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Finite-duration seeding effects in powerful backward Raman amplifiers
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In the process of backward Raman amplificati@RA), the leading layers of the seed laser pulse can
shadow the rear layers, thus weakening the effective seeding power and affecting parameters of output pulses
in BRA. We study this effect numerically and also analytically by approximating the pumped pulse by the
“ m-pulse” manifold (family) of self-similar solutions. We determine how the pumped pulse projection moves
within the 7-pulse manifold, and describe quantitatively the effective seeding power evolution. Our results
extend the quantitative theory of BRA to regimes where the effective seeding power varies substantially during
the amplification. These results might be of broader interest, since the basic equations are general equations for
resonant three-wave interactions.
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[. INTRODUCTION scattered light, growing after the original seed has passed, we
call “the pumped pulse.” It has the same frequency as the
Backward Raman amplification might be utilized to seed pulse and propagates in the same direction, trailing the
achieve ultrahigh laser powef4]. In this scheme, a short seed. It can grow to intensities much greater than the original
pumped pulse consumes essentially all of a long incidenseed until the pump is depleted, and then can further grow
pump power through the resonant stimulated backward Raand contragt even to intensities much greater than the
man scattering in plasma. The pulse also contracts as ifsump.
amplitude grows. The amplification is fast enough to reach Note that the backward Raman amplification along each
nearly relativistic pumped pulse intensities, within timesray is essentially a one-dimensional process. As long as ef-
shorter than it takes for filamentation instabilities to developfects of the input seed pulse finite duration can be neglected,
By nearly relativistic intensities we mean those intensitiehe pumped pulse evolution approaches, at an advance non-
for which the; .ellectron mo_tion in the pulse fields becomesjegr stage, a self-similar regime known as the-fulse”
nearly relativistic, that is T0W/cn? for A=1-um- regime[8,1,3. The m-pulse amplitude grows linearly with
Wavglength_ radiation. Such_a nonfocused intensity would b‘ﬁwe amplification distance while the-pulse duration de-
10? times hlgher_than_what IS c_urrently available th_roth_thecreases inversely with the amplitude. There is a family of
Egg%ﬂl;ebﬂ%%%ﬁ? :gfg?i%};;ﬁﬁa?;gizgh'gtjtr;i'g suc_:h self-similar so_lutions that can be conveniently c_:harac—
terized by the locatior, of the (physically of zero duration

pulse focused from 10-cm to 1@m diameter. For shorter d and the locati f1h mped pulse intensity maxi
wavelength lasers, the electron motion becomes relativistid® o0 and the locatia of the pumped puise Itensity maxi-
um. This maximum propagates behind the original seed,

only at higher intensities, so achievable nonfocused and fol N
cused intensities could be even higher j&8]. approaching it as the pumped pulse grows and contracts.

The optical system of backward Raman amplifiers natuWhen the pumped pulse duration becomes comparable to the
rally separates into two components: a pump block consisteriginal seed dL_Jrfmon, the pumping that_ arises from the rear
ing of one or several laser beams delivering large power@yers of the original seed becomes noticeably less than that
with low requirements on optical precision, and a seed bloclarising from the front layers. The rear layers of the original
delivering a higher precision, lower power short laser pulseseed are then noticeably shadowed by pumping arising from
to extract and focus the pump enefdy4]. The output pulses the leading layers and causing the pump depletion. This re-
should maintain a high focusability of relatively low inten- duces the area of the original seed, which effectively contrib-
sity input seeds even in the presence of plasma ridisend  utes to the amplification.
substantial pump fluctuation§], including the possibility of We define an effective dimensionless area under the seed
multiple pumpd7]. pulse envelope.s, which can be called an “effective seed-

In this paper, we show how the output pulse depends upoing power.” It can be expressed in terms of the paramedgrs
the short duration of the input seed pulse. To develop thandzy, i.e., locations of the effective seed and the pumped
terminology for expressing this dependence, consider hoyulses maxima. For smads<1, the-pulse maximum lo-
the amplification mechanism operates: Upon the arrival ofation depends ogg logarithmically. Thus, changinges,
the short seed pulse to any given layer of plasma, the pumgay, by a factor of 2 does not noticeably affect the pumped
and seed pulses resonantly interact to generate a fresh Langulse, which remains close to the-pulse manifold. This
muir wave. The short seed quickly leaves this plasma layeenables us to describe the actual pulse evolution in terms of
and proceeds to interact with a fresh pump and fresh plasméhe matchingr-pulse evolution within ther-pulse manifold.
hardly being affected by the interaction. Meanwhile, the The major goal of this paper is to define the matching
Langmuir wave stays at the plasma layer, where it continues-pulse parameters and to describe their evolution. This will
to backscatter the pump, thereby growing further. The backenable us to extend quantitatively the theory of backward
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Raman amplification to regimes where the effective seeding During an advanced nonlinear stage of the instability,
power varies substantially during the amplification. when the pumped pulse amplification length is much larger
The paper is arranged as follows. First, we show numerithan the pulse duratiofwithin which it completely depletes

cally that, throughout the entire advanced nonlinear stage dhe pump, the terma, in Egs. (2) can be neglected com-
the amplification, the pumped pulse indeed can be very welpared to the terna,. Thus simplified, Eqs(2) conserve the
approximated by a pulse growing from a seed of a negligiblyjoint density of the pump photons and Langmuir plasmons:
short duration and varying effective seeding powsgy (Sec.
[II). Then, we analytically describé&ecs. IV and YV, the
motion of the pumped pulse projection within this special
manifold of pulses growing from negligibly short seeds.

P _
a—§(|a|2+|f|2):0- ©)

Real solutions can be then searched for in the form
II. BASIC EQUATIONS AND a-PULSE MANIFOLD — .
a(¢{,7)=ag coqu/2), f({,7)=aq sin(u/2), (6)
Resonant Raman backscattering in a plasma can be de-
scribed by the following equations for the wave envelopes b({,7)=u,/2, (7)
(see, for instance, Refg10,3)):
which reduces the set to the sine-Gordon equation
ai+ca,=—wyfb, bi—cbh,=wyaf*, fi=wab*/2,
(1) u;,=ag sinu. (8)

where w,, is the electron plasma frequenay>w, is the  This sine-Gordon equation has a special set of self-similar

pump laser frequency andb are the dimensionless space- solutionsu(¢, 7) = U(&é=2a,+/{7) satisfying the equation
time envelopes of the pump and pumped pulse electric field

amplitudes, respectively, normalized so that the pump inten- UgtUp/é=sinU, U(+0)=e¢, 9

sity (i.e., power density is |,=mc(mec?/e)?al?/\?

=2.736x 10'%a|%\?[ um] W/cn?, with a similar normal- ~and depending on the single parameteFhis is the classical

ization for the seedh, while f is an appropriately normalized m-pulse attractor solutiofRef. [8]) that is established at the

Langmuir wave envelopey is the laser wavelength,is the  advanced nonlinear stage of the backward Roman amplifica-

time, z is the distance in the direction of the pump propaga-+ion (BRA) for seeds of a negligibly short duration.

tion, subscripts denote the respective derivatives,caadhe Note that, for them-pulse solution, the relative value of

vacuum speed of light. The pumped laser frequency is downthe neglected terna, in the energy-containing domain is

shifted byw, from the pump frequency; the laser wave num-about évlad® (where &y is the location of them-pulse

bers are close taw/c and the resonant Langmuir wave- maximum in a self-similar variablé), which indeed quickly

number is close to @/c. The slowly varying envelope decreases as the amplification proceeds.

approximation(1) is applicable as long as the characteristic

space and time scales of the wave envelopes substantially. vARYING EEFECTIVE SEEDING POWER FOR SEEDS

exceect:w,jl and w;l, respectively. We also assume condi- OF FINITE DURATION

tions are satisfied that allow one to neglect the effects of .

dispersion, diffraction, wave breaking, self-focusing, and AS noted above, the shadowing of rear layers of the seed

self-phase-modulation and generation of other harmonics. Pulse can affect the actual BRA. For a zero-duration seed
For further analysis, it is convenient to rewrite equationst(z=0t)=¢€d(t)/Jow,=€5({)/2, formally considered

(1) in the variables within Eqgs.(1) or (2), the shadowing effect is absent and the
seeding power, constant throughout the amplification length,
{=(t+2zlc) \/w_wp/Z, r= —Z\/w_wp/C, f=fJolo,, can be defined as the dimensionless area l_Jnder the seed en-
velope e=2[b(7=0,{)d{. Such zero-duration seed solu-
thus getting tions tend asymptotically, at large amplification lengths
- L —z, to the 7r-pulse manifold.
a;,—a,=—fb, b, =af*, f,=ab*. (2 To define precisely the effective seeding povegy for

seeds of finite duration, we formally match the real pumped

During the linear stage of the backscattering instability,pulse with the pulse growing from a zero-duration seed and

when the pump depletion is negligible, so that=a,  reaching the same maximum pumped amplitude within the
=const the solution of Eqs(2) is given by the formulas same amplification length-z for the same pump amplitude
(Refs.[11,3]) ao. The “same amplification length” here is the length tra-

versed by the original seed pulse maximum. Note that the

_d umped pulse maximunirailing the original seed pulse
b(¢,7)= a_gj d41G({~ 41, m)b(£1.0), ©) goespnot Fhen coincide with thegmaximur?"n of the pulspe grow-
ing from a zero-duration seed; the maxima are separated by a
G(,7)=I 0(2\/?7), n:aggrz &4, (4) distance which we define ag.
Figure 1 shows a numerical example of the effective seed-
wherel is the modified zero-order Bessel function. ing power e,z for the Gaussian seed(z=0t)=¢€
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FIG. 1. Varying effective seeding powets for the Gaussian

