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Structure stability of ultraintense laser pulse in transverse homogeneous cold plasma

Hai. Lin*
Graduate School, China Academy of Engineering Physics, P.O. Box 2101, Beijing 100088, China
(Received 30 December 1999; revised manuscript received 18 May 2000

We study transverse structure symmetry of an ultraintense laser pulse through transverse homogeneous cold
plasma. We derive a steady-structure equation of laser pulse and solve it under different on-axis conditions. We
compare Hamiltonian values at solutions with different on-axis conditions to examine their relative stability.
Numerical results show that for different ionic density, symmetric structure is not always stable relative to
asymmetric one of same power. For a given ionic density, whether a symmetric structure is stable is deter-
mined by its power. This result agrees with the phenomenon of pulse “head bending”, qualitatively. Our
theory reveals that, in addition to the plasma’s transverse inhomogeneity, there is another mechanism respon-
sible for asymmetric structure.

PACS numbd(s): 52.40.Nk, 52.35.Mw

The progress in compact terrawatt lagét enables ul- focus our attention to nonaxisymmetric self-focusing struc-
trarelativistic pulse of intensity 28 1%W/cn? available in  ture. On the basis of a Lagrangian and Hamiltonian of a
various applications. High toroidal dc magnetic field due toradiation field, we discuss the possibility of nonaxisymmetric
hot electrons has been found in some experiments and cortructure of an ultraintense laser in transverse homogeneous
puter simulationg2]. For an ultrarelativistic laser with di- plasma. We derive an equation of pulse structure and seek its
mensionless field amplitudeA/me,ocz> 1, direct longitudi-  different solutions with respective space symmetry. For these
nalv,x B acceleration of electrons is the main mechanism ofsolutions, we develop a Hamiltonian approach to examine
hot electron generation in contrast to other mechanisms, fdheir relative stability. Our numerical results reveal that in
instance, Brunel vacuum heatifig], and wave breaking of some parameter region, a transverse symmetric pulse struc-
laser wakefield 4]. ture becomes unstable relative to an asymmetric one.

For inertial confinement fusion application, the spatial The interaction of an ultraintense laser with plasma has
symmetry of pressurization on an overdense target core biyo important nonlinear features: ponderomotive cavitation
hot electrons is a crucial issue. If in underdense plasma thand relativistic correction of electron mass. Here, pondero-
direction of Lorentz force deviates from laser propagationmotive cavitation refers to the decrease of electron density
axis (z axis), generated hot electrons will also follow this since laser field expels electrons away. These two features
deviation and thus pressurize the target core asymmetricalljre contained in the nonline&chralinger equation of laser
Sincev X B Lorentz force has an equivalent foliA?, pon-  vector potentialA [8]
deromotive exerted by pulse structure, the transverse struc-
ture symmetry of pulse in underdense plasmas is crucial to

1
. S isa=—s—[c’V2a+V(a)la;
ensure symmetric pressurization on an overdense core. In 20

some computer simulatiorf$], an interesting phenomenon (1)
that the leading edge of the pulse is bent near critical surface wg 0 CZVEY

but the pulse body remains straight, was found. Moreover, V=—"—w?+ ;

there have been experimentél and theoretic work§7] on Y Y

deflection of a laser beam by a transverse plasma current. \}&herea: JT exp(6) is the vector potential in pulse frame,

i to understand this latter m deflection since it oc- o
S easy fo understand this latter beam deflection since it og relativistic factory1+1I, cis light speed, and,, and w

curs in transverse inhomogeneous plasma that is produced | f d f The steady-stat
asymmetrically arranged preforming beams. In contrast € plasma frequency and 1aser irequency. the steady-state

whether a pulse can spontaneously lose its transverse Syljnz_igrangmn and Hamiltonian are
metry in homogeneous plasmas is a more attractive problem.

If we only ascribe beam bending to plasma transverse inho- LS(1, VI ,#):f u*ldr—HS,

mogeneity, any part of the pulse will be bent by this inho-

mogeneity, which is not consistent with results in Hé&f. , 2
In this paper, we attempt to explain the phenomenon in Hs:if 202 V11— 02l + (Vi) c2ldr

Ref. [5]. For an ultraintense laser, its structure in homoge- 2w p.0 41(1+1) '

neous plasma is complex due to nonlinear optical effect.
Even though plasma is homogeneous, sufficiently high lasewheredr=dxdydé is pulse volume, angh=4;6 is space
intensity, as revealed in Relf8], will lead to self-focusing independent and can be taken as frequency-shift associated
structure that is inhomogeneous but axisymmetric. Here, wevith spatial varying structure. Here, we have adopped
—o0 boundary conditionl (|x|—«)=0. A steady structure
equation can be obtained from variational equatiiri/ Sl
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= s 1 2 2
dH ~5u [Gilg+Ga(Vig)“ldT,
whereag= 1o+ 14670 #9 | ;=14g. |, is the even func-
Z tion of x, while g is the odd function ok, . uq is space
§ independent and can be treated as a frequency shift caused
E by I 4. Coefficients in integral kernel afH are
()]
(7]
R 2 2
= » Vg 2lg+1
s 1 ___po 32, 2" 0 “0"~ |
§ 08 G, 5 (141 *+c 2 (1241572
£ 06
0.4 G :c21 —1
00 . T . T . T . Note that higher-order terms have been neglected bet¢guse
1o N 0 5 "% is small, and odd-order expanding terms are absent since
X/ their spatial integrals are zero. The invariance of variational
FIG. 1. Example of steady structures with fixed on-axis €duation yields
intensity. o 5dLS+ SdLs ,
S Slg o dlg @
20wp+ w?]lc?=— V2l + (VI1)2
[2opt o] 41(1+1) 41%(1+1)° It should be stressed thatdL% 8l is the even function,
2 while 5dL% 6l is the odd one. Thus, E¢4) has a solution
+ w_pz'o ! _ (3  only when
C” 1+l
sdLs
It should be noted that this equation depends on ion density Slg
N; via plasma frequency, . (5)
For homogeneous plasmas of ion density the spatial adL®
symmetry of solution of Eq(3) is determined by on-axis Slg N

