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Plasma electron kinetics in a weak high-frequency field and magnetic field amplification
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We describe the linear stage of Weibel instability in a plasma heated via inverse bremsstrahlung absorption
of a high-frequency, moderate intensity radiation field under conditions in which the plasma electron velocity
distribution function is weakly anisotropic. We report on the possibility of a significant amplification of
spontaneous magnetic fields both in the case of an electron distribution function slightly departing from a
Maxwellian in the region of subthermal velocities, and in the case where the Langdon nonequilibrium distri-
bution is formed. We show that the direct influence of collisions on the Weibel instability growth rate may be
traced back to subthermal electrons, for which the effective collision frequency is large.
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I. INTRODUCTION

Collisions of electrons with ions are one of the ma
physical processes giving rise to absorption of electrom
netic radiation and to plasma heating~see, for instance, Ref
@1#, and literature quoted there!. This process is especiall
important in a hot plasma with multicharged ions, whenZ
.1, Z being the ion ionization multiplicity. For the cas
where the amplitude of electron quiver velocityvE is smaller
than the electron thermal velocityvT , many papers@2–13#
have been devoted to the investigation of the inverse bre
strahlung peculiarities and of the kinetics of the heated e
trons. Generally, in such a case, special attention has b
paid to the isotropic part of the distribution function. At th
same time, it must be added that even a weak radiation
is able to give rise to anisotropy~in velocity space! in the
distribution function, which may be the cause leading to
development of various electromagnetic instabilities~see, for
instance, Refs.@14,15#!. In particular, as shown in Refs.@16–
18#, anisotropy of electron distribution at inverse bremsstr
lung of radiation is the cause of Weibel instability.

In Ref. @17# the possibility of development of the Weibe
instability has been demonstrated for the case wherevE@
vT . Such conditions are of interest when a rather inte
radiation field interacts with a not too hot plasma. We o
serve also that in the present work, similarly to Refs.@16–
18#, we do not consider the case wherevE or vT is compa-
rable to the speed of light, which would require a relativis
treatment. Another~but rather ubiquitous in this kind o
treatment! limitation is the assumption that both the plasm
and the radiation exhibit no inhomogeneities. To real
similar conditions is relatively simple if the radiation fre
quency significantly exceeds the electron plasma freque
At the same time, for real experiments, the cases wherevE is
smaller than or comparable tovT , still with vT!c, are also
of interest. A large number of papers concerned with las
plasma interactions are devoted to just such cases~see, for
instance, Refs.@3–7,9–13,16,18#!. It is the aim of this work
to show that in such conditions the generation of strong q
1063-651X/2001/64~4!/046408~8!/$20.00 64 0464
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sistationary magnetic fields is possible, which may subst
tially affect the kinetic and electromagnetic phenomena
the plasma. With papers@16–18# in mind, in this work we
consider the linear stage of the Weibel instability develo
ment, on the basis of a detailed description of the elect
kinetics in the presence of a high-frequency field. The p
sibility of avoiding discussion of a nonlinear stage of t
Weibel instability exists considering short-pulsed elect
magnetic radiation. It is understood that the existence of s
a possibility is by no means to be interpreted as uniq
excluding other conditions in which the nonlinear stage
the Weibel instability may develop in the presence of
ultrashort and very strong laser pulse. In particular, this p
sibility has been demonstrated in Ref.@17#. Further, we dem-
onstrate that it is possible to considerably amplify a spon
neous magnetic field in a plasma, when the elect
distribution function is close to a quasistationary modifi
Maxwellian distribution, or when it evolves towards the no
equilibrium Langdon distribution. We demonstrate that, d
to the relatively lower number of subthermal electrons ch
acteristic of the Langdon distribution~as compared to a Max
wellian!, the Weibel instability growth rate is smaller and th
efficiency of a magnetic field amplification is decreased. O
analysis shows that it is necessary to take into account
influence of electron collisions not only to determine t
shape of the distribution function, but also to correctly der
the Weibel instability growth rate. In particular, such an i
fluence causes relative weakening of the magnetic field
plification efficiency. This statement is, to some extent, sim
lar to that on how collisions affect the Weibel instabili
@20#, with, however, an essential difference. In the conditio
under consideration here, the effective electron collision f
quency, responsible for the decrease of the instability gro
rate during inverse bremsstrahlung, may be controlled
subthermal electrons.

