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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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[. INTRODUCTION sistationary magnetic fields is possible, which may substan-
tially affect the kinetic and electromagnetic phenomena in
Collisions of electrons with ions are one of the mainthe plasma. With papefd6-1§ in mind, in this work we
netic radiation and to plasma heatifsge, for instance, Ref. ment, on the basis of a detailed description of the electron
[1], and literature quoted thereThis process is especially KIN€tics in the presence of a high-frequency field. The pos-
important in a hot plasma with multicharged ions, wizn sibility of avoiding discussion of a nonlinear stage of the

~1, Z being the ion ionization multiplicity. For the case Weibel 'mstabm_ty exists considering short-pglsed electro-
. . " magnetic radiation. It is understood that the existence of such
where the amplitude of electron quiver velocity is smaller

h he el h | veloci 5-13 a possibility is by no means to be interpreted as unique,
than the electron thermal velocityr, many paper$2—13| o, cjyding other conditions in which the nonlinear stage of

have been devoted to the investigation of the inverse bremgpg \weibel instability may develop in the presence of an
strahlung peculiarities and of the kinetics of the heated elecy|irashort and very strong laser pulse. In particular, this pos-
trons. Generally, in such a case, special attention has beefjlity has been demonstrated in REF7]. Further, we dem-
pald to the iSOtrOpiC part of the distribution function. At the onstrate that it is possib|e to Considerab|y amp“fy a sponta-
same time, it must be added that even a weak radiation fieldeous magnetic field in a plasma, when the electron
is able to give rise to anisotropyn velocity spacgin the  distribution function is close to a quasistationary modified
distribution function, which may be the cause leading to theMaxwellian distribution, or when it evolves towards the non-
development of various electromagnetic instabilifse, for  equilibrium Langdon distribution. We demonstrate that, due

instance, Refd.14,15). In particular, as shown in Refsl6—  to the relatively lower number of subthermal electrons char-
18], anisotropy of electron distribution at inverse bremsstrahacteristic of the Langdon distributidas compared to a Max-
lung of radiation is the cause of Weibel instability. wellian), the Weibel instability growth rate is smaller and the

In Ref.[17] the possibility of development of the Weibel efficiency of a magnetic field amplification is decreased. Our
instability has been demonstrated for the case whete analysis shows that it is necessary to take into account the
vt. Such conditions are of interest when a rather intensénfluence of electron collisions not only to determine the
radiation field interacts with a not too hot plasma. We ob-shape of the distribution function, but also to correctly derive
serve also that in the present work, similarly to R¢i6—  the Weibel instability growth rate. In particular, such an in-
18], we do not consider the case where or v is compa- fluence causes relative weakening of the magnetic field am-
rable to the speed of light, which would require a relativistic plification efficiency. This statement is, to some extent, simi-
treatment. Another(but rather ubiquitous in this kind of lar to that on how collisions affect the Weibel instability
treatmenk limitation is the assumption that both the plasma[20], with, however, an essential difference. In the conditions
and the radiation exhibit no inhomogeneities. To realizeunder consideration here, the effective electron collision fre-
similar conditions is relatively simple if the radiation fre- quency, responsible for the decrease of the instability growth
guency significantly exceeds the electron plasma frequencyate during inverse bremsstrahlung, may be controlled by
At the same time, for real experiments, the cases whglie  subthermal electrons.
smaller than or comparable tg, still with v<<c, are also The paper is organized as follows. In Sec. Il we give
of interest. A large number of papers concerned with laserdetailed information on the electron distribution function in a
plasma interactions are devoted to just such céses, for plasma heated by high-frequency electromagnetic radiation.
instance, Refd.3-7,9-13,16,1B. It is the aim of this work In Sec. Ill, formulas for the Weibel instability growth rate
to show that in such conditions the generation of strong quaare derived. The formulas take into account the direct influ-
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ence of electron-ion collisions on the growth rate. In Sec. IV Using the above condition and averaging E2).over the
we consider vortex magnetic field amplification in a plasmavelocity directions, forfy=f,(v,t) we obtain the equation
with electron distribution close to a perturbed Maxwellian

