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Theory of magnetic field generation by relativistically strong laser radiation
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We consider the interaction of subpicosecond relativistically strong short laser pulses with an underdense
cold unmagnetized electron plasma. It is shown that the strong plasma inhomogeneity caused by laser pulses
results in the generation of a low frequenguasistatit magnetic field. Since the electron density distribution
is determined completely by the pump wave intensity, the generated magnetic field is negligibly small for
nonrelativistic laser pulses but increases rapidly in the ultrarelativistic case. Due to the possibility of electron
cavitation(complete expulsion of electrons from the central regfon narrow and intense beams, the increase
in the generated magnetic field slows down as the beam intensity is increased. The structure of the magnetic
field closely resembles that of the field produced by a solenoid; the field is maximum and uniform in the
cavitation region, then it falls, changes polarity and vanishes. In extremely dense plasmas, highly intense
laser pulses in the self-channeling regime can generate magnetic field® MG and greater.
[S1063-651%97)12701-3

PACS numbdss): 52.25-b

Recently, considerable progress has been achieved in titie to the displacement of plasma electrons from the region
development of compact terawatt laser soufddsSuch la-  occupied by the laser pulse under the action of the pondero-
ser sources generate subpicosecond pulses of electromagotive force[6], and(2) the relativistic self-focusing of the
netic (EM) radiation with focal intensities>10'® W/cn?.  laser beam itself7,8]. _ . .
One of the most powerful Neodymium-glass laser system, Among the various nonlinear effects which may occur in
“Vulcan” at Rutherford Appleton Laboratory, delivers 35 2 Plasma interacting with strong laser pulses, the generation
TW to target at an intensity df=10'> W/cn? [2] in the short of quasistatic magnetic fieldQSM'’s) is bound to be one of

| q imi ¢ | oth the most interesting and significant, particularly because the
pulse mode. Preliminary reports from several other centergrasence of these fields could have considerable influence on

seem quite promising, and, in the very near future, it will bethe overall nonlinear plasma dynamics. Although, in the re-
possible to design petawatt laser facilities which will Pro- cent past' much effort has been devoted to Studying mecha-
duce even higher intensitly-10*"2*W/cn?) pulses[3]. In  nisms leading to magnetic field generation in laser plasmas
the field of such strong subpicosecond pulses, it is expectedor a review, see Ref9]), there still does not exist a well-
that the character of the nonlinear response of the mediurgstablished and satisfactory theory. Indeed, numerical simu-
would radically changé4]. lations carried out by Wilket al. [10] for the interaction of
These far-reaching developments have naturally led to aAn ultraintense laser pulse with an overdense plasma target,
intense theoretical and experimental investigation of the inPredict extrgmely h'gh. self-generated magnetic f'ej'deO
teraction of ultrashort, relativistically strong pulses with MG, these immense fields cannot be properly explained on

lasmas. The strong pulse fields can impart to the electron he basis of existing theories. Sudgri] suggested that the
P ) gp P a§batial gradients, and the nonstationary character of the pon-

. s , , may lie at the origin of the strong mag-
larger than its rest energy. Thus the relativistic nonlinearetic fields discovered in numerical simulatida§]. Several
effect, which is basically associated with the increase in thyner analytical attempts have been made to understand the
electron mass, will tend to determine the dynamics of EMyesults of the simulatiofi12]. All these theoretical attempts
pulses. At intensities of #8 W/cn? and higher, the relativ- yse a hydrodynamical formulation. It must, however, be
istic nonlinearities were predicted to cause a whole set opointed out that the conditions prevalent in the simulation
interesting phenomena; some of them have already been cosxperimentgfor example, the thermal speeg,>v,, where
firmed by experiment$5]. The bulk of the investigations v, is a characteristic low-frequency phase speeey not
were connected witlil) electrostatic wake-field generation yield to a hydrodynamical description. The heat generated

during the interaction further strengthens the above inequal-

ity as time goes on, and the transverse fields are pushed to

*Permanent address: Institute of Physics, The Georgian Acadentjie anomalous skin region, making it necessary to employ a

