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Laser energies and powers, significantly much higher than available now through the most advanced
chirped pulse amplifiers, might be achieved in much smaller devices. The working medium in such
devices is plasma, capable of tolerating ultrahigh laser intensities within times shorter than it takes
for filamentation instabilities to develop. The ultrafast amplification mechanism that outruns
filamentation instabilities is the transient Raman backscattering of a laser pump in plasma. In
principle, this mechanism is fast enough to reach nearly relativistic pumped pulse intensities, like
10t W/cn? for A =1 um wavelength radiation. Such a nonfocused intensity would Betifries

higher than currently available. This mechanism also produces complete pump depletion. Many
amplifiers with expensive and fragile meter-size gratings might then be replaced by a single
amplifier comprised foa 1 cmsize plasma layer. Raman instabilities of the pump to noise, as the
pump traverses plasma layer towards the seed pulse, can be suppressed by detuning the resonance
appropriately, even as the desired amplification process persists with high efficiency due to
nonlinear resonance broadening. Moreover, since the peak intensity scales\fikeedgn much

higher laser intensities might become feasible when appropriate x-ray pump lasers are developed.
© 2000 American Institute of Physid$51070-664X00)96605-9

I. INTRODUCTION rally produced by amplifying plasma layers. An extremely
fast amplification mechanism in the plasma is needed for
Laser intensities inside conventional amplifiers are "m-this, since intense pu|ses in p|asma are Subject to very fast
ited to gigawatts (GW-10°W) percnf, above which non-  filamentation instabilities. The major idea here is to reach
linear modification of the material refraction index causesyjtrahigh laser intensities inside a plasma-based amplifier in
unacceptable distorti_ons of the laser pulses. This limitatiory time short compared to the growth time for filamentation
kept the peak laser intensity nearly constant for almost 2G,gapjlities. Analysis of transient Raman backscattering in

years until (tjhg Chggl pullse amplificatifCPA) technique  ,4ma as a possible mechanism for such a fast compression
was invented in middle—late 198(see, for instance, Ref.L ¢ 5 |oqer pump indicates that ¥®V/cn? intensities of\

5 . o
The CPA reaches terawatt (TLO™2W) per cnf intensities =1 um-wavelength radiation might be achieved. The corre-

by means of longitudinal compression of laser pulaéter ponding fluences would be about 5 kJfcrithese intensi-

their amplification. The compression of specially prepare(ﬁes and fluences are huge compared to what might be the
chirped pulses is usually accomplished by two parallel dif-

fracti . o . technological limit for output pulses reflected from a mate-
raction gratings. The preparation includes stretching of the. : .
seed pulse by a matching stretclsually consisting of two _”al surface, such as oceurs for CPA. Yet),\.zilhmes hlgher
antiparallel diffraction gratingsand then amplification by a intensities and N times higher fluences might be achieved
high-quality broad-bandwidth amplifier. To get petawatt'0f Shorter-wavelength lasers.
(PW=10W) laser power(necessary, say, for the fast ig- Note that output pulses intensities given above for both
niter scenario of inertial fusion, Ref) Biaving TW/cn? out-  the CPA and plasma based fast compressors are nonfocused,
put intensities, one needs about meter-diameter gratings. T taken before the transverse focusing subsequent to the
extrapolate this technique to the exawatt (EWMO'8W) compression. The focused intensities are substantially
power range, hundreds of such gratings would be requiredligher; for instance, focusing of a 10 cm-diameter pulse to
The gratings are expensive, can be damaged by intense ligQ «m increases the intensity 4Gimes. The total power,
and yet high-quality broad-bandwidth amplifiers are neededhowever, is not changed by focusing.
Moreover, there is a technological limit to the intensity that A conceptual scheme for obtaining ultrahigh laser pow-
can be concentrated onto a final material surface, whether é@rs by means of transient Raman backscattering in a plasma
be a mirror or a grating, employed for focusing the outputis illustrated by Fig. 1. A short laser seed is amplified by a
pulse outside the compressor. This limit will be in the rangenearly counterpropagating laser pump, up-shifted by the
of tens of TW/cm. plasma frequencw,, to a high power within an undercriti-

It can be imagined, however, that both the focused andal (w,<w=2mc/\) plasma layer, thin enough that de-
nonfocused ultrahigh laser intensities might be most natustructive instabilities have insufficient time or distance to
develop. The duration of the pump has to be at le&adtc?

