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Stimulated Raman backscatterifRBS) of intense laser radiation confined by a single-mode plasma
channel with a radial variation of plasma frequency greater than a homogeneous-plasma RBS
bandwidth is characterized by a strong transverse localization of resonantly driven electron plasma
waves (EPW). The EPW localization reduces the peak growth rate of RBS and increases the
amplification bandwidth. The continuum of nonbound modes of backscattered radiation shrinks the
transverse field profile in a channel and increases the RBS growth rate. Solution of the initial-value
problem shows that an electromagnetic pulse amplified by the RBS in the single-mode deep plasma
channel has a group velocity higher than in the case of homogeneous-plasma Raman amplification.
Implications to the design of a RBS pulse compressor in a plasma channel are discugggdl ©
American Institute of Physic$DOI: 10.1063/1.1778743

I. INTRODUCTION Zr=Kkor3/2, wherek, is a laser wave number ang is a
radius of focal spot. Propagation over longer distances re-
quires some form of laser guiding. Guiding by a plasma
channel is the most promising experimental apprf)%féﬁfor
igh laser intensities. Excitation of relativistic plasma waves
channels was analyz&d>3for particle acceleration.

The guided laser pulses are not immune to parametric
a:lpstabilities, such as forward and near-forward stimulated

Stimulated Raman backscatteriti®BS) of laser radia-
tion in pIasmaJS is a parametric process in which a laser
beam(pump wave is backscattered off the electron plasma
density fluctuations. These density perturbations are driveH
and amplified by the ponderomotive beat wave of pump and
scattered electromagnetiEM) waves. Under certain phase
matching conditions, a positive feedback loop develops th _ : - 163439 o
results in the onset of a temporal or spatiotemporaftdman scattering(SRS in parabolic,™ tapered,
instability? The RBS in transversely homogeneous plasmaéeaky' and. smgle-modg f|§1t channéfsor large-angle SRS
has been extensively studied since the early 18%@ehenit N plasma-filled caplllar|e§. Cqmmonly, the energy losses
first came to the fore in the context of fast electron genera®f @ laser pulse and excessive plasma heating due to the
tion and target preheat in laser confinement fusion. The basﬂ@rgg—aqgle4§R$|nclud|ng RBS are undesirable for some
treatment of the RBS in homogeneous plasmas is now &Pplications,” and uncovering new physical mechanisms
classic that can be found in a number of textbobks. that enable the RBS suppression is up to date. For some

Although RBS of long laser beams has been studied foaPplications, however, the RBS can be useful. For example,
at least three decades, the short-pulse regimes of this instl€ laser pulse leading front depletion by the RBS may seed
bility have only recently attracted attention due to the ad-either forward SRS or resonant modulational instabffity?
vances in generation and amplification of ultrashort laseNovel schemes of short-pulse amplification in a plasina
pulses‘f The RBS of such pulses in rarefied homogeneougre based on the backscattering of a long moderately intense
plasmas(w, < wg, Where w, is a fundamental frequency of pump laser beam into a short counterpropagating signal
laser, w,=4me?n,/m, is an electron Langmiur plasma fre- pulse: the energy of the pump is absorbed by the signal as it
quency, 1€ is an electron charge, ang, is an electron is amplified and compressed. The Raman compression could
plasma density has been explored in detail in both be a viable path to obtaining high-power single-cycle pulses.
experiment *°and theory* ' The recent upsurge of interest For transversely homogeneous plasmas, one of the chal-
in the RBS has been specifically caused by the theoreticd¢nges of Raman amplification is to ensure the uniformity of
discovery of the possibility to amplify and compress ul- plasma along the interaction axis so that the signal be down-
trashort laser pulses in plasma by backscattering a long lowshifted from the pump by almost exactly the plasma fre-
intensity counterpropagating laser bef° quency w,. In the present paper we discover different fea-

Some applications of short-pulse lasers, such as novéures of the RBS in plasma channels, which are favorable for
x-ray source developmefitgeneration of high harmonics of realization of Raman amplificatiofto anticipate, the RBS
laser radiatiorf? and laser particle acceleratforf* in tenu- process in a deep plasma channel can be broadband enough
ous plasmas, benefit from a long interaction distance. In & make exact resonant detuning of pump and signal unnec-
homogeneous plasma the region of high intensity interactiomssary.
is confined to approximately one Rayleigh diffraction length ~ To enable analytic progress and to facilitate qualitative

understanding, we focus on plasma channels that support a
dElectronic mail: kalmykov@physics.utexas.edu single confined high frequenaif) EM mode, referred to as
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a fundamental mode of chann@&MC). The laser pulse con- plasma frequencies and, therefore, higher redshifts of scat-
fined in a channel is assumed to be the FMC. The RBS in ¢ered light. In the SPWL regime, the CMC contribution
single-mode channel proceeds differently than in a homogeiransversely shrinks the fastest-growing radiation mode. This
neous plasma and can be characterized by the following feaffect enhances the RBS: in the numerical examples pre-
tures: (a) reduction of the RBS peak temporal growth rate;sented in the paper, the continuum modes add from 25% to
(b) broadening of the RBS amplification bandwidth; aieyi  50% to the peak value of temporal increment.

