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Anisotropic filamentation instability of intense laser beams in plasmas near the critical density
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The relativistic filamentation instabilityRFI) of linearly polarized intense laser beams in plasmas near the
critical density is investigated. It is found that the RFI is anisotropic to transverse perturbations in this case; a
homogeneous laser beam evolves to a stratified structure parallel to the laser polarization direction, as dem-
onstrated recently with three-dimensional particle-in-cell simulations by Nishétaah[Proc. SPIE3886 90
(2000]. A weakly relativistic theory is developed for plasmas near the critical density. It shows that the
anisotropy of the RFI results from a suppression of the instability in the laser polarization direction due to the
electrostatic response. The anisotropic RFI is also analyzed based on an envelope equation for the laser beam.
Finally, the envelope equation is solved numerically, and anisotropic filamentation and self-focusing are illus-
trated.
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I. INTRODUCTION recently reported where parametric instabilities of LP lasers
were discussed in a moving frame, where kheector of the
The study of parametric instabilities of laser light in plas- laser light is zero[15]. It should be pointed out that the
mas has attracted renewed interest owing to the advent @isotropic filamentation instability was noted nearly 30
high-power lasers. Since such instabilities involve manyyears ago by Kavet al., who found that the growth rates of
physical processes such as anomalous absorption, fast elgéhe filamentation instability caused by the ponderomotive
tron generation, generation of high amplitude plasma wavedorce are different in directions along and perpendicular to
self-focusing and filamentation, etc., they are expected tthe wave field 4]. Drakeet al. have included contributions
play an important role in the context of fast ignition of fusion of both electromagnetic and electrostatic side band modes in
targets and other related applications. In earlier studies, atheir general dispersion relation of parametric instabilities
tention was paid mainly to the case of tenuous plasma an@]. At high plasma densities, electrostatic modes are pre-
moderate light intensitie§1—7]. In recent years, theories dominant and anisotropic filamentation is expected. How-
have been developed to cover other parameter regimes iever, the relativistic nonlinearity, which is expected to be one
cluding high plasma densities, relativistic light intensities,of the dominant factors for the observed anisotropic filamen-
and relativistic plasma energi¢8—12]. These theories are, tation instabilities in these 3D PIC simulations, was not in-
however, valid only for circularly polarize€CP) laser light.  cluded in those theoretical studies. We note that there were a
The problem for linearly polarizeLP) laser light is more few theoretical studiegl6—21 as well as experimental ob-
complicated owing to the presence of harmonic componentservationg 22—24 of relativistic self-focusing and filamen-
in such laser irradiated plasm§$3]. However, currently tation instability. However, most of these studies are limited
high-power lasers are usually available with linear polarizato cases with tenuous plasma densities, where relativistic
tion. self-focusing and filamentation instability are all transversely
Recently, parametric instabilities have been studied for LRsotropic.
lasers in homogeneous plasma—near and above critical Motivated by the 3D PIC simulation results mentioned
density—using three-dimension@D) particle-in-cell(PIC)  above, this paper is devoted to both analytical and numerical
simulationg 14]. One of the observed features, absent for CRnvestigation of the filamentation instability caused by rela-
lasers, is the anisotropic filamentation of laser light. Thetivistic effects[relativistic filamentation instabilityRFI)] in
growth rate of the filamentation instability in the laser polar-high plasma density regime. We show that the feature of the
ization direction is found to be much weaker than in therelativistic filamentation instability changes from isotropic in
direction perpendicular to the polarization plane. An initially tenuous plasma to anisotropic in plasma near the critical den-
homogeneous laser beam evolves to a stratified structure pagity [25]. In Sec. I, parametric instabilities for a LP laser are
allel to the laser polarization, which can therefore be referredtudied analytically in the weakly relativistic approximation,
to as stratification instability. A theory is developed for by allowing perturbations with wave vectors in the laser po-
plasma at the relativistic critical densitwhere thek vector  larization direction, an extension to the works by Meatxal.
of the laser light in plasma is zerg14]. Related work was [3] and McKinstrie and Bingharfi7]. In particular, we show
that the RFI growth rate is anisotropic to the transverse per-
turbations when the plasma is near the critical density, con-
*Present affiliation: Sony Corporation, Shinagawa, Tokyo 141-sistent with our 3D PIC simulatiof14]. In very tenuous
0001, Japan plasmas, isotropic filamentation is recovered. In Sec. lll, the
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RFI is studied with the envelope evolution equation. The an o