distribution. In Sec. V similar consideration is given to the afg(v,t) vE 4 5 dfo(v,t)] 4w
case where an initially Maxwellian distribution evolves to gt F% vr(v o0 + 3nzY v(v)
the Langdon distribution. Finally in Sec. VI an estimate of v
the generated magnetic field strength is given and the possi- 9 o
bility of magnetic field influence on the electron transport is X% vzf dv'v'fo(v’,1)
demonstrated. v
(e ., . |9fo(v,t)
Il. ELECTRON DISTRIBUTION FUNCTION + ;L dv’v" " fo(v',t)
Let us consider a fully ionized plasma in the presence of .
the high-frequency field, +3f0(v’t)f dv’v’zfo(v’,t)}. (6)
0

.1 ,
E()=sEexp—iwg)+c.c., (1) solutions to Eq.(6) are known for two limiting cases. If

Langdon parameter is small
where Ez(0,0E), and the frequencyy, significantly ex-
ceeds the electron effective collision frequency. The field Zvé
strength will be assumed such that the quiver velooity a= )2 <1, )
=|eE/mawy| is small compared to the characteristic velocity T

of the electrons taken into consideration. Confining the, . heing the electron thermal velocity, a relatively slow elec-
analysis to the case whéhis high (Z>1), for the main part  tron heating takes place due to inverse bremsstrahlung made
of the electron distribution function weakly varying over the possible by the electron-ion collisions. In the linait<1 in

field period, to the second order of the perturbation theory irgq, (6) it is possible to neglect the slow variations with time
the field strength, we have the kinetic equatisge, for in-  of the functionf,. In such conditions a solution of E¢f) is

stance, Ref[16]) the quasistationary distributidr.3]
a 1 . d .. of .. d . of 4
—+—1{|vg—=| -StlvE—|+| vE—]|Stl vp— :L _i vu—
It 4{( E[h)) ‘( E(h)) E av> f( Eo”v)] fo(v,t) (217)3/20$exr{ v$f0 u3+vEdu , (8
=St(f)+St(f,f), 2

wherev, =vt(a7/8)3<v+, and the thermal velocity

here Stf) and St(,f) are, respectively, the electron-ion and increqses with time due to electron heating according to
the electron-electron collision integrals having the forms ~ equation

SUN = 2 v(0) (25 AR o= 22 5
=—p _ — —_— J— =
27(0) Gy (07 0apmVabs)G at' g2, U ©
and wherev=v(v7) is the effective collision frequency of ther-
1 g mal electrons. In the region of high velocities>v ), the
St(f,f)= ma—f do' v(|[v—0'DI([0=0"])?8,5— (v, distribution (8) goes over to a Maxwellian. When, instead,
va

one has<v, fy depends on velocity as in the case when a
J J ) . sufficiently raépig electron hzea?fing takes place; namély,
—v;)(vﬁ—vg)](a———,)f(v,t)f(v’t), (4) ~exp(—u5/5vTvL)_zl—u5/5vTvL. In the opp05|_te limiting
Vs dug case, whemr>1, in Eq.(6), we can neglect the influence of
. a relatively infrequent electron-electron collisions on the dis-
f=f(v,t), v(v) is the electron-ion collision frequency tribution function. In such a case, after the characteristic time
roughly required for the doubling of the electron initial tem-

V(o) = 4mZe'nA 5 peraturet=v+/vvZ the following self-similar distribution
v m2? forms[4,5]

n is the electron density, andl is the Coulomb logarithm. 5n 3\]52

Assuming a W(_eak_influencr-; of .the high-frequency field, fo(v,t)= —1277\/503(0 r 5
the electron distribution function is written &s=fy+ of, T
where fo=(1/47) [ dQ is the isotropic part withd() the 5 3\ 152
solid angle element of the velocity vector, anif|<f, is a p{ - = F(g)} } , (10
small addition. 9\3v3(t)
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wherel'(3/5) is the gamma function, and the effective ther- 9 .
mal velocity increases with time according to equation 55F+lkvx5F—St( oF)
d 5 —5/2 e d e d d
v#(t)avT(t):@\E[F(g V(UE)UZ. (ll) :_EéEEH_m_(ﬁB UZE_UXE f,
17)