modification of the transverse profile of scattered mode from  The CMC contribution to the RBS process may be ne-
that of FMC. Depending on the parameters of chariseth ~ glected if the pump amplitude is sufficiently smadir the

as on-axis plasma density and density depreysiod pump channel is deep to satisfy the inequality ug

laser(such as frequency and intengitghose modifications < (Awp/ wp)?/ (wol wpy)®. This regime is referred to as
can be either more or less prominent. single mode, because all the scattered field is concentrated

It was suggested earlférin the context of Raman for- now in the FMC. The nonlinear interaction of two bound EM

ward scattering that variation of the plasma frequency acros&odes through a localized EPW allows us to consider the
the channel may significantly reduce the peak growth rateSingle-mode RBS as a channel analog of the three-wiave
The effect occurs due to the strong localization of scatteringve@kly couplegl RBS in a homogeneous plasriaowever,
electron plasma wavéEPW) near the channel axis. How- these three-wave parametric processes have vastly different
ever, the complicated hybrid EM nature of a relativistic EPWSPectral propertigs The evolution of a single-mode back-
in a channéf allowed for obtaining approximate results Scattered EM signal in the field of a single-mode pump is
only.*? Specifically, it was assumed that all the scattered radescribed analytically by solving the initial-value problem.
diation was in the fundamental channel mode. For the RBSN the single-mode regime, the maximum of the signal
the EM component of the short-wavelength EPW may benOVes with the velocity &3, which is higher than a group
neglected, enabling us to account for the modification of the/€l0City of scattered radiatios/2 in the weakly coupled
transverse shape of the backscattered radiation beam. ThisfBS in @ homogeneous plasma. High group velocity of the

accomplished by expanding the transverse profile of the scafMPlified pulse and its broad bandwidth produced by the
tered field into the channel eigenmodes, i.e., the FMC plugransverse shear of plasma density profitably distinguish the
’ ' ingle-mode Raman amplification in a plasma channel from

continuum of the nonbound hf EM modes. These continuum':{ h | tergart
modes of chann€lCMC) do not exponentially decay outside 11 NOMOGENeots-plasma counterpar

of the channelas the FMC doesand exhibit a cosinelike dThelpaperlls organr:zed e}s. fqllct)wsc,j. n gec. Idl tge ;lngle-
behavior at infinity, which makes them similar to the trans-100€ plane plasma channet Is Introduced, and basic equa-

verse Fourier harmonics of scattered radiation in a homog tpns governing the nonlinear p'a_S”_‘a response_to the com-
ined pump and scattered radiation are derived. These

neous plasma. The problem is complicated by the fact tha quations are solved in Sec. lll by the mode expansion, and

the FMC and CMC are not independent in a channel. Rad|at e generalized dispersion relation is derived. This dispersion

shear of the plasma density couples them to each other, not, = .
only creating the field structure different from that of FMC relation allows for the coupling between the FMC and CMC

but al fecting th trum of the instabilit. One of rof scattered radiation. In Sec. IV, the dispersion equation is
ut aiso affecting the spectrum ot the Instabllity. &ne of OUlg ey in the most interesting and novel regime of SPWL.
goals is to evaluate the continuum-mode contribution to th

. . “he range of parameters where the CMC contribution to the
RBS growth rate. We PUt emphasis on the regime of stron%BS process is negligible is found. The spectral bandwidth
pla§ma wave Iocahza’uo(SPWL). Spectral features of this and peak temporal growth rate of the single-mode regime are
regime are markedly different from those of the evaluated. In Sec. V the initial-value problem describing the
homogeneous-plasmaz RBS. The SPWL occurs when the pgrear evolution of the EM signal is formulated and solved,
rameter 7= (Awp/ @)™/ (2¥hom/ wpy) 1S _large compared 514 the group velocity of the signal is calculated. Summary
to unity {here and elsewherey,om=V|ag/’wowpi/4 is the  of the results is given in Sec. VI. The Appendix reviews
maximum increment of the weakly coupled RBS in a homo-some properties of the associated Legendre functions with an
geneous plasme’ wy,=w,(x=0) is a plasma frequency on imaginary order which describe the continuum of EM chan-
axis, Aws is the channel depth, anah=eEq,/(m.woC) is @  nel eigenmodes.