FIG. 2. Varying shiftz, between the amplitude maxima of the
seed pulse of duratioh=27/w, in BRA.

real and matching pumped pulsgsowing from the Gaussian seed
pulse of durationT=27/w, and zero-duration seed, respectiyely
xexq—(t/T)Z]/T\/wwpw, with  T=27/w,, €=0.01, _ )

Np=2mclw,=12 um, A=1 um anda,=0.006. maximum at7=0, the pumped seed maximum approaches

Figure 2 shows the shift, between the locations of am- Fhe origin even in self-5|m_|lar _vanables. Tr_ns occurs because,
plitude maximum for the actual pumped pulse and thd" the process of amplification, the major seeding comes
matching pumped pulse growing from a zero-duration seedfom more and more advanced leading layers of the Gaussian
for the same numerical example as above. seed. _ _ _

To compare shapes of the real and matching pumped Note that using a longer seed would result in an earlier
pulses(growing from a finite- and zero-duration seeds, re-decrease Ofec;. Seeds longer than the Raman length
spectively in the above numerical example, we shift the ¢/(8oVww/2) would in fact use just their leading Raman-
zero-duration seed by,, thus matching the locations of length-long part right away during the linear stage of the
maxima for the pumped pu|sesl Figure 3 indicates that thémpllflcatlon Also note, that short Gaussian SEEdS, like one
pulse envelops indeed coincide very well even for noticeabléised above, are favorable for eliminating deleterious super-
variations Ofe. luminous precursoréRef. [9]).

In Fig. 3, larger rescaled amplitude maxima correspond to
larger values ofes, i.e., to smaller amplification lengths.
The apparent drift of the pumped pulse amplitude maximum
to larger » in the upper plotgtaking place just in the self- As seen from the derivation of the sine-Gordon equation,
similar variabler) attests to the fact that the leading spike ofit can well approximate real solutions of the original equa-
the self-similar(m-pulse solution is further from its zero- tions (1) or (2) at the advanced nonlinear stage of the pulse
duration seedlocated aty=0 in these plotsfor smalleregy . amplification when the terma in Eq. (2) can be neglected,

In physical variableg andt, the leading spike moving with a and also during the linear stage of the pulse amplification
superluminous velocity approaches the zero-duration seed allhen the pump variation can be entirely neglected. Thus,
the time. In lower plots of Fig. 3, placing the Gaussian seedhere is just a relatively short early nonlinear stage of the

IV. SINE-GORDON APPROXIMATION

0.25; 0.25;

=77 # 3

-10 0 1‘0 210 30
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FIG. 3. Rescaled amplitude for the pumped pulse growing from the Gaussian seed pulse of durdliofw,, (solid lineg and the
matching pumped pulse growing from the zero-duration geeghed linesvs nzaggr: agwwp(t+z/c)(—z/c)/2 at the amplification
lengths—z/A ,=500, 1000, and 1500\(=27c/wp). Larger rescaled amplitude maxima correspond to larger valueg; oi.e., to smaller

amplification lengths. In the left plot, the matching zero-duration seed is locatge@twhile in the right plot, the Gaussian seed maximum
is located atp=0.
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pulse amplification when the sine-Gordon approximation 4} "
might not be applicable. i\

The amplification length around which the complete f
pump depletion occurs for the first time can be evaluated as 3}
follows. During the linear stage, the integrated amplitude
of the pumped pulse can be presented, according to(Bps.

and(7), in the form go 2 A
\'(\ \\\
wn(6.=2[ A5G- Pb(G0, (0 | AN
which gives, for a seed much shorter than the Raman length, 0 ‘ . / ‘ ‘ Ny \\‘
0 10 20 30 40 50 60
Uiin(£,7)~ €l o 280\Z7) =€l o §). (1) (et

