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Steady copropagation mode of laser pulse and plasma wave
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Stimulated Raman scattering is investigated using a nonperturbative method. The existence of steady co-
propagation modes of laser field and plasma wave is discussed. The plasma wave strength is analyzed through
its relation with the total energy of the laser-plasma system. It is found that at a sufficiently high laser intensity
there exist stable copropagating modes with non-zero-strength plasma waves. The strength of plasma wave in
a stable steady copropagation mode is found to have an exact expression in terms of the frequency, the wave
vector of the plasma wave and the laser intensity.
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[. INTRODUCTION propagation mode has definite energy and represents a free
particle state of laser-plasma system. The monochromatic
As a fundamental phenomenon in laser-plasma interaddistribution can be viewed as a special copropagating mode
tion, stimulated Raman scatterif®RS has been intensively characterized by zero plasma wave intensity.
investigated over the last several decades. Now it is widely The paper is arranged as follows. The theoretical model
believed that SRS is an effective absorption mechanism dfquations are developed in Sec. Il. Numerical solutions and
the laser in plasmas. The efficiency of this SRS absorptiofhe discussion of the numerical results are described in Sec.
depends on the final amplitude of driven plasma wave, or thdl. Our results are summarized in Sec. IV.
growth rate of plasma wave. Numerous theoretical analyses
have been devoted to the spatial and the temporal growth of
driven plasma wavgl-7]. Among these works, SRS is be-
lieved to be triggered by thermal density fluctuation within ~ We start from a nonrelativistic Newton’s equation in one-
the plasma. Hence, the final amplitude of plasma wave dedimensional(1D) case
pends on the amplitude of the initial thermal wave, the
growth rate and the interaction time. Because of the uncer- 1
tainty in the amplitude of the initial noise wave, it is difficult dv,=—[daga* +aga*)—d,e]. )
to estimate the effectiveness of SRS. Me
The dynamic effects of plasma wave on the laser field has
been widely investigated in these worlds-7]. In particular,  Here, v, andm, are the longitudinal oscillating velocity and
these investigations focused at the effect of a single wavene rest mass of electron, respectivehyis the scalar electric
with constant amplitude ahead of the laser pulse. This corregotential associated with the plasma waag, a. , anda_
sponds to the pulse experiencing a coherent collective OSC?Ere the laser vector potential of the fundamental component,

lation throughout the whole plasma region. In thermalthe anti-Stokes component and the Stokes one, respectively,
plasma, the disordered thermal motion of the electrons com-

petes with coherent collective oscillation and hence, do not L

favor large-scale plasma wave. Hence, it is necessary to ex- _ . .

tend the investigation to several thermal waves with varying o= J1+f2+f2 VioexpiKz=iwe), (23
amplitude. In addition, the role of thermal source is to drive T

a plasma wave continuously. Whether the plasma wave can

be maintained or not when thermal source is removed is also a;=aof ,explikz—iwt), (2b)
discussed.

Here, we consider the existence of a steady copropagation
mode of a laser field and a plasma wave. Because of the
response of plasma to the laser field, the propagation of the
laser wave strongly couples with the plasma wave. In addiwhereK andW are the wave vector and the frequency of the
tion to the fundamental pump, it possible that some sidebantindamental componenk and w are the relative shift in
(Stokes and anti-Stokesomponents will copropagate with wave vector and frequency of the sideband component, re-
the fundamental pump. A steady copropagation mode of thepectively,f, and f_ are the relative amplitudes of side-
laser field contains different components with fixed relativebands. Here, we are interested in the steady distribution of
intensities accompanied by a steady copropagating plasmaser field over the three componenits,, as well asf _, is
wave. This distribution of laser field over several compo-therefore taken as an invariant independent ahdt.
nents is a result of the response of plasma. This steady co- Now we rewrite Eq(1) as

Il. THEORY AND FORMALISM

a_=ayf _exp —ikz+iowt), (20
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1 _ _ determines other two variables,and v,. This is a natural

f?tvzza[|ao|2(72{f+exmk2— iwt) result because the three variablasn, andv,, are described
N by three equations. The above analysis indicates that the
+f_exp(—ikztiwt)}—d,4]. (3)  plasma response to the periodic force, the electronic velocity

_ . and the density oscillation can be determined via two equa-
We introduce a parameter whose value remains to be de- tions, Newton’s equation and the continuity equation. Thus,

termined and split the above equation into once the periodic force is determined, we can exactly know
the plasma response.
1 2 ; i i ; Because the appearance of the laser field will inevitabl
dv,— N —|ag|?0[ f.explikz—iwt)+ f_exp(—ikz+iwt)] | Pp : , y
Me induce the plasma response, this response cause in turn the