normalized amplitude of electric field of the pump wayve

which physically means that the plasma frequency depres-

sion in a channel exceeds the RBS bandwidth in a homogzl—' BASIC EQUATIONS
neous plasma. In the SPWL regime, tﬁe maximum temporal  To begin with, we define the unperturbed state of plasma
increment is shown to scale ag,./37. Hence, plasma and laser radiation, that is, the background on which the
wave localization suppresses the instability. On the otheinstability grows. In order to make an analytic progress, a
hand, the transverse shear of the plasma frequency resultsphane plasma channel is chosen with the density profile

a broader instability bandwidth. The spectral maximum of 208 _ 2 2 5

backscattered light is found to be redshifted from the pump OpX) = 0y = (Aw/2)COST (N ). @
frequency by more tham,;, and the spectrum itself extends Plasma frequency in the channel varies betvvegp:(wg2
on the red side far beyond the frequency bandwidth of theAwf)IZ)l’2 at the center ana,, at infinity. Relative plasma
homogeneous-plasma RBS. The bandwidth increase is due tensity depression isng(x=0)/ng(|x|=%)=(1 +A5§/2)‘1,
the backscattering off the channel regions with higher localvhere Aw,=Aw,/wy;. Throughout the rest of the paper,
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electron density at the channel axis is held fixed and thé/oreover, for the regime of weak coupling, this amplitude is
channel depth is varied. The normalized hf electric field ofslowly varying on plasma temporal and spatial periods:
pump radiation with an arbitrary polarization is |08Ne/ 3t < wpy| SN, |90Ne] 97| < K| SN
B(x.2t) = R ag(x)dkoz-ied] 2) The amplitudes of scattered EM wave and scattering
Ao(X.2, BoX)€ ’ EPW obey the coupled-mode equations, which follow from
The amplitude of laser electric field in the channel is thethe equations of nonrelativistic hydrodynamics of electron

solution of the eigenvalue problem fluid in the hf EM field(7) and Maxwell's equations for the
22 12 scattered radiation,
Loag = [= 319x"+ kg(X) Jag = Nodo )
. . 2
with the2 bgundary conditionag(|x| —=)—0 [here, \g 9_ ci + ic—(co— )\s):|as: wp1G1iov, (9a)
= (wo/ ©)?~ K5, kp(X)=wp(X)/c, andag=|ag[]. In Eq. (3), we [t 0z 2o
assumek,;0~0(1), Ky =wpi/c, anday<1, and neglect a
relativistic correction to the mass of electron oscillating in [ 5 Ao )2
the pump field. Thus, relativistic self-focusing of a laser E—iwm(—zﬁ’) (1—%)};:%162%% (9b)
beant® is excluded. Relativistic self-guiding effects will be -

addressed in future publlcathns. We require that' the eigen. e =@ oG], Gr=ol (4w, GyX)=ialadu,
value problem(3) has the unique solution decaying |at R e e - 3PS
— oo, which gives the transverse profile of the FMC With - wo5=wo sl wp1, @p=wp(X)/ wpa, and As=(ws/C)"~ks.
’ ' The difference betweeks and A\ is eliminated from all the
ag(X) = Ug costr(x/a) = Ugilo, (4)  further equations by the substitutions, voexgicz(\g
. . .=A)/(2wy)]. The set(9) is valid under assumption that the
and a relation between the plasma channel depth and W'dtghort-wavelength scattering EPW~ 2k,> k) is predomi-
Awpolc=2. (5) nantly electrostatic, and its EM component is negleéfed.

. . ) i i . This assumption will be validated in Sec. Ill. We scale time
Also, the eigenvalue equation gives the dispersion relation space tav* and k-2, respectively, and introduce the

. p]_ _plv
for the pump field, dimensionless variablés wpt, {z_,ﬂ:kpl{z,x} (all the over-

No= wyc? - k3= k;2)2 -2, (6) barred quantities which appear in formulas below are nor-

malized in this way. Equations(9) recast now as
wherekp,=w,/ C.

The perturbed hf electric field in a plasma is [0 0 i = _)] (
o ———+—(Ly—\ =G v, 10a
320 =g+ Reaz e I i
whereag=eE¢/ (mewoC) (|ag <ay) is a complex amplitude of ) .
the normalized electric field of backscattered radiatiog, 9 (Aw, B _
=wo—wpy, andks=—ko+kpy;. In the case of rarefied plasma Fa '( 2 ) & %)}V_szoas' (100

(wp<wp), Which is considered here, the RBS is a resonant

proces$ in which only the Stokes component of scatteredin Sec. Il we derive from Eqs(10) the dispersion relation
radiation is involvedsee Eq.(7)]. The amplitudesy are  of RBS in the channe(l).

slowly varying in time and space on the scalgg andk;?,

respectively. We shall consider the weakly coupled RBS

(Refs. 1 and 2 whose _temporal mcrement is sma_IIer thanm_ GENERAL DISPERSION RELATION

the electron Langmuir frequencywhich is valid at

Up< \«"wp/wq). I-_|en.ce, the gnvelopg of.scattered radia_tion IS Equations(10) can be solved by using the Fourier—
slowly varying in time and in the direction of propagatian, Laplace transform of the envelopes, Vocexp(iat_—ik_ij. It
|‘9a5/\/°\7/t|<wpll|ast|'u|fa§/ ‘92|d< kP1,|taS|' turbati duced by th is convenient to introduce a new variabletanhx/¢) and

| e neglect the ion density perturbation produced by e?f(press Y= \r_yz and B§:1+C2y2, where CZ:AEf,/Z
aser and scattered radiation. We consider ions to be a flerZ/E_o Plasma occupies the area <y<1. Expressingy
nelzutral|2|ng'p05|t|v§ bgckground in the .form of a Fhannelthroughas from Eq. (10b), plugging it to Eq.(109, and
with a density profile given by Eq1). This assumption is . . .