condition V1|, —o. Different solutions with respective on- o
axis conditions represent various possible pulse structure3he second equality in Ed5) reads

Relative stability among those structures are related with 5 5 5
their respective energies or Hamiltonian values. In principle, V204 n wpo o _ Vel _ m
any solution with a respective on-axis condition should be c? Jit1, 1+1g \ 1 g
. .. 0
solved from nonlinear Eq3). This is a cumbersome com-
putational task. Moreover, for any pulse section, its power is =0, (6)
given but its transverse structure has multiple possible forms ] _ _ )
with respective on-axis conditions. To specify the stables@Nd the first one in Eq(5) gives the relation betweem, and

structure, we compare Hamiltonian values of different strucdg-

0
1+1,

tures. We stress that this comparison should be confined in dHS
structures with the same power. Otherwise, comparison U= _ )
among structures with different power, i.e., at different pulse 9 Jlodr

section is not pertinent to consideration of stability of pulse ) ) . )
structure. In order to save computer time, and to obtain a set OPViously, g(x)=0 is a trivial solution of Eq.(6) and
of solutions corresponding to the same laser power, we ddl€ets on-axis condition, g|,—o=0, correspondingly, we
velop an approximate method. obtalr_1dH5|g(X)=_0=O. O_ther nontrivial solutions meeting re-
The essence of this approximation is the invariance ofP€ctive on-axis conditiod, g|,—o#0 can also be solved
variational equationsL%/ 81 =0: from Eq.(6). To examine their stability, one can compare the
Hamiltonian incremendH® or ug at those solutions with
that atg(x) =0. If solutions with negativel H® exist, thel,
structure is unstable.
=1 In the following numerical calculation, we put field vector
_ potentiala in units of Compton potentiaholeczle, length in
We expand._* arounda0=\/Ee'“0t units of laser wavelength in microns, wgyo in units of
c?/\?=w?, andN; in units of critical densitymy .w?/4me?.
L%(ag) =L%(ap) +dL?, In particular, our calculation is toward strong field limit
I>1.
We first solve EQ.(3) to obtain an even solutioi
d'-szj prglodT+dH?, =31=%yx?"2 and a general solutiong=3!=7vx 1.
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FIG. 3. Hamiltonian incremerdH vs powerp for different val-
ues of ion densityN; .

What is revealed in Fig. 3 agrees qualitatively with the
simulation results in Ref5]. For real pulse structure, power
at the leading edge is less than that at the pulse body. It is
shown in Ref[5] that when the pulse is in low-density plas-
mas, both its heafleading edgeand body remain straight,
suggesting that symmetric transverse structures at the pulse
head and at its body are both stable. This fact is reflected by
the curve N;=0.6) in Fig. 3 that does not contain negative
dHS. With plasma density rising to critical density, Rg5]
a0 5 ) 0 ) 5 ) 10 shows that the pulse head becomes bent whereas the pulse

X/ body remains straight. This fact is also reflected by the other
two curves in Fig. 3. For these two curves, negatilié®

FIG. 2. (a) Example ofg under differentl, background;(b) appear in the low power region whitHs remain positive at
relevant intensity profilesy+1. the high power region.

We have investigated structure stability of the ultraintense
Mser pulse in transverse homogeneous plasmas via a Hamil-
onian approach. Our numerical results indicate that the

tructure with lower Hamiltonian value is variant with laser

owerp and plasma density; . For some p,N;), an asym-
metric steady structure corresponds to a lower Hamiltonian
value than a symmetric one. The deformation we studied is
spontaneous rather than induced by plasma inhomogeneity.
With the help of this result, we explain the phenomenon
presented in Refl5]. We attribute the head bending of the
laser to the asymmetric structure of the lowest Hamiltonian

these two solutions have different power [Idxdy. Here,
the existence of a general solution demonstrates solubility
nonlinear Eq.(3) under nonzero on-axis conditioWil|—g
#0. Then we present in Fig. 2 the nontrivial solutiongait
different 1, background, and asymmetric structure1,
+l1y.

\E}Ve present in Fig. 3IH® as the function of the powey
for three values oN; . It reveals in Fig. 3 that for the value

of N;=0.8, asymmetric distortiohy with negativedH ap- i the situation of high plasmas densitil;-1) and low

pear from some symmetric background at low powpr ( nower. This situation is fulfilled when the pulse head reaches
<3). For Nj=1, I4 with negativedH appear at a higher yitical surface.

power (p~5). Therefore, we can see in Fig. 3 that for given
plasma density, whether symmetric background support We are thankful for the valuable suggestions of Dr. Zhang
asymmetric distortion with negativelH is determined Ping. This work was performed under the auspices of the

by its power. National Natural Science Foundation of China.
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