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Strongly coupled large-angle stimulated Raman scattdtidgSRS) of a short intense laser pulse
develops in a plane plasma-filled capillary differently than in a plasma with open boundaries.
Coupling the laser pulse to a capillary seeds the LA SRS in the forward dirdstiattering angle
smaller thanm/2) and can thus produce a high instability level in the vicinity of the entrance plane.

In addition, oblique mirror reflections off capillary walls partly suppress the lateral convection of
scattered radiation and increase the growth rate of the SRS under arkitoarpo small angle.

Hence, the saturated convective gain falls with an angle much slower than in an unbounded plasma
and even for the near-forward SRS can be close to that of the direct backscatter. At a large distance,
the LA SRS evolution in the interior of the capillary is dominated by quasi-one-dimensional leaky
modes whose damping is related to the leakage of scattered radiation through the w2085 ©
American Institute of PhysicfDOI: 10.1063/1.1862628

I. INTRODUCTION saturates within a time interval of the order of pulse
duration*®~?* Given the pulse length, the maximum possible
gain remains the same fatl scattering angles, and whether
it is achieved or not for a given angle is determined by the
laser pulse aspect ratio ortfy.** Convection of scattered ra-
diation out of the laser waist may result in a strong pulse
depletion? Even when the full depletion does not occur, the
LA SRS can produce considerable pulse ero§l”omppres-
sion of the relativistic self—focusin"g“, heating and preaccel-
eration of plasma electroris, and seeding the forward
8Rrs20:27 Thereby, knowing the details of the LA SRS evo-
lution in various physical conditions is a matter of high im-
portance for applications.

Confining plasma by reflecting surfaces deeply modifies

The technique of chirped-pulse amplificaﬁcmade sub-
picosecond laser pulses of high pow&> 10 W) avail-
able for generation of coherent x-rat’yinigh harmonics of
radiation’ and laser wakefield acceleratiotWFA) of
electron§® in rarefied plasmaBvhere wy> wpe, @y is a la-
ser frequencyw,e=(4me’ng/ me)*/?is an electron plasma fre-
quency,n, is a background electron density, and 4e| are
the electron mass at rest and chdrgaill potential of these
applications can be realized with the laser-plasma interactio
length increased beyond the Rayleigh diffraction length,
=wo€/)\o, by means of external optical guidl‘ﬁghere and
later, \g=27C/ wq is a laser wavelength and is a laser
beam waist radiys One of the guiding options is using a : :
dielectric capillar)7,‘9 where the oblique mirror reflections the SRS process. In the one-dimensio1)) geometry, the

; . X . Raman backscatter changes its nature from convective to
suppress the laser beam diffraction. Inside a capillary, plasm 8 . I~ .

. ) L > 8bsolute?® reflections trap the unstable radiation modes in-
can be created by an optical field ionization of the filling

gasm‘lzor by a laser ablation of the wall Then, the large- side plasma and give rise to the continuous amplification.

angle stimulated Raman scatterifidA SRS) starts to chal- ygg::tinthe alftlls etrratr)lia:re:qst vf/:glrlglr;i?j br%tv;eear:e;hceonzggg)rlr-
lenge transportation of a laser beam over a long dist&hte. g partly P bropag y

In the standard SRS procejésthe pump electromagnetic to them, reflections reduce the sideward convection of scat-

wave (EMW) is scattered off spontaneous fluctuations Oftered light. If the reflective modes dominate in plasma, the

electron density, which, in turn, can be amplified by the pon_LA SRS gain tends to that of the direct backscatter and thus

. . .reveals a dramatic increase in comparison with the open-
deromotive beat wave of pump and scattered light. Appropri- T
pump 9 bprop oundary systerﬁ‘? The LA SRS in this geometry has been

ate phase matching of the waves results in a positive feed-""". . : 1
back loop with the onset of a spatiotemporal instabffty. considered so far in the regime of weak coupl m:}%n the
When the plasma extent is much larger than a laser pulsﬁcatte”ng EPW is S'”?"ar to the plasma natural moded
length and no reflections off plasma boundaries occur, botﬁemporal 9F°Wth _rate 1S well bel_ow the electron plasma fre-
scattering electron plasma wau&PW) and scattered EMW quency. This reglm_erequwes fairly low amp!ltude of a laser
quit the region of amplification, and the convective gainPUlS€: I-€-80<wpe/ wo<1 [ag=€Ey/ (Mewqe) is a normal-

ized amplitude of the laser electric figlcHowever, for the

.. 4-6 . .
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<a(2)< 1, the LA SRS becomes strongly coupled: its tempo-
ral growth rate exceeds,, and the scattering EPW differs
from the natural mode of plasma oscillatiofig! 24239 a
plasma-filled capillary, the strongly coupled LA SRS ac-
quires new specific features: in a wide range of parameters
relevant to the self-modulated LWFApur particle-in-cell
(PIC) simulations[using the code WAKERef. 31)] discov-

ered a vast enhancement of the near-forward SRS in the im-
mediate vicinity of the capillary entrance aperture. The un-
stable plasma modes were primarily transverse and therefore
useless for the longitudinal electron acceleration. For the
same range of parameters, this effect has never been signifi-

cant in an open-boundary plasma. Independent fluid

modeling°’2 verified these observations. FIG. 1. Wave vector diagram of the LA SRS, “#"-") stands for the
. . . up<down-)going interaction.
Making a step to understanding this phenomenon we

propose a two-dimensiondPD) linear theory of strongly

coupled SRS of a short laser pulse under a given angie

a slab of rarefied plasma laterally confined between thdl- BASIC EQUATIONS AND SOLUTION

mirror-reflecting partly transparent flat wallfat capillary). OF BOUNDARY-VALUE PROBLEM