of Science, Thilisi 380077, Georgia. kinetic treatmenf13].
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The hydrodynamic treatmervhich we will follow in larger than the electron thermal velogithe expression for
this papey, however, can be quite adequate providedthe LF drag current is derived by taking the time average
vp>vy. In the problem of magnetic field generation in un- (over the fast scale associated with the laser frequeaty
derdense plasmas, this condition is likely to prevail. Wethe product of two high-frequency quantities, one of which is
would like to point out here that relatively strong magnetic ~V-E, whereE is the high-frequencyHF) part of the EM
fields can also be generated in underdense plasmas; this Hid- It is well known that the laser field in a plasma is
been definitively demonstrated in the numerical simulationgredominantly transversét,), i.e., the longitudinal field
of Askar'yan et al. [14], who studied the relativistic self- Ei<E. for k>L"", wherek is the wave number ard is the
focusing of the laser beam in such plasmas. In e8], it ~ characteristic spatial spread of the pulse. Since
was shown that due to the resonant excitation of plasmy E~ V. E. TikE, is nearly zero(is proportional to the

waves the generation of QSM fields occurs both in the bod igb-freqL_Jency density perturbatipnits replacement by
of the linearly polarized EM pulse, and also in its wake- ‘E, (which most of these references)dmn lead to a gross

gion of the wakefiell The simulation, as well as experimen- overestimate of the drag current. We _shaII denvg a correct
tal results, strongly indicate that the problem of the genera(_axpressmn for the drag current for arbitrary amplitude laser

tion of QSM fields by EM pulses is ripe for a serious and pulses. We show that _QSM field generation takes place due
careful theoretical investigation to the strong plasma inhomogeneity caused by the intense

In the present work we deal with the generation of QSM!aser beam itself, and that the amplitude of the QSM field

fields by relativistically strong EM pulses propagating in an'ncreases in the uItrareIa.t|V|§t|c case. We also discuss the
underdense plasma. Laser pulses are assumed to be ShBHSSIbIIIty of electron cavitation, and its influence on mag-

with a time duration ) less than the characteristic time for net\ll\c; field gel\r;leratlol?. i hich der the ab
the ion response; ! (o is the ion Langmuir frequengyso € use Maxwell equations, which, under he above-

that the ion motion can be neglected. At the same time Wénentmned assumptions, can be written as

assume that the pulse is sufficiently long, iB> w5 (w, 10E 4me p

is the electron Langmuir frequengythat the complications VXB==———n—, (1)
due to the excitation of Langmuir waves are absent. For sim- coJt ¢ my

plicity, the analysis is restricted to beams with a narrow cross

section, i.e.L(~cT,)>L, , whereL, andL, respectively, VXE=— E @ )
are the characteristic transverse and longitudinal spatial di- c at’

mensions of the beam. This assumption is not particularly

restrictive, and holds for the parameters pertinent to the ex- V.-E=4me(nyg—n), (©)]

periment, for example, by Borisoet al. [5], where the
propagation of relativistic high-intensity, linearly polarized where —e, m, n, andp are the electron charge, mass, den-
pulses is explored. In fact, Rdb] reports the observation of Sity, and momentum, respectively s the speed of light,
self-channeled propagation of EM pulses from a subpicoseds the ion background density, and-(1+p%m?c?)"?is the
ond KrP* (A\=0.248 um, T,~500 f9 excimer laser over a relativistic factor.
distance up to 2 mm which is two orders longer than the The motion of the cold unmagnetized electron fluid is
corresponding diffractioiRayleigh length (~r /N, where described by the standard relativistic hydrodynamic equa-
ro~3.5 um is an initial focal radius of the EM beamThe tions. These consist of the equation of motion
diameter of the channéhk-L ) was ~1 um, and the peak
intensity of the channeled radiation reachedl0" W/cn?. P _ M@V v — oE @
Note that the generation of QSM fields was not reported in ot Y '
Ref. [5].