anisotropic RFI growth rate is derived. The instability —=—cV-(ngv+nvy), (8
growth rates for modest plasma densities can be expressed in at
a similar way as those of Kaet al. when cast in terms of a

general dielectric functiofd]. Section IV is devoted to nu-

merical calculations based on the envelope equation, includ-

ing electron density modulation. By using appropriate

boundary conditions, both anisotropic filamentation instabil-as usual, we expand\, v, n, and ¢ in the form of f
ity and self-fop_usmg are |IIl_Jstrated. In anisotropic self- E;"f,x ex{i(6+méy)], with 6=k-x— wt, so that Egs.
focusing, an initially symmetric laser beam evolves to a el- 6)—(9) can be written as

liptic beam elongated in the polarization direction. The pa er(

p g p pap

concludes with a discussion in Sec. V.

C)

Q, |3§N

VZh=

D A= ComKkm®m+ @5(Vm+Fmnt+ Gpy), (10)

II. ANISOTROPIC FILAMENTATION INSTABILITY AT

V. =w. A —cK b +ck H —w R, 11
WEAKLY RELATIVISTIC LIGHT INTENSITIES OmVm= OmAm m®m mHim ™ @mrm (1)

In the weakly relativistic approximation, the following @rNm= K Vit Fint Gpn), (12
equations describe the coupling between laser fields and ~
electron motion: KZCZ = — @3N, (13
1PA 14 w> where w,= 0+ Mg, Kn=k+mkX, Dn=w2—ck2, k
op_ 2R _1 7 @p m 0 Km y Dm=op, mr Km
V<A @ C atV¢+ = nv, (1) =Ik,|, and
N IA ( w2\ 14 Fin= 20V + 21 Vin—2),
—=——+cV ¢——)———(v V), 2
2] 2 ~ = e
4 o n Gm:%ao(nm+1+nm—1)%
an L~ ~
E-FCV-(HV):O, 3 Hmziao(vy,m+l+vy,m—1)y
2 Rm:%ag(zvm+vm+2+vm—2)+%ag
w
2,_% 5 5 5 A
Ve c? (n=1), @ ><(Zl)y,m"+_’)y,m-%—2+Uy,m—z)Yi

whereA and ¢ are the vector and scalar potentials normal-Wherev, n, illustrates they component oV . Multiplying
ized bymc?/e, v is the electron velocity normalized llyn  Eq. (11) by k., and substitutind,- v, into Eq.(12), making

is the electron densny normalized by the unperturbed densityise of Eq.(13) andk,,-A,=0 for the Coulomb gauge, we
No, andw?’=47Noe?/m is the electron plasma frequency. In obtain the following expressions for the perturbation vari-
obtalnlng Eq.(1), the Coulomb gaug&’-A=0 has been ables:

used. For a LP laser field,=agy cos(,), the density varia- -

tion associated with the driving field can be writtenras ~ Km*Vm=Dp sl @5Km: (Fi+ Gm) = 0fkm: R+ ComkiHm],
=1+ny,cos(Hp)+--- and the velocity vo=uv g1y COSE,)
+00X COS(Hp)+ - - -, Where y=koX— wot, X andy are the
unit vectors in thex and y directions, vg;=ag, v ~ 202 o1
= [koCwo/(4wd—w?)]ad, and no=[k3c?/(4wg— w?)laj. bm=— (0p/KnC) Dy pl Comkm: (Fi+ Gm—Rm)

N=Dp r[ Conkm: (Ft Gn— Rpn) +¢2kiHm],

As a result, we have the dispersion relat[@i +C22H, ]
m' 'mls
3 1 kic? )
2_1,2.2 2 2 0 2
wi=Kc?+ 0 1-a3| = — = ———||. 5  ~ - wiKm ckmo
oo % 0(8 2 403~ o> Vin=Am—Rp +k2|’; ki (Fn+ G Rin) + 5~ Hin.
m p.m

The perturbed equations of Eq4)—(4) can be written as -
whereD,, = w5 — 3. Note that the expressions fo, and

VA 1PA 14 w2 vV, are recurrently related to each other through, G,

A= 2 g2 cat Vo —(n0v+nvo) ©) H,,, and R,. Substitutingv,, and ¢, into Eq. (10), we
obtain the equation for the vector potential:
N aﬂ+ VI oy 14 Y K
7= gt TEVem V(o) — 5 vV 2(V-vo)vol, Dmﬂm:wz( N (Rt Fot Gr—Ryp). (14)
() m