Boundary conditions for the scattered radiation describe the |n 3 2D plasma slab between the mirror-reflecting walls,
oblique mirror reflections and the electromagn€iM) seed  the high-frequencythf) electric field of the laser pulse and
at the entrance plane. We associate the latter with the signap- and down-going scattered EMW form a superposition
formed of the high-order capillary eigenmodes produced by gt
the laser beam coupling to the capilldtiie coupling process a(r,t) = € ag(r, H)eko + S a(r,neksen L 4c ¢,

is described elsewhét&' and outlined in Appendix A The 2

forward (e<w/2) and backward(a>w/2) SRS proceed (1)
differently. Forward Raman amplification of the EM seed

can be dominant within a finite distance from the entrancévherer=(x,z) is a radius vector in a plane geometry. The
plane and be responsible for the instability enhancement oftormalized amplitudesa, and as.=€Es./(MewoC) (|as|
served in the modeling. On the other hand, the backward< |2l <1) refer to the linearly polarized electric field of
SRS is affected by the reflections only. As the LA SRS of aPUmp and scattered radiation. The polarization veefand

finite-length laser pulse preserves the convective naturglser wave .VeCtdKOZeZkO are parallel tg the slab boundaries,
(backward and, partly, sideward convection of radiation isand scattering under an angleoccurs in the plane orthogo-
' ' nal to e,. In the rarefied plasma, boty andkg, obey the

allowed, the gain saturation oceurs w|th|n a finite distance dispersion relationg= wi+c e =~ ¢ ), hence,
from the entrance plane. Reflections give the unstable modi

o=t

! ance pidt : Re| =ks=ko, Kery=ke;=koCOS@, tke=key=kosina, and
additional rise time in any transverse cross section of g, o : e LSS
plasma, and, even for relati)\//ely small scattering an¢gesh he am|c1|1|tud_elsao(si) \i?ry slowly in time and space on .t_he

~ ) ; scaleswq™, k3, andks,. lons form a homogeneous positive
as a=m/6 taken for numerical examples of this papehe 5 cxqround:; this assumption holds for a laser pulse shorter
saturated convective gain can approach that of the backwakf{an an jon plasma period,< wa;il. The beat wave of
SRS(BSRS. The field structure is then approximated by ajncident and scattered radiation excites perturbations of elec-
quasi-1D lossy mode whose damping is produced by théron density,
leakage of radiation through the walls.

The paper is organized as follows. Section Il presents a Me” Mo _ SN(r,pekerD 4 ¢ ¢, 2)
theoretical model for the strongly coupled LA SRS in a 2D No o=t
slab geometry. The laser pulse entrance into a plasma and
oblique mirror reflections of scattered light are expressed ifVNose wave vecto :
terms of appropriate boundary-value conditions for the_kSi; hence, ke =ke=2kosin(a/2), Kewy=ker=ko(1

coupled-mode equations. General solution of the boundaryicos.a)’ke“: fkos.ma' Wave vefcto.r diagram of the LA
. L . .~ ’SRS is shown in Fig. 1. The longitudinal component of phase
value problem is presentdderivation is given in Appendix

) . . _ . velocity of the scattering EPW is small if compared with the
B). Sgctlon [l discusses the spatiotemporal evolution gf 'n.'speed of light, i.e.ke;> ko= wye/C. This restriction elimi-
stability. The case of fully transparent lateral boundaries isates the near-forward Raman scatteQﬁr?é and resonant
considered in Sec. Ill A. Enhancement of the LA SRS in thémodulational instabilitRMI).** In the rarefied plasma, the
generic reflective case is considered, and the maximum gaimplitudesN, vary slowly in space on the scal&g;, ko).
factors are evaluated in terms of appropriate asymptotic so- The amplitudes of up- and down-going scattered EMW

lutions in Sec. Ill B. Section IV summarizes the results. and scattering EPW obey the coupled-mode equations de-

rs obey the matching conditikps=kq
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FIG. 2. Geometry of a laser pulse propagation in a laterally confined Scattering angle o, deg.

plasma. Laser pulse enters plasmazad andt=0, and moves towards

positivez. Boundary conditions are posed at the plasma bounziay the  FIG. 3. Coefficient of reflection vs scattering angle for a glass wall with an
pulse leading front=ct, and the wallsx=0 andx=L,. Rear edge of the index of refractions,=1.5 (the refraction index of plasma is taken equal to
pulsez=c(t-to) is a free boundary through which the waves quit the region unity).

of amplification. The boundary-value problem is solved in the afeat,)

<z<ct, 0<x<L,.

rived from the equations of nonrelativistic hydrodynamics of
cold electron fluid in the hf field1l) and the Maxwell equa-
tions for scattered radiation,

as(x,2==0,8) =ag[1 - (1 - 2d/Ly)?]. (6)

Inside the capillary, oblique mirror reflections couple up- and

N d d . : : )

|<— +V,— ivx—)aSt =g;N,, (339 down-going EMW: each reflection converts an up-going
9¢ "oz Tox wave into a down-going one and vice versa,