Although it is not definite that linearly polarized pulses do and the continuity equation
not generate a magnetic field, it is likely that the effect may
be small. In this paper, therefore, we concentrate on the cir- f?_”+v _ ( n i) -0
cularly polarized pulses for which QSM fields should appear ot my '
due to the inverse Faraday effect. The mecharimmginally
found in Ref.[16] using a phenomenological approacif  The absence of the magnetic part of the Lorentz force in Eq.
excitation is the rotation of the polarization vector of the (4) is due to the assumption that the generalized vorticity is
external radiation. In several later papers, the evolution ogero in the body of the electron fluid; this assumption relates
QSM fields was studied using the hydrodynamic approacithe magnetic field with the electron momentutne London
for both the weak as well as relativistically strong pulses.equation of superconductivity
The basic approach consists in using a relation which de-
scribes the conservatidat each instantof the generalized
vorticity, and then calculating a low-frequend€i,F) drag
current excited by the EM radiatidi7—-19. However, there
are several inconsistencies, and contradictions in the final For laser plasma interactions, the hydrodynamic equations
expressions of the drag current obtained in these publicdn this form were displayed in Ref20];a more complete
tions. We believe that these contradictions stem from thealiscussion can be found in RéR1]. Equations(4)—(6) are
following fact: in the cold plasma limiti.e., when the char- in an extremely convenient form for further manipulation.
acteristic phase velocities of LF perturbations are muctSubstitutingE from Eg. (4) into Egs.(1) and(3), and using

©)

B—CVX 6
=g VXp. (6)
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Eq. (6), we obtain our first equation relating (y is just a Since we are using, rather thanE as our dynamical
function of p?) and the density, variable, let us find the corresponding expressionfoit
7 5 can be shown that if /A<<1, whererg is a characteristic
p np displacement of the oscillating electrons due to the HF field
2 r 2 2 __F_ - '
CVXVXpt at? +mg? dat Vytos Ny ¥y 0. @ and\ is the EM field wavelength, the relation betwgeand

_ ) _ ) E has the form
The second equation relatimgand p is derived by a com-

bination of Eqs(3) and (4), ap ~
gs(3) (4) —p=—eE, (14)
ot
1=1+L 2 V.ptmea ) (8
No mw? | ot P v which, coupled with Eq(13), yields

Equationg7) and(8) are a closed set to which the system of ~ p=[(x+iy)p, (r,t)+zp,(r,t)]exp —iwt+ikz)+c.c.
Maxwell and hydrodynamical equations has been reduced (15
[22]. Note that this very set of equations was derived in our ] ) ) o
recent publicatior23] dealing with the problem of wake- after a simple integration over the fast tinie °). The
field generation in semiconductor plasmas. Before proceedOWly varying amplitudegkept constant during the integra-
ing further, it is worthwhile to remark that the continuity 0" P. andpy, are given by
equation(5) was totally ignored in the derivation of EqS) i
and (8). It is evident, however, that Ed5) is not really p=—-—E,, p=-—E, (16)
independent, and is readily derived by taking the divergence w @
of Eq. (7) and using Eq(4). In fact, any two of the set of . . .
Egs.(5), (7), and(8) can be used as independent equations Our _next ord3r~of_bu3|ness is to ev_aluate the dnvmg term
for n andp. Our goal in this paper is to calculate the rela- pro_pc_)rtlonal ton p) n Eq’._(_ll). For th|s~we mqst begin by
tively slow-varying(quasistatit magnetic field induced by a 9€riving an expression fan in terms ofp, , which we are
specified high-frequency laser pulse. In response to the las@°SUMING is a “given” quantity. We could use the high-
field, all the fields in the plasma will contain both slow and requency version of elther_EqéS_) or (8) to acgompllsh this.
fast time dependence@vith characteristic timer~w ). W? choose to use E¢8) primarily to ShO.W’ In a very per-
Therefore, we may decompose each of the variableSPicuous manner, how our treatment Q|ffers from, and cor-
A=(E,B,p,n,y) into averaged and varying parts, rects earlier treatments. From E8), we find(y has only an
averaged part