adequate for laser pulses shorter than an ion plasma perié’(f'ng Egs(5) and(6), we obtain the equation fa(y,k, «),

(r,_<2mu;i1). In the opposite limit of long pulses, various

2
parametric instabilities have been analyzed previotisly. ., lasz?( P 5+ EG(E,y)>as, (11)
Ponderomotive force due to the interference of incident and ' 1-y o
scattered radiation excites perturbations of electron density, _
SMe=Ne—Ng(X), where p?=2wdw+k), G=ujws/2, G(w,y)=(1+C%?)/(1
. . _R2\2 2_AT2 — -1 ; 2(1)
éﬁe(x,z,t) - Rd:&']e(x,z,t)e_lwpltﬂkez], (8) By ), and B —A(J)p/ (46)—(5’263 . The function P (k)

contains the information about propagation of scattered ra-
wherek.=ky—k.. In rarefied plasmas, the amplituda, of  diation. The operator in the left-hand side of E#jl) comes
the scattering EPW varies in space slowly on the skgﬂe from the equation for the associated Legendre functfons,
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d , d u? scribes a purely electrostatic response of plasma in the limit
L, sPsly) = @(1 -y )aﬁs(s*' D-7 Y PL(y) of a broad shallow channel, that igo>1. In the case of
RBS ko~ 2k,. Thus, any channel witlr>k3* is wide, and

=0 (12 the electrostatic description is always applicable to the

with s=u=1. Given the degres=1, the spectrum of Eq. plasma response in the RBS process.

(12) consists of one discrete level witk=1 and a continuum h In order to fmd a ﬁ!o'sled—:;orm d|spersu|)_n equathn we
of modes withu?=-g?, q real. Hence, the full set of solu- Nave determine explicitly the CMC amplitudeg(a) in

tions of Eq.(11) is composed of the single FMEk(y)=y,  Ed.(16). We multiply Eq.(15) by P (y) and integrate it

and the set of CMC, overy. Using the orthogonality conditiofA1) and the iden-
_ tity I'(1+i)T'(1-iq) = mq/sinh(mq),*” we obtain the expres-
4 tanhx/o) ¥ iq ; :
pt q(y) — : : ethx/o sion
! A FiglQ Fig) .
=i +iq/2 as(q):—g—z<g>m
__ 1 yw Iq<1+y>"q _ 13 20) 1+(op)? + P
Nrexig)l+ig\1-y o
At |x| — o2, the CMC(13) reveal the cosinelike behavifsee X (F(“’v‘ iq) + f_w Fl(qu!q’)as(Q)dQ): (19

Eqgs.(A2)]. Unlike the pump field given in the form of FMC,

the scattered radiation in a channel is not necessarily repr@uhere the kemeFFﬁl g(a,y)pif(y)piiql(y)dy describes
sented solely by FMC. The CM(3) describe the discrep- the coupling between the modes of continuum with different
ancy between the true profile of EM field and the FMC.indicesq. Further, we take into account only the coupling
Therefore, we express the general solution of @d) as a  petween the FMC and CMC, and sef(w,q,q’)=0. The

mode expansion, resulting dispersion relation is
+o0 ) G - G 2 .
ad(y) = Pi(y) + J P(y)as(q)dg. (14) p*+ =Qw) =FZ(2—5) ®(w,p), (209
Knowing that £;,Pi=0 and L PR(y)=—(1+¢)(1 B IDE (G = | d
-y?)7P{(y), we arrive at the following equation: O(w,p) = f_m (1w+ ?;p;:; qzq) sinqr(:q)' (20b)

+oe ) 1+q2
f PI(y) 1= >a5(q)dq Equation(208 describes the spatiotemporal evolution of ini-
w y tial perturbations of field and electron dens"ﬁyReaI and

I p? .\ G, imaginary parts of the complex frequeneyas a function of
B 1-y? gg(“”y) real wave number shik determine the temporal evolution of
- spatial Fourier harmonics of the signal, and can be used to
X(P}(y) +f Pilq(y)as(q)dq>. (15) solve the mmgl—vilu_e prgble_m. In the folloyvmg gectlon, the
-0 complex solutionw(k) (with k real) of the dispersion equa-

tion (20@ will be found in the limit of SPWL. The SPWL is
achieved when the channel depif? is much larger than
the instability bandwidth, i.e Aw}> [w], or [B[*>1. The un-
stable EPW will be found confined in the near-axis area with

