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We investigate the generation of a magnetic field in a plasma acted upon by powerful radiation. The
generation mechanism is taken to be parametric excitation of the zeroth harmonic of a nonpotential field;
this harmonic increases as a result of parametric resonance of the pump wave with the Langmuir
oscillations. The estimate obtained for the nonlinear saturation level of the magnetic field points to a

possibility of generating megagauss fields in a laser plasma.

PACS numbers: 52.35.Mw, 52.50.Jm

1. The generation of magnetic fields in a plasma acted
upon by electromagnetic radiation are being intensively
investigated of late. This phenomenon was first dis-
cussed in Refs. 1 and 2. The main cause of the urgency
of the investigation of the generation of magnetic fields
are the experiments performed in the program of laser-
mediated controlled fusion, primarily for the reason
that the produced strong magnetic fields can greatly in-
fluence the character of the penetration of the laser ra-
diation into the plasma and the rate of the transport pro-
cesses that take place in it. It must also be borne in
mind that a strong magnetic field can play a significant
role in the absorption, scattering, and depolarization
of the electromagnetic radiation.

In the study of the question of the onset of magnetic
fields in a laser plasma, the most widely discussed are
the following two mechanisms. First, the magnetic field
may be excited by thermoelectric power.}** Second, the
magnetic field can be generated by the p-component of
the electric field in the laser radiation.®® In Refs. 3-6
the onset of the magnetic field was attributed by the au-
thors to a source that acts continuously in time. A more
important role, however, is played by physical proces-
ses in which the magnetic field generation has a self-
excitation character. An analysis of the process of ex-
citation of a magnetic field from the point of view of the
development of instability in a plasma was carried out in
Refs. 7 and 8 for the case of a thermionic-current
source of field generation and in Ref. 8 for a turbulent
plasma,

A possibility of generating a field by development of a
magnetic instability initiated by high-frequency radiation
of a pump wave was observed in Ref. 10. The analysis
was carried out in the approximation of strong collision-
al hydrodynamics under conditions when the electron
mean free path was smaller than the wavelength of the
perturbations, and the collision time was shorter than
the characteristic time of field variation.

The present paper presents a further development of
the concepts advanced in Ref. 10. The undertaken kine-
tic description of parametric generation of the zeroth
harmonic of a nonpotential perturbation field has made
it possible to analyze the linear stage of the instability
in a wide range of wavelengths and frequencies, We
estimate the nonlinear saturation level of the magnetic
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field.

2. We consider a homogeneous plasma subjected to
the action of a high-frequency electric field
- Eo(t) =E, sin w,t. (1)

The frequency w, of the pump field will be assumed
close to the plasma frequency w, [w,= (w2, +w?2 V2,
W oy is the Langmuir frequency of the electrons (ions)].

Being interested in the possibility that the magnetic
field will increase with time, we consider the onset of
parametric instability accompanied by excitation of non-
potential perturbations in the pump-wave field (1).

Representing the nonequilibrium electric field 6B in
the form of an expansion

SE (r, t) =e**r—iot Z‘GE‘"’ exp{—inwdt}, (2)
we obtain for the components of the amplitudes of the ex-
pansion (2) from Maxwell’s equations the following sys-
tem of equations™
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Here 6¢, ;, is the partial longitudinal dielectric constant
of the electrons (ions), Gse( ; 1s the partial transverse
dielectric constant of the electrons (ions), r,=€E,/
m, w3 is the amplitude of the oscillations of the electrons
in the pump-wave field (e and m, are the charge and
mass of the electrons), c is the speed of light, and »
and x are mutually perpendicular unit vectors:

ok 2‘=[1:><[E«><k]] (4)

kY EI[EXKI

J, is a Bessel function of the first Kind with integer in-
dex n. Besides the system (3) we must also bear in
mind the connection, which follows from Maxwell’s equa-
tions, between the amplitudes of the electric and mag-
netic fields:

(n) — ¢ (n)
OB —[kXSE™]. (5)
The system (3) will be used below to study the properties
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of low-frequency short-wave plasma perturbations,
when w, > |w| and &> w,/c.

It follows from the system (3) that for oscillations
whose electric vector 6E is polarized perpendicular to
the plane of the vectors k and E, there is no stability.!
To reveal the instability we consider therefore the case
of a polarization wherein the electric vector of the per-
turbations lies in the plane of the vectors k and E,. For
these oscillations, the amplitudes 6E™ can be repre-
sented in the form of an expansion in the unit vectors (4)

SE™=x8E." +40E,", (6)

which corresponds to separation of the potential and
nonpoténtial parts of the electric field of the perturba-
tions.