066409-2



ANISOTROPIC FILAMENTATION INSTABILITY OF . .. PHYSICAL REVIEW E 64 066409

One can obtain a dispersion relation for the parametric insta,\,hereﬁy ., is they component ofA . ;, and
bilities from this equation. Here we note that the term pro- . B
portional tok [k (Ay+ Fn+Gn—Ry,)] was not included 1(k%? K2 ,c? ki) 1 kic?
in earlier studie$3,7]. It is concerned with the electrostatic 9+= 2D - - kT
perturbation (in the polarization direction of the driving =1

2 4w§— w>

Dpo  Dpz 2

wave, and is responsible for the anisotropism of the fila- 3 4K2
mentation instability. Generally, by use of E6), (8), and — _( 1—- Y ) ag,
(9), one finds that the right hand sid@e of Eq. (6) or (14) is 8 3K% 4
equal to
1 k%c? kZ ) L1 k3c?
szg(l_%»(ﬁg)m, " 14Dp0l T 12, 2407-0?
m

o . o o 3 2K\ |,
which is valid even without invoking the weakly relativistic ~3 1- — ag.
approximation. Taking the component of the last equation in 3k%,

the polarization direction, one find&[km: (NV)n]/k2, . L~ L~
~(’rﬁ§)mk§/(k2+ mzkg), wherek, is they component ok In deriving Eq.(15), v:g have subs_tltut_edy,il V\{Ith Ay 110
andk=|k|. This has been identified in tenuous plasma and ifK€€P te7ms up t@(agA, 1) only in this equation. We men-
dense plasma near the critical density, albeit general proof ofiPn that, rather than generally, EGLS) has been derived

its validity for arbitrary plasma density is still quested. In Particularly for tenuous plasma and for dense plasma near

tenuous plasma with)2<w§ andk<k,, the last term can be the critical density. A general expression valid for arbitrary

. ) . plasma density is still not available. We will therefore limit

!gnore_d_ pompar_ed ton@_y)m_. One then finds that parametric ourselves to these two particular cases in the following stud-

instabilities are isotropic with respect to transverse perturba- ~ " . i ) . ~

tions. However, ifw3~w§ andky<k, one finds parametric 13 |nEth|s ijt'Og' 1USsmg dthﬁ ngpled _equat||0r_15 'kf?'rilh

instabilities are anisotropic with respect to transverse pertuJ—ro.m gs.(14) and(15) and t e dispersion relation for the

bations. driving wave[Eg. (5)], we obtain the dispersion relation for
For calculations up to orde(D(aS) in the weakly relativ- the perturbed wave,

istic approximation witha3<1, it is enough to includen
==+1 for A, and up tom= =2 for v, andn,,. Note thatA,
is found to be of the order oD(ajA.;), and can be ne- where D. = w?—c2k2+2(wwo—k-koc2). In the case of
glected, i.e., the low frequency mode is predominantly electow plasma densityw,<w,, 0<wg, andky<k<k,, k.p
trostatic. In this approximation, the density perturbation, as< mzkg, we recover the well-known dispersion relati@7],
well asV, andVv. , are given by[to orderO(ayv)] which describes Raman forward and backward scattering,
relativistic self-modulation, and filamentation instability in
tenuous plasma.

In the following, we are interested mainly in the pure
filamentation instability withk-kq=0. In this case, the dis-

(5+—w,2)g+)(5——wﬁg—)=w3h+h_, (16)

- ck?

No==5=~—2a0(0y 1+ 0y —1),
0 2Dpy0 0( y,1 Y, l)

- ki, - persion relation can be simplified to
Nig= Ao(vyotvy ~2),
2D
p.* 2-2
2_ T Mp2n2 2
- A2, ® —4w(2)[k c°+(9++9-)wp] (17)

assumingw<<kc, wherek= (k7 +k2)? andk,=0. At a low

~ cok . . plasma density, one finds g.~[—3/4+k3c?/(4w]
vo—mao(vy,ﬁvy,,l), - ;))]aélz, since (1-k%/k3)~1 and assuming?< w3 and
k?c <w,23. It shows that the RFI growth rate in tlyedirec-

- CwioKin ~ tion is the same as in thedirection, i.e. the filamentation is
VtZZTWaOUy,il’ isotropic in this case. The maximum growth rate [B]