We multiply Eq.(15) by Pi(_y) and integrate it ovey. Hav-
ing in mind that [, PA(y)(1-y?)Y2dy=0 [formula
(7.132.3 of Ref. 47, we arrive at the dispersion equation

, G= G (™ __ a transverse extent of abol@™. For this regime, the con-
p=+ Z_EQ@) =~ F(w,0)ag(q)dg, (1) tribution from CMC to the growth rate can be important.

where

- 1 , IV. SOLUTION OF DISPERSION RELATION IN THE
F(w,iq) =J G(w,y)(1 -y?)Y2P(y)dy, (17)  SPWL REGIME
-1

A. Temporal increment of instability

and the plasma response function is ) )
The range of parameters for the SPWL regime is pre-

scribed by the inequalit}B|*> 1, or |w] < (Aw,/2)*. Taking
the estimatéw| ~ Yhom=(Uo/ 2)Vw,, We establish the limita-
tion on the laser amplitude,

_ 1
Q(w) =f (1-y)G(w,y)dy
-1

2 2c? C? —
g\l 3 e Up < Up= Ao%/(2Vawp). (21)
(B2+C?)(1-B? 1+B Equation(21) provides the same scaling iy as the condi-
- BS | (1 —B>' (18) tion of weak couplinguy<1/vw, for the RBS in homoge-

neous plasmas.The condition |B|2>1 has an important
It has been shown previou§fythat the function(18) de-  physical consequence: the unstable electron density perturba-
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tions become localized stronger than the EM wa(ths size 00111 v
of localization area i$x~ o/|B|). 001
To evaluate the right-hand sidgRHS) of dispersion
equation(20a in the limit |B|?>1, we note that the integral 5]
(17) that determines the kernel of E¢ROb) can be repre- 0.008

sented as F(w,iq)=/% F(y,iq)(1-B¥?)tdy, where
Fly,iq)=(1+C¥?)Pi(y)Pf(y) is independent oB. At |BJ? A
>1, only y values from the close vicinity of channel axis, -~ 0006
that is, |y| < |B| ™%, will contribute to the integral. Therefore, 3~ ©)
effective coupling between the FMC and CMC occurs near & @
the channel axis in the area with a transverse extent of ordel 0004
[B|™L. In this case, the RHS of E¢203 can be expanded in

powers ofB™L. To evaluate the lowest-order term of the ex-
pansion, the on-axis value of(y,iq) is taken, i.e.,7(0,iq) 0.002

~ () '
=-iq/[(1-iq)T'(1-iq)]. Then, the integral20b) becomes ——————
b = E(Jl = )zfm . +q2)_1q2dq (1001 (.) 0;)1 02)2 0;)3 0.04
T _11—Bzy2 — [1+(op)?+ 7] ‘ (u)o—.(ol—Re.oo)/mI. .
p $ J2
/ —A\2 —/ —\2
= vi +£0'p)2 1 |n2< 1+ B) =~ 1 \21_+ (02) . (22 FIG. 1. Spectra of RBS in the regime of strong plasma wave localization.
(O'Bp) 1-B 7 “(oB p) Normalized increment is plotted against the real part of frequency. Laser and

. . . o plasma parameters ag=10 anduy~0.007. Plasma frequency depression
Evaluating the plasma response function in the limit of largen, 4 channel ig1) Aw,=2 [curve (1)] and (Il) Aw,=1/12 [curves(2) and

[B| as 6(5} ~im/B, we reduce Eq(209 to a relatively (3] Theline(4)is a reference spectrum corresponding to the homogeneous
pIasma(Epzl). The inhomogeneity of,(x) redshifts the spectral maxima

simple form: and creates the tails on the red side.
2+ G i < G )2( a )2[1 /1+(— )2] (23)
—— == | == - ap)<].
P B 20/ \Bp virien
It is now evident that the CMC cannot laepriori excluded Up < Uy = Ug/[\m(2wp)*] < Uy (26)

from the process of RBS with SPWL. Depending on whetherr, o |5qery, the stronger the instability is driven and the

the CMC contribution[that is, the RHS of the dispersion larger is the population of CMC excited. Whap, falls
relation (23)] can or cannot be neglected, the RBS Withwithin the interval '

SPWL proceeds in single-mode or multimode subregime.
Spectral features of these subregimes we specify below. Uz <ug < Uy, (27)
Under the conditiofop|?~ 2w,/|B|?>< 1, the CMC con-

Lo o the CMC contribution is no more negligible and the RBS
tribution may be eliminated from E¢23):

process becomes essentially multimode. The dispersion

p2+ [G/(2w)](i7/B) = 0. (24) equation(23), whose RHS cannot be omitted now, is solved
. . . . numerically.
Equation (24) describes the interaction of two EM waves In Fig. 1, we present an example of the dispersion curves