The paper is organized as follows. In Sec. II we gi
detailed information on the electron distribution function in
plasma heated by high-frequency electromagnetic radiat
In Sec. III, formulas for the Weibel instability growth rat
are derived. The formulas take into account the direct in
©2001 The American Physical Society08-1
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ence of electron-ion collisions on the growth rate. In Sec.
we consider vortex magnetic field amplification in a plas
with electron distribution close to a perturbed Maxwelli
distribution. In Sec. V similar consideration is given to t
case where an initially Maxwellian distribution evolves
the Langdon distribution. Finally in Sec. VI an estimate
the generated magnetic field strength is given and the po
bility of magnetic field influence on the electron transport
demonstrated.

II. ELECTRON DISTRIBUTION FUNCTION

Let us consider a fully ionized plasma in the presence
the high-frequency field,

EW ~ t !5
1

2
EW exp~2 iv0t !1c.c., ~1!

where EW 5(0,0,E), and the frequencyv0 significantly ex-
ceeds the electron effective collision frequency. The fi
strength will be assumed such that the quiver velocityvE
5ueE/mv0u is small compared to the characteristic veloc
of the electrons taken into consideration. Confining
analysis to the case whenZ is high (Z.1), for the main part
of the electron distribution function weakly varying over th
field period, to the second order of the perturbation theory
the field strength, we have the kinetic equation~see, for in-
stance, Ref.@16#!

] f

]t
1

1

4 H S vW E

]

]vW
D •StS vW E*

] f

]vW
D 1S vW E*

]

]vW
D StS vW E

] f

]vW
D J

5St~ f !1St~ f , f !, ~2!

here St(f ) and St(f , f ) are, respectively, the electron-ion an
the electron-electron collision integrals having the forms

St~ f !5
1

2
n~v !

]

]va
~v2dab2vavb!

] f

]vb
~3!

and

St~ f , f !5
1

2nZ

]

]va
E dvW 8n~ uvW 2vW 8u!@~ uvW 2vW 8u!2dab2~va

2va8 !~vb2vb8 !#S ]

]vb
2

]

]vb8
D f ~vW ,t ! f ~vW 8t !, ~4!

f 5 f (vW ,t), n(v) is the electron-ion collision frequency

n~v !5
4pZe4nL

m2v3
, ~5!

n is the electron density, andL is the Coulomb logarithm.
Assuming a weak influence of the high-frequency fie

the electron distribution function is written asf 5 f 01d f ,
where f 05(1/4p)* f dV is the isotropic part withdV the
solid angle element of the velocity vector, andud f u! f 0 is a
small addition.
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Using the above condition and averaging Eq.~2! over the
velocity directions, forf 05 f 0(v,t) we obtain the equation

] f 0~v,t !

]t
5

vE
2

6v2

]

]v Fv2n~v !
] f 0~v,t !

]v G1
4p

3nZ
vn~v !

3
]

]v H Fv2E
v

`

dv8v8 f 0~v8,t !

1
1

vE0

v
dv8v84f 0~v8,t !G] f 0~v,t !

]v

13 f 0~v,t !E
0

v
dv8v82f 0~v8,t !J . ~6!

Solutions to Eq.~6! are known for two limiting cases. If
Langdon parameter is small

a5
ZvE

2

vT
2

!1, ~7!

vT being the electron thermal velocity, a relatively slow ele
tron heating takes place due to inverse bremsstrahlung m
possible by the electron-ion collisions. In the limita!1 in
Eq. ~6! it is possible to neglect the slow variations with tim
of the functionf 0. In such conditions a solution of Eq.~6! is
the quasistationary distribution@13#

f 0~v,t !5
n

~2p!3/2vT
3

expF2
1

vT
2E0

v u4

u31vL
3

duG , ~8!

wherevL5vT(aAp/8)1/3,vT , and the thermal velocityvT
increases with time due to electron heating according
equation

d

dt
vT

25
2

9A2p
nvE

2 , ~9!

wheren5n(vT) is the effective collision frequency of ther
mal electrons. In the region of high velocities (v@vL), the
distribution ~8! goes over to a Maxwellian. When, instea
one hasv&vL , f 0 depends on velocity as in the case when
sufficiently rapid electron heating takes place; namely,f 0

;exp(2u5/5vT
2vL

3)>12u5/5vT
2vL

3 . In the opposite limiting
case, whena@1, in Eq.~6!, we can neglect the influence o
a relatively infrequent electron-electron collisions on the d
tribution function. In such a case, after the characteristic ti
roughly required for the doubling of the electron initial tem
peraturet*vT /nvE

2 the following self-similar distribution
forms @4,5#

f 0~v,t !5
5n

12pA3vT
3~ t !

FGS 3

5D G25/2

3expH 2
v5

9A3vT
5~ t !

FGS 3

5D G25/2J , ~10!
8-2
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whereG(3/5) is the gamma function, and the effective the
mal velocity increases with time according to equation

vT
4~ t !

d

dt
vT~ t !5

5

162
A3FGS 3

5D G25/2

n~vE!vE
5 . ~11!

Next, subtracting Eq.~6! from Eq. ~2! we obtain a linear
equation for the small anisotropic addition to the isotro
distribution

]

]t
d f 2St~d f !5

1

2
vEavEb* S vavb2

1

3
v2dabD

3
1

v
]

]v Fn~v !

v
] f 0

]v G . ~12!

As Z.1, in the left hand side of Eq.~12! the electron-
electron collision integral has been omitted. For times gre
than the inverse of the collision frequency, whenn(v)t@1,
the quasistationary solution to Eq.~12! results in

d f 5
1

6 H ~vW EvW !~vW E* vW !2
1

3
v2vE

2 J 1

vn~v !

]

]v Fn~v !

v
] f 0

]v G .
~13!

The relation~13!, together with the explicit expressions~8!–
~11! for the isotropic part of the distribution function re
ported above, form the basis of the analysis given below
the stability of the plasma state in the presence of a h
frequency field.

III. GROWTH RATE OF WEIBEL INSTABILITY

It is well known @14,15# that anisotropic electron distribu
tions are unstable against the development of the We
instability when the perturbations of the electromagne
field and of the distribution functions have the spatial dep
dency

dEW , dBW , dF;exp~ ikW•rW !. ~14!

In a linearly polarized field directed along thez axis the
electromagnetic field perturbations most effectively exci
have the configurationkW5(k,0,0), dEW 5(0,0,dE), dBW
5(0,dB,0). Such perturbations are described by the follo
ing system of Maxwell equations:

]

]t
dB5 ikcdE, ~15!

]

]t
dE5 ikcdB24peE dvW vzdF, ~16!

and by the kinetic equation for the distribution function pe
turbation
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]

]t
dF1 ikvxdF2St~dF !

52
e

m
dE

]

]vz
f 1

e

mc
dBS vz

]

]vx
2vx

]

]vz
D f ,

~17!

where c is the speed of light. We look for a solution o
equations~15!–~17! of the form

dE, dB, dF;expF E
0

t

dt8g~ t8!G , ~18!

whereg(t) is the time-dependent growth rate of the instab
ity.

Assuming that near the threshold for the onset of Wei
instability for the bulk of the electrons the following in
equalities are fulfilled:

kc@kuvxu@n~v !, g~ t !, ~19!

from Eqs.~15!–~17! the equation for the instability growth
rateg5g(t) is obtained:

2g
p

nE dvW d~kvx!
vz

2

vx

] f

]vx

5
1

nE dvW vzH S ]

]vz
2

vz

vx

]

]vx
D f 1pd~kvx!