A=(A)+A 9 = P
where the brackets) denote averaging over the time interval ne me? it (V-p), 17
7. With this prescription, the averaged equation o} and
(p) becomes Since V-p for a basically transverse wave is very small,
n) 1 (s extreme care must be taken in its evaluation. It is conven-
N tional to replaceV-p by V-p, becausep,| is much smaller
nog 2|7 v (p)+mCA(7) (10 than|p, |. This, in our opiniort is a seriei)u”!s mistake. Although
Ipil<|p.], [V-p.|~|p.|/R may be(and ig of the same order
and as [V-p,|~k|p,| because&kR>1, whereR is the transverse
2 P () (p) sgale Ie~ngth assqciated with the Iager pul;e. Repla¥ing
CCVXVX(P)+ 5 () + M — V() + w2 P2, with V-p, results in a gross overestimaterofaind hence of
gt at € ng () the driving term. There is a general lesson to be learned here:
2 whenever the end results dependWE(~V-p), as they do
___@e (7P (12) in the magnetic field generation problem, one must not ne-
No(y) glect the contributions frorp,, and one must find an appro-

priate (generally indirectway of evaluating this small quan-
tity.
We now calculateV-p by taking the divergence of the
c high frequency version of Ed7), and obtain, for a transpar-
(By= =V x(p), (12 ent plasmdw>w,) [it should be mentioned that relatighd)
e is the relativistic version of well-known equation from the

where it is assumedo be justified belowthat({y)=7. The
averaged Eq(6),

allows us to relate the generated magnetic field with the avg?gt{ﬂgoéﬁergfﬁéa zlr(:r(]:ittt[?v(ijty n(r;\fm ;eriéi;];(lz'v)e’ where
eraged momentum. The electric field of the HF radiation can P y
(m

be written in the form
Noy

| &

~ V.p=
E=[(x+iy)E, (r,t)+zE,(r,t)]exp(—i wt+ikz)+c.C., _—
(13

PV, ) (18

N

where we have used the fact that, for circularly polarized
where the transversge, ) and longitudinal(E,) amplitudes radiation, the particle energy does not depend on the “fast”
are slowly varying. time, and there is no generation of high harmonics of the EM
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field (note that effects of high harmonic generation, which  The explicit form for the driving term(drag currentin
take place due to the longitudinal part of the HF field, areEq. (20) allows us to reexpress the discussion following Eg.
negligibly smal). This indeed is the reason for the equality (17) in clearer terms: For the nonrelativistic capé<m?c?),
v=(7), which is approximately given by an equation similar to Eq20) was derived in Ref[19].
However they used the relatioN-p~V-p, and, conse-
quently, the source term came out to be proportiongp t¢5.
This is in marked contrast to our result; the nonrelativistic
limit of our source term is, in fact, proportional {p, |*

The LF drag current, which appears in the right-hand siddecause both the terms in the square brackets of the right
of Eg. (11), can now be computed using Eq&7) and (18). hand side of Eq(20) are also proportional tp ?|%/m?c2<1.

One can already see that for circularly polarized radiation, ifThus the magnetic field strength will be considerably smaller
is nonvanishing provided the quantity)y * depends on the than what was found in Ref19].

radial variabler, . When a radially inhomogeneous beam We mentioned earlier that if the pulse amplitydle, and
propagates in an initially uniform plasma, the ponderomotivethereforey, has a strong space dependence, then the inhomo-
force of the EM radiatiori~Vy) pushes out the plasma elec- geneity of(n)y will always lead to the generation of QSM
trons from the region of its localization, and creates an effields. Thus the system of EqR0)—(23) with Eq. (19) is an
fective plasma density inhomogeneity. Becagsg and y  acceptable self-consistent model for describing the magnetic
have the same characteristic radial scale lengths, their coffield generation process by narrow relativistic short laser
tributions in the creation of the drag current are equally im-beams. In what follows we assume that, during the interac-
portant. At this junction it is worthwhile to mention that if tion time of interest, the laser beam profile remains un-
the EM beam has a spatially constant amplitude, an initiathanged, and can be presumed to be a GausHids as-
inhomogeneity of plasma density will be required. Thus in asumption can be justified until the pulse passes the self-
homogeneous plasma, contrary to a statement made in Rdfcusing length or the Rayleigh length in the case of
[17], the constant amplitude EM beam cannot generate thdiffraction spreading

QSM field by “magnetization currents.” It was shown in S
Ref.[24] that the physical reason for the absence of the QSM b, [2=p2 exg — - §_
field generating source in the homogeneous case is the mu- PuI™=Po RZ L?)
tual compensation of the circular electron currents.

Now, for simplicity, we consider an axisymmetric electro- whereR and L are the transverse and longitudinal dimen-
magnetic pulse propagating along thez axis: sions of the pulseR<L). For the pulse shape represented
p,=p, (r,z—vgt,t), where vy=c(l-wilw’)? is the by Eq.(24), we find
group velocity of the laser radiation. Using Eq$7)—(19),

2\ 1/2
1+ |pi ) . (19

(24)

the ¢ component of Eq(11) can be written as (n) 1 (¥*-1) r? (y*+1)
N= o =1 kR R @
0 e Y Y

(92<p¢,> 14 r5<p¢>>_
c 0éor rar or

(nyke 1
o 7+ —2)<p¢> From Eq.(25) one can see that the plasma electrons are
expelled from the central part of the pulge=0), creating a

g [(m) (n) density hump away from the beam axis~(R); with a final

ar No ar In (r—o0) exponential decay to the equilibrium valng. How-
ever, as it was shown in R€f8], under certain conditions,
the electrons can be fully expelled from the central part of
the EM beam(electron cavitation To derive this condition,
éet us first define a critical radius

_, @ welpf?
M w?

(20

whereé=z—vqt andk.= w./c.
For a narrow laser beam, within the approximations use
in this paper, Eq(8) can be approximated by

1

no - k2

2 1 2(’)/0 )
Lo 97| . kK oy
r 3|’ (9[' ( )

(26)

wherey,= y(r=0)=(1+p3/m?c?) Y2 ForR>R,, Eq.(25)
reveals thatN>0 for all r, and, consequently, the electron
cavitation does not occur. However R=R;, the density
does vanish at=0. ThusR, defines the minimum beam
radius for the beginning of cavitation. It is evident that,
within the framework of the current model equatigmgich
are being widely exploited for the problem of relativistic
self-focusing of EM beamsone cannot prevent the occur-
14 rence of unphysical, negative values for the electron density
B,=— — r<p¢,), (22) whenR<R.. This failure of the hydrodynamical model of a
ror plasma is generally corrected by puttihg=0 in the entire
spatial region wher&l<0 [8]. For the current paper, we will
follow this arbitrary, though workable, ansatz. In future,
more detailed work, we will examine whether this unphysi-

It is now clear that, using Eq$19) and(21), Eq. (20) can be
viewed as an inhomogeneous differential equaftbe driv-
ing term is fully known becausp, is supposed to be speci-
fied) for (p,). If we can solve Eq(20) for {(p,), then the
required components of the QSM field are readily deter-
mined by