I max= (@5/4wo)ajq when k’c?=ajqw?/2, consistent with
and they component of the right hand side of Eq4) is  previous assumptions fow? and k’c?. Here q=3/4

given by —kéc? (Awh— w2)~1/2.
20 For the case of near critical plasma density~ wq, we
_o1oa2 3 1 kgc % havek,<k andkZ,~k? We again assume thaf’<w} and
Sy z1=wp o ) 54 2 2 TO+ Ay -1 21,2 2 e T3(1 — AL2/aL2\ ] A2 ;
wy— o) c°k“<wp, so thatg.~—[5(1—4k{/3k%)]ag. For a given
o~ k, the instability growth rate is a function df,/k. If the
+ophiAy 21, (15  perturbation is only in the laser polarizatidy) direction,
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i.e.,k,=0 andk=Kky, itis obvious that there is no instability slowly as compared to expwgt), andy is the unit vector in
sinceg. =a}/8, and we always have”>0. On the other the y direction. Assuming thatda/at|<|wea|, from Egs.
hand, if the perturbation is only in thedirection, i.e..k,  (18) and(19) we obtain

=0 andk=k,, we haveg+ (3/8)a0 and there is msta—

bility for c?k?<(3/4)ajw3. The maximum instability wo 9 Ja o [w?

growth rate |s found to bel“maX (3/16)afwy/wo when 2 — — +2|k0—+V2a+| ?éwﬂL —Ze—ké a=0,
k2 2—(3/8)a , consistent with previous assumptlons for ¢ ¢ 21)
w? and k2c?. Therefore, the filamentation instability devel-
ops in the direction perpendicular to the laser polarization, P
although it is suppressed in the direction of laser polariza- ve.(V+ikyX) o+ el V2+ 2|k0——k2) i— —a,

tion. This anisotropic property of the RFI growth rate with c dy

respect to transverse wave numbers of the perturbation is in (22
agreement with that observed in 3D PIC simulatifb4]. In R
addition, in plasmas near the critical density, sikge'0 and ~ whereV2=02/9x?+V? and V2 = %/ 9y?+ 3/ 9z%, andx is

the group velocity reduces to zero, perturbations in the the unit vector point to th& direction. Note that we have not
direction are almost the same as in theirection, i.e., rela- invoked the paraxial approximation by keeping the term of a
tivistic modulational instabilityRMI) becomes equivalent to second order derivative with respective xta(i.e., 9%/ 9x?)

RFI in this case. This is also found in 3D PIC simulations[28], since it is in the same order of magnitude%% when
[14]. One can verify this as well by calculating the RMI the plasma density is close to the critical den§#9]. Then,

L Wo Jde

growth rate from Eq(16). assuming that the unperturbed wave amplitude is homoge-
neous in space and time, we perform a perturbation analysis
lll. FILAMENTATION INSTABILITY ANALYSIS WITH following Zakharov [30]. Let a=Aexp(y) and ¢
THE ENVELOPE EQUATION =p1exp(y), with A=ag+aexpik-x—iwt) and ¢= iy

. _ _ + ynexp(k-x—iwt), wherea, is a constant independent of
One can also analyze the anisotropic RFI with the envetime and spacei, is independent of space, but can be de-
lope equation obtained from the slowly varying envelope . o ° o
approximation. In the weakly relativistic approximation, Eqs pendent on time, ankl=k.x +kyy+ k.2 is the wave number
' ' *of transverse perturbations. We find the relativistic filamen-

(1)~(4) lead to tation and modulational instability growth rate

1 %A iw w? 2 2 172
2l via="Cvgp— 2(1-eA, (19 o c® |2wp[ ,deg ky 2
c? at? c c? oKl S\ o2~ :
0| c da2 K2 + (ko+ky)
(23
V-(eVg)=i Ve A (19
c ’ wherek, = (kj+k2)'? k= (k? +kZ)"?, andey= €|o, . For

e=1—(wH/wp)n

the modulation instability in the longitudinal direction, the
where real frequency is given bw=Kkqk.c?/ wg, as found in other
ways|[3]. For the pure filamentation instability whéq=0,
53 1 kac? the RFI shown by Eq(23) illustrates an anisotropic feature
1-a%l g §m ' similar to that described by E@17) given in Sec. Il. Note
o that some small corrections in E@.7) are caused by higher
nis the slowly varying electron density normalized to theside bands, Whic_h cannot be taken into account starting with
) ) . envelope equations. In very tenuous plasma wikf
unperturbed density, and is the amplitude of the electron (172 . ) .
quiver velocity at the fundamental frequency. Equatibf) o Wo/C~wolc>k, , a Weakly anisotropic _ effect is
describes the response of plasma to the laser field owing und From Eq(23), the maximum growth rate for a per-
inhomogeneity in plasma density and/or laser mtensﬂyturbat'gn in thezz direction is found to bd‘maxz “’OaOGO/Z
which is just the well-known relatio’V-E=—e Ve.-E.  Whenk; (w5/c?)ageq, whereey= deo/daoo‘“’ /G Simi-
Here the electric fiel=iA— (c/wo)V ¢, which is normal-  larly, _the maximum growth rate f;)r a perturbatlon in tjzne
ized by mwgc/e. Equations(18) and (19) are equivalent to  direction is I'pa,= woaofo(1+23056/€o)_l/2/2 when kj