1 propagation of laser field exhibiting nonlinear feature. Espe-

=(1—\) —|ag|?9,[ f , explikz—i wt) cially, when the laser field is a multicolor one, the beat be-
Me tween the different frequency components provides a peri-

1 odic force on the plasma. The propagation of this multicolor
+f_exp(—ikz+iwt)]——3d,¢. (4) field is complicated because of the plasma response to the

Me periodic force. We will derive a nonlinear propagation equa-

tion of the laser field via variation principle. For the laser-

Sincef. andf._ are invariant in space and time, there is plasma system, its formal Hamiltonian and Lagrangian read

df explikz—iwt)+f_exp —ikz+iwt)]
K H=|(|0a0*+ 0@, [?+ 0@ |?) + (| d,a0|* +]d,a. |2
=— Eat[f+exp(ikz—iwt)+f_exq—ikz+iwt)].

+ nOme| Uz| 2

No
2 2 2 2
(5) +lda| )+m—e(|ao| +la[*+la_[?)

Hence, we can obtain the following relations:

1 111
- E[n* ¢+H.c]+ > H(n+aoai+n,a0ai+ H.c.
e

d=(1—N\)|ag|?[f.explikz—iwt)+f_exp —ikz+iot)],

(6) 2, (11)

_|‘9t¢|2_|‘72¢
1

v;= — A —lagl’ f.expikz—iot) L=2(|da0l?+|da, |2+ |d@_[>—|ap|) —H, (12
e

K wheren, andn_ depend orf , andf_, respectively, which
+f_exp(—ikz+iwt)]—. (7)  can be known from the expression ¢f This Lagrangian is
w a combination of three Lagrangiahs=LasertL 4+ Liree,

Moreover, there is a continuity equation for the electronico"® for the laser field, one for th¢ field, and one for the

fluid free electrons. Asp, v,, and a are independent of each
other, the variation principle will lead to three independent
dn+d,Nov,=0, (8)  motion equations, whereis the coordinate of an electron,
wheren is the density oscillationn, is the static plasma _ oL Olaser_ . o
density.n and ¢ are related with each other via the equation 0=1= 52 (- dwa-wpa—j,, (133
[dn—dzz]p=—n, €) oL 6Ly (13b
0= = —=(dy ) p—n, 13
where the “=” in right-hand side of this equation is due to op OS¢ 2z o

the negative charge of an electron. sL sl
Combining the above equations, we can determine the 0= free:—anr+V[jL(r)a— S(N]; (130

value of\, or or

(K?— w?)w? the latter two equations correspond to E@) and Eq.(1),
A= o (10) respectively, the first one describes the propagation of the
[(K*= 0% 0™+ wpk?] laser field when the fluctuating currefit is present.
Substituting the expressions of ¢, anda.. into Hamil-
tonian, we obtain

where w,= \ny/m is the plasma frequency. It depends on

the values ok and w. Physically,\ represents the response

of plasma to the dynamical ponderomotive force. Note xhat = (14242 ) (W2+ K2+ w2)| a2+ |ag| 2 0+ k?)

does not explicitly depend on the relative amplitufiesand N P

f_. X(f2 +2)+2(Wao+KK)(f2 —2)|ag|?+|ag|*
Among the three variables describing the laser-plasma

system, only the laser vector potentls independent and X[(1=N)2A(K? = 0?) = (1-N) (K= 0?)](f5 +2)
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K2 tions of sidebands are still linear, their parameters change
+\2wh— |ag|*(f3 +2) = (0?+k?)(1—\)?ao|* due to the variation in the fundamental field. In the standard
w perturbative theories in which each physical quantity ex-

pands as a series of small perturbation parameters, the fun-
damental field is treated as an invariant because of its inde-
We use two parameters to describe the frequency shift an[aendence of perturbatiqn parameter. In our nonperturbative
the wave vector shift because there may be a difference b r_eat(nent, th? hack action of sideband on the.fundamental
tween them ield is taken into account and the fundamental field becomes
dependent on the intensity of sideband.
w K Because of the difference between the last two equations
Bte= W B—e= K (15  in the above equation set, the solution of this equation set
must satisfy the condition thdt, and f_ cannot simulta-

réeously be unequal to zero, i.e.,

X (f2 +1£2). (14)

We can separately obtain the propagation equations of th
three components via the variation principléL{éa)=0. ff =0 17
Although v, and a are two vectors perpendicular to A

each ot_her,vz-u§ anda-a* are scalar quantities. Because Clearly, (f, ,f_)=(0,0) corresponds to the monochromic

the  unit vectorssi and s satisfy eZ'EZ:ei'ei*zl’ distribution. Forf, =0, we can obtain following relation

we have 6(v,e,-v; e,)/d(a*e )=46(v,e, -v,e ) 5(a*e,) from Eqgs.(163 and (160

=5(v, - vj )/ 5a*e, . The propagation equations of the three

components are written as 22
0= — 222 ,(B—&)" K

wp(ﬁ+8)2 W|ao|2+(W2_Kz)[2|ao|2()\_1)
0=1 (1+f5+f2)(WP—K?~w})
X(B2+e?)+ (B2 +e?)]+ (W2 K2)[4|agl*(N—1)Be

,(B—e)? K2 s as +2Be] - 2B(W?—K?) —26(W?+K?), (18a
—laol*(F +12) + (W =K (1

p 2 2

(B+e)* W

+12)[2]ag2(N—1)(B2+ ) +(B2+&?)]

-2\ %w

0=W?—K?—w}. (18b)

Similarly, for f_=0, there is
+ (W2 K2)(£2 + £2)[4]ag| 2\ — 1) Bs + 2 B¢ | Y

2B K2

+2B(W2—K2)(F2 — 2 )+ 26 (W2 + K2)(f2 — 2 ) | &g, 0= wp(ﬂ+8)2Wlaolzﬂwz—Kz)[Zlaolz(?\—1)

(163 X(BP+ )+ (B +e?) ]+ (W K?)[4]agl*(N—1) Be

(B—e)? K2 +2Be]+2B(W?—K?) +28(W?+K?), (199
O=[(W2—K2—w§)—2)\2w§ 5 —lal?

(B+e)* W 0=W2—K2—w?. (19b

p

+(W2=K?)[2[ag|2(A—1)(B?+&?) + (B> + &2
( (2130l J(B+ef)t (B en)] For SRS, B+¢&=w,/W. Combining the above two equa-

+(W2+K?)[4|ag)2(N—1) Be +2Be ]+ 2B(W?—K?) tions, we have a resonant condition for the sideband
+28(W2+K2>]aof+’ (169 0=[—2>\2 (B0l (pmep|+a0n-1)(82+e2
(B+e)
0=[(Wz—Kz_wg)—z’\zwg(B_S)z K—2|ao|2+(W2 +[4(?\—1),38]{ -1 ]|a0|2+[(,82+82)—2ﬁ]
(B+&)* W? (B+e)?
—K3)[2]ag|*(N—1)(B*+ %) + (B +e?)] 2
+ (W2 K?)[4]ag]2(\ — 1) B + 286 ] - 2B(W2—K?) Tlzpemze] (B+8)2_1]' 20

Oncep ande satisfy this resonant condition, the correspond-
ing sideband B,e) can have nonzero strength. From this
equation, we know that whethgrande satisfy the resonant
Here, the nonlinear equation of fundamental field becomesondition or not depends day|?. With the sideband grow-
dependent on the strength of sideband. Although the equdng, the intensity of fundamental componeag|? will vary.

—2e(W?+ KZ)] aof_ . (160
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Thus, the relative position of the sideband to fundamental
component, o8 ande, will change. Unlesg ande satisfy e type-1
the following equations:
_ )2
0=—2\? (P 8)2_(B_8)2 +2(N—1)(B%+&?)
(B+e) |
+[4(N—1)Be -1}, 21
4= D)pe]l s (218
0=[(B%+5%)~2B]+[2Bs 2] —1], L
(:8+ 8)2 0.0 0.2 0.4 0.6 0.8 1.0
(21b) v

FIG. 1. Five possible types d¢i-z curve, wherez=1-y.

the relative position of sideband will be invariant withy)|? )
changing. Whether a sideband can be resonant or not Whg}{'g'g
the intensity of fundamental component changes is important

to its growth. Suppose that a sidebangl,{) satisfies Eq. _ —[4Be+(B*—)?)(B+¢)?