Next, subtracting Eq(6) from Eq. (2) we obtain a linear _ . _
equation for the small anisotropic addition to the isotropicwhere c is the speed of light. We look for a solution of
distribution equationg15)—(17) of the form

, (18)

t
J 1 . 1, oE, 6B, 5F~exp{J'dt’y(t’)
E&f_st(ﬁf)zianUEﬁ vavg—gv 504; 0

wherey(t) is the time-dependent growth rate of the instabil-
: (12) ity.
Assuming that near the threshold for the onset of Weibel

instability for the bulk of the electrons the following in-
As Z>1, in the left hand side of Eq(12) the electron- equalities are fulfilled:

electron collision integral has been omitted. For times greater
than the inverse of the collision frequency, whefw)t>1, ke=klvy[>v(v), ¥(t), (19
the quasistationary solution to E@.2) results in

19

v Jdu

v(v) dfg

v v

from Egs.(15—(17) the equation for the instability growth
rate y= y(t) is obtained:

R | 1 0 |v(v) dfg
I * T\_ 2.2 o - v
of 6 (vev)(vED) 3Y vE}vv(v) du| v vl Wfdaék v2 of
(13 Vn v &( UX)UX 90,
The relation(13), together with the explicit expressiof®)— 1 40 J vy d f+molko,)
(11) for the isotropic part of the distribution function re- “nt " G0, v au,) o TOUx
ported above, form the basis of the analysis given below of
the stability of the plasma state in the presence of a high af v, of k?c?
frequency field. XSt o T Fon R (20
IIl. GROWTH RATE OF WEIBEL INSTABILITY whered(kv,) is the delta function ane, = (4re’n/m)*?is

_ _ _ o the electron plasma frequency. Further, taking into account
It is well known [14,13 that anisotropic electron distribu- the re|ati0ns(3) and (13)’ assumingf = f0+ of, from Eq
tions are unstable against the development of the Weibgbo) we obtain

instability when the perturbations of the electromagnetic

field and of the distribution functions have the spatial depen- wzjmd , o
dency “Ykn)o Y w0
SE, 6B, SF~expik-r). (14) _ 87 zf o[ mw(v)] K
3n'E 0 YU 4 kv w?
In a linearly polarized field directed along theaxis the 21)

electromagnetic field perturbations most effectively excited

have the configurationk=(k,0,0), 6E=(0,00E), 6B  According to Eq.(21) the explicit form of the growth rate

=(0,6B,0). Such perturbations are described by the follow-depends on the shape of the electron distribufignwhich

ing system of Maxwell equations: results from the solution to Eq6). When Langdon param-
eter(7) is small andf is given by expressiof8), from Eq.

9 (21) one has
—; 9B=ikcoE, (15)
\/E ZUE k?c? 2w UE v
& NFE T e ke P
E&E=ikc§B—4weJ dvv,SF, (16)

The growth ratg22) exhibits two distinguishing features as
compared with that obtained previoudl®1] under the as-
and by the kinetic equation for the distribution function per-sumption that the electron distribution function is close to an
turbation anisotropic bi-Maxwellian. First, the growth rate contains a
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small correction coming from the electron collision fre- 6\ 112

quency. Second, in Eq22) the coefficient in front of the 1612 F(g) »3

first addendum inside the curly brackets is twice as large. VY= WL E2

The growth rate is maximized by the valuk=k,, 4577\/§l"<z)[1"(§> ur

=\2vew, /3v+C being 5 5

7
8 UE 3T v Cut 23 6 37TF<§) o~
X e .
m 27\/; I'Cv% 4 o vevL x| T 5)_ 38 6\ 172 w ve (26)

soizr{ g r(g)

Concerning Egs(22) and(23), the following must be noted.
To obtain Eq(22) in Eq. (21) the integration over velocities | the Jimit where the small collisional corrections are ne-
must be carried out. In the_mtegra!s not containing the CO""gIected, the growth raté26) is smaller than Eq(23) by a
sion frequencyv(v) the main contribution is given by ther- tactor of 1.5. In turn, it implies that the Langdon distribution
mal electrons with velocities =v. On the other hand, in  (10), formed as a result of electron heating due to inverse

the integral containing/(v) the main contribution is given premsstrahlung, decreases the growth rate of the Weibel in-
by electrons with velocities=v, . We remind the reader gtapility.

that in deriving Eq.(21) the inequalitykv>v(v) was as-

sumedsee Eq(19)]. For electrons withh ~v , this inequal-

ity takes the formkv > vv3/v 3> v. It means that within the

adopted assumption, the contribution of collisions to the

growth rate(22), (23) is relatively small. It must also be In this section we consider the possibility of vortex mag-

observed that the second inequality in Ef9), implying a  netic field amplification due to the development of the Wei-

small growth rate, is automatically fulfilled, ag, (23) is bel instability. Let us confine the discussion to the linear

smaller thark,,vt by the factorvélv$<1. stage of the instability, when the time evolution of the mag-
Let us now consider the growth rate in the case where theetic field energy densityV(k,t)=B?(k,t)/8x is described

Langdon parameteax (7) is much greater than unity. In this by the equation

limit and for time intervals longer than the characteristic time

of electron temperature doubling=v?/vvi, the electron d

distribution has the forn(10). Using the distribution(10) §W(k,t):27(k,t)W(k,t), (27)

from Eq.(21) we obtain

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

where the instability growth rate(k,t) evolves with time

8\ ¥ according to Eqgs(6), (9), (11), (21), (22), (24). We discuss

4.5 I 5 2 first the case where the Langdon paraméferis small and

Y= 3. 7 kvt g\ 12 the electron distribution is given by E@8). The quasista-
r(_) 5[1‘(_” tionary distribution(8) is established in a time of the order
5 5 v3/viv(v ) ~Z/v. The use of this distribution is meaningful

7 for times=Z/v. Besides, the relation®1), (22), (24) have

X 2 6 771“(5) , K2c2 been obtained using the established value of the nonequilib-
_2E F(§> - . (24)  rium addendumdf (13) to the distribution function, and such
vrt

40T 8| ] kur w? a procedure is valid for times greater than the inverse of the
electron-ion collision frequency it/ Keeping in mind these
remarks, we investigate the possibility of magnetic amplifi-

In this case, too, the influence of collisions is small andcation, starting from the timg=Z/v. We note that such a

reduces to a decreasing of the growth rate by thdime is considerably smaller than the characteristic time

k-independent quantityu2/v2)/15/5I'%%(8/5). The maxi- needed for electron temperature doublindv2/v2v). To

mum growth rate value is reached at simplify the following discussion, we s¢=0. Then, from

Eq. (9) we find

5

6 1/2
2r<—) t )\
W Vg 5 vr=v7(0)| 1+ —]| , 28
kmz? — ﬁ (25) =v7(0) T (28)
§ELE
5 where the characteristic time of the temperature evolution is
given by
which is smaller by a factor of 1.2 compared with the case
where the electron distribution is close tq Maxwelli@n As 927 v%(O)
a consequence, the growth rate maximum value is also ™m="Tg > , (29
smaller: ver[v(0)]
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with v1(0) being the electron thermal velocitytgt=0. Fur-  fluence of collisions on the Weibel instability growth rate is
ther, using the relation2) and (28) from Eq. (27) we ar-  controlled by subthermal electrons having large collision fre-

rive at guencies.
According to Egs(30) and(33), it is meaningful to speak
W(k,t)=W(k,0exd R(k,t)], (30 about magnetic field amplification provide®,,(t)>1. In

. - o such conditions, for the magnetic field energy density ap-
where W(k,0) is the initial magnetic field energy spectral proximately one has

density, while the functioiR(k,t) describing the amplifica-

tion is given by B2 f I ety MEne0 o e
==\ 5= ) =——==ex ,
5\2 v2 £ 8w ) 2w AT
R(k,t)z—\/—va(O)Tm 5 (1+ T_) -1
3w v7(0) m whereR,(t) has the form(33), while the second derivative
K2c2 t 605 with respect tdk is equal to
-— ( 1+ —| - 1}
o Tm 10@ C t |45 1/2
Rn(t)=——verp—|| 1+ —| -1
0 t |15 " 3 ® 7 ) }
e LG [P —1}, (31) V3 : m
v (0) Tm 65 112
X[ 1+—] -1 35
v (0)=[V7/8ZvZv1(0)]*3<v1(0). The function R(k,t) Tm 39

reaches its maximum value at the wave number
In integrating Eq(34) overk it is assumed that the function