We consider first the case of a perturbation propaga-
tion wherein 6 >6,, where 9=7/2- a,cosa=kr./kr,,
and

0,

@ I 1 + 1 | -
ckl e(ota,,k) e(0—w,, k)

This angle range /2 >6 > 6, covers practically all the
propagation directions of the perturbations, with the ex-
ception of a narrow cone of directions for which the
wave vector k is practically perpendicular to the extern-
al electric field.

Under the conditions |krg|<« 1 we find from the sys-
tem (3) that the following dispersion equation

e @, k) + (k) B (0, K) 1+ 0, )

1 1
X(‘ c@ton k) o(o—an k)) =O’_

which coincides with that obtained it Ref. 12 if the non-
potential Langmuir oscillations are neglected, holds in
the considered angle range. Here € =1 +6¢, + 6¢, is the
longitudinal dielectric constant of the plasma. Thus, al-
lowance for the nonpotential perturbations has little in-
fluence on the dispersion properties of the parametrical-
ly unstable plasma. The generation of a low-frequency
magnetic field is the result of the parametric coupling
of the harmonics 6E{™ and 6E{P via the pump field, a
coupling that follows from the system (3). In particular,
from these equations we get in accordance with (5) the
approximate relation (v;=r w,)

aB‘°>=[l‘x—“](5E:“ +o6E!™). (7

2ck

It follows from (7) that the magnetic field is directed
perpendicular to the plane made up of the vectors k and
E,, and that it is not generated when the perturbations
propagate strictly along the direction of the external
electric field.

In accordance with formula (7), the generation of the
magnetic field constitutes induced excitation by the field
of the high-frequency plasma waves. The onset of the
Langmuir field may be due to the development in the pla-
sma of either ion-sound or aperiodic parametric insta-
bilities. In the former case the growing magnetic field
has a frequency on the order of the ion-sound frequency,
and in the latter case the field increases aperiodically.
The threshold field of the pump wave is determined by
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the known expressions' for the case of development of
the potential periodic or aperiodic instabilities, respec-
tively.

3. We have dealt above with perturbations propagating
in a wide range of angles 6 >6,. We proceed now to ana-
lyze the instability in the angle range 4 <g,. Since this
angle interval is small, it suffices to consider the case
of strictly transverse propagation of the perturbations,
when the wave vector & is perpendicular to the external
electric field. We then have for the components of the
electric field oriented along the external field, in ac-
cordance with relations (3),**

{(otne,)*e" (o+nw, k) —c*k?} q)‘”’-l-’/.k‘v,'{ (™ +g»+a)
Se.(0+ (nt+1) @, k) . a2
e(o+(nt+1) o, k) ]+((p‘ Het)
be,(0t+.(rn—1) o, k) _
e(o+ (n—1) o, k) ]} =0. (8)

Here ¢"=E, - 6B"/(w+nw,) and " =1+ 6&¥ + 6¢l" is the
transverse dielectric constant of the plasma.

X6e. (0+ (n+1) 00, k) [1—

X e, (0+ (n—1) 0o, k) [ 1—

Taking into account the smallness of the parameter
vp/c < 1, it suffices torestrict the analysis of the sys-
tem (8) in the frequency region w,~w, to the harmonics
@@ and ¢*®, In this case we obtain for perturbations
with wave number &> w,/c

‘p(o)__‘p(z)_q)(_:)=0'
1

e(0x,, k) -

E
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4

c

9

From the system (9) we get the dispersion relation

Ve 1 1
= ( ?c) [ e(wtwo, k) + (ve/2c)? t e(0—a,, k)+ (v,/Zc)‘] =0. (10)

We analyze Eq. (10) under the assumption that the
wavelength of the perturbations is small compared with
the electron mean free path. We can then write the fol-
lowing expressions for the dielectric constants:

e(0xw, k) =20."'[Aw,(k)=(0+iy(k))], (11)

where Aw, = w, - w,(1+3%k%r%)),7,, is the Debye radius
of the electrons, and y is the high-frequency damping
decrement of the plasma waves and is determined by the
collisions of the electrons with the ions and by the Lan-
dau damping.