(20) at |ag|?=x4, it can grow at thigag|?=x,. However, —[4Be+(B2—e2)2|(B+e)2+(B+e) 1—(B+e)?]
with this (B,&) sideband growing|a,|? will decrease to, (23
<Xy, thus this (8,¢) sideband will be out of resonant and o

slowed down its growth if it does not satisfy E@1). More explicitly, we expressi as

The sidebands withg,e) satisfying Eq.(21) represent a _ _ _
type of particular excitation of laser field, which will be reso- (V)= Soll0:8:8)+[Si(l0.B,8)=S(l0,5,)1(1~y)
nant with the fundamental component at any strength. For +S,(1g,B,8)(1—Yy)?, (248
such sidebands, their strength can grow to a substantial level

because the sideband always be resonant. Hepce) Gat- 1
isfying Eq. (21) denotes the steady copropagation modes of o<y= ;<1 (24b)
laser field and plasma wave. 1+f

The relative positions of sidebands are determined by Equom this expression, we know that thealue at the mini-

(21). Their positions are independent of the intensity of fun- Lo o .
damental component. Now we determine the strength of them :Jr:inmﬁl;nH;mAI;?:ill?gzigﬁ ';ng/et?r?&;gegengl%ri’s‘agd i-lr—1h1?ol-
sideband. For simplicity in symbol, lg¢t_ =f, f,=0. We min P

rewrite Hamiltonian as lowing five types for differens,, S;, Sy. For positiveS,,

(8- S)?
Hmin=So— - J (253
(B2 2 s
H= lo+| 1+ —(B—¢)? lo
(B+e)? (B+e)? 1+f2 S-S,
0<ymn=1— <1, (25b
2 25,
1 N (B—¢) ( ) f |

(B+e)  (B+s)? Fme)l il or

2 £2 Hmin=So, (269
+(>\2—>\)(1— (B 8)2+(,8—e)2 13
(Bt+e) (1+f9) Ymin=1, (26b)
_ )2 f2

+2\2 ('B+8)2— _S)ZIWIS_M_)\)Z o

(B+e) ( ) Hmin=So+ S1, (279
_ )2 f2
x| 11 P72 —(B—e)? I5twh, (22 Ymin=0- (279
(B+e)? (1+f2)2
Moreover, for negativés,, ymin is 0 or 1. For clearness, we
use Fig. 1 to illustrate different types ¢f-z curves. For
where\ can be derived from Eq10), these five types, only the type-3 has a finite nonzero local
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FIG. 2. The dependence oH on y when B=0.49,
&=—0.06. FIG. 3. The positions ofao|2-independent resonant sidebands.

minimum 0<y,;,<<1. In other words, only type-3 mode can the number of the se) satisfyingE.n,i;==;e;. This sug-
have nonzero plasma wave strength. For any sidebangests that largeE.,,;; corresponding to more microscopic
(B,e), according to the values d&,, S;, Sy, we know states of the environment. Thus, when the degree of energy
which type this 8,e) mode belongs to. Wheh, changes, exchange between the system and the environment is given,
the position of sidebandd,e) does not change, but the type smallerg,, or largerEg,,i , is favored.
it belongs to may change. This can be illustrated by an ex- From the above analyses, we know that LM states have a
ample shown in Fig. 2. Amode3=0.49¢ = —0.06), which  larger possibility to be present than that of their neighboring
belongs to type-1 at low, case, belongs to type-3 at high  states whosé slightly differ from the LM state. Especially
case. for a (B,¢) mode, whenf=0 is not a LM state and a LM

For any (8,¢) mode, in principle, its strength can be ar- state with finitef exists, the system will tend to be present,
bitrary. However, only when its strength correspondgtp,  for long time, plasma wave angB(e) sideband at a substan-
any small variation in strength will otherwise cause the endial level. Note thatf = also corresponds to the plasma
ergy of the systent to increase. We denote these modes asvave strength equal to zero.
in LM state when their strength corresponds to a local mini-
mum of H. _ _ lil. NUMERICAL RESULTS AND DISCUSSIONS