(pump and scattered, FMC bothvia strongly localized  gpained for the RBS in both single-mode and multimode
EPW. This three-wave interaction is a channel counterpart 0§p\y|_ regimes. For the fixed values of normalized laser fre-
the three-wave RBS in a homogeneous plagthase pro-  qiencys,=10 and amplitude of electric field,=0.007, the
cesses, however, have quite different spectral propgrtiesi,rement Inw is found numerically versus Refor the two
Equation(24) yields the solution with a maximum imaginary giferent values of channel depth: (1) Aw,=2
part, or ng(x=0)/ng(|x|=)=1/3, and(Il) Aw,=1/v2, or nx

wolk=0)= eiw/S%‘—qTZ/(zn)%om’ (25) =0)/ny(|x| =oo)=0.8._|n Fig. 1, the solution of E¢23) for the

o set of parametend) is plotted with the curvél). The curves

where the paramete:p:AEf)/(thom)> 1 is of the order of (2) and(3) are the solutions of the same equation for the set
B|% Real part of the solutio(25) gives the redshift of spec- of parametergll), with the CMC contribution deducted in
tral maximum Aw:%mz/ (27 (¥hom! 2). Equation(24) also  the case of curvé2). The curve(4) is a reference spectrum
predicts a blue-side limitation of the RBS bandwidth atof RBS in a homogeneous plasra,=1).

Rew,= Y72/ 7(Yhom! 2). From the red sidéRew>0), Eq. Parameter setd) and(ll) correspond to the SPWL re-
(24) gives no limitation, and the spectrum has a tail far ex-gime as the conditiony<Uy is very well satisfied for both.
tended in this area. For the seftl) the inequalityu,<U;=0.019 holds, and the

The validity condition|B[>>2w,>1 for Eq. (24) puts  single-mode regime is the case. Contribution from the CMC
the border between the SPWL subregimes. It is more restrids negligibly small: numerical solutions of the fykq. (23)]
tive than|B|>>1 and may be written ah?[<A6§/(850). and single-moddEq. (24)] dispersion equations coincide
Substituting the solutiori25) into the latter inequality pro- within a thickness of the lin€l). Such a good coincidence is
vides the range of parameters for the single-mode subregiment the case for the parameter i}, which corresponds to
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the multimode regimeu,>U;~0.0047. Comparison be- L.175
tween the curve$2) and (3) demonstrates considerable en-

hancement of RBS due to the CMC contribution: the in- !
crease in the peak increment amounts to about 25%. The
basic characteristics of RBS in the multimode SPWL regime
can be summarized as follows. 08 |

(1) The peak growth rate is reduced if compared with the «_

—

case of homogeneous plasma. 2 06l

(2) Contribution from the CMC enhances the scattering pro- —
cess.

(3) The RBS bandwidth inside a channel is significantly 04}
larger than in a homogeneous plasma.

(4) The frequency spectrum experiences overall redshift

from the Stokes frequenayy— wp;. 0zf

The last two features are clear advantages of the SPWL re

gime for the Raman amplification of short pulses in 0
plasmasl.9 Due to the broadband nature of the process, exact
tuning the signal frequency @, - wy,; is not necessary to get

a considerable amplification rate in the linear regime. We Cam G, 2. Transverse profile of intensity for the fastest growing spectral com-
also estimate the RBS growth rate modification for the paponent of scattered radiatiasolid line) numerically evaluated from Eg.
rameters typical of a channel-guided laser driven acceleratofl4 for the friigf:uit/ef;&}'geo;;ﬁedl “ﬁgrgp:ﬁé :‘rf]ft?grt]lsel?cy r%'f\lflznofbmhg
The. plasma chanr?e'l created in the expenﬁfemas ca}pable ?ﬁ: 'Qk}@ %onmbut.oﬁ )shnnks the radiation beam andympcreases the field
of single-mode guiding of the laser pulse with a radiugf8  near the channel axis.

at the levele? in intensity, which under ansat?) gives o

=4.65um. The electron density 3 10' cm 2 at the bottom

of the channel givek,,0=1.75 and, according to the match- compression of the intensity profile occurs for the parameters
ing condition(5), provides the reduction of normalized elec- chosen, the power of scattered radiation remains almost un-
tron densityAEﬁzl.& which corresponds to the effective changed: difference between the integrfl§|ay(x)|>dx cal-
density depression by a factor 0.6. The laser wavelengthulated for the FMC and FMC+CMC is about 3%. For the
0.8 um gives wy=21. To comply with the limitation estimates made at the end of Sec. IV A, the compression and
Up<Uy=0.14 [see Eq.(21)] the intensity of guided laser intensity enhancement on the axis amount to about 28% and
must be lower than #10W/cn?. For |=4  40%, respectively. Hence, in the multimode SPWL regime,
X 10" W/cn? (Up=~ 0.0136, yhom= 0.031w,;) RBS proceeds coupling between the FMC and CMC shrinks the scattered
in the multimode SPWL regime withy=21. The peak incre- radiation near channel axis where the pump field has the
ment roughly evaluated from E@5) is y=~0.54y,,my add-  maximum. As a consequence, increase in the peak increment
ing the CMC contribution increases it up to 0589, There-  occurs.