3StS ] f

]vz
2

vz

vx

] f

]vx
D J 2

k2c2

vL
2

, ~20!

whered(kvx) is the delta function andvL5(4pe2n/m)1/2 is
the electron plasma frequency. Further, taking into acco
the relations~3! and ~13!, assumingf 5 f 01d f , from Eq.
~20! we obtain

2g
p2

knE0

`

dvv2
] f o

]v

52
8p

3n
vE

2E
0

`

dvv
] f o

]v F12
p

4

n~v !

kv G2
k2c2

vL
2

.

~21!

According to Eq.~21! the explicit form of the growth rateg
depends on the shape of the electron distributionf 0, which
results from the solution to Eq.~6!. When Langdon param
eter~7! is small andf 0 is given by expression~8!, from Eq.
~21! one has

g5A2

p
kvTH 2

3

vE
2

vT
2

2
k2c2

vL
2

2
pA2p

9A3

vE
2

vT
2

n

kvL
J . ~22!

The growth rate~22! exhibits two distinguishing features a
compared with that obtained previously@21# under the as-
sumption that the electron distribution function is close to
anisotropic bi-Maxwellian. First, the growth rate contains
8-3
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small correction coming from the electron collision fr
quency. Second, in Eq.~22! the coefficient in front of the
first addendum inside the curly brackets is twice as lar
The growth rate is maximized by the valuek5km

5A2vEvL/3vTc being

gm5
8

27Ap
vL

vE
3

cvT
2 S 12

pA3p

4

n

vL

cvT

vEvL
D . ~23!

Concerning Eqs.~22! and~23!, the following must be noted
To obtain Eq.~22! in Eq. ~21! the integration over velocities
must be carried out. In the integrals not containing the co
sion frequencyn(v) the main contribution is given by ther
mal electrons with velocitiesv.vT . On the other hand, in
the integral containingn(v) the main contribution is given
by electrons with velocitiesv.vL . We remind the reade
that in deriving Eq.~21! the inequalitykv@n(v) was as-
sumed@see Eq.~19!#. For electrons withv'vL , this inequal-
ity takes the formkvL@nvT

3/vL
3@n. It means that within the

adopted assumption, the contribution of collisions to
growth rate~22!, ~23! is relatively small. It must also be
observed that the second inequality in Eq.~19!, implying a
small growth rate, is automatically fulfilled, asgm ~23! is
smaller thankmvT by the factorvE

2/vT
2!1.

Let us now consider the growth rate in the case where
Langdon parametera ~7! is much greater than unity. In thi
limit and for time intervals longer than the characteristic tim
of electron temperature doublingt*vT

2/nvE
2 , the electron

distribution has the form~10!. Using the distribution~10!
from Eq. ~21! we obtain

g5
4A5

3p

FGS 8

5D G3/2

GS 7

5D kvTH 2

5FGS 8

5D G2

3vE
2

vT
2 F GS 6

5D2

pGS 7

5D
40FGS 8

5D G2

n

kvTG2
k2c2

vL
2 J . ~24!

In this case, too, the influence of collisions is small a
reduces to a decreasing of the growth rate by
k-independent quantity (nvE

2/vT
2)/15A5G5/2(8/5). The maxi-

mum growth rate value is reached at

km5
vL

c

vE

vTF 2GS 6

5D
15FGS 8

5D G2G 1/2

~25!

which is smaller by a factor of 1.2 compared with the ca
where the electron distribution is close to Maxwellian~8!. As
a consequence, the growth rate maximum value is a
smaller:
04640
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gm5

16A2FGS 6

5D G1/2

45pA3GS 7

5D FGS 8

5D G3/2vL

vE
3

cvT
2

3F GS 6

5D2

3pGS 7

5D
80A2GS 8

5D FGS 6

5D G1/2

nc

vLvEG . ~26!

