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A method of multiple scales is used to analyze a nonequilibrium distribution of the electron plasma in an
intense laser field. A dielectric response function, which is nonlinear for the laser field, with wave vectors at
arbitrary angles to the laser field is presented by using an appropriate small fluctuation of slowly varying
quantities to linearize the kinetic equation of plasma. The numerical results for dielectric properties of plasma
in various directions are displayed. The plasma instability in high electric field reported by Morawetz and
Jauho[Phys. Rev. B50, 474 (1994)] does not exist under any intensity laser fields. The most excited wave
modes are damped even though the imaginary part of the dielectric function becomes negative in certain
conditions. For the limit of the parametkkp<<1, a corrected analytical expression of dispersion relation is
obtained. This modification of the excited wave dispersion relation results in a great change of the stimulated
Raman scattering instability, particularly for the large-angle sideward Raman instability. The screening prop-
erties of plasma under the intense laser field and the dependence of wave mode excitation on plasma param-
eters and angles of the wave vector from the laser field are also disc[84663-651X97)07802-]

PACS numbgs): 52.40.Nk, 52.35.Mw

I. INTRODUCTION under an intense but constant laser field. The attractive
strength values for incident laser light is of the subpicosec-
The study of the interaction of intense laser light with ond order of short pulses. In order to connect this work with
plasmas serves as an excellent introduction to the field afurrent relevant issues we consider such a short pulse laser as
plasma physics. Both the linear and nonlinear theories ofvell, i.e., assuming that the laser pulse lengthis smaller
plasma waves, instabilities, and wave-particle interactionshan the inverse of the ion plasma frequenasy;. In this
are important for understanding the laser plasma coupling. Igase, the motion of the ions can be neglected. The electron-
particular, recent advances in short-pulse laser technologylectron collisions cannot equilibrate the distribution of the
[1-3] (P~10"® W/cm?, m ~2mw,'~1 pse¢ make the electron plasma sufficiently rapidly. Thus the electrons
nonlinear laser-matter interactions possible. Such a highwould not be in equilibrium. On the other hand, it is difficult
intensity laser field, for example, leads to a number of dif-to calculate the nonequilibrium distribution function of the
ferent laser-plasma and laser—electron-beam interaction phelectrons by solving the Fokker-Planck or Vlasov equation,
nomena[4—12]. For the different intensities the laser field and using the conventional methods to treat the perturbation
irradiates onto the plasma, various nonlinear properties wills not valid due to the presence of an intense laser field. In
be produced, where the wave mode excitation of the plasmaur work a multiple-scale method is used to analyze the non-
however, is a collective response of the plasma couplingquilibrium distribution of the electron plasma in an intense
with the external field. In particular, the plasma nonlinearlaser field. By using an appropriate small fluctuation of
coupling with incident laser light results in a scattering light slowly varying quantities, we linearize the kinetic equation
wave and an electron plasma wdwetimulated Raman scat- of plasma self-consistently and obtain a dielectric response
tering (SR9]. It has been actively investigated theoretically function and a nonequilibrium distribution function resulting
[13-15 and experimentally16,17] for nearly 20 years be- from the electron quiver motion. A remarkable result, how-
cause this instability is an important issue in laser inertialever, is that in all directions of the wave vector, the most
confinement fusiofl18], x-ray lasef19,20, and laser wake- excited wave modes are damped and at the wave vector zone
field generatiorf21,22, and so on. In a three-wayimcident ~ where the imaginary part of the dielectric function is nega-
laser light, scattering light, and plasma waveésteraction, tive there are no zero points of the real part. The dispersion
the behaviors of the plasma wave are significant for underrelation in the limits ofkAp<< 1 and screening properties of
standing various instabilities. As a basis of these currentlfhe plasma are changed under an intense laser field. How-
active issues, the investigations of plasmas phenomena inever, these results lead to a large modification of the SRS
strong oscillating electromagnetic field are of great signifi-temporal growth rate. Interestingly, for a certain strength la-
cance. More recently, Morawets and JaJl8] indicated ser field, the large-angle sidescatter is more important com-
that under a high static electric field a plasma instabilitypared to backscatter around the quarter critical density.
exists for certain intensity electric fields and frequenciesWhen the wave vector is parallel to the laser propagation
Their results were obtained by using a generalized Kadanoffdirection these properties return to those of the Maxwellian
Baym ansatz and a displaced Maxwellian distribution func-distribution in the absence of an intense laser field and the
tion. SRS growth rate returns to the usual properties.
In this paper, we show that this instability does not exist It is worth mentioning that many authofd1,24—26
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worked in a frame where the electrons have only their ran- J J J
dom thermal motion and the oscillatory motion of the laser (ﬁ+ 9T ——+€ 0,,74' )fe
. . . . 0 1 2