[26,27] =(wd/c?)ade,(1+2a3e)/ep) L. Note that these expres-
sions are essentially identical to those of Keial. [4], who
1 0%E wg described the instability in terms of spatial growth rates. In
— ——V?E-V(e Ve-E)=——(1—€)E. (20 dense plasma near the critical density k=0, the aniso-
c? at? c? tropic effect is strong. In this case, if there is a transverse

perturbation perpendicular to the polarizatioe., k,=0 and
We now study the RFI by use of the envelope evolutionk,=0), we obtain the normal filamentation mstablllty,
equation. LetA= 2ya(t X,Y,z)expikox—iwgt)+c.c. and ¢ whereas if the perturbation is along the polarization direction
=10(t,x,y,2)explkox—iwgt) +c.c., wherea and ¢ vary (i.e., ky#0 andk,=0), there is no filamentation instability.
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Also in this case, Eq(23) shows that the relativistic modu-
lational instability in thex direction is almost equivalent to
the RFI in thez direction.

0.08 -
In deriving this instability growth rate, we only account 0.06 F
for the nonlinearity owing to the relativistic effect, i.e., non- R E
linearity due to density modification is not considered by = 0.04 -
settingn=1 in €y. This limitation is removed in the numeri- 0.02 I
cal calculation given in next Sec. Ill. In the weakly relativ- [
istic approximation, using the dielectric constant given 0
above, we have n/n =0.5
--------- n/n =0.9
2 2 0 ¢
daé wé 8 2 4wg—w,2) .
Generally, however, it is is difficult to express the dielectric
constant at an arbitrary intensity for linearly polarized light 0.08
in plasma. In some limited parameter regime, it was shown LT T T T I(Ila)‘ ]
that ey=1—ay }(7%/8) (w3 w2) whenap,>1 and 1k,>1 i e 1
0 B o : 0.06 -
[31-34. In many cases, it can be approximated[BY] ¢ el . X
=1—(wjlwh)! o With yo=(1+a3/2)"2 In this case, one ~ - : I o i
has 0.04 [ 3 o simulation |
i 3 m  simulation [
2 i H
deo_wp 1 0.02[ 0
daj wj 4y3 I :_ 1
0||||\||||:|\||||||\_

Figure Xa) shows the RFI growth rate, obtained with Eq.
(23), and the last expression fdeoldaé, as a function of
0:tan‘1(ky/kL), for varying plasma densities. At a low
plasma density, the RFI growth rate is isotropic. With an

PHYSICAL REVIEW E 64 066409

* z
90 (@)

0 02 04 06 08 1
k. k

FIG. 1. (a) RFI growth rate(normalized bya)gl) as a function

increase of the plasma density, the RFI in thdirection is

of angular directiom:tan’l(ky/kL) forag=1, k, =0.4w,/c, and

reduced both in growth rate akevector space, as shown in k =0 at various densitiesb) RFI growth rate as a function of

Fig. 1(b). Close to the critical plasma density}/ wj= o,
the instability for perturbations in thg direction is com-

wave numbers of transverse perturbatiGmermalized byw /c) for
ap,=1 andny/n.=0.9. The filled squares and dots are obtained

pletely suppressed. Note that the magnitude of the instabilitfrom numerical simulations fon,/n,=0.9 for perturbations in the
growth rate {/wy<0.1) indicates that the approximation y andz directions, respectively.

|sal at|<|wpa| used above is applicable.

IV. NUMERICAL RESULTS

In the numerical calculations, we solve Eg0) instead of
solving the coupled equatiorid8) and (19). In the slowly
varying envelope approximation, assuming E
= Lyag(t,x,y,z)expikox—iwmgt)+c.c. and|dae/dt|<|woae|,
EqQ. (20) can be reduced to