) (E +k5> Ne = OB, (3b) 2,,(0,2,9) = 1(a)a, (0,2,8), (72

where V,=cosa/(1-cosa), V,=sinal/(1l-cosa), g;
=(ag/2)(K3/ke,), and g,=ay(ke/2)% The wave coupling pa-
rameter isG3Egng:(a0/2)2k§ko (strong coupling is the
case forG>kp). Equations(3) are expressed through the
variablesx, z, andé=ct-z, that is, the temporal evolution of The conditiong7) set up a quasi-1D exponential behavior of
waves is traced in ar-y cross section at a longitudinal po- waves at large. The reflectivity coefficient is a known func-
sition z. tion of scattering angle, r(a)=|sin a—[(éwlém)z

Figure 2 shows the interaction area. t0,t=0, the —coSalY4/{sina+[(8,/5,)?-cogal'’?}, where s, and &,
laser pulse enters a semi-infinite plasma-filled gap betwee@re the refraction indexes of walls and plasma. Figure 3
flat mirror-reflecting wallsz=0, 0<x=<L, and propagates Showsr(a) for a glass capillary with5,~1.5 andd,~ 1.

aS—(LX1 Z! g) = r(a)as+(|-xrzv 5) . (7b)

towards positivez. The pulse leading front=0, encounters The temporal increment of strongly coupled LA SRS
the stationary level of electron density perturbations with a€xceeds the electron plasma frequency. Hence, we neglect
constant amplitudé,, k>N, in comparison withdN,/d¢? in the left-hand side

(LHS) of Eqg. (3b). With the allowance for not very tight

N.(%,2,0) = No, (4a) capillary, the pump field envelopa(x, ¢) represents a por-
INLI2E(x,2,0) = 0, (4b) tion of laser radiation coupled to the capillary which experi-

ences mostly paraxial propagatidn,/ky<< \s"wpe/ wo. ASsum-
fluctuations of radiation in fresh plasma being neglected, ing that the pump field evolution at a given poiitz) takes
a.(x.2,0) =0 5) much longer than the SRS grow(ty/c>t,), and in order to
" ' enable the analytic progress, we approximafe, &) with a
At the capillary entrance plane, the transverse profile of rafixed flat profile at any positioz in a capillary of the width
diation can have a significant content of the high-order capk,, ag(x, &) =agH(X)H(L,—x)H(§)H(cty— &), using the effec-
illary eigenmodegcoupling the incident laser beam to the tive pulse durationt, and amplitudeay,. Here and below,
capillary is discussed elsewh&réand is outlined in Appen- H(y) is the Heaviside step function. Solution of the
dix A). The resonant condition for the wave vectors selectdoundary-value problem,
the modes that can be amplified by the forward SRS
</ 2) thus leading to the formation of an EM seed signal.

3
To facilitate the forthcoming analytic job, we give this signal v 91No i’f _ ce o _—

in a simple parabolic form with an amplitude vanishing ats (R0 = 3i E G [1=®1pR;r.)) = Pp(Rir,C))]

the walls in order to provide the continuity of the solution in _ _

the interior of the capillary, —agVmF(R;roF,(;1,1/252) (8a)
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No 3 &< X/Vx
N,(R:r) = 32 €591 -Pp(R;r,¢) - ‘DZD(R;r’Cj)] E<zV
=1 ‘
+ aso(\r’;/4)ng(R ; I’)(f— Z/Vz)zorzz(§ 2,3/2;i 5)
(8b) X < zZ(V/V,)

&> xIVy

} 0 ®&;p=0, d,p=0 (10
at the wallx=0 (range 1),

} 0 (I)lD =0, (I)ZD #0 (11)
is then obtained via the 2D Laplace transform; here,
=(r, &), cj3:iG3, (=(G314)(¢-2IV)?2IV,, oF,(by,byi0) is  Orat the entrance plarne=-0 (range IlI),

the regularized generalized hypergeometric functfon, x> 2(V,/V,)
E3 0 q)lD * 0, q)2D =0. (12)
z &> Z/Vz
Dip=Fy ¢, & HVX- V2 + 21"
\Z n=1 The principal feature that makes the LA SRS of a short
pulsé’ different from the case of semi-infinite laser bédm
X[H(V,z= V,Xo-1) = H(V,2= V,x)] ( (9a) Is the gain saturation within a finite distance from the en-

trance plane. At some poirg, ;< +, the scattered radiation
arriving from the plasma boundag=-0 drops behind the
* X laser pulse, and in all the poins>z, neither part of the
Dp=(1-1N> F"F3<Cj,vn,§)H(VxZ—VzXn), (9b)  pulse belongs to the range IIl. Then, the evolution of waves
n=0 X and the gain do not alter with The gain saturates differently
( y ) for the “forward” (e« < w/2) and “backward(a> 7r/2) scat-
_ ) WX=V,Z)(V X~ V,z— VoL, tering.
7= (V,L/2)? HVX-V.2) Whena < 7/2, and the distance from the entrance plane
. is not too large, i.ez<min{V,cty, L (V,/V,)}, all three areas
(VXn-1 = Vs2 (VX — Vy2) (10<12) are available in the pulse bodyhat is, within a
+ 2 r" 2 [H(sz_ szn—l) < —y= ; ;
-t (V,L,/2) rectangle G<é<cty, 0=<x<L,). Given the point(x,2),
waves fall initially within a range |, where they grow in time
) exponentially with an angle-independent increment

(90 _
0= (V30/2)G = (13/2)V(a9/2)2wow?e. (13)

~ H(V,z = V%] H(g— -

z

where x,=x+nL, and the fundamental solutioRis(1,7,€)  Note thati=1/c is the known “spatial” increment of the