field is transferred to the ions. In such a frame their results

appeared in the form of sums of Bessel functions. On the

other hand, the Bessel function appears also in the discus- +v
sions of the quickly varying behavior of plasma oscillation
[27-29. Here we will concentrate on the slowly varying
behaviors of plasma oscillation and work in the laboratory
frame where the Bessel function is not to emerge in the ob-
tained results.

0 J 2 0
L be— 42— ...
(90 0Xq IXo

e

e

1 J
X (EL"F fEind)+ EVX fBind} EerO, (4)

whereE, is the laser electric field and a fast scale quantity
andE;,y andB,,q are the induced fields in the plasma and two

Il. MULTIPLE-SCALE ANALYSIS slow scale quantities. Our purpose is to seek a uniform ap-
OF KINETIC EQUATION proximate solution to Eqé) in the form
The basic equations describing the interaction of laser (0 _
field with the plasma is the Vlasov equation fe=Te (ViXo. X1, Xz, .. iTo, T1, T2, - - )

+efD(v,X0, X1, X0y« . T, T4, To, )+, (5

Jf &qujEVB(?fjo . €fe (ViXo, X1, Xz orl1,12 ) 5

—+4+Vv.—+ —|E+=XB|-—=

a VT m, c av W

Substituting forf, from Eq. (4) and equating each of the

cofficients €° ande to zero, we have
plus the Maxwell equations, where the electromagnetic fields

E and B are conspicuously the sum of those applied from

outside sources and those induced from the internal particle _féo)+(v. i) OB c E.- )f(0>_ (6)
distributions, i.e, E=EgtEpng and B=BgytBing, dTo 9Xo me v

fj="1;(x,v;t) is the distribution function of th¢th-type par-

ticles, in phase space,{), andg; andm; are the charge and d d e 1 9|0

mass of thejth-type particles, respectively. Our analysis a_-|—1+V (9_)(1_ Me Einat va Bind Yy fe

starts from Eq(1). We writex andt in multiple-scale forms

To=t, Ti—et, To=é?, ... (2a) +

e
—+v.———E -—V>f<e1>=o. @)

and Equation(6) is a zeroth-order equation corresponding to a

) zeroth-order solution that gives a nonequilibrium distribution

Xo=X, X1=€X, Xp=€X, ..., 2D and Eq.(7) is a first-order equation corresponding to a first-

) order solution that is a correction to the zeroth-order solu-

wheree is a small parametel,; andx, represent fast scales, tjon. We require only to retain the equations to first order for
T, andx, represent slower scaleb, andx, represent more  oyr problems. In fact, Eq7) can describe both the quickly

slower scales, and so on. In our physical probémand  varying(wave mode frequencies are greater than or approxi-

Xo correspond to the levels of laser frequeney and wave  mately equal to the light wave frequencgnd the slowly

vectorck, /vy, wherevy, is the thermal velocity of electrons  varying (wave mode frequencies are far less than the light
and T; andx; are the levels of the plasma frequeney  wave frequencybehaviors in the plasma oscillation extraor-
(wherew,=4me’n;/m;, with n; the ambient density of the dinarily well, which, of course, is the result of utilizing the

jth-type particles wave vectork and laser wave vector method of multiple-scale analysis. If one neglects those two

k, . Hence the distribution function can be written as slowly varying terms,a/aTlfgo) and V.a/(gxlfgo), Eq. (7)
gives a fast varying approximation just like Jackson done
fi(vxt) =1F;(V,Xp, X1, X2, -+ i T, T, To, -0 0). [27].