Taking (11) into account, we find that the solution of
the dispersion equation (10) is w =7y, where

Ug' 2 Ux’ v'z A

’Y=—‘v+[—— (Aﬁ)o+§;ﬁ)o ) —7m° (A(l)o‘*'w(l)n)] .

(12)

Thus, an aperiodic growth of the magnetic-field pertur-
bations takes place in our case. For the instability to
develop it is necessary to satisfy the condition Aw, < 0.
We emphasize that the considered parametric instability
is due entirely to allowance for the nonpotential charac-
ter of the growing Langmuir oscillations. In the approx-
imation of a nondissipative cold plasma (y=0,7,,=0) an
instability of this type was observed in Ref. 11,

Of greatest practical interest is the analysis of formu-
la (12) in a wavelength range corresponding to the condi-
tion k< k,,, where k,, is the wave number at which the
contribution of the Cerenkov damping and the decrement
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¥ becomes comparable with the contribution of the elec-
tron—ion collisions. The reason is that at 2>k, an ex-
ponential growth takes place with increasing Landau-
damping wave number and leads, according (12) to a de-
crease of the increment and to a suppression of the in-
stability, We note that under typical conditions of a la-
ser plasma, the quantity %, 7, depends little on the
temperature and turns out to be &, 7, ~0.3.

At k <k, we have y=v,,/2 =const, where v,, is the
frequency of the electron-ion collisions., Taking this in~
to account, we find that the maximum of the growth rate
(12) is reached at k=k,,,,:

2.0~y ,, Vst "

= | -1 — ——
me=ras [ 5 ] 13) .
and is determined according to (13) by the relation
3
[mas™ %“(Do_v- (14)

T he threshold of the nonpotential aperiodic instability
exceeds the corresponding value for the potential aperi-
odic instability by a factor ¢%r},w3 and is determined
by the formula

B _ 87 v

2
UE the =
¢ 4nn.me®  ©, @

(15)

At E, > E,, the instability develops in the wave-number
range k_< k<k,, whose boundaries

O

move apart with increasing pump-field intensity.

1
k- [k,,’“:g LR (._E"_ -
3 ®o E: thr

As applied to the laser-plasma conditions, it is con-
venient to rewrite (15) in the form

wwzla]
T."'Ko’ cm? ’

where ¢y, is the threshold value of the energy flux den-
sity of the laser radiation. Here T, is the electron tem-
perature of the plasma in kiloelectron volts, A, is the
pump vacuum wavelength in microns, and Z is the ion
charge multiplicity. The threshold (16) decreases
sharply with increasing plasma temperature. At the
same time, under typical experimental conditions real-
ized at the present time the instability threshold (16)
turns out to be high. For example, at T ,~1keV, Z =1,
and ),~1 um we obtain g, =5X10'* W/cm?. At the same
time, the magnetic-field generation connected with the
development of the potential parametric instability'? be-
gins at much lower values of the pump-wave field intens-
ity. For the conditions indicated above we have g, ~10'
W/em?.

Lon=510% (16)

4. The analysis above has shown that the development
of parametric instabilities in a plasma is accompanied
by an exponential growth of the magnetic-field perturba-
tions with time.

Since the buildup of the perturbations, which propagate
almost perpendicular to the external field, is hindered
by the high instability threshold for this direction, we
must assume that the principal role in the generation of
the magnetic fields is played by the parametric instabil-
ity investigated in Ref. 12. Depending on the intensity of
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the pump electric field, the growth rate of this param-
etric instability varies in the range

ey}

1t follows from (17) that the characteristic time of gen-
eration of the magnetic field does not exceed (Ti/’)«?,/Z)
psec (Te is in kiloelectron volts and A, is in microns),
and under typical conditions of laser irradiation of tar-
gets it turns out to be much- shorter than the duration of
the laser pulse. Thus, in a laser plasma the magnetic
field is determined by the nonlinear saturation of the
parametric instability.

I
Ve SYR OLs Ore.

Under real conditions, the plasma is inhomogeneous.
Therefore the magnetic field is generated in a region
close to the critical densities. The spatial dimension of
this region is determined by the condition that there be
no strong Landau damping and turns out to equal Ax
=3(k,, 7,,)?L, where L is the characteristic scale of the
density inhomogeneity. For a laser plasma Ax=0.3L
and constitutes an appreciable fraction of the corona.