(Ref. 2] is defined by Eq(B6). The up- and down-going strongly coupled BSRS in the comoving frafis 20.21,26,30

amplitudes are symmetri@s (x) =as.(Ly=X), N-X)=N:(Lx  The evolution of waves is strictly 1D in space on this stage.
), so we consider below the evolution up-going Waves ater information from the boundaries=0 and z=-0
only. Our solution possesses the same generic structure as ey ches the poirfi,2), and the spatial dependence becomes

weakly coupled reflective solution discussed in detail in Refgjiher 2p foré>x/V,, x<z(V,/V,) (range I) or remains 1D
14. However, contrary to the case of semi-infinite laser pulsg, £>72IV > ’

: k L L, x>2(V,/V,) (range ll). The waves are not ex-
of Ref. 14, the growth time of unstable waves is how “m't_edponentially growing at this time. In the range IIl, the en-

by the pulse duratioty, and, as shown in Sec. lll B, the gain {4ce effect dominates: vanishing the scattered EMW at the
at a given pointx,z) remains finite and is given by either ,,,nqaryz=—0 determines the behavior of 1D amplitudes.
Eq. (19 or Eq. (16). Deeply enough in plasma= min{V,cty, L(V,/V,)}, the en-
trance effect vanishes as the pulse terminates sooner than the
scattered EMW from the entrance plane can reach the ob-
Ill. SPATIO-TEMPORAL EVOLUTION OF UNSTABLE server at giverz. The pulse body is then divided between the
WAVES ranges | and Il, and the evolution of LA SRS is the same
through the rest of the plasma.
For «> /2, the boundary-value condition posed for ra-
When the lateral boundaries are fully transparert),  diation atz=-0 can only produce the scattered EMW con-
the EM seed at the entrance plane vanidlags=0), and the  vecting outwardsthe EMW characteristi¢=z/V, recasts in
instability grows from the electron density noise in a freshthe lab frame variables as=-ct/cosa| and corresponds to

A. Evolution of instability in open-boundary system

plasma ahead of the pulse. The functi¢@sthen read the wave propagating towards negatiyeThus, the entrance
. _ ffect does not change the solution at a positivand the
®1p(R:1,C) = Fo(C, 2V, OH(VX - V,2), € J StV
1ol i) =6, 2Vz HHVX - V:2) boundary-value conditiof6) becomes excessivhis is also
eV = (e _ valid in the reflective cageThe spatiotemporal evolution of
P20(Ri1,6)) = Fo(€), Vs SHV2 = V). the LA SRS remains the same at arw 0.
Plasma is divided by the characteristicé=z/V,, x Given the pulse duration, the maximum of the saturated

=2(V,/V,), é&=xl/V,, into ranges of dependence, where thegain,a,, N, ~ €%, does not depend on the scattering angle,
solution is prescribed by the boundary conditions for radia-and whether it is achieved or not is determined solely by the
tion posed at the pulse leading ede0 (range ), pulse aspect ratio’. If the pulse is wide, or the scattering
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angle is sufficiently large,a> ay=2 arctaricty/L,), the
maximum gain is achieved at the pulse rear eédget, for
ctocot(@/2) <x<L,. Hence, the angular spectrum of scat-
tered light is prescribed by the pulse aspect ratio rather than
the angular dependence of the increment. [Ep* ct,, scat-
tering within a broad range of anglestg/L,<a =< pro-

™
N

log, | N+/No|
Mo N A OW
Iogml N+/N0|
Mo M AR OW

oy

6 L

ceeds with the maximum gain. Otherwise, far<ct,, the kpx3 0 2kp(d_z) kx 200 % etz
highest gain corresponds to the near-backward scattering @ g
only, m—L,/(cty) <a=<m (Ref. 21. To estimate the pulse (© 5,'54
energy depletion due to the LA SRS, it is sufficient to neglect —072 — 7
the radiation scattered under angles smaller thgr(Ref. 5,4 Z, . Y&
36). =, z pa
=] 22
9 9 _8’ ;
12
B. LA SRS evolution in the reflective case a2 ©
. . . . kaO 0 2k(cf_z) 00 1 2 3 4 5 86
In a capillary, the oblique mirror reflections of scattered 4 P k, (ct-2)

light off the walls[the boundary conditioKi7)] contribute to
the LA SRS evolution over the whole laser path in plasmaFIG. 4. Spatiotemporal evolution of the up-going EPW in the field of trans-
but become actually dominating later. when the entrance efersely limited laser pulse of finite duration; the pulse aspect ratio is
. ! . cty/L,=0.5. The scattering angle is=/6. Temporal evolution of the am-
fe,Ct VamShes(Z>\(ZCTO)' The reflections eStab||§h a. long- plitudes is traced at the longitudinal positiof® z=V,ct,/3~2.2ct,, and
distance asymptotic state of the LA SRS—amplification of &), (d) z=V,ct,~6.5t,. The left column shows the SRS evolution inside
quasi-1D radiation and plasma modes with a temporal increthe glass capillaryr=0.42 with the EM seed amplitude‘ at the entrance
ment close to that of the direct backscattt8). Besides, the plane ay=0.4x 1075, Plot (b) shows the saturated solution for an open-

forward SRS is seeded by the EM sigmal(x,~0,¢) at the it BT Seash, (0 fatielte L e ineis tom
capillary entrance planghe boundary conditiof6)]. If the  pared with the exact solutiaisolid line) and with nonreflectivédotted ling
signal amplitudeay, exceeds the amplitude of the electron and BSRS(dash-dotted lingsolutions at the point=V,cty, X=Ly/4.
density noiseN,, the unstable waves will achieve a large

amplitude(by virtue of the high seed leveht the transient

stage of laser propagation<z<V,ct,. In this case, con- . . . .