. a+koca +32ae+vz +a dlne
N5rt o x|t g2 TV gy 2y
+(1—nly)ae
=0, (29

where a, is the complex amplitude of the electric field,;
=w§tlwo; coordinatesx, y, andz are normalized by/w;
and  e=1—(wdwd)(1+iviwg) 'nly, with  y=(1
+|ag|?/2)¥2. Here a free parameter, allowing for colli-

clear in Eq.(24) that the term §/dy)[a.d In €/dy] causes a
transversely anisotropic RFI. The numerical calculation is
conducted with the coordinate transform fromx,y,z) to
(7,€,y,2) with £=x—(koC/wp) 7. In this case, the first three
terms on the left hand side of Ed24) are reduced to
(2ialdt+ 3% 9€%)a,. Thus, within this mathematical trans-
formation, theé coordinate is equivalent to ttecoordinate,
both of which are perpendicular to the laser polarization di-
rection. If the plasma is at the critical dens{gr ko=0), the

£ (or x) andz coordinates are exactly equivalét#]. Under
this consideration, we only keep one of these two coordi-
nates, say the coordinate, in the following numerical calcu-
lation. This corresponds to neglecting the longitudinal beam
profile and suppressing the longitudinal perturbation. Thus
the resulting equation is

dine
ae—ay

0a J
2i — +V2ag+—

or oy +(1—n/y)a.,=0. (25

Although obtained under a different physical consideration,

sional absorption, is introduced to avoid possible vanishinghis appears in the same form as derived within the paraxial
€, since we shall deal with plasma near a critical density. It isapproximation. In the numerical solution, the electron den-
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lag|
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(2]

150
FIG. 2. Snapshots of the amplitude distribution in transverse

space foray=0.5, ny/n.=0.5, 5a=0.005, anck,=k,=87/100 at T
(@) 7=100 and(b) 7=180.

100
50

0 S |
0 25 50 75 100 0 25 50 75 100

sity is now allowed to change with time, and is given iy ¥ 2
=Max(0,1+V2y) or its modified version[16] n=1
+V2(y+alnn), wherea=T.,/mc. Note that without the EX
transversely anisotropic terna@/y)[acd In e/dy], Eq.(25) is 050 075 1.00 1.25 1.50 00 05 10 15
the same evolution equation that is used to study self- 16
focusing in tenuous plasnfd6-22. 1'4; ——a ""'(‘e')'; 1.6 ""'T='""""'('f5 7
Equation (25 is solved with the algorithm of the TTE] e =100 E B E— =100 1
alternating-direction implicit method35]. A rectangular _01 2 1 —1.2f =180 .
simulation box is used in thg-z plane, and the amplitude & "5 SN 7 N4 S b L T
a.(7y,z) is represented as a set of valueml], Q4 ¢ 1 B& i :L iV
defined at time stepA r and space coordinatesAYy,jAz), ] - 4 04L T g v
whereA 7 is the time step of integratiody andAz are the 04556 40"60"80700 o 56" 4o 66 86100
mesh size iny and z directions, i=0,1,...)]—1 and y z
j=01,...)-1.
A periodic boundary condition is used to simulate the an- FIG. 3. Amplitude distribution in transverse space &g 0.5,
isotropic filamentation  instability, where|l_o;=ag|l_,;  Mo/Ne=09, andk,=k;=8n/100. (& Snapshot atr=100. (b)

Snapshot at=180. (c) Time-space plot in thg direction cut atz
=50. (d) Time-space plot in the direction cut aty=>50. (e) Snap-
shots in they direction cut az=>50. (f) Snapshots in the direction
cut aty=>50.

and ag|{'j_o=a.|';_;. The initial transverse profile of the
laser beam amplitude is set to le=ay+ dafcosk,y)
+cosk,2)], which represents a perturbationith amplitude
éa) both iny and z directions superimposed on a homoge-
neous distributiortof amplitudeay). In the following simu-  critical density. In three-dimensional geometry, since the de-
lation, we typically takesa=0.005. The initial perturbation pendence of the laser amplitude on shepordinate is similar
amplitude only affects the code-running time to grow to ato the z coordinate in this case, one expects that the laser
certain level; it does not change the physical results. On thBeam develops into many light stripes along the polarization
other hand, other parameters suctagsk, , k, andwf)/w% direction. Actually, this has been observed in 3D PIC
(=ng/n;) are relevant to the final results. Figure 2 showssimulations]14].