Solving Eg. (6) by setting the Ilaser field
Instead of determining; as a function of ¢,x;t), we deter- g =E,cosk, -x—w,t) in which the phas&, -x—wt be-

mine f; as a function of {,xo.X1,X2, . .. ;T0,T1, T2, ...).  comesk-xo—w Ty in our consideration of multiple scales
To this end, we change the independent variable in the origibecausek, <w, /vy, the termk, -, in the phase may be
nal equation (1) from (v.xt) to (V,Xo,X1,X2,...;  treated as a constant. Consequently, we obtain the form of
To,T1,T2, ...). Using a chain rule, we have the zeroth-order solution of the kinetic equatidn,

el el el 3 Me

- = R 0

. 9Ty < dTy ¢ aT, (33 fe )~exl{ o7, > (V=Vg)? 8

9 _ i+6i+62i+ o 3y  Where ithas been assumed that the distribution of the plasma

IX  IXg  IXq IXo ' electron is Maxwellian before the laser light entered into the

plasma and vg=(eEy/mew )sink, -Xg—w, Tg) Iis the
Hence, for the plasma electrons Ei)) becomes quiver velocity of the electrons in the laser field. Hence let
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m SA(go)(—Tw+ik-v)
f<e°>=A<T1;x1.v>exp[— > (V=Ve)’|=Age.  (9)
e e d00 ~
= —A0<—> L(1-k-Viw)l +wW/w]- 6Ejnq,
We note thatA is not a constant but a function of the slow Me v
scales T;, v, and x, becausef® is a function of (12)
(ViXg:X1, « - .:Tg,T1, ...) and thelerivatives in Eq(7) are

with respect to X;; T1), which is not known at this level of wherel is a unit tensor and. angular brackets represent an
approximation; it is determined at subsequent levels of ap@Verage over a period associated with the frequency of laser.
proximation by eliminating the secular terms. It is remark- | "erefore, the amplitudéJ of the induced current produced
able that we are only interested in the zeroth-order solutiof?y fi€ld disturbance can be written as

) because our final goal is to find the dielectric function -

that can be obtained from the first-order equatiénby us- 6)= _enef VOA(go)dv, (13

ing a self-consistent linearizing method. The above equations o

are, however, kept to first-order. On the other hand, the slowyheren, is the density of the electron plasma. Substituting
scale cofficientA is dependent on the characteristic param-Eqs. (1139—(11¢) into Eq. (12), according to the complex
eters of the plasma, which differ from these of R&3]. It Fourier forms of Maxwell’s equations, and utilizing E43),

may be determined in a self-consistent linearizing approxifinally, the dielectric tensor function is obtained

mation.

For expressioli9), actually, it is very clear in the physical =~ w?,e ~ wﬁe * wW 990
picture that the electron thermal motion is superposed aDkw)= 1_F I_AO?f_wd k~v—wk' EVNE
quiver component due to the presence of an external laser (14)
field, which is a drift Maxwellian distribution. Because the
fast scalesi, and T, are included ivg andk- (v—vg)<0,  Wherew,.=(4me’ne/m,

Eq. (9) reflects a coupling motion of both fast and slow mo- plasma_. _
tions. Making use of the conventional methd@9] and averag-

ing in the wave vector directiok- D(k, ) - k/k?, the dielec-
lll. DIELECTRIC RESPONSE FUNCTION OF PLASMA tric response function can be calculated as
ko
D(k,w) =1+ 3(W(&), a9

)¥2is the frequency of the electron

In principle, the first-order scale equation contains terms
that produce secular terms. For a uniform expansion, these
terms must be eliminated. From Ed6) and(7) we see that

the term includingf® in Eq. (7) averaging ovefTo, which ~ Where the dispersion function

will contribute to a term proportional td, for f!), is a oo (€
secular term and should be set equal to zero, so that W(§)=1—&exp(—£72) fo exp(t/2)dt
3 g e 1 ] +i(wl2)Yeexp — £212) (16)
fﬂ—l A ¢9X1 Me E|nd CV Bmd EY, A<go> 0

(10

50

It can be seen that in the treatment of the secular term only
the wave frequencies that are far less than the laser frequency
are left. Obviously, the treatment is identical to the consid-
erations of the current subjects of interest. For the slowly
varying behaviors in the plasma oscillation, E40) is a
highly appropriate description.

Assume that these slowly varying quantities have pertur-
bations

ReD(k, v)

SEnexdi(k-x;—wTy)]+c.cC., (119

SBingexdi(k-x;— wTq)]+c.C.

= %(kx SEngexdi(k-x;—wTq)]+c.c.,, (11lb

Ayt SA(v)exdi(k-x;—wTq)]+c.c., (119
FIG. 1. Real part of the dielectric response function vs the fre-
respectively, whereAg=(me/27T¢)¥? is the normalized quency for the different parameter& p=0.05, voo/vy=10.0,
constant of Maxwellian distribution, which is a fundamental 9= 0.0 (dash-dotted ling khp=0.1,v /v 4= 10.0, 6= 0.0 (dashed
requirement satisfying the initial condition. Substituting Egs.line); kAp=0.1, vos/vy=5.0, =0.0 (dotted ling; andkxp=0.1,
(113—(119 into Eqg.(10) and then linearizing, we obtain Vos/Uh="5.0, 6=0.3r (solid line), respectively.
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the usuakw/kv, replaced byg, then to be followed by aver-

50 [ aging over the oscillation phase. Note that this is the reverse
of the usual procedure in the calculation for the cyclotron
orbits of a hot magnetoplasmd?2] or for the oscillation
orbits in previous oscillating-electron plasmgkl,31-33.
This procedure gives the result of E4.5). In addition, it is
obvious that the response functio®D(k,w), when
0=t /2, returns to that of the Maxwellian distribution in
the absence of an external laser field. We also can see, from
P Egs. (24)—(27), that the laser field modifications to the di-
! ) electric properties of the plasma embody the funcaom-

S pletely becausk andw appear iré¢ only, and in the complex
o plane, the position of the poles shifts in comparison to the
Maxwellian. The detailed analyses will be presented numeri-
i ' e cally in the next section.

IV. NUMERICAL RESULTS OF MODE EXCITATION

. ] ] . We now consider the real part of the dielectric function
FIG. 2. Imaginary part of the dielectric function vs the fre- Eq. (15). The real part RB(k,w) as a function of the fre-

quency. The parameters are the same as in Fig. 1. quencyw is plotted for different parameters. Figure 1 dis-
q plays the variation of Re(k,w) for different parameters:
an vos/vm, K\p, and the angled, respectively. For a certain

temperature of the plasma the exciting frequencies move to
é= Up _ v—oscosesinz/f. (17) higher values ofv when bloth the strength of the laser field
Uth  Uth and the parametder ; are increased, respectively. However,
increasing the angl®, the exciting frequencies move to
vos—€Ey/Mew, and vy=(T./m,)Y? are the amplitude lower values ofw. The amplitude of RB(k,w) is suscep-
of the quiver velocity of electrons in the laser field tible to the parametek\p. The smaller the parameter
and the thermal velocity of electrons, respectively,k\p, the larger the amplitude. It can be seen from Fig. 3 that
kp=(4me’n,/T) 2=\ is the Debye wave numbe6,is  the exciting modes result in a narrow region of tkiep
an angle of the wave vector and laser field veatgrs w/k is ~ value. In the direction of the wave vect&rparallel to the
the phase velocity of the wave, anflis the phase of the laser field, no excitations exist fé&iA, exceeding 0.3 in the
laser field. The second term on the right-hand side of Eqcase of arbitrary laser field strength values, and the higher
(16) involves an orthostatic probability integration that canthe strength, the narrower the region of ¥, value where
be represented by a special functigd;F1(1;3;—3¢?), the excitation occurs. That is to say, whknp=0.3, the
where ;F1(a;B;2) is known as the Kummer function. Landau damping typically becomes important, which is iden-
It is worth noting that if one seeks the usual electrostatidical to the theoretical analysis of R¢B4].
form rather than that of Eq14), one can usefully write the Figure 2 shows the imaginary part of the dielectric func-
denominator of the dielectric function &s(v—vg)—kévy,  tion ImD(k,w) as a function of the frequencw. Im
and change the integration variable franto (v—vg), since  D(k,w) becomes negative in a certain region of frequency.
the different feature in the electron dielectric function is theHowever, combining Fig. 1 with Fig. 2, one can see that this
presence o¥g in the oscillating Maxwellian. Hence one now negative imaginary part does not involve the zero points of
can obtain the standard result in the usual W&G8j, but with  the real part in the dielectric function, which implies that it

FIG. 3. (a) Relationship ofw andk for the
second excitation point. The corresponding pa-
o) rameters are ,s/vy,=15.0, 6=0.0 (dash-dotted
§ 04 £ ; i line); volvy=10.0, 6=0.0 (dashed ling

/ ’ / Voslvp=5.0, 6=0.0 (dotted ling; and
/ 7 vos/vn="5.0, 6=0.3 (solid line). (b) Imaginary

02 F ; / // part of the dielectric function vs the valuesand
o1 f ‘;" Y () k, which correspond to the second excitation
. , , , o R point. The parameters are the same a&jn
1 2 3 4 5 1 2 3 4 5
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15 (14) the distribution of poles in the complex plane have
displaced due to the presence of a laser field. The space
10 F distribution of these poles determines the response of the
plasma on an external field. The discussed properties exist
5F just because the poles have made a redistribution.