trary to the SRS in the unbounded plasmas described in thté]e fOIIOW'Eg hngmirlcal e;(ampléFl_g. |4) g'.\llle Z”;axmmri]“)
preceding section, the near-forward SRS exhibits a muctT3 mm, which is shorter than a typical capillary length used

: 8-13,15
higher level of amplification than the backward SR& n e;i))(:rzlzents(i; grr:)rénce effect becomes less pronounced
>/ 2), and its contribution to the dynamics of electron den- Zmax P

sity perturbations can be dominating. Nonlinearities ofand finally vanishes at the poidtV,Cly=3znq, Where the

plasma response that can then appear are worth investigatiréE% Stlr?;?:]:tgm?g frfor\?vi; ;gi:g?essbg‘/'gﬁj ttiZﬁ I;sebgg]ulfs:r:_
and will be addressed in future publications. g ‘

= - 217 #\(1-by-by)3 ward and backward scattering is then determined by the lat-
3-3|i—_pe asygT_ptOt'COFZ('bl'bZ"§)~(27T\“3) (9 eral reflections only and, given the scattering angle, remains
x e+ O(1/Ri) at [ — o (R.e.f. 3.5 helps to gvaluate the  the same in any-y cross section foz=V,cty. We show in
level of the EM seed amplification on the intervak@  Appendix C that atz=V.,ct, and ysto>1, a cumbersome

<Vl exact solution(8) admits a simple asymptotic evaluation in
F es\:‘égl/?*/z the form of quasi-1D damped mode with a temporal growth
las(z< V,cto)| ~ ap——"—"75—> (14)  rate close tq13),
237 ¢
—(xILy)I
where £>1. Then, |N.(z<V,cty)|~ (V,/9) ({31 2)|as,|. At N, (X, &) ~ (No/3)[(1 = r)/In r]efoé Wi (16)

the pulse trailing edge&y=ct,, the argument of the and a.(x.§) is given by Eq. (C2. Here, sy=(

asymptotic reaches the maximuthya,=(Gcty/3)® at Zyay o .
=V,cty/ 3. At this point, the scattered EPW reaches the am- A.Y)/C’ Ayle= Vxln“r/(3LX). Equatlons(16) _a.nd(CZ) are
valid under the “low leakage” condition,r>exp

plitude _ (-3GL,/V,), which indicates that the scattered light is
G V3F ento mostly trapped inside a plasma slab: the energy leakage
INL(£0,Zmad)| ~ 8 ———"7—, (15) through the wall at one reflectidithat produces an effective

187yt . .
918 Vol decremenid y<< y,) is less than the energy gain on the way

and |as,(&,Zmad| ~ (91/G)INL(&,Zmay|-  Equation (15)  between the walls. The lateral growth of the asympt(ii®)
shows that the maximum gain on the transient stage is deteis much slower than the growth with Asymptotic solution
mined by the 1D temporal incremetit3) independent o (16) displays the basic result of the reflective theory of the
(the angular dependence is retained in the preexponentialA SRS: at large distances from the entrance plane and large
factors_only. For the minimally allowed scattering angle, coefficients of amplification, the amplitudes of unstable
amin:\f'pre/wo (hence,V,~ wyl wpe), the point of the maxi- waves tend to quasi-1D leaky modes exponentially growing
mal gain iszya amin) = (wo/ wpe (Cly/ 3) > cty. Parameters of  in time with the increment tending to that of the BSRIS).
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Comparison of Eqs(15) and (16) shows that the maxi- 122
mum amplitude of the scattering EPW on the transient stage, Ty n
z<Vct,, differs from the final asymptotic level of density < 8 I
perturbations roughly by a factor of (G/g;) <26}
X (yoto) Y¥(agn/Ng). When this factor is larger than unity, N IIa: Iib
and |N,(z=V,cty,x,cty)| ~ 1, the plasma response can be- [ |
come nonlinear in the vicinity of=V,cty/3. This could be % 1 o ry s p
avoided by keeping the ratio of the seed amplitudgéN, () k, (ct-2)
below (g;/G)(yete) Y2 The amplitude of the electron density 12
noise is difficult to control in experiment; however, as shown 12 e
in Appendix A, the content of the high-order eigenmodes in ! | la ,
the laser radiation coupled to the capilldignd, hence, the = al P
amplitudeay, of the EM seed signalcan be effectively re- ol P 7
duced by increasing the capillary radius versus the radius of h : . —— p

the incident laser beam.
Figure 4 shows the spatiotemporal evolution of an up-
going EPW[Eq. (8b)] for the SRS under the angte= /6. FIG. 5. Ranges of dependence for the SRS under the angie/6 in the

The laser and plasma parameters ag=0.7,\q cross sections dg) z=V,cty/ 3~ 2.2ct, and (b) z=V,cty=6.5cty. The thick

— — —@ak-1 — ; ; solid line x=z(V,/V,) divides the principal ranges prescribed by the nonre-
O'SMm(’)lgto 935"X ka ! wpe/ @o .0'007' which giveno flective theory. The dashed lines are the characteristics of reflected waves,