ol o

e_ J
EBr__E<p¢>- (23
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cal feature is basic to the hydrodynamical description or is drom which, with the aid of Eq(25), one can obtain the
consequence of the approximations mddiehas also been radial structure oB,(r) for givenR andy,. However, in the
argued(Ref. [25]) that, in the case of cavitation, an alterna- relativistic case WherR§k§>1, electron cavitation occurs
tive to the fluid models, the particle in célPIC) technique (R<R.). In order to incorporate this phenomena, we must
should be usedi. put N=0 for 0<r <r. wherer. is the solution ofN(r.)=0,
Algebraic complications prohibit a general analytical so-and use Eq(25) for N for r>r.. Thus, forr<r, we obtain
lution of Eq. (20). In the nonrelativistic casepG<m?c?), a constant magnetic fieldhe source is zejoFor this case it
Eq. (20) reduces to an equation which can be solved byis straightforward to see that the strength of the magnetic
taking a Fourier-Bessel transform. However, the fields profield has a maximum on the beam axis0, remains un-
duced are uninterestingly small, and are not presented herehanged up to=r ., then drops down, changes polarity, and
The interested reader can consult Rgf9], remembering rapidly tends to zero as—~. This behavior closely re-
that they have overestimated the fields by a factorsembles the field produced by a solenoid. Indeed, the in-
m?c?/p2>1. duced current is located on the “wall” of the cavitating
Concentrating on the relativistic case, we first neglect theplasma cylinder with radius~r .(<v2R); there is no cur-
first term on the left-hand side(because ¢ 9%  rentin the body of the cylindemr.). The magnetic field,
arog<d*lar?) of Eq. (20), arriving at an ordinary differen- created by this current formation, remains uniform inside the
tial equation inr. For this ordinary differential equation, we ‘“cylinder.” The maximum value oB,=B,(0) can be found
can obtain an analytical solution in two different limits, for from Eg. (29) by replacing the lower limitr by r.. For
arbitrary amplitudes. Indeed, in the limit of a smoothly inho-\=0.248 um, y,=2, R=3 um, and plasma density,=10""
mogeneous laser beark2R?<y,, for which the electron cm™ (k2R?=0.03, the magnetic field comes out to be
cavitation does not occur, E§R0) yields (derivative terms  B,(0)~0.1 MG. We would like to emphasize that, if we were
are neglected to neglect the effects of cavitation, and try to obtBiji0) by
integrating fromr=0, we could severely overestimate the
strength of the generated magnetic field.
v A caveat is in order here. For the narrow be&with
cavitation andy,>1) case, the term proportional &/ [in

The profile for the magnetic field,(r) can be calculated the left-hand side of Eq20)] is not smaller than the differ-

using Eqs(22) and(27); B,(r) has a maximum on the beam e_ntial term for allr. Equat.ion(29.), tr_\erefore, shom_JId be just
axis, then it decreases with increasingchanging polarity viewed as a very approximate indicator of the field strength

near the beam edde-R), and decaying rapidly to zero when and structure. For a proper and accurate evaluation(Zgy).
r . The central maximum can be conveniently expressednould be solved numerically.

mcz(yz—l)il (N
mk

(Por=2= -

as The above Eq928) and(29) provide us with estimates at
the focal spot area. The radiation pulse, after it has passed
w2 y 112 the focal area, either diffractsn the case of narrow beam
Q(0)=4—2 22 (1_ _2) , (280  R%k3<1) or enters the self-focusing reginteor R?k3>1),
o keR Yo provided that the laser radiation power exceeds the critical

value[~17(w/cue)2 GWI]. In the latter case the beam intensity

where () (r)=eB,(r)/mc is an effective cyclotron fre- is concentrated in a narrow channel of radiis 2k ; 1. Note
quency. Remembering that Ed28) is valid only for that the approximate solutions given by E¢&8) and (29)
¥0<kiR?, we conclude thaf).<w, even in the relativistic cannot be used for the evaluation of the magnetic field inside
case. the channel, since all the terms on the left-hand side of Eq.