shapshots of the amplitude profile fap=0.5 andng/n, In the case of a higher laser intensity, anisotropic filamen-
=0.5. It is found that the initial homogeneous distribution tation occurs at higher density. Figure@4and 4b) show
evolves into separated filaments, each with a maximum anthe cases whea,=1 andny/n.=0.5 and 0.9, respectively.
plitude over 3. The filament spots are elliptically elongated inCompared with Fig. 3 for the same densities, one finds that
the laser polarizatiorfy) direction. Figure 3 illustrates the the anisotropic effect is stronger at lower intensity. This is
simulation results fony/n,=0.9. In contrast to the previous because, with higher intensity, the effective plasma density is
case, the filamentation instability develops much faster in theeduced due to the relativistic effect. Figureg)4and 4d)

z direction than in they direction, and the initially homoge- demonstrate that the anisotropic effect will occur in over-
neous distribution evolves to a stratified structure parallel talense plasma if the laser intensity is high enough to relativ-
the laser polarization direction. Detailed time evolution ofistically induce transparency.

the filamentation process is displayed for this example in In PIC simulations and in actual experiments, the filamen-
Figs. 3¢)—3(f). The above examples support the theory pro-tation instability is determined mainly by the the perturbation
posed in Secs. Il and Ill that the RFI is anisotropic in themodes corresponding to the maximum growth rate, since
transverse perturbation when the plasma density is near thrmany modes are present at the same time due to noise. In the
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FIG. 4. Snapshots of the amplitude distribution in transverse
space. Frame&) and (b) are foray=1.0, andk,=k,=87/100 at
7=80 forng/n,=0.5 and 0.9, respectively. Fram@s3 and(d) are
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for ap=5.0 andk,=k,=8/100 at7=90 for ny/n.=1.5 and 3.0,
respectively. FIG. 5. Amplitude and electron density distributions in trans-
verse space fai,=1.0, ng/n.=0.9, andk,=k,=8/60. (a) Snap-
present simulation of the evolution equation, perturbationshot of amplitude at=70. (b) Snapshot of electron density at
are input as initial conditions, allowing one to study the de-=70.(c) Time-space plot of the amplitude in tizedirection cut at
velopment of the filamentation instability for given perturba- Y= 30.(d) Time-space plot of the electron density in theirection
tion wave numbers. In Fig. 5, we plot snapshots of the ameut aty=30. (¢) Snapshots of the amplitude in thelirection cut at
plitude profile forap=1 and n,/n.=0.9 at an increased y=230. (f) Snapshots of the electron density in théirection cut at
perturbation wave numbeg,=k,=8m/60. Compared with y=30.

Fig. 4b), a stronger anisotropic effect is observed in this I .
case. It reveals that the anisotropy of the RFI depends ndétlly even before the occurrence of collapselike instability.

only on the plasma density but aiso on perturbation waveé ccording to the envelope equatié@4), for either periodic

numbers. The calculated instability growth rate is in agreePoundary conditions or boundary conditions such et

ment with analytical theory, as shown in Fighl Figures vanishes for infinitgy| or |z[, one finds that

5(c) and Jd) illustrate the time evolution of the filamenta- .

tion. It is found that after a certain time, sharply peaked d_P:_'_J %(a T _g* —)d d

amplitude and density distributions are produced, as shown dr 2) oy €9y € gy ydz

in Figs. 5e) and §f). Around 7= 75, these peaks break, and

a collapselike instability occurf36,37. We find that this whereP=[|a|?dydz a is the complex conjugate .

numerical collapselike instability is directly connected to theThis shows that the transverse field energy is usually not

occurrence of a vanishing dielectric constanin some re- conserved due to the anisotropic term. This is not surprising,

gions, which results in a sudden increase in the field amplisincea, includes electrostatic fields in addition to the laser

tude. By introducing collisional damping in the dielectric field, implying an energy exchange with electrons during the

constant, this instability can be removed for large enough evolution. Moreover, one may note that the energy contained

(~0.05 in this case A similar behavior is also found for a in the longitudinal field is not accounted for i This field,

laser beam with a finite transverse size, as discussed in thminting in the laser propagation direction, coexists with the

following. transverse field whewa,/dy+#0. The transverse field en-
We point out that the field energy can be changed graduergy is conserved only whe#ia,/dy=0 everywhere, i.e.,

W dag
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is also anisotropic, and electron cavitation appears in a much