In the limit where the small collisional corrections are n
glected, the growth rate~26! is smaller than Eq.~23! by a
factor of 1.5. In turn, it implies that the Langdon distributio
~10!, formed as a result of electron heating due to inve
bremsstrahlung, decreases the growth rate of the Weibe
stability.

IV. AMPLIFICATION OF THE VORTEX MAGNETIC
FIELD UNDER WEAK RADIATION FIELD ACTION

In this section we consider the possibility of vortex ma
netic field amplification due to the development of the W
bel instability. Let us confine the discussion to the line
stage of the instability, when the time evolution of the ma
netic field energy densityW(k,t)5B2(k,t)/8p is described
by the equation

d

dt
W~k,t !52g~k,t !W~k,t !, ~27!

where the instability growth rateg(k,t) evolves with time
according to Eqs.~6!, ~9!, ~11!, ~21!, ~22!, ~24!. We discuss
first the case where the Langdon parameter~7! is small and
the electron distribution is given by Eq.~8!. The quasista-
tionary distribution~8! is established in a time of the orde
vT

2/vE
2n(vL)'Z/n. The use of this distribution is meaningfu

for times*Z/n. Besides, the relations~21!, ~22!, ~24! have
been obtained using the established value of the nonequ
rium addendumd f ~13! to the distribution function, and suc
a procedure is valid for times greater than the inverse of
electron-ion collision frequency 1/n. Keeping in mind these
remarks, we investigate the possibility of magnetic ampl
cation, starting from the timet0*Z/n. We note that such a
time is considerably smaller than the characteristic ti
needed for electron temperature doubling;(vT

2/vE
2n). To

simplify the following discussion, we sett050. Then, from
Eq. ~9! we find

vT5vT~0!S 11
t

tm
D 1/5

, ~28!

where the characteristic time of the temperature evolutio
given by

tm5
9A2p

5

vT
2~0!

vE
2n@vT~0!#

, ~29!
8-4
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with vT(0) being the electron thermal velocity att050. Fur-
ther, using the relations~22! and ~28! from Eq. ~27! we ar-
rive at

W~k,t !5W~k,0!exp@R~k,t !#, ~30!

where W(k,0) is the initial magnetic field energy spectr
density, while the functionR(k,t) describing the amplifica-
tion is given by

R~k,t !5
5A2

3Ap
kvT~0!tmH vE

2

vT
2~0!

F S 11
t

tm
D 4/5

21G
2

k2c2

vL
2 F S 11

t

tm
D 6/5

21G J
2pA24p

vT~0!

vL~0! F S 11
t

tm
D 2/15

21G , ~31!

vL(0)5@Ap/8ZvE
2vT(0)#1/3,vT(0). The function R(k,t)

reaches its maximum value at the wave number

kmR~ t !5
vLvE

A3cvT~0!
F S 11

t

tm
D 4/5

21G1/2

3F S 11
t

tm
D 6/5

21G21/2

, ~32!

which decreases with time as the electrons get heated. W
it occurs, the maximum value of the functionR(k,t) itself
increases:

Rm~ t !5
10A2

9A3p
vLtm

vE
3

cvT
2~0!

F S 11
t

tm
D 4/5

21G3/2

3F S 11
t

tm
D 6/5

21G21/2

2pA24p
vT~0!

vL~0!

3F S 11
t

tm
D 2/15

21G . ~33!

In Eq. ~33! the last term describes the small influence
Rm(t) of the collisions. With time, due to the decrease of t
electron-ion collision frequency, the contribution toRm(t)
value by the collisions becomes increasingly smaller. Ho
ever, even weak collisions may have a strong influence
the efficiency of magnetic field amplification. In fact,
vT(0).vL(0), assoon ast*0.3tmvL(0)/vT(0), thecontri-
bution to the functionR(k,t), Eqs.~31! and~33!, due to the
collisions becomes larger than unity in absolute value.
can be seen from Eqs.~30! and~31!, for the above times the
decrease ofR(k,t) due to collisions yields a significan
weakening of the magnetic field amplification efficienc
This conclusion is in agreement with the finding of Ref.@20#,
where it has been shown that the collisions decrease the
ergy density of the magnetic field generated as consequ
of the Weibel instability. At the same time there is an ess
tial difference. In the conditions under consideration the
04640
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fluence of collisions on the Weibel instability growth rate
controlled by subthermal electrons having large collision f
quencies.