V. DISPERSION RELATION
AND SHIELDING PROPERTIES

Now we consider the case of the parameter

-10 | /./' kNp<<vin/v4s<1, which meanst>1. In this limit the real
// part of Eq.(16) can be expressed in a convergent series
ASE
L~ [W()Jg=—§2-8¢ 4~ —[(2n-DI]E 2~ ..,
20 I 1 I 1 (18)
0 0.1 02 03 04 05
angle (6/7) where (2h—1)!'=(2n—-1)X(2n—3)X - - - X3X 1. Taking

the first two terms on the right-hand side of E&8) and then

averaging in a laser cycle yields
FIG. 4. Real part of the dielectric function vs the angldor

k\p=0.05, w=0.8w,, ves/vp=10.0 (dash-dotted ling . wpe|? (27 _
k\p=0.05, w=1.50,, vos/vy=10.0 (dashed ling knp=0.1, (W(&))r=—(2m) " khp— = . dy(1—2Bsiny
0=0.80p, ves/vyp=10.0 (dotted ling; andkAp=0.1, w=0.8wy,
Vos/Uin="5.0 (solid line). 4
wlon= o0t ) +3ﬂzsin2¢)—3(2w)—1(k>\f,w—pe)
does not follow the instability of the plasma wave. The first @
exciting point corresponds to a very large positive imaginary 27 ) ).

part, which represents a large Landau damping. Therefore, a *, dy(1—4Bsing+108%sir’y), (19
possible exciting mode exists only at the second zero point

of the real part, which can be seen from Fig&) and 3b). where 8= (k\p@pe/ ) (vos/vi) COSH. Substituting Eq(19)

In order to understand these excitation properties in morgyig Eq.(15), settingD (k,») =0, and neglecting some high-
detail the real part of the dielectric function as a function ofy qer small terms, finally, we obtain an analytical expression
the angled and strength valuev(s/vy,) are displayed in - of gispersion relation

Figs. 4 and 5 respectively. It is noteworthy that in the differ-

ent directions the exciting properties of the plasma are dis- ) )
tinctive, which differs from the usual situation. From the W™= Wpe
above discussions we find that the nonlinear response prop-

erties of the plasma to an intense laser field concentrate op the process of the derivation above we have neglected
the influence of the laser field on the distribution of theglevant terms higher than third-order of small quantities.
plasma. Essentially, in the contour integration of expressior@bviougy’ the excited wave frequency increases substan-
tially and in different directions it is distinctive. If one ne-
glects thev ,~dependent term, Eq20) recovers the Bohm-
Gross frequency. The third term on the right-hand side of Eq.
(20) is called the laser field modified term. This term be-
comes zero whe= /2. It is to see that the external laser
field does not affect the plasma oscillation along the direc-
tion of laser propagation. Evidently, from E@O), for a high
field (vos/vin>1) the modified term is larger than the second
term in the transverse directiqwave vector parallel to laser
field vecto), so this term is significant to the transverse
plasma oscillation along the direction of the laser field. Com-
bining Eq.(20) with Figs. 3a) and 3b) we can see that, for
the cold plasma, the maximum of the correction term is al-
lowed to arrive at\/§wpe in the region of the exciting waves
because the wave modes ©f w,<3 can be excited for a
certain strength value of the laser.