fore, in the regime considered, 11% reduction of the peak

RBS increment can be expected in comparison with the case¢ SPATIOTEMPORAL EVOLUTION OF

of homogeneous plasma, and the CMC add to the peak iBBACKSCATTERED SIGNAL IN THE SINGLE-MODE

crement about 40% of its value. SPWL REGIME

A. Group velocity of scattered radiation

B. Transverse profile of scattered radiation in the . . . I
multimode SPWL regime In this section we address the linear Raman amplification

of EM wave packet in a plasma channel. First, we evaluate
Results of Sec. IV A show high sensitivity of the RBS to the group velocity of backscattered signal, i.eg
the transverse structure of scattered radiation beam in a chamdRew/dk at dmw/dk=0. By definition, thus calculated
nel: contribution from the CMC increases the growth rate.group velocity determines the speed of the signal peak. On
We find here the CMC-related correction to the transverseubstitutingm=Q+iy (with Q andy rea)) into the dispersion
profile of the beam. For the parameter dé} [the curve(3) relation (24), we separate real and imaginary parts of the
in Fig. 1] we evaluate the integrdll4) numerically for the equation, excludey, and obtain the algebraic relation which
fastest growing mode and present the distributions of intendefines implicitly the dispersion functiof(k):
sity |ag(x)|? in Fig. 2. The solid curve is given by Eq¢l4). -
The intensity profile of FMC is provided for reference and 12, 46y 4 302 0%+ 2k0P+ K0 +b _ 0
. . . . - — =0, (28)
plotted with a dashed line. Figure 2 shows the reduction of 30 + 2k
beam width and increase in the on-axis intensity produced by
coupling between the FMC and CMC. Reduction of the rmswhereb=7G/(2y Zwkop) Differentiating Eq.(28) with re-
beam size amounts 1@x2c.cme! Cue))2~0.77, where  spect tok and plugging to the resulting equatids0 and
V2= (5| ay(x)[2dx! [*2|ag(X)|?dx) ]*2.  Although 23%  Q(0)=Rew from Eq. (25) (i.e., the wave number and real
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part of frequency corresponding to the peak growth)rate  In this section, we fixa_l(?ﬁ, K)=A(8,k) ¢(x) for all in-
find the group velocity,=-2c/3 (the minus sign means that stants of time[hence,(ﬁo—)\o)agzo in Eq. (29)] and get

the amplified pulse moves in the backward direcftion finally

The absolute value of the group velocity in a channel is
higher than in a homogeneous plasma, whejg,=—-c/2. %Jr? (%)A:aso(_ g)e ko (30)
To get a qualitative interpretation of this effect we return to a0 "M 2ik '

the basic equationd0). Taking the single-mode approxima-
tion for the envelopeag(x,z,t) = A(z,t)¥;(X), initial condi-
tion »(t=0)=0, and t@ plasma response functiQfw)
~ i /B(w)=(27/Awp)iw, we reduce the setl0) to the 0 = L1+cy?
single equatiorid;— d;) As= Ug[ Awp/ (16wo) [(N(t)), where the )1 B2y?
overlap integrakN(t)) = [*% y3(n,/ny)dx between the pro-
files of electron density perturbation and pump field is evaludn the SPWL regimeand, particularly, in its single-mode
ated as(N(t)>=uo\e"§(250/AEp)2 f}, A7)/ \t=rd7. Obvi- subregime which is Eonsidered hereelatively large wave
ously, the transverse shear of plasma density produces éwml?ersh|ftslk|%(Awp/2)2 (that |s,|3k|2>1),_cor_1tr|bute to
effective decay of the plasma response expressed in terms B¢ Signal evolution. Hence, the main contribution to the in-
the convolution(N(D)) = AJD) *t 2 [compare with the non- tegral(31) comes from the |nt§grqnd vaIue; in the vicinity of
damped case of homogeneous plasma, whege dya y=0 (or |y|<|By™). Approximating the integrand al

T =~ ’ . -BZy?)™* we find the approximate response functiQik)
= Yom /b a(7)d7="72,,8(1) *1]. Therefore, the tail of the ~_'<g %A= which "pp . tE 301 in the f
amplified signal experiences the reduction of growth rate ac- <™ wp Which allows to present Eq30) in the form
cording toAq(t) < (N(1)) < A(t)*t"2, and, consequently, the (990 + WK Y2A = ag(— 0)e %7, (32
signal maximum moves closer to the signal leading front o _
than in a homogeneous-plasma case. This argument qualit&here W= mynom\ vnom/ (27). Solution of Eq.(32) reads
tively explains the increase in the group velocity of scattered p

light in a channel. , B
A(6,k) = f ag( 0y = O)e K Valkgg, (33
0

Here, the plasma response functimompare to Eq(18)]
reads

(1-y?)dy. (31)