OLUE 4/5 12 W(k,0) does not have strong singularities and weakly varies
Kmr(t) = \/—— -] -1 inside a small region around,r with dimension Ak
3cur(0) " =2/|R"(t)|<Kkmgr- As can be seen from Eq83) and(34),
t\65 2 under the conditions
X1+ —] -1 , (32
Tm
v7(0) v[v7(0)] v+(0)
which decreases with time as the electrons get heated. When N >”E>Cw—L v.(0)’ (36)
it occurs, the maximum value of the functidt(k,t) itself
increases:

which may occur in a sufficiently hot underdense plasma, the
1042 b3 45 1302 magnetic field amplification starts at times r,, when itis
Ry(t)= o, T E [( _) _1} poss_lble to neg!ect the el_ectron heatl_ng._On the contrary, if
937 cv2(0) Tm the right-hand side of the inequalig6) is violated, then the
o 1 magnetic field amplification is possible only in the presence
. 4

Sy v1(0) of electron heating. Such a possibility implies the use of high

x v (0) frequency radiation pulses of relatively large duration.

1+ —
.

m

2/15
1+ —) - l}. (33 V. MAGNETIC FIELD AMPLIFICATION IN THE CASE OF
THE LANGDON DISTRIBUTION FUNCTION

In Eq. (33) the last term describes the small influence on In the case where the amplitude of the electron quiver
Rn(t) of the collisions. With time, due to the decrease of thevelocity in the presence of a high frequency field satisfies the
electron-ion collision frequency, the contribution Ry,(t) inequalities

value by the collisions becomes increasingly smaller. How-

ever, even weak collisions may have a strong influence on vr

the efficiency of magnetic field amplification. In fact, at VT US> =, (37)
v1(0)>v(0), assoon ag=0.3r,v,(0)/v1(0), thecontri- vz

bution to the functiorR(k,t), Egs.(31) and(33), due to the

collisions becomes larger than unity in absolute value. Adhe electromagnetic heating due to inverse bremsstrahlung is
can be seen from Eq&30) and(31), for the above times the followed by the formation of a nonequilibrium distribution
decrease ofR(k,t) due to collisions yields a significant function of the typg10). In the case where an initially Max-
weakening of the magnetic field amplification efficiency. wellian electron distributionf ,(v) =n(27)  *%13(0)exp
This conclusion is in agreement with the finding of H&0], [—v2/2v$(0)] rearranges into the self-similar distribution
where it has been shown that the collisions decrease the eft0), the magnetic field amplification is described by Egs.
ergy density of the magnetic field generated as consequen¢2l) and(27) with the addition of the kinetic equatia®), in

of the Weibel instability. At the same time there is an essenwhich the electron-electron collision integral is dropped. Let
tial difference. In the conditions under consideration the in-us now consider such a case. Introducing the new variables
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_ _ v 0]t (38)
"To20) T eu20) Hor(0)]

and the function
3/2,.3 fo
F:( u’ 7) = (;27T) ZU'T(()) ]a-i (EBE»

for F(u,t) we obtain the equation

J 1 92
E’F(U'T)__TF(U’T) (40)

with the following boundary and initial conditions:
J
EF(U,T)|u=o=0a F(u—w,7)=0, (41)

F(u,7=0)=exp —u). (42

According to Egs«(21), (27), the solution to Eqs(40)—
(42) allows one to find the functiofR(x,7), characterizing
the magnetic field amplification

W(k,7)

w(k,7)= —W(k 0

=exg R(x,7)], (43

wherex=kcv(0)/w ve. In the new variables the function
R(x,7) has the form

R(x,7) = ﬁf;dr'

-1

d

|t
. uu—u (u,7")

><12A4fxd\/_(7F( ")+ x2
“ZxA — | duyu —F(u, X
Jr o |3Ymlo au T

— - —3/2i ’
JO duu auF(u’T)}' (44)

Equations(41)—(44) contains only the parameter

W Vg

A= w1 “

PHYSICAL REVIEW B4 046408

2
vivy(0)

FIG. 1. Electron distribution function evolution due to inverse
bremsstrahlung heating. Curves correspond to different time mo-
ments: 1-0, 2—0.1, 3-0.3, 4-1. r=vZr[v(0)]t/6v3(0),
v1(0) is the initial electron thermal velocityg is the electron
quiver velocity,v[v1(0)] is the electron-ion collision frequency.