~2.2x10"" cm™, the pulse durationty=230fs, and the y.in| =7v,/V), ¢=2/V, andé (x+nL)/V,. One reflection contributes to

maximum incrementy,~ 2.25wpe. The level of EM seed is  the scattering process in the range Il in the dasand two reflections in the
chosen asg~0.58% 10—530 (according to Appendix A, it case(b). _Raman amplificat@on pf the EM signal given at the boundary
corresponds to a capillary by a factor of 2 wider than in the_o contributes to the solution in the subrange Ilb and range lIl.

case of perfect matching; by the definition, in axisymmetric

geometry, the perfect matching condition provides coupling

98% of energy of an incident Gaussian laser pulse to théN, (&, Zma| ~ 105 this burst of the forward SRS has been
fundamental eigenmode Eof a capillary). The level of  the regular feature in our numerical experiments and in the
the plasma noise evaluated in Appendix A My=~1.5 fluid simulationg?]. On the other hand, reduciray, to the

X 1078, The plots(a) and(c) correspond to the plasma con- level 7x 108, (which in the axisymmetric case would cor-
fined in a glass capillary with the reflection coefficient respond to a capillary tube by a factor 2.5 wider than in the
=0.42 (see Fig. 3 and (b) corresponds to the unbound case of perfect matching, see Appendix ill make the
plasma (r=0 and ayp=0); plot (d) shows the long-term forward Raman amplification of the EM seed almost negli-
asymptotic behavior of the reflective solution. The plasmagible and thus tolerable on the transient stage.

cross sections are set @ z=V,cty/3~2.2ct,, and(c), (d) Figure 4c) shows a quasi-1D saturated solutiamom-
z=V,cty= 6.5ct,. Given the calculation parameters, the non-pare with Fig. 4b)] thus shaped by the contribution from two
reflective solution saturates atL,(V,/V,)=3.4ct, and is  reflectionsaccording to Fig. &)], which, in full agreement
exactly the same in any plasma cross sectigrbeyond that  with the long-scale asymptotid 6), demonstrates the growth
point. Figure 4b) shows this solution. The ranges of influ- rate close to that of BSRS. Difference between Figa). dnd
ence of boundary conditions are shown in Fig. 5. In range ¥(c) shows that, under the parameters of our example, the
[see Eq(10)], the electron density noise frog=0 is ampli-  forward scatterinda < r/2) is characterized a<V,cty by

fied and the waves do not experience reflections. In range lla much higher gain than the SRS in the backward direction
the instability is seeded by the free-plasma noise, and yet i&x> 7/2). This situation is completely reverse of the SRS in
enhanced by the reflections; the Raman amplified signal aan unbounded plasma, where the gain can only fall as an
riving from the entrance plane is added to these waves iangle dropé.8 So, the higher the EM seed level produced by
range llb The EM seed from the entrance plazve-0 is  the laser beam couplinghat is, the tighter the capillary in a
amplified by the forward SRS in range lll. numerical or real-scale experimgnthe more important be-

In a capillary, the forward SRS is considerably enhancedomes the forward SRS. In such case, a high amplification
at z<V,ct, (roughly by a factor of 70 in amplitudeversus level of waves may be observed within quite a long distance
the case of unbound plasnjeompare Figs. @) and 4b)].  in plasma,.z<V,(amin)Cly= (wo/ wpeCly [see also the discus-
Despite the EM seed amplified in range Ilb is nonexponension following Eq.(15)]. This effect is adverse for such ap-
tially growing, the high ratio of seed amplitudea,,/N,  plications as the self-modulated LWFA in capillarfésThe
~2.7>(0:/G) (yoto)?~0.026, makes the entrance effect way of reducing the excessive forward SRS enhancement
rather pronouncedFig. 4@)]. For Ngy=1.5x10% and F can be found in using a wider capillathe laser focal spot
~1, EQ. (15 gives 1ogoN(&,zZma)/Ng/=7.15, which fixed) than the perfect matching requires.
agrees with Fig. @). Hence, parameters of the numerical Figure 4d) traces the temporal evolution of the up-going
example lay at the border of validity of the linear approach,EPW atx=L,/4 (near the capillary wall The asymptotic
and increase img will result in the nonlinearity of the (16) perfectly approximategsand, for applications, can be
plasma response on the transient s{&gg., perfect matching used instead ofthe exact reflective solutiof8b). The dash-
gives ayp~0.01Z, hence, according to Eg.(15, dotted and dotted lines in Fig(d) correspond to the BSRS

3
kp (ct-z)
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solution|N, (8| = (No/3)exp( 1€/ c) and the exact nonreflec- the amplification bandwidth:Akesz is estimated at
tive solution, respectively, providing the upper and loweryyty>1 with taking account of the gain narrowingref.
limits of the convective gain variation. In this example, only 36)]. Using the ratio of the phase volumdgk./dkd

in the vicinity of the bordex=0 the coefficients of amplifi- =2 sirf(a/2) (Ref. 38, we express the seed amplitude
cation in the reflective and nonreflective cases are considethrough the element of solid angé#), , in the direction of
ably different[compare Figs. @) and 4c)]. Contribution  detectorNg= (8/c)n°(ko)k3\ o/ tosin?(a/2)d() . Our theo-
from the reflections increases the wave amplitudexat retical formalism based on the assumption of quasiplane in-
=L,/4 by roughly an order of magnitudeompare solid and teracting waves requires small variation of the scattered
dotted lines ak,é~6). For the parameters chosen, the scatwave amplitude across the directién in the transversely
tering EPW remains linear in the convective saturated regimgmited area, G=x<L,, which gives an estimate of the an-
(z>Vety): the plasma noise leveNy=~1.5X10°%, substi-  gular spread\a~ cosa/(L,ky). The element of solid angle
tuted into Eq.(16), gives|N,|<0.2 throughout the whole then evaluated a&()_~2msin aAa=7sin 2x/ (Liko) gives

time interval O<t<t,. ) . _ P
In the limitr — 1 the total suppression of the lateral con- | 87 1+(Kka'po)” (yoto)* sirP(a/2)sin 2o

vection occurs. The up- and down-going amplitu@®sbe- INo NoAS 2 + (Kef pe)? (wgt) 2 KoLy '

come purely one dimensional fa>V.,ct, and completely (A1)

identical. These amplitudes grow in time exponentially with

the BSRS incremen(tl3). where the spectral density of low-frequency electron fluctua-
tionsn3P(k,) is evaluated using formuld1.2.6.6 of Ref. 37.