In order to understand the anisotropic dielectric properties
of plasma further, we consider the limit af=0. One can
find, from Egs. (15-(17), that the dispersion function
(W(w=0))#1 for ##x/2 in this limit. Therefore, the

FIG. 5. Real part of the dielectric function vs the laser strengthsscreening property of the plasma is changed due to an in-
vos/vi,. The parameters are the same as in Fig. 4. tense laser field. The screening length becomes

3 Uos 2
1+3k2)\D2+§k2)\D2 o~ cogd
th

. (20

40
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We look at the case of a steady-state interaction where the
pump is continuous over all spadnearity approximation

and not too strong. In this case the temporal growth rate of
the unstable waves for the backward and sideward SRS in-
stabilities is given by 35]

1 wge
Y= 4 kv,

Wel( WL~ Wei)

112
: (22)

=0)>

<W(

where we= (whe+ 3k%v§) 2 is the Bohm-Gross frequency
and the wave numbék is given by the dispersion relation
(wek— w)?—c?(k—Kk )2~ w},=0. Since most experiments
start out with a very low temperature for the electrons
(~10 eV) one can assume that the initial electronic tempera-
ture is cold(i.e. w5:>3k?§). In this case the growth rate
becomes

0 0.1 0.2 0.3 0.4 0.5 v
angle (8/7) 'y=0.5w|_—03<

02

wpe/(‘)L )1/2

1-wpel o 23

c

FIG. 6. Dispersion function ab=0.0 vs the angl@. The cor- IN our considerations the growth rate of instability can be
responding laser field strengths of the curveswagév,, =0.5, 1.0, changed because the dlspgrsmn relation of the _electron
2.0, 3.0,...,10.0 from top to bottom. plasma wave has been modifiege Eq(20)]. From a direct

derivation, the relevant density fluctuation equation that de-

rD=[47T<W(w=0))nee2/Te]’1’2=)\D[<W(w=0)>]’1’2 scribes the instability now becomes

J* 2 2 L 2ai 2 ONe
andrp, is determined by not onl§, andn, but alsov s and 2 T @pe v 151 Sir’ 9 |V o
6. The evolution of W(w=0)) along with strength value of
the lasew ,s/vy, and the angle are plotted, respectively, in 2
Fig. 6. One can see thé¥/(w=0))<1. The equality sign is __°© V2(A.-Al) (24)
satisfied only in two cases of,s=0 or 6= /2. The screen- 2 ﬁ Lol

ing length increases when the strength of the laser is raised.

When the strength value increases tw,/vy,=>4.0, where A  and A, are the vector potentials of the large-
(W(w=0))~0, which means that the screening effect dis-amplitude pump and the scattered light wauérs, is a small
appears in the transverse direction. As the amglecreases density perturbation in the plasma, is the plasma ambient
gradually, the screening length decreases correspondingiensity, andu=v,./vy,. By means of the conventional
and returns to the Debye length wheincreases tar/2. We  method, for the backscatter and sidescafler 9 < 7/4), the
can see from Fig. 6 that the screening effect disappeardispersion relation can be derived as

within certain limits of & whenuv /vy, is sufficiently large.

Furthermore, in the problem of Coulomb scattering, which is 1

closely related to the screening of an effective potential(w?®— nzwik)[(w—wL)z—cz(k—kL)z—wﬁeFZkzvoswf,e,
~exp(—r/rp), one sets the maximum impact parameter (25)
bmax €qual to the screening length in order to avoid a loga-

rithmic divergence, i.e., takes the Coulomb logarithm a 2 s 22,2

InA=In(127n\3). From the above discussion one can find%Nhere’ for wpe> kv,

that the screening length, becomesry, which is larger 30012 o \2
thanAp . Under an intense laser field it will become very 72=1+ _<_°S (_'-) SirA(29) (26)
large and tends to infinity whem,s/vy, is sufficiently large 2 Wpe

in the direction parallel or approximately parallel to the laser . N _
field. Of course, whether this shielding phenomenon is outand the wave-number matching conditiés=2k cosd is

standing within the interaction time,;el will be worth study- ~ used. It needs to be indicated that, in order to keep in line
ing further in the future. with the usual treatment, the angéein Eq. (20) has been

translated intod, which represents the angle between the

plasma wave vector and the laser propagation direction. One

can see that the original wave frequenay is replaced by
The stimulated Raman scattering instability arises fromw.= nw., determined by Eq(20). Taking w=w.+ivy, the

the decay of a pump photon into a scattered photon and maximum growth occurs when the scattered light wave is

plasmon. What we are interested in here is the effects of thalso resonant. The relevant growth rate, in this case, can be

discussed wave exciting properties on the SRS growth ratabtained

VI. RAMAN INSTABILITY
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=1in., Wheren,, is the critical density, the growth rate is
gradually reduced along with angtewhenv ,o/c<0.5. That