Further description of the magnetic field amplification at
=1 may be carried out using the self-similar distribution
(10) and(11) and the corresponding instability growth rate
(24). These equations describe magnetic field amplification
for A<l as well. This possibility stems from the circum-
stance that, wheA<1, we may neglect variations of spon-

1000

100

B2(k,7)/B(k,0)

|
™

When A>1 significant magnetic field amplification takes
place atr<<1, i.e., for times smaller than both the character-
istic time required for the establishment of the self-similar
distribution(10) and the time of initial temperature doubling.
WhenA>1, to define the functiomv(x,7) (43) up to times
=1, itis useful to solve Eqg40)—(42) numerically. In Fig.

1 the functionF(u,7) is plotted for few time moments.
The results of the numerical evaluation of functiex, 7)

for A=5 are shown in Fig. 2, where it can be seen that

0 0.2 0.4 0.6 0.8
kev(0)/o Ve

FIG. 2. Relative amplification of spectral magnetic energy den-

w(x,7) has a strong maximum at a well-defined vaki7)  sity in the linear stage of Weibel instability withA

decreasing with time. Ak=Xx,,(7) the functionw(x,,,7)

=wve/cv[v(0)]=5; w_ is the plasma frequency. Curves corre-

shows fast increase and at=0.3,0.6,1. its values are spond to different time moments 1—0.1, 2— 0.3, 3—-0.6, 4—1.
w(Xy,,7) =8,50,350. Other notations are the same as in Fig. 1.
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taneous magnetic field in the time when the self-similar elec-

tron distribution establishes. According to Efj1), when the

plasma electrons are described by the self-similar distribu-
tion, their effective thermal velocity increase with time is

given by Eq.(28),

t 1/5
UT:UT(O)(1+_) y (46)

L

with, however, a different characteristic time constant

6J§r3’2<§)v$(0)

, 4
vEr[vr(0)] 9

TL

which is greater tham,, (29) by a factor of 2.2. Having in
mind these relations, from Eq®4) and(27) for the function

w, (k,t) describing the magnetic field amplification we find

wi (k,t)=exd R (k,1)], (48)
8 6
32l 2 b
. 205 " (5)k o 3F(5) v}
LK=" "7 KurlV)7Ly —F g7 5 =
5 5
t )45 K2c2 t )65
X1+ — —l——2 <1+—) —1}
TL (on L
—=In{ 1+ — (49
L
When the wave numbdgis
6 1/2
F(g) OLUE t )45 1/2
= + —
Kmi(1) I § cvr(0) 1 L 1}
5
t )65 —-1/2
X 1+—) —1} , (50
L

PHYSICAL REVIEW E 64 046408

Wi (1) =exg Ry (1)]=

oy
<exp ﬁﬁrm =0

5

5

4/5 3/2
. 1}

t 6/5 -1/2
e

T

(51

The factor in front of the exponent in E¢G1) initiated by
the influence of collisions on the instability growth rate and
is responsible for the weakening of the magnetic field ampli-
fication by the value (*t/7.)*®. According to Eq.(51), if
A<1, amplification is possible fae> 7, . In this connection,

it is worth noting that expressiofbl) is valid provided the
right-hand side of the inequalit{37) holds, guaranteeing a
weak influence of electron-electron collisions on the distri-
bution function. In other words, the relatid®1) is valid
only for times obeying the condition< 7, [ ZvZ/v3(0)1%2