. . FIG. 4. Sine-Gordon approximatioridashed lines to the
For a givert, the product7 has a maximum a=—ct/2, SO pymped pulse amplitudgsolid lineg calculated from the original
that the maximum of the integrated amplitudenoves with  equations(1) at tw,/2w=75, 100, and 150 as a function of (
the speed-c/2 during the linear amplification stage. For a +ct)/\,. The seed and pump are the same as abaye0.006,
small enoughe<1, the pumped pulse makes many exponeni=1 um, A,=12um, b(z=0})=eexp(~t4T)/TVow,m, T
tiations before reaching the nonlinear stage, which allows=2r/w,, and e=0.01. The pump complete depletion occurs for
one to use the asymptotic formulg(¢)~eé/\2m¢ at &1 the first time atw,/27~100 which agrees with formuléL3).
for an advanced linear stage of the pulse amplification. The
same condition allows one to approximate the leading V. ANALYTICAL APPROXIMATION

pumped spike in the nonlinear pump depletion regime by the The pump amplitudey, can be excluded from the sine-

classical 2r-pulse solution of the sine-Gordon equation. : : ) .
X ) . Gordon equation8) by a simple rescaling of independent
Then, both the linear front and the maximum domains of the” . L . . )
ariable 7=agr. Up to this rescaling, there is a two-

I(elz?aecillrﬁ])pumped spike can be described by a single formul imensional 7-pulse manifold to approximate solutions

growing from short yet finite-duration seeds. In this section

we derive simple analytical formulas describing dynamics of
u~4 arctq el o(£)/4]~4 arctg u;;,/4). (120 such solutions projected on the-pulse manifold, namely,

evolution of the matching zero-duration seed and pumped

The condition for the pump complete depletiors 7w then ~ pulse maximum locationg, and y -

reads asl(¢)~4, thus defining the valug=¢, at which The leading layers of the pumped pulse can be described
the depletion occurs. This takes place for the first time neaby the linear theory formuld10). This description can be
the location extended to the nonlinear domain of the leading spike

through approximating it, to zeroth order, by the-Rulse,
u~4 arctgu;;,/4). Location of the Zr-pulse maximum can
~Ze~CL /2~ cgy [agV2ww,,. 13 pe determined from the equatian~ 7=u,,~4. The re-
spectivel= {,, satisfies then the equation
A numerical comparison of solutions of the original equa-
tion and the sine-Gordon equation indicates that the sine-
Gordon solution does not depart much from the original so- f dalo[2V(¢m—¢1)7]b(£1,0)~2. (14)
lution even during the early nonlinear stage of the pulse
amplification, as illustrated by Fig. 4. The integrated function varies rapidly {4, so that the major
Thus, the sine-Gordon approximation appears to be reaontribution to the integral comes from a narrow vicinity of
sonably accurate throughout the entire amplification prothis function maximum{;={,,. Expanding the logarithm
cess. As noted above, the-pulse manifold is the family function near the maximum,
of self-similar solutions of the sine-Gordon equation. These
solutions correspond to zero-duration seed initial condi- sE|n{|o[2,/(§M_gl)ﬂb(gl,o)}mso_sz(gl_gm){
tionsu(¢,7=0)=€eO({— ), where®({)=1 for (>0 and (1
0(0)=0 for {<0 is the unit step function. It follows that the
m-pulse manifold can also approximate well the entire am-one can present E¢14) in the simplified form
plification process. Indeed, the linear and even early nonlin-
ear stages can be approximated by the dordaig, of the Lol 2V(&m— Lo1) TIP(L01,0) V7l Sy~ 2. (16)
m-pulse, as explained earlier in this section. At advanced
nonlinear stage, the-pulse is known to be an attractor so- Equation(16), together with the functiol maximum condi-
lution for all &. tion,

5

036401-4



FINITE-DURATION SEEDING EFFECTS IN POWERHRU. . . PHYSICAL REVIEW E 69, 036401 (2004

-10 . : : : : : :
0 500 20 1000 1500 0 400 600 800 , 1000 1200 1400
-2, —z/?»p

FIG. 5. Locations of the matching zero-duration ségdleft figure) and the pumped pulse maximufim ¢ at fixed 7 or z) ¢, (right
figure) as functions of the amplification lengthz, found numerically as in Sec. Ilkolid lineg and analytically(dashed lines

9 stage, the pumped pulse amplitude is a monotonically in-
folm{'o[Zv(ZM—501)7_|b(§o1,0)}:0, (170 creasing function of at fixed 7, which is not the case ad-
dressed by the analytical theory considered here.
and the definition Figure 6 compares amplitudes of the matchimgulse
with analytically calculated and ¢y, (dashed linesand of
92 the actual pumped pulse growing from the above Gaussian
200 In{lo[2V({m— LoD TID(L01,0)},  (18)  seed(solid lines. The dotted lines showr-pulses with/,

01 and ¢, numerically determined from the actual pumped
pulse, as described in Sec. Ill. The very good coincidence of
dotted and dashed lines indicates that their small deviation
from solid line at larger-z is not caused by an inaccuracy in
calculated, and ¢y .