15
10 reduced space. Normally, the higher the background plasma
density, the larger the ellipticity of the beam spot. In this
example, collapselike instability is also observed after
z O - =35 if »=0, leading to an unphysical result, e.g., the irregu-
-5 lar structure of the amplitude profile and the sharp increase in
10 the amplitude and energy, as shown in Fige) 6Although
(b) beam collapse is possible in a medium with cubic nonlinear-
-15 ) ) .
T ity [36,37], there is no beam collapse for symmetric self-
15410 -5 € 3 10 15 1518 -2 & 5 1915 focusing in plasma because the effect of electron cavitation

removes the nonlinearity inside the beam core. As a result,
stable self-focusing of laser beams in plasma is possible even

o

00 10 20 30 40 00 05 10 15 if its power is many times the critical powgf6]. In the
4 oo S SN present case, we find that the collapselike instability is nu-
5 —la, |-y (c) 1 (d) 3 merically connected with a vanishing dielectric constant in
"""" la,|-z E 1E E some region. Similar to the case of a homogeneous beam
2t 1 e ¢ ] discussed previously, the singularity in the vanishing dielec-
- 1 0.5t _ tric constant can be removed by introducing a finite colli-
3 E 1 ; sional frequency, as shown by the time evolution of the
0 bt o, ] M— i |1 power in Fig. &e). On the other hand, since strong mode-
-40-30-20-10;,)210 Okles -2 B y(,)z LA conversion and particle acceleration are expected after the
occurrence of a vanishing dielectric constant and collapselike
120 AR R R AR R AR RERRE instability, our model would not be valid beyond this stage,
E RS R even if we introduce a collisional frequency. Finally, if the
5 80 e . = plasma density is much less than the critical density, sym-
2 . /6 0.0 ] _metric self-focusing is rgproduced whenever the beam.pov_ver
& = v/6o.=0.01 = is above the self-focusing threshold, and no collapselike in-
40 - |- —--viw =0.05 E stability is observed, as expected.
- (e) -
0 Covv bvv v bvv v bvv v bvv v g by g g0
0

e 20 gco 0 20 d V. CONCLUSIONS AND DISCUSSIONS

FIG. 6. Evolution of amplitude and electron density when the The relativistic ﬁlamentation instabilitYRFl) has been
laser beam is transversely in a Gaussian profile initially wigh ~ Studied both analytically and numerically. We show that the

=1.0, ny/n.=0.9, andp,=10.0. Framega) and (b) are snapshots electrostatic response of electrons in the laser polarizégion
of the amplitude and electron density, respectively, 7at35.  direction tends to prevent the growth of a perturbation in this
Frames(c) and (d) show they andz profiles of the amplitude and direction for plasma d_en3|t_|es near the cr|t|cal_ density. How-
electron density as cut at=0 andy=0, respectively, ar=35.  ever, a RFI in thez direction can develop with the same
Frame(e) is the time evolution of the beam power for different ~ growth rate as the relativistic modulation instabiliin the
propagationx direction, if the effective plasma density
Nng/ 7y, is close to the critical density. As a result, a homoge-
neous laser beam will evolve into a stratified structure paral-
there is no longitudinal field and no electrostatic field exci-IeI to the Iaser_ polarization. Fc_>r the Ssame reason, a cylindri-
. e . cally symmetric laser beam will evolve into an elliptic form
tation by the transverse electric field component in the laser . ; o
2 L . in the beam cross section elongated in the laser polarization
polarization direction. Usually, the total transverse field en-

d hen th : £ fil b direction. The analytical theory is in agreement with the nu-
ergy decreases when the transverse size of filaments or begffl 4| calculations based on the envelope equation and with

decreases, and vice versa. , _our recent 3D PIC simulation results4].

Let us now simulate the self-focusing of laser beams, with oy model for the numerical calculation is based on the
boundary conditions such thit,| vanishes ay| or[z| goes  envelope equation, which can be reduced to a paraboliclike
to infinity. An initially Gaussian beam profile is used.  equation. The equation has been solved only for the trans-
=apexf — (y*+2)/2p5], which is cylindrically symmetric. verse section of the laser beam, which excludes the coupling
The normalized threshold power for self-focusing is aboutwith the longitudinal modulation instability. This is one of
P=[apdp=8, ie., ap3=16 according to Refs. the main limitations of the present model. Future work could
[17,38,39. Figure 6 shows snapshots of the amplitude profilebe devoted to directly solving E424) in three-dimensional
and electron density for initisdy=1.0, ng/n,=0.9, andp,  space or even Eq20) as done in Refl40], though without
=10.0c/ . The cylindrically symmetric beam evolves into invoking the cylindrical symmetry for the transverse beam
an elliptic structure elongated in the laser polarization direcsection.
tion. Meanwhile, the corresponding electron density profile Our model does not include magnetic field generation re-
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sulting from a laser driven current of fast electrons and theSince the anisotropy is very strong at a high plasma density,
Weibel instability. Their effects on the laser filamentationit could be looked for in future experiments.

instability are not yet clear. However, since 3D simulations

show a robust anisotropic filamentation with all the factors ACKNOWLEDGMENTS
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