VI. CONCLUSION

We have shown that it is possible to amplify spontaneous
magnetic fields in a plasma heated via inverse bremsstrah-
lung by a relatively weak high frequency radiation field. Let
us now discuss in more detail the conditions under which the
described process may take place. As an example we con-
sider a sufficiently hot plasma with an electron effective tem-
perature T~1 keV, Z=10 and an electron density
~10%° cm 3. The plasma interacts with a radiation field
with ©=210sec! and flux density |=cE%8xw
~3x 10" W/cn?. With these parametera=Zv2/vi<1
and the distribution function of the bulk electron velocities
may be approximated by a Maxwellian. Further, for the time
Tm, Qiving the scale of electron temperature variation, and
for the parameteA, characterizing the magnetic field ampli-
fication, we haver,,~15 psec and\~3.3. As may be seen
from relation(33), the magnetic field amplification starts at
t~7,~15 psec, and at~150 psec, when the electron
temperature increases by a factor 2.5, the magnetic field en-
ergy density increases by a factor of®1@f course, if the
laser field pulse duratiorr, is smaller than 150 psec the
amplification will be weaker; or even absentrif<15 ps.
Increasing the radiation flux density up tol
~1.410° W/cn?, with unchanged plasma parameters, will
give v~\2vg, a~5, A~7 and Weibel instability devel-
ops in the regime when the Langdon distribution is formed
with the time constant, ~8 psec. In such a case, as may be
seen from Eq.(51), a magnetic field amplification much

the functionR, (k,t) reaches its maximum, which increases stronger than predicted above takes place even before the
with the electron heating. The corresponding relative ampliself-similar distribution(10) is established.

fication of the magnetic field energy spectral density is

In the case where the spontaneous magnetic field level is
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not anomalously small, a rapid development of the Weibehlnd the radiation inhomogeneity. With it we have in mind
instability yields the generation of such magnetic fields,the transition domains and the need to have relatively simple
which are required for a correct description to take into ac-and transparent treatments, allowing one to properly under-
count nonlinear effects of stabilizatid9]. Following Ref.  stand the role of the several process parameters. The interest
[19] we may give an estimate of the magnetic field strengthin this kind of investigation is directly connected to several
generated in the instability stage, when nonlinear effects beaew experiments, in which an intense ultrashort laser pulse
come important. interacts with plasmas formed by the laser pulse itself
According to Ref[19], in the nonlinear stage the mag- through ionization. These plasmas are intrinsically inhomo-
netic field energy densit?2/8 is about 10% of the anisot- geneous. Further, an important peculiarity of such laser-
ropy degree of the electron pressp. In a high-frequency produced plasmas is that they exhibit an anisotropic photo-
field one may assumeprnmvélia. Then, with n electrons velocity distribution, and such anisotropy acts as a
~107° cm™3® and 1~1.410° W/cn?, one has B,  source of the Weibel instability. Thus, it is evident that the

~0.25 MGs. If the laser field pulse duration is greater thardeneration of quasistationary magnetic fields in a plasma
the time required to enter into the nonlinear state, then théay be interwoven with several other phenomena that need
magnetic fieldB,, will further evolve with time. Of course, t0 be properly understood. In conclusion, we consider that
for a correct description of this instability stage the nonlineathe results found in the present work and concerning the
effects must be duly taken into account. At the same timedehavior of the Weibel instability in a plasma interacting
even for a magnetic field of about a quarter of a megaGaus¥ith a radiation field of moderate intensity may be looked at
the electron Larmor frequency isQ=|eB|/mc~4.4 asa use_ful starting point fqr a new direction of investigations
x10*2sec’! and is larger than the electron effective colli- concerning the important issue of the nonequilibrium prop-
sion frequencyr~2.5102sec 1. When Q= v, the proper- €rties of laser plasmas.

ties of the electron transport depend on the generated mag-
netic fields. Strong quasistationary magnetic fields affect, to
a considerable extent, the low-frequency spectrum of plasma
radiation as well. The quoted effects are important in their This work was supported by INTA$Project No. 97-
own right, and worthy of a separate investigation, to maked369, the International Science and Technical Center
more complete the theory of magnetic field generation due téProject No.1258 the Russian Fund for Basic Research
inverse bremsstrahlung. Another perspective direction of in{Project No. N 99-02-18075and the Russian-Italian Agree-
vestigation, concerning the Weibel instability in a plasmament for Scientific Collaboration. The authors wish to ac-
interacting with a strong laser field, is provided by the elu-knowledge also the support by the Italian Ministry for Uni-
cidation of the conditions for which it is required to take into versity and TechnologyMURST, ex-40%, and by the
account both the relativistic effects and the role of the plasm&alermo University through the International Relations Fund.
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