IV. CONCLUSION Parameters of Fig. 4 andrp.<1 give [Ny =1.5x 10°°.

For the strongly coupled SRS in the forward direction

We have proposed a 2D nonstationary linear theory o{y < 7/2), coupling the laser beam to a capillary creates an
strongly coupled LA SRS of a short laser pulse in a flatadditional source of instability. The radial profile of an inci-
plasma slab confined between mirror-reflecting waflat  gent heam with the wings cut off by the edges of the entrance
capillary). In a capillary, the lateral convection of scattered gperture is approximated with an expansion through an infi-
light is partly suppressed by the oblique reflections, and thgjite number of radial eigenmoddaving the same fre-
instability experiences an enhancement. Additional e”ha”CQJuencywo).7'8 The high-order eigenmoddsharacterized by
ment of the SRS in forward directiofa> 7/2) is produced {he frequencyws=w, and high transverse wave numbers,
by the amplification of the electromagnetic seed signal that i§n¢~ksx. where the integen is the mode orderform the
formed of the high-order capillary eigenmodes at the enseed signal that is further amplified in plasma by the $RS
trance plangformation of the signal is a consequence of thethe model form, the transverse profile of this signal is given
laser beam coupling to the capillaryThe convective nature py Eq. (6)]. It should be emphasized that these modes pro-
of LA SRS does not change. The asymptotic behavior of thgjjge no seed for the weakly coupled SiR8cluding near-
waves demonstrates the transition from the set of 2D modegrward SRS and RMIRef. 34 that correspond to small
to the dominant quasi-1D damped mode. Even for Nearscattering angIem«dM], as this process requires the
forward scattering the convective gain of the dominantfrequency matchingos=~ wy—wye between the seed and the

quasi-1D mode may be close to the BSRS gain. pump.
Exact functional form of the capillary eigenmodes de-
ACKNOWLEDGMENTS pends on the geometry chosen. Despite the LA SRS in a flat

The authors wish to acknowledge useful conversation§@pillary is considered in the paper, we suppose that an esti-
with N. E. Andreev, B. Cros, L. M. Gorbunov, G. Matthieus- Mate of the EM seed level will be more useful for applica-
sent, and J. Meyer-ter-Vehn. S.Y.K. sincerely appreciatedons if inferred from the axisymmetric theory of the laser
hospitality of the Ecole Polytechnique and the Max-Planck-?&M propagation in a dielectric tub&The theory repre-
Institut fiir Quantenoptik and their financial support in the S€Nts an electric field profile at the entrance aperture of the
form of postdoctoral fellowships. radiusrg as an infinite sura(r):aOEn:lCnJo(kmr) (Ref. 11,

where C,=2[roJ1(u,) ] 2fPa(r)Jo(ur/ro)r dr is the overlap
APPENDIX A: SEED SOURCES FOR LA SRS integral of the hybrid capillary eigenmode EHwith the
incident laser profila(r):exp(—rz/o%) (Fig. 6). Here,uy, is

The LA SRS under arbitrary angle in strongly rarefiedthe nth zero of the zero-order Bessel function of the first
plasmag w,.< ) is seeded by spontaneous electron densitkind, Jo(u,)=0; for kyro>1 and n>1,k, ro=u,=~(n
fluctuations ahead of the pulse. A root-mean-squames)  +1/2). Figure 6 shows that about 98% of laser energy is
amplitude of these fluctuations is represented in the equaoupled to the fundamental mode fop=0.645, (the per-
tions by the quantityN,, which gives the amount of seed fect matching condition however, the overlap integral de-
corresponding to the element of solid angl,_in the di-  cays very slowly as grows {the analytic fit,C,~ F,=exp
rection of the wave vectdk, of scattering EPW, and can be [-(n+50°9], is almost exact fom>10}. When the ratio
expressed  as Nj(ko) =dQ [ n k?dk=nZ(k)k3Aked( ,  ao/ro drops, the larger number of lower-order eigenmodes is
wheren3P(k,) is a spectral density of electron fluctuations effectively excitedup to 5 fora,=0.258 ), but contribution
integrated over frequenciéé.‘l’he integral is taken over the from the higher-order modes into the radiation profile at
area of maximal spectral density of scattering EP¥ k., z=-0 drops sharply(e.g., analytic fitC,~3x10°F,, n

Downloaded 16 Aug 2006 to 128.83.179.119. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



053101-8 S. Kalmykov and P. Mora

10
-1y
10 L ©,=0.645r,
2f W
- A
10 v
10_3 \\_ - °_o=0’43’
-\
» .
oS 10 A
0,=0.3225r,
_5 ‘ oooooooooooooooooooooooooooooo
10 -
\
-6 .
10 \
-7 I =
10 ‘._._._._._._.02:0.’238.%_
-8
10
0 10 20 30 40 50