B. Evolution of EM wave packet
Inverting the Fourier transforg83) and returning to the lab-

___We solve here the initial-value problem for EqR0),  frame variables, we find the longitudinal evolution of the
v(t=0)=0, a(X,z,t=0)=ay(2)yy(x), which specifies the signal, AZD=/% ag(6+DD(6,-t,6,)d6;, where the
EM wave packet initially matched with an unperturbed ;raen function of RBS in the single-mode SPWL regime,
plasma channel. We naturally take account of these initiab(al—t,91)=(27r)‘1f+§ ex;{ik(el—t)—iwallxs@]dk, is ex-
C?nd'_t'ﬂns by introducing a new dependent variableposseq in terms of the generalized hypergeometric function
ag(x,z,t)=ay(x,z,)H(t) [where H(t) is the Heaviside step " .49

function]. In the characteristic variabled=-z and p=-z-t, * °

the set(10) reads D(6;—t,0,) =8(t— 6y +iH(t- 6,)
g i = — 133 (W)
|:59+ Z_BS(EO_)\O):|a;r_Gl¢OV:asO(_ 0)hod(0— 1), X (W91)21F3(§;1,§,5;i<?) 0%('[— 01)).

9 Aw? Then, the solution of initial-value problem reads
2 _2% 2 T_

gp A (1=9p) |v+ oo =0, t (1 33 (W2
al(x.z,h) = Yo(x)\ axlt +2) + iWZJ 1F3(—;1,—,—;i<—>
where &(t) is the Dirac delta function. We apply the Fourier 0 222 \2
transform with respect to the comoving “spatial” variakje
assumingd(6- n)=(2m) ™ [*Z exdik(7— 6)]dk, and then ex- X 05t - 91))%(01 +2)65d0; (. (34)
clude the Fourier image(x, 8,k). Multiplying the resulting
equation for the Fourier imag&(x, 6,k) by #(x) and then

. L " ; Evolution of initially Gaussian signalag=(uy/10
integrating it overx gives the averaged equation y gnalase=(Uo/ 10

X exp(-z2/100) is shown in Fig. 3 for the parameter gbtof
aag i - —.t Fig. 1. Snapshots of the intensity profj&(0,z,t)|? are pre-
lﬂo% + 2—35 (Yo(Lo=Noag) sented for the three instants of time. The front of amplified
5 ) pulse moves with a speed of light in the negathwatirection,
_G Y1 +CA(L-yp)] 4 ] = (Pay(- o whereas the maximum moves with a group velocity
K1-Bi1-43)] % 0 ' =-2c/3, as predicted in Sec. VA. The pulse maximum
(29) grows exponentially in time with an increment twice as
given by Eq.(25). Therefore, the solution of initial-value
whereBZ=-Aw?/(4K). In a generic case, the transverse pro-problem confirms the predictions of dispersion analysis from
file of signalal(% is a superposition of the FMC and CMC. Sec. IV.
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APPENDIX: PROPERTIES OF ASSOCIATED
o LEGENDRE FUNCTIONS WITH IMAGINARY ORDER
< 15} .
§ The associated Legendre functioR§'(y) (Ref. 50,
" whereq is a positive real number, are the solutiqd8) of
- | Eqg. (12) with s=1 andu=#iq. The orthogonality condition
[ for P7%(y) reads
1 fl . . dy  sinhm0)
— | PIWPY (W —5=—"760q-q), (A
05l 277_11)’1 yl_yz q-q
which is evaluated using the substitutigrtani(x/ ), for-
mulas(3.982 (3.987.1 and(3.981.6 (Ref. 47 and the Dirac
s 2000 1500 1000 w0  delta-function propertyd(q’ —q)=(2m) L[ *Ze*@ 9 dx The
k2 functions P7'%x) do not vanish afx/a|{—o and have the
i asymptotic
FIG. 3. Longitudinal on-axis profiles of intensity of the amplified signal for X glax/o
the parameter set) of Fig. 1,t,=1800,t,=2100, andi;=2400. The seed Pilq(_ o+ oo) ~— (A2a)
signal is Gaussiarag=(uy/ 10)exp(-z2/100). I'a-iq)
- x iq+1) elaxio
P'l‘*(——>—oo)~<_q )— (A2b)
o ig-1/I'(1-iq)

VI. CONCLUSION
The cosine function can be constructed by summing up the
We have investigated the RBS of laser radiation in theayen Comp|ex Conjugate SQ|Uti0n§?(X):[P?(X)+PI1q(
regime of SPWL in a plane plasma channel, which c‘?n sup=x)1/2 andPy%(x)=[P7'9(x) + P;%-x)]/2:
port only one trapped EM modghe single-mode channé]. . _
- iati 7\ (1+)[PF(X) +P(X)]
For the SPWL regime, transverse variation of the plasma codqxo) = | — 1 1 _
frequency exceeds the RBS bandwidth calculated for a ho- 2/Im I'(1 +iq) +q ReT'(1 +iq)
mogeneous plasma with an on-axis electron density, and the
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