According to Eqs.~30! and~33!, it is meaningful to speak
about magnetic field amplification providedRm(t)@1. In
such conditions, for the magnetic field energy density
proximately one has

B2

8p
5E dk

2p
W~k,t !.

W~kmR,0!

A2puRm9 ~ t !u
exp@Rm~ t !#, ~34!

whereRm(t) has the form~33!, while the second derivative
with respect tok is equal to

Rm9 ~ t !52
10A2

A3p
vEtm

c

vL
F S 11

t

tm
D 4/5

21G1/2

3F S 11
t

tm
D 6/5

21G1/2

. ~35!

In integrating Eq.~34! over k it is assumed that the functio
W(k,0) does not have strong singularities and weakly var
inside a small region aroundkmR with dimension Dk
.A2/uRm9 (t)u!kmR. As can be seen from Eqs.~33! and~34!,
under the conditions

vT~0!

AZ
.vE@c

n@vT~0!#

vL

vT~0!

vL~0!
, ~36!

which may occur in a sufficiently hot underdense plasma,
magnetic field amplification starts at timest,tm , when it is
possible to neglect the electron heating. On the contrary
the right-hand side of the inequality~36! is violated, then the
magnetic field amplification is possible only in the presen
of electron heating. Such a possibility implies the use of h
frequency radiation pulses of relatively large duration.

V. MAGNETIC FIELD AMPLIFICATION IN THE CASE OF
THE LANGDON DISTRIBUTION FUNCTION

In the case where the amplitudevE of the electron quiver
velocity in the presence of a high frequency field satisfies
inequalities

vT.vE.
vT

AZ
, ~37!

the electromagnetic heating due to inverse bremsstrahlun
followed by the formation of a nonequilibrium distributio
function of the type~10!. In the case where an initially Max
wellian electron distributionf m(v)5n(2p)23/2vT

23(0)exp
@2v2/2vT

2(0)# rearranges into the self-similar distributio
~10!, the magnetic field amplification is described by Eq
~21! and~27! with the addition of the kinetic equation~6!, in
which the electron-electron collision integral is dropped. L
us now consider such a case. Introducing the new variab
8-5
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u5
v2

2vT
2~0!

, t5
vE

2

6vT
2~0!

n@vT~0!#t ~38!

and the function

F~u,t!5~2p!3/2vT
3~0!

f 0

n
, ~39!

for F(u,t) we obtain the equation
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]t
F~u,t!5

1

A2u

]2

]u2
F~u,t! ~40!

with the following boundary and initial conditions:

]

]u
F~u,t!uu5050, F~u→`,t!50, ~41!

F~u,t50!5exp~2u!. ~42!

According to Eqs.~21!, ~27!, the solution to Eqs.~40!–
~42! allows one to find the functionR(x,t), characterizing
the magnetic field amplification

w~k,t!5
W~k,t!

W~k,0!
5exp@R~x,t!#, ~43!

wherex5kcvT(0)/vLvE . In the new variables the functio
R(x,t) has the form

R~x,t!5A2E
0
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dt8F E
0

`

duu
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]u
F~u,t8!G21

3H 12

Ap
xAF 4

3Ap
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0
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]u
F~u,t8!1x2G

2E
0

`

duu23/2
]

]u
F~u,t8!J . ~44!

Equations~41!–~44! contains only the parameter

A5
vLvE

cn@vT~0!#
. ~45!