Phys. Plasmas 12, 053101 (2005)

+(Ko/9[1=(2x/L—-1)?], Ky=01No/ (iV,), and K,
=(V,/V,)ag. The boundary conditions area,(0,p,s)
=ras_(0,p,s) anda,_(L,,p,s)=ras(Ly,p,s). EquationgB1)
admit the solution

s = _(@-ne¥) 1
ag (X, p,s;r) = <p+K2)[1 1 -1l :|SQ

+—2 1+[Q(5‘—x>—1}2 L
(L /2)? 2 sQ3
Kz eQX ( LX )2
- ———11+{0=-1
(Ld2)?1 - reQLX{ 2

Aefose i

where x,=x+nL,. Lateral symmetry gives (x)=a.(L,

(B2)

FIG. 6. Overlap integral between the radial profiles of amplitude of the—X). The Laplace transform inversion of E2) with re-

incident laser(Gaussianand of the capillary hybrid eigenmodes EH

spect top reads

> 10, holds forox=0.258). Therefore, choosing wider cap-
illary is the way of reducing the effect of laser coupling on
the forward strongly coupled SRS.

The numerical example of Sec. Ill B shows how the SRS
under the angle.=7/6 develops in the capillary with an EM
seed amplitude characteristic of the axisymmetric capillary

tube by a factor of 2 wider than in the case of perfect match-

ing. For the parameters of Fig. 4, with the vallg/2

z86(]<51 assigned ta,, equalizing the effective radial wave

number k,, =nw/ry to the resonant wave numbdg,
=kgsin a gives the resonant mode order= (Kqro/ m)sin a
~ 136 corresponding t€;35~0.58x 10°° under the condi-
tion 0,=0.322%, (analytic fit C,~0.7x 10°F, was used;
see also Fig. 6 One can expect that several modes with
~n" can contribute to the effective amplitudg, of the seed
signal. The difference in the mode numbefsi=n"-n

causes the angular spreddr around the given scattering -r exp(QLx)] 1=3" rlexpnQL,) s
angle; this spread should not exceed the admissible value (v,/v,)z, Kl 2= (V,/ VK 5.

established aboveAa<cosa/(Lky) =cosal(2rgky). For
|Aaj<a and |An|<n’, one has An=(kyro/m)cosaAa
<cogal(2m) <1, so that only one capillary mode wiif

=n" can contribute to the scattering under the given angle.
Therefore, the seed amplitude used for the numerical dem-

onstration of Fig. ) is evaluated asag=~Ci3,~0.4
X 107,

APPENDIX B: DERIVATION OF THE EXACT
REFLECTIVE SOLUTION

On omittingkﬁ in the LHS of Eq.(3b), the Laplace trans-
form (LT) of Egs.(3) with respect to¢ (LT variables) and
with respect toz (LT variable p) gives the set of ordinary

differential equations (ODE) for the Laplace images
as:(X,p,s;1),
J -
(5(IQ>58,£: +K(x), (B1)
where Q=(V,/V)Ts—p), I's=(iG3/s*-9)/V,, K(X)
=K1/(sp

_(XZS'r)——&+{R§Z
aS+ 1 &y Oy - SFS lSFS
- erZ(x—E)(x—E—LX)] .
- H _
s (LJ27 -2
(VA Vs)Xn
+K1(1—r)2r ———H@Z-x)
n=0 SFS
erZ
+ E r {
S
~ €01~ (X~ D)
— K="= ' [H(Z~ X,
2 s (Lx/2)2 [ (2 Xn 1)
—-HZ-xy)], (B3)
where, in accordance with Ref. 14, the expansidn
used, and Z
Equation (B3) includes

Laplace images of the three types:(dlly), e'Y/(sI'y), and
e'Y/s. Their inversions read

1 el
E_l{_} ) ZE ,
| sl 3¢
where _cj3:iG3,
c3=(i—-V3)G/2;

{225 e o L),

which is expressed through the fundamental solufbns

(B4)

so that clz—iG,czz(i+V’§)G/2,

(B5)

eﬂvi ()"

FS(,LL,U,f) = nl (2 )l

———y2n+ L u({-v)H(E-v),

(B6)

where y(m, 6) =3 7™ dr=0""_,(-6)" [n! (n+m)] is the
incomplete gamma function of orderof a complex variable
0 (Ref. 35; and
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-1 — (e T i the pointss, with n<GL,/(27V,), which is of the order of
LeIs) =V (E-2NF(1,112i0), B7) e%¢, Expanding the imagéC1) in the vicinity of s=s,, we
expressed through the regularized generalized hypergeometrrive at the asymptotic valid faB&>1,
ric functior® of variable iZ=i(G3/4)(&-2/V,)?z/V,. Com-
bining expression&B4), (B5), and(B7) in Eq. (B3) gives the Vo/1-r\i- \@ X
envelope(8a) of an up-going EMW. The amplitud&b) of as (X, &) ~ —Z<—) exp(sog— In r—), (C2
the scattering EPW is derived in the similar fashion. Glinr/ 6 Lx

which represents the unstable solution as a quasi-1D expo-

APPENDIX C: ASYMPTOTIC REFLECTIVE SOLUTION nentially growing mode.

The asymptotic can be found by applying the inversion , .
— _ S\—1 rCH® pxs M. D. Perry and G. Mourou, Sciencé4, 917 (1994, and references
formula, as.(x,z,5)=(27i) [ i-ePas(X, p,s)dp, to the ex- therein.
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