (10)
m

In the case of spherical compression of the plasma in
the zone of heat conduction (between the region of light
absorption and the front of the heat wave) the density
decreases, and the temperature increases in a direc-
tion away from the center of the sphere. There is con-
sequently no instability in this case. The magnetic
fields attenuate with drift to the center at a velocity u
given by (9). An examination of the evolution of the
magnetothermal perturbations against the background of
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a homogeneous magnetic field with ,7,>1 yields for
I’ an expression that agrees with (10) in order of mag-~
nitude, but of opposite sign; the perturbations increase
when (v T,- Vn) <0, This circumstance must be borne
in mind when considering experiments with a laser
plasma magnetized by an external magnetic field.

An important factor in the arguments advanced here
was the inequality I/a>> vim/M. In a laser plasma in
the thermal conductivity zone, if the heat moves inward,
satisfaction of this inequality is ensured automatically,
since the plasma expands at a rate ~V T, M , and the
heat moves relative to the plasma with a velocity
~@/a)V Te7 . It is worth noting that the preéented
analysis applies also to other (non-laser) plasmas if
the indicated inequality is satisfied.
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DAfter the submission of this article, we learned of a cal-
culation™ of laser heating of a target, with allowance for the
onset of magnetic fields. We note that this calculation does
not take into account the thermal force, allowance for which
leads to the effect described here.
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