Note that using asymptotic formulg(¢)~ef/\27¢ at
&1, one could present the equations for calculating param-
eters{y and{, of the 7-pulse matching the pumped pulse
growing from the above Gaussian seed in the following

82:_

define ther-dependent location of the pumped pulse maxi-
mum ¢y, together with the auxiliary parametei,,. For
known ¢, , the effective seed locatiafy is determined ag,
maximizing the product of the nonlinear amplification factor
N(Zm—¢o) and the actual seed amplitutéZ,). It is con-
venient to present the maximum condition in the form

J
a—éuoln[N(éM—Zo)b(éo,O)FO- (19  forms:
The log slope of nonlinear amplification factdi({y — o) 0.25;
can be evaluated, in the abover-pulse approximation
Ujin/4~1g(u/4) atu=m=u;,~4, as 0.2}
dlnu 2 dlnuy, <
a7 ~ a ’%\Q_O.15
It follows that, ‘\5’ 0.11
Ke}
2 4 d 0.05
— —In{lo[2V({m— Lol T} + 75~ INb(£,00=0. (20) :
™ 3l ddo
0 >

This determines the effective seed locatigy A numerical _16
example is presented in Figs. 5 and 6.

Figure 5 compares thus calculated paramefgrand ¢y,
of the matchingm-pulse and the numerically calculatéals

described in Sec. I)lrespective parameters of the actual
pumped pulsg growing from the sanes '2 pzreVIOUS S€C and {ym numerically determined from the actual pumped pulse, as
tions) GaLZISSIZan seedb(z=01) = e exp(-t/T)/TVowp™  gescribed in Sec. Il(dotted lines, for the amplification lengths

=eexp(-{%A%)2Am of the duration A=T @wwpl2  —7/)\,=500, 1000, and 1500. Larger maximum amplitudes corre-

=mwl/w,. Plots for{y are shown just for an advanced spond to larger values @, i.e., to smaller amplification lengths.
nonlinear amplification stage, because, during the lineaThe Gaussian seed maximum is locatedyat0.

FIG. 6. Normalized amplitude of the actual pumped pulse grow-
ing from the Gaussian seddolid line9, the -pulse with analyti-
cally calculated?, and ¢y, (dashed lines and them-pulse with{,
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AZ?( 1 )
Lo~ ,

- 1_
ng 2é:Ml

Emi=2V(lnm— Lo T

4 20%2(1+ D) 2
”'”[?\/2”(5““+TM1 T
(21)
_ ZAZT( 1)
O T | 28,

En=2(lu—Llo)T.

The lines plotted according to these formulas are nondistin

guishable from the dashed lines in Figs. 5.

The approximation of slowly varyingr-pulse parameters
is justified as long as the pulse maximum location in a self-
similar variable&,, does not change much within the ampli-

fication length:

alnéy
dinrt

<1. (22
This condition is satisfied foA%72/£3,<1. Note that, atr
—oo, the above equations would formally give

ngw(AF)Z/S, _ gOl%AMS;l/Sv _ gM%3A4/3F1/3/4,

£u~0720T)2,

Then, [dIn &y /dIn 7]~2/3, not satisfying Eq(22), while
A?72/£3,~2.68. In our calculations, the parametef7?/ &3,
reaches the value0.25 at—z=1500\, . It still satisfies Eq.

—{o~0.88A"715,
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FIG. 7. The effective seeding poweg; calculated numerically,
as in Sec. lli(solid line), and analyticallydashed ling

Ee=A\2TEET M,

Figure 7 compares this theoretical effective seeding power
€ With that numerically calculated as in Sec. Ill.

(23

VI. CONCLUSION

We have quantitatively described the effect of shadowing
the rear layers of short laser seeds by the seed leading layers
in powerful backward Raman amplifie(8RAs). We have
shown that such a shadowing results in the pumped pulse
sliding along the manifold of self-simildrr-pulse solutions
corresponding to seeds of negligible duration, and derived
formulas for parameters of BRA output pulses, taking this
sliding into account. Apart from the practical importance of a
precise calculation of BRA output pulses, our results are of
interest for the general theory of resonant three-wave inter-

(22), but approaching to this applicability limit causes a actions.
small deviation between theoretical and actual pulses, seen in

Fig. 6.

The deviation is even more manifest in the effective seed-

ing power e, that can be calculated from the knowly
— {. Within the above asymptotic approximation,
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