Note that the final value df; [Eqg. (28)] does not depend (20) are, now, of the same order. In order to evaluate the
on the equilibrium plasma density,. However, for this cal- magnetic field in the channel we have solved E2f) nu-
culation to be valid, certaifio™>w,, y,<k3R?) constraints merically. In Fig. 1, typical behavior oB,(r) is displayed
on the density have to be imposed. Let us now estimate thfsr p,/mc=3. One can see that, in the region of the electron
strength of the magnetic field for a relativistically strong cavitation, the magnetic field is uniform. Outside of this re-
pulse. For this purpose we choose the wavelength and integjion, the magnetic field changes polarity, and then it van-
sity in the experimentally relevant ranggsee Borisowet al.  ishes.
in Ref. [8]), \=0.248 um, | =1.3x10°° W/cn? (y,=2). For For arbitrarily strong laser radiation, it is revealing to
representative values &=1 um to —3 um, the maximum write down the ratio of the maximum magnetic field
value of the magnetic field is found to be 3-0.4 MG. Corre-[B,,=B,(0)] generated in the self-guiding channel to the
sponding plasma densities needed to satisfy the aforemefnigh-frequency pulse magnetic fieR},,
tioned constraint must lie in the rangg=5x10"-1¢"
cm 3 for R=3 um, andny=5x107-10"* cm 3 for R=1 B, 2
um. _ _ B.= 22 b(pj), (30)

In the opposite case of a narrow pule&R?<1, the dif- P
ferential term dominates, and E(RO) can be readily inte-

grated to give whereb(p3) is a dimensionless function indicating the de-

parture of the calculated field from what could be expected
2 . B on simple estimates. In Fig. 2 we plot this important indica-
a.n=22"aqr X —1} 4 (N og  tor b as a function ofp§/m*c®. We can see that is, ini-
A1) r ; : 29 , . .
w Jy Y or tially, a fast growing function of its argument. But as soon as
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FIG. 1. The magnetic fielB(r)[=Q.(r)w/wg] (solid line),
and the densityN(r) (dashed ling profiles as functions of the di-

mensionless radiug =r/R]. FIG. 2. The dimensionless measurgindicating the excess of

e . the calculated over the simply estimated field pgm?2c?.
p3 reaches the value when electron cavitation occurs, its Py P

growth becomes considerably weaker. This latter part of this
graph (the slower variation ob with pg) shows that if we tatic magnetic field in the beam propagation area. We derive
had neglected the effects of electron cavitation, we wouldan expression for the drag current valid for arbitrary ampli-
have grossly overestimated the strength of the generatddde laser pulses, and show that for the weakly relativistic
magnetic fields. nonrelativistig laser radiation, the QSM field is smaller than

The maximum value of magnetic fielB,,, as follows what was found in previous publications. In the case of ul-
from Eq.(30) and Fig. 2, cannot be as high as the magneticrarelativistic pulses, however, the generated QSM fields can
field of the laser radiatiofat least for the EM field intensi- reach considerable magnitudes. In all of these cases, the
ties which can be currently created in a chahnidowever,  fields peak on the beam axis. We have also calculated the
in a dense plasma, the fields can be quite strong for highosm field generation in the self-channeling regimes of in-
Intensity laser radiation. Indeed, fom=0.248 um, tense laser pulses, and found that the electron cavitation
| =4x10? chmz. in the %hannlel(l.e_.,g Po/mc=3), and for  akes the QSM field resemble closely the field produced by
the plasma densitp,=10"-10° cm ~ (0g/w=0.07-0.24, 5 splenoid. The maximum value of the generated magnetic
the maximal value of the magnetic field turns out to befig|q in the channel increases rapidly with the beam intensity,
Bn=17-170 MG. and when cavitation occurs the rate of growttBgf with the

In the present paper, we have attempted to develop a Sygsiensity becomes slower. Finally, we show that for high-
tematic treatment (_)f the phenomenpn pf the generation O&ensity plasma, the strength of the QSM field, which can be
quasistatic magnetic fields by relativistically strong CircU-generated in the channel, can 500 MG and greater for

larly polarized laser pulses propagating in an initially uni- currently available laser pulses.
form underdense cold electron plasma. We show that be-

cause of the strong plasma inhomogeneity caused by the The authors wish to thank the staff at ICTP, Trieste, Italy.
intense laser beam, a low-frequency drag current is induced;his work was supported by the U.S. Dept. of Energy Con-
which, due to the inverse Faraday effect, produces a quasiract No. DE-FG03-96ER-54346.
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