These steady copropagation modes are obtained from the
variation principle. They represent free particle states of in- In the following numerical experiments, we first present a
teracting laser-plasma system. If the system is isolated fror@D plot, Fig. 3 about the position of3(e) modes that satis-
the environment, it will keep its initial state with=0, (y  fies|ao|?-independent resonant condition, E21). In Fig. 3,
=1). The environment contains numerous thermal sourceshe mode with3—e¢ larger than 1 corresponds to the side-
which can weakly perturb the laser-plasma system and eXvand propagating in opposite direction to the fundamental
change energy with the system. Here, the thermal sourceomponent. Moreover, the modes in type-2 and type-5 cor-
refers to the local electronic coherent oscillation and the disrespond to monochromatic laser field in a new fundamental
ordered thermal motions of electrons, just not the densitgomponent, and hence the plasma wave strengths in such
wave throughout the whole plasma. This coupling betweemodes are zero. BecauSgis square dependent op, while
the system and the environment cause the system energy  is linear dependent oy, S; —S, may change its sign and
fluctuate, and the system state correspondingly oscillates b&alue whenl varies. In Fig. 4, the point near to the origin
tween the different steady modes. On the other hand, we carorresponds to very high fundamental frequeléythe nu-
take the system plus the environment as an isolated emmerical calculation of Hamiltonian indicates that it has very
semble. For this ensemble, its enerBy,s= Esyst Ecnir» IS high energy exceeding that of the original monochromatic
conserved. This ensemble has equal possibility to occupglistribution. In contrast, the numerical results indicate that
every microscopic states of energy, s+ Eqn,ir - Thus, for  the points at the upper right corner have lower energies than
the laser-plasma system, its possibility of occupying a steadhat of the original monochromatic distribution. From Fig. 4,
state of energyE; depends on the number of the environ- one can find that the type of a given mode may change when
ment microscopic states of ener@y,— E;. For the envi- |, varies. Withl rising up to a threshold-3.55, the number
ronment, it consists of numerous thermal sources, and hened type-3 modes increases. These results reveal that there are
its energy can be approximately expressed as the summatiomore possible sidebands that can appear in higtase than
of the energy of each thermal sourég,,,i; ==;e;. The mi-  those in lowl, case. The existences of many type-3 modes
croscopic state of the environment is described by the paranirdicates that even no explicit and definite external source
eters of thermal sources, such as the energy of every thermatives, the system is still possible to keep a steady copropa-
source. It should be noted that the larggr,,;, is, the larger gation mode of laser field and plasma wave. The strength of
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0.7 type-3 mode is more favorable to decrease the system energy
0_6_' & than that of type-2 mode.
] Na The existence of stable steady copropagation mode is im-
0.5 portant to the interaction of strong relativistic laser beam
1 with plasma. For the beam with sufficiently high laser inten-
047 m =355 sity, the filamentation effect will cause the laser beam to
o 03- o 1=3.60 break into many filaments in transverse section. Every fila-
a x 1,=365 ment region has high laser intensity and its transverse struc-
021 ture can be ignored because its transverse section is very
0_1_' small. We can apply the above method to analyze the longi-
] tudinal excitation of laser field in a filament region. It is
0.0 " possible for a single filament region to occur spontaneously
o ] - copropagation mode with nonzero plasma wave strength.

0.0 0.1 0.2 03 04 ' 05
Bie IV. SUMMARY

Based on a nonperturbative method, we discuss the exis-
tence of steady copropagation modes of laser field and
ati)_la:sma wave. The fundamental pump is not treated as rigid,
and the back action of sideband on the fundamental pump is
onsidered. This back action arises from the plasma response
the laser field. An analysis of the plasma response indi-
8ates that there is an exact relation among the laser vector
plasma wave driven by the thermal source does not hav otential, the electronic velocity and the density oscillations.

definite strength because of uncertainty of the initial strengtfgohljseefr‘](g Lﬂiﬂgnsfraef?ﬁ tor}es%qelgt:]o dn X‘;gjgﬂ?ﬁzgﬁ F;]lljr?]p
of thermal seed. For realistic experimental condition, the| P 9 ' y hig

strength of plasma wave is a mixture of the above two girjaser intensity, the mutual dependence of the fundamental

ferent classes, one is definitely dependent on the laser ime%usrt?i%i?:n;hteo Sr:g\elga:(ljm(/:vi? fnagr to tﬂ:g'?ﬂ?ﬁggﬁ Or?nuil(;u%(i)é(_)r
sity and the other associated with the uncertain therm 9y

seeds. Because the former requires sufficiently high laser i [I|but|on. Such Stabli mult!c?:or dl'?tr'bult'on can malntalnha
tensity, only the latter is responsible for the strength Offhistrr?:rxz\lliézieg;sSrtear:g?/egve oralong time even when
plasma wave at low, case. This result proves the validity of '

attributing plasma wave to being triggered by the thermal
sources at lowl, case. Furthermore, our numerical results
indicate that for modes in type-2, theit,,, are higher than This work is under the auspices of the 973 Project and the
at least that of one mode in type-3. These results reveal thitational Natural Science Foundation of China.

FIG. 4. The positions of type-34,¢) modes under differerit,.

associated plasma wave in type-3 mode can be exactly ¢
culated via Eq(6), Eq. (9), and Eq.(25). The existence of

type-3 mode implies that when the thermal source effect i
not considered there exists a definite relation between th
laser intensity and the plasma wave intensity. In contrast, th
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