When A@1 significant magnetic field amplification take
place att,1, i.e., for times smaller than both the charact
istic time required for the establishment of the self-simi
distribution~10! and the time of initial temperature doubling
WhenA@1, to define the functionw(x,t) ~43! up to times
t*1, it is useful to solve Eqs.~40!–~42! numerically. In Fig.
1 the functionF(u,t) is plotted for few time momentst.
The results of the numerical evaluation of functionw(x,t)
for A55 are shown in Fig. 2, where it can be seen t
w(x,t) has a strong maximum at a well-defined valuexm(t)
decreasing with time. Atx5xm(t) the function w(xm ,t)
shows fast increase and att50.3,0.6,1. its values are
w(xm ,t)58,50,350.
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Further description of the magnetic field amplification
t*1 may be carried out using the self-similar distributio
~10! and ~11! and the corresponding instability growth ra
~24!. These equations describe magnetic field amplificat
for A,1 as well. This possibility stems from the circum
stance that, whenA,1, we may neglect variations of spon

FIG. 1. Electron distribution function evolution due to inver
bremsstrahlung heating. Curves correspond to different time
ments t: 120, 220.1, 320.3, 421. t5vE

2n@vT(0)#t/6vT
2(0),

vT(0) is the initial electron thermal velocity,vE is the electron
quiver velocity,n@vT(0)# is the electron-ion collision frequency.

FIG. 2. Relative amplification of spectral magnetic energy d
sity in the linear stage of Weibel instability withA
5vLvE /cn@vT(0)#55; vL is the plasma frequency. Curves corr
spond to different time momentst: 120.1, 220.3, 320.6, 421.
Other notations are the same as in Fig. 1.
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taneous magnetic field in the time when the self-similar el
tron distribution establishes. According to Eq.~11!, when the
plasma electrons are described by the self-similar distr
tion, their effective thermal velocity increase with time
given by Eq.~28!,

vT5vT~0!S 11
t

tL
D 1/5

, ~46!

with, however, a different characteristic time constant

tL5

6A5G3/2S 8

5D vT
2~0!

vE
2n@vT~0!#

, ~47!

which is greater thantm ~29! by a factor of 2.2. Having in
mind these relations, from Eqs.~24! and~27! for the function
wL(k,t) describing the magnetic field amplification we fin

wL~k,t !5exp@RL~k,t !#, ~48!

RL~k,t !5
20A5

9p

G3/2S 8

5D
GS 7

5D kvT~0!tLH 3GS 6

5D
5G2S 8

5D
vE

2

vT
2~0!

3F S 11
t

tL
D 4/5

21G2
k2c2

vL
2 F S 11

t

tL
D 6/5

21GJ
2

4

5
lnS 11

t

tL
D . ~49!

When the wave numberk is

kmL~ t !5F GS 6

5D
5G2S 8

5D G
1/2

vLvE

cvT~0! F S 11
t

tL
D 4/5

21G1/2

3F S 11
t

tL
D 6/5

21G21/2

, ~50!

the functionRL(k,t) reaches its maximum, which increas
with the electron heating. The corresponding relative am
fication of the magnetic field energy spectral density is
04640
-
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wmL~ t !5exp@RmL~ t !#5S 11
t

tL
D 24/5

3expH 16

3p
A5

G3/2S 6

5D
GS 7

5DG3/2S 8

5D

3AF S 11
t

tL
D 4/5

21G3/2F S 11
t

tL
D 6/5

21G21/2J .

~51!

The factor in front of the exponent in Eq.~51! initiated by
the influence of collisions on the instability growth rate a
is responsible for the weakening of the magnetic field am
fication by the value (11t/tL)4/5. According to Eq.~51!, if
A!1, amplification is possible fort@tL . In this connection,
it is worth noting that expression~51! is valid provided the
right-hand side of the inequality~37! holds, guaranteeing a
weak influence of electron-electron collisions on the dis
bution function. In other words, the relation~51! is valid
only for times obeying the conditiont,tL@ZvE

2/vT
2(0)#5/2.

VI. CONCLUSION

We have shown that it is possible to amplify spontaneo
magnetic fields in a plasma heated via inverse bremsst
lung by a relatively weak high frequency radiation field. L
us now discuss in more detail the conditions under which
described process may take place. As an example we
sider a sufficiently hot plasma with an electron effective te
perature T'1 keV, Z510 and an electron densityn
'1020 cm23. The plasma interacts with a radiation fie
with v52 1015sec21 and flux density I 5cE2/8p
'331014 W/cm2. With these parametersa5ZvE

2/vT
2<1

and the distribution function of the bulk electron velociti
may be approximated by a Maxwellian. Further, for the tim
tm , giving the scale of electron temperature variation, a
for the parameterA, characterizing the magnetic field ampl
fication, we havetm'15 psec andA'3.3. As may be seen
from relation~33!, the magnetic field amplification starts a
t'tm'15 psec, and att'150 psec, when the electro
temperature increases by a factor 2.5, the magnetic field
ergy density increases by a factor of 106. Of course, if the
laser field pulse durationtp is smaller than 150 psec th
amplification will be weaker; or even absent iftp<15 ps.
Increasing the radiation flux density up toI
'1.4 1015 W/cm2, with unchanged plasma parameters, w
give vT'A2vE , a'5, A'7 and Weibel instability devel-
ops in the regime when the Langdon distribution is form
with the time constanttL'8 psec. In such a case, as may
seen from Eq.~51!, a magnetic field amplification much
stronger than predicted above takes place even before
self-similar distribution~10! is established.

In the case where the spontaneous magnetic field lev
8-7
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not anomalously small, a rapid development of the Wei
instability yields the generation of such magnetic field
which are required for a correct description to take into
count nonlinear effects of stabilization@19#. Following Ref.
@19# we may give an estimate of the magnetic field stren
generated in the instability stage, when nonlinear effects
come important.

According to Ref.@19#, in the nonlinear stage the mag
netic field energy densityBm

2 /8p is about 10% of the anisot
ropy degree of the electron pressureDp. In a high-frequency
field one may assumeDp'nmvE

2/3. Then, with n
'1020 cm23 and I'1.4 1015 W/cm2, one has Bm
'0.25 MGs. If the laser field pulse duration is greater th
the time required to enter into the nonlinear state, then
magnetic fieldBm will further evolve with time. Of course
for a correct description of this instability stage the nonline
effects must be duly taken into account. At the same tim
even for a magnetic field of about a quarter of a megaGa
the electron Larmor frequency isV5ueBu/mc'4.4
31012sec21 and is larger than the electron effective col
sion frequencyn'2.5 1012sec21. When V*n, the proper-
ties of the electron transport depend on the generated m
netic fields. Strong quasistationary magnetic fields affect
a considerable extent, the low-frequency spectrum of pla
radiation as well. The quoted effects are important in th
own right, and worthy of a separate investigation, to ma
more complete the theory of magnetic field generation du
inverse bremsstrahlung. Another perspective direction of
vestigation, concerning the Weibel instability in a plasm
interacting with a strong laser field, is provided by the e
cidation of the conditions for which it is required to take in
account both the relativistic effects and the role of the plas
s
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and the radiation inhomogeneity. With it we have in min
the transition domains and the need to have relatively sim
and transparent treatments, allowing one to properly und
stand the role of the several process parameters. The int
in this kind of investigation is directly connected to seve
new experiments, in which an intense ultrashort laser pu
interacts with plasmas formed by the laser pulse its
through ionization. These plasmas are intrinsically inhom
geneous. Further, an important peculiarity of such las
produced plasmas is that they exhibit an anisotropic pho
electrons velocity distribution, and such anisotropy acts a
source of the Weibel instability. Thus, it is evident that t
generation of quasistationary magnetic fields in a plas
may be interwoven with several other phenomena that n
to be properly understood. In conclusion, we consider t
the results found in the present work and concerning
behavior of the Weibel instability in a plasma interactin
with a radiation field of moderate intensity may be looked
as a useful starting point for a new direction of investigatio
concerning the important issue of the nonequilibrium pro
erties of laser plasmas.
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