In accordance with (7), the generated magnetic field is
determined completely by the field of the Langmuir
waves. The development of parametric instability can
be accompanied by the onset of both random and regular
Langmuir fields. There is therefore a possibility of ex-
citing in the plasma not only a regular magnetic field,
but also random microfields. Formula (7) can be used
to estimate the quasistationary magnetic-field level that
is established when parametric instability is saturated
from the value of the quasistationary Langmuir field.

We now estimate the magnetic field established in the
region of the buildup of oscillations with random phases
when, for example, the ion-sound parametric instability
is saturated. We take the nonlinear process that limits
the exponential growth of the amplitude of the param-
etrically excited Langmuir oscillations to be their sec-
ondary parametric instability to the excitation of other
Langmuir and ion-sound waves.'® In this case the field
intensity of the plasma waves in the buildup region is
equal to the intensity of the electric pump field. We then
obtain for the magnetic field from formula (7)

8B~c~'vsEo. (18)

Under laser-plasma conditions, the estimate (18) points
to the possibility of generation of strong magnetic fields.
Thus, for example, for a plasma obtained with the aid of
a neodymium laser, at an energy flux density ~10'* W/
cm?, we have according to (18) 68~1 MG. As seen from
(18), the magnetic field intensity increases in proportion
to the pump-wave energy flux density.

Besides the instabilities investigated above, secondary
instabilities, connected with excitation of a low-frequency
perturbation and of another Langmuir wave by the Lang-
muir wave, are also possible in the plasma. A magnetic
field can also be generated on account of the development
of these secondary instabilities. The role of the pump
is assumed in this case by Langmuir wave itself. The
connection between the generated magnetic field and the
field of the Langmiir waves is determined by a formula
similar to (7), and the intensity of the magnetic field
turns out to have a quadratic dependence on the electric
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field intensity of the Langmuir oscillations.

Thus, in those regions where an intense Langmuir
field is present, magnetic fields can be generated. In
the corona of a laser plasma, this can occur not only at
densities close to crictical, but also in the vicinity of a
density close to one-quarter the critical value.

We note in conclusion that the onset of strong magnetic
fields in a laser plasma can greatly influence the trans-
port coefficients. If the magnetic field has a regular
character and its spatial structure is characterized by a
wavelength A (which coincides according to (6) with the
wavelength of the Langmuir oscillations), this influence
will be appreciable if the Larmor radius of the electron
is small compared with A. This condition can be rewrit-
ten in the form

8B>(T."/2) MG, (19)

where T, is in kiloelectron volts and A is in microns.
For a plasma with an electron temperature ~1 keV and a
perturbation wavelength amounting to some tenths of 2,
the condition (19) is realized for a magnetic field of sev-
eral megagauss. We note that the transport phenomena
can be influenced not only by the regular but also by
stochastic turbulent magnetic fields.
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A surface spin wave produces in a semiconductor layer static extraneous currents of conduction
electrons. If the layer is galvanically open-circuited, then two types of extrinsic currents flow: the
dragging current and the thermoelectric current. These currents are calculated by time-averaging the
phenomenological expression for the instantaneous current density. It is shown that the principal role is
played by the dragging current. The dragging leads to formation of current eddies and to the onset of a
magnetic moment of the sample. The problem of the distribution of the electric field over the layer, with
the eddies taken into account, is solved. The longitudinal and transverse potential differences are

calculated and the induced magnetic moment is estimated.

PACS numbers: 72.20.My, 75.30.Cr, 75.30.Ds

The dragging of electrons by a spin wave (SW) was
first observed apparently in thin metallic nickel films.
This effect, which turned out to be quite sizable, was
subsequently observed in the magnetic simiconductor
HgCr,Se, (Ref. 2) and ultimately in a structure consisting
of flat layers of yttrium iron garnet (YIG) and »n-InSb in
contact with one another.® The dragging effect was later
investigated experimentally in detail both in magnetic
semiconductors?® and in layered structures’:® (see also
the review®). Despite the large number of experiments,
the theory of the effect is seemingly only in its initial
stage. All that were discussed mainly were the possible

nonlinearity mechanisms that contribute to the time-
averaged electron current in the SW field.519:1!

The present paper is devoted to the theory of the drag-
ging effect in layered semiconductor +ferrite structures.
Starting from a phenomenological formula derived and
discussed in Ref. 12 for the electron-current density,
we obtain by time-averaging two types of extrinsic cur-
rents in a galvanically open-circuited sample. The first
type is the dragging current I‘? that satisfies the Wein-
reich relation.!®

IV~poW/v o . (1)
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