is to say, the backscatteringg£ 2k, ) growth rate is larger
than that of sidescattering in the strength region of
Vos/€c<0.5, which is in agreement with the usual result.
When the strength value is increasedut/c=0.6 a very
interesting change results that the sidescattering growth rate
is larger than the backscattering one &= #/10, which is
different from that obtained before. At the density=
#n., the sidescattered growth rate is lower than the back-
scattered one. From Fig. 7 we can arrive at the important
conclusion that when the laser strength arrives at a certain
value, the large-angle sidescatter is more significant that the
back-scatter around the quarter critical density. It is worth
indicating that in the approximation in Eq20) the only
requirements areo/(w,ek\p)>v os/vpSindsink - X— o t)

and %kzvgscos?inf,e. Therefore, the above results are rea-
sonable. In addition, the results given in this section are valid
only in the pump linearity approximation. A more extensive
discussion on this subject is planned to be presented in an-
other work.

VII. CONCLUSION

In this work we have given a nonequilibrium distribution
function of the electron plasma mathematically and obtained
a dielectric function in an intense laser field by using an
appropriate treatment method that linearized the relevant
slowly varying quantities. We find numerically that, in the
plasma interaction with an intense laser field, the negative
imaginary part of the dielectric function does not follow a
plasma instability. The most excited wave modes are damped
by a large Landau damping a8 w,=2 and the excitation
properties are distinct due to different angles of the wave
vector deviating from the laser field. The paramédep, re-
gion where the excitation occurs is presented for the diverse

FIG. 7. Growth rate of the Raman instability vs the scatteringstrength values of laser field. FRkp<1(>v4/v,d, @ Sig-

angle 9. (a) For v,/c=0.6, the solid line is at the 1/4 critical

nificant dispersion relation with the laser field correction in

density and the dashed line is at the 1/16 critical density. Fogifferent directions of the wave vector is obtained. In this

vos/c=0.5, the dash-dotted line is at the 1/4 critical dengiy.For

case, the frequencies of the excited wave modes have a no-

vos/C=0.2, the solid line is at the 1/4 critical density and the dashedaple increase for the small-angle oscillations and this in-

line is at the 1/16 critical density. Fer,s/c=0.1, the dash-dotted

line is at the 1/4 critical density.

Uos
c

=0 wpel O

In comparison with Eq(23), we can find that one factop
appears, except for the scattering anglés included in Eq.
(27. When 9=0 it returns to Eq.(23), which gives the

n(1- 77“’pe/wL)

| COsy.

crease is directly related to the square of the electron quiver
velocity in laser field. We find further that the screening
effect is anisotropic under an intense laser field. The screen-
ing length increases with the intensification of the laser
strength and the screening effect disappears in the direction
parallel to the laser field when the strength increases to a
critical valuev /v=4.0. Within a large-angle domain of
the wave vector deviated from the direction of the laser field
(e.g., 0= 6<0.37) the screening is lost when the strength is

backscattering growth rate. The unstable mode wave numbeaised to a certain valuée.g., v.s/vy="6.0). Furthermore,

k that satisfies the scattered light resonant condition is

» 1/2
2 nﬁ} .

WL
C W

The growth rate as a function of the angjtas plotted in Fig.

2%pe

2
w
(1——";) cod+ 7
w

W

we indicate that in the physics of Coulomb scattering, replac-
ing the maximum impact parameter with the Debye length

may be unsuitable in the presence of an intense laser field if
the mentioned screening effects can occur in the interaction
time wrjel. Finally, we investigate the effects of these results
on SRS instability. It is found that, for the strength value

Vos/C>0.5, the sidescatter starts out to become important

7. One can see that, at the plasma electron density because of the change of the dispersion relation in the elec-



3380 SHI-BING LIU, SHI-GANG CHEN, AND JIE LIU 55

tron plasma wave. In particular, when,s/c=0.6 and direction, where parametef=(w/k)\m./T., do all the
9= 7/10 the instability growth rate is larger than that of the properties return to that of the Maxwellian plasma.
backscattering instability around the quarter critical density.

In the interaction of a plasma with an intense laser field,
the electron quiver motion results in the anisotropy of the  Thjs work was supported by the National Science Foun-
density fluctuations; however, it also results in the aeolotrogation of China, the National High Technology Committ of
pism of the nonlinear coupling and the plasma responseaser, and Science Foundation of China Academy of Engi-
properties discussed in this paper. Only in laser propagatingeering Physics.
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