*Paper DI24 Bull. Am. Phys. Sod4, 88 (1999. wherelL is the width of the plasma slab, ands the speed of
finvited speaker. light. By properly shaping the seed, pump and plasma layer,
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FIG. 1. A conceptual scheme for obtaining ultrahigh laser powers by meanfIG. 2. Schematic of laser amplification via transient stimulated Raman
of transient Raman backscattering in a plasma. A short seed pulse is injectérhckscattering. The originally small seed grows and completely consumes
into an underdense plasma layer where it is amplified by a nearly countetthe incident pump. The seed, even though exceeding the pump intensity, still
propagating long laser pump. The seed is down-shifted from the pump bygonsumes the pump. This is because a Langmuir wave is needed for the
the plasma frequency, so that the lasers are coupled in the plasma througlack energy transfer process from the seed to the gitwnyp shift the seed

the resonantly excited Langmuir wave. The coupling can be strong enougfrequency to that of the pumpbut the seed encounters all the time fresh
even in a highly underdense plasma, where each of the lasers propagates lislasma layers where Langmuir waves are absent. For ultrashort seed pulses,
in the vacuum before meeting the second laser. This is because the badke plasma heating within the pulse duration is negligible.

ward Raman coupling in a highly underdense plasma is niioglwice the

laser-to-plasma frequency ragistronger than the forward Raman coupling.

By appropriate shaping of the lasers and plasma layer, the ultraintense Oﬁdvantages are very modest requirements to the pump laser
put pulse can be focused, without contacting a material surface, to reac

extreme intensity on the target. quality in such devices, due to the averaging of fluctuations
in the pump intensity over the pumped pulse path.

The major drawbacks to conventional backward Raman
the amplified pulse might be focused to reach extreme intercompressors—amplifiers appear to be associated with the for-
sity at the target. ward Raman scattering instability of both the pump and

The transient backward Raman amplification process ipumped lasers. In gases, the forward instability usually has a
shown schematically in Fig. 2. An initially small seed pulse higher growth rate than the backward one. The unfavorable
grows, consuming all the incident pump energy. The moforward-to-backward asymmetry of Raman gain imposes se-
mentum is transfered to the relatively low-frequen@nd  vere limitations on efficiency of the laser pulse compression
hence low-energyLangmuir wave. by backward Raman scattering. The most critical limitation
comes from the forward Raman scattering of the pumped
pulse which intensity exceeds that of the pump. The corre-
sponding parasitic signal is the first forward Stokes compo-

Stimulated Raman backscattering was observed first iment with respect to the pumped pulse, that is the second
liquids® Experiments showed that this process can rapidlypackward Stokes component with respect to the pump.
deplete the pump. An important feature of stimulated Raman  This second Stokes radiation of Ref. 4 has been recently
backscattering, also noted in Ref. 3, is that the pumped pulssuppressed by using Raman gas mixtures to arrange for the
grows to intensities much higher than that of the pump. Thissecond backward Stokes to be under transient conditions,
is because the pulse continually encounters unperturbed revhile the first backward Stokes is amplified under stationary
gions of the medium and absorbs new regions of the pumpeonditions (see Refs. 5 and)6In these experiments, KrF
ing beam. In the absence of the medium excitations, théaser pulses of 249 nm wavelength and energies 0.1 J and 10
pumped pulse, being even more intense than the pump, cad-were compressed from 20 ns to 67 ps and 150 ps with the
not return energy back to the higher-frequency pump. estimated efficiency of 22% and 27%, respectively. This

It was realized soon that the process can be used to cotechnique, however, cannot be extrapolated to the much
vert energy stored in a long laser beam into a much shortemore intense (19 and much shorter (1F) duration pulses
laser pulse. The possibility was broadly considered in conthrough the methods proposed here.
nection with excimer laser pulse compression for inertial Interestingly, several early ideas in Raman compression
confinement fusion systems. An early review of backwardthat apparently were not appreciated for their intended appli-
Raman compression of excimer lasers for inertial fusiongcations, or at least not pursued very vigorously, may now be
Ref. 4, outlined major advantages and problems of convenadapted to the high power applications considered here. In
tional backward Raman compressors—amplifiers. Among thearticular, it was noted in Ref. 7 that the forward-to-

II. HISTORICAL BACKGROUND
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backward Raman gain ratio is small in plasma. The favorable x 107 Linear stage of instability
forward-to-backward Raman gain ratio could alleviate the 9 ' ' ' ' '
problem of backward second Stokéget not removing it, 8l |
because the forward-scattered signal propagates together

with the parent laser and so has more distance to grow than »7f Ibf? I

does the backscattered signal which quickly passes through a'Z’e
short puls¢ However, the proposal Ref. 7 apparently re- *QE“’
quired too high a plasma homogeneity for maintaining pulse 5[ 1
amplification, because of a very narrow resonance between _8_4_
the lasers and the Langmuir wave. The resonance might be g
broadened by using a preheated plasma having larger Landau§3' 1
damping of the resonant Langmuir wave. However, the o
larger damping then reduces the Langmuir wave amplitude
and hence the Raman gain. As a result, the estimated ampli- 11 1
fication length, even in a dense plasma, is too ldrgeters, b,l?
with still severe requirements on the plasma homogeneity. 0 10

Our proposal for ultrapowerful Raman backward ampli-
erI.‘S dO.eS .employ the favorable forward_to_ba?kward Ram? IG. 3. During the linear stage of the pump backscattering instability, the
gain ratio in plasma, but relates to the very different amp“'seed—pulse stretches; its front moves at the vacuum light speedvhile its
fication regimes associated with ultrashort ultraintens@naximum moves with a half of this speedc/2. The maximum increases
pulses. The large frequency bandwidth of such ultrashorvith the peak growth rate for the monochromatic wave instability
pulses makes the amplification resonance robust enough floVwpw/2. The linear stage ends when the area under the pulse envelop
tolerate reasonable fluctuations in plasma frequefanyd Sit;rc]iifictfnct(-)mes of the order of 1. At that point the pump depletion becomes
hence density Also, the large intensities make electron mo-
tion in the laser field nonperturbative, in contrast to regimes
of Ref. 7. Thermal motion can be neglected so that a cold For an exactly resonant interaction, this intermediate
plasma approach is valid. Both the Landau and collisionahsymptotic behavior is approximated well by a quasi-self-
Langmuir wave damping are negligible. Note that, for circu-similar attractor solution, a so-calledspulse,” which fully
larly polarized lasers, there is an effective nonlinear suppresdepletes the pumping beam while undergoing amplification
sion of the Langmuir wave collisional damping. Electrons inand contraction(see Ref. 8 The pulse maximum moves
the field of a circularly polarized laser move in circles with with a super-luminous speed, approaching the front. Note
velocity proportional to the vector-potential of the laser field.here the contrast to the linear stage of the backscattering
The electron—ion collision frequency for these electrons idnstability (see Ref. 1§ illustrated by Fig. 3, when the origi-
inversely proportional the cube of their velocity. For a verynally small and narrow seed pulse is not just amplified but
intense pumped laser pulse, the collision frequency of thalso broadened, having its maximum moving with the speed
rapidly oscillating electrons is small in the pulse location, soc/2, so that the distance between the maximum and the front
that Langmuir wave damping is negligible there. The Lang-of the pulse increases with the speg/@. That is why the
muir wave then reaches higher amplitude and provides strorpumped pulse may be broader than the initial seed even after
ger coupling between the pump and pumped las@iste  substantial nonlinear contraction, as shown in Fig. 2.
that for linearly polarized lasers, this effect on the Langmuir ~ The m-pulse regime for ultrapowerful plasma-based Ra-
wave damping is less pronounced, because the electron veran backward amplifiers was proposed and analyzed in Ref.
locity in laser fields then has stagnation points where thell. It was shown that the pulse can, in principle, be amplified
collision frequency is high. with 100% efficiency to huge intensities and fluen¢sse

The fact that Langmuir wave damping is negligible Table ) within a time short compared to the time scale for
within the pulse duration implies that so-called transient re-
gimes of Raman backscattering must be considered, rather

. - -TABLE |. Example of the pump and output pulse parameters scaling with
than the stationary regimes of Ref. 7, where the I'angmu'?aser wavelength for a fixed laser-to-plasma frequency ratio and the largest

wave is damped. Th.e equations de'scribing transient Ramafjowed amplification length, near the threshold of Langmuir wave breaking.
backscattering—an important special case of the resonast

three-wave interaction—are applicable to many physicallaser wavelengtlium) 1/40 14 1 10

20 30 p 40 50 60
C=(t+z/c)(o)pw) /2

contexts, including, classical laser amplifiers employing two- Pump duratior(ps) 125 125 50 500
level i gl ted ¢ % imul tpdyBgII . _Pump intensity (W/cr) 1.6x 10" 1.6x10° 10 101
evel Inverse-populated systems, and stmulated Briflouin g, ., e ctor-potentialag) 0006 0006 0.006 0.006

scattering in optical fibers, gases and plasma. These €qUazser-to-plasma frequency ratio 12 12 12 12

tions are integrable by the inverse scattering method, whichconcentration of plasma (ci) ~ 1.1x 10?2 1.1x10%° 7x10'® 7x 10'
can be employed to determine the large-time asymptotic belineare-times growth lengtiicm) 0.00043 0.0043 0.013 0.13
havior of well-localized wave packetsee Ref. 8 For am- ~ Total amplification lengtiicm) ~ 0.018 018 07 7

e . . Output pulse duratioffs) 1 10 40 400
plification (compression purposes, however, an advanced Output pulse fluence (k@ 160 16 4 04

evolution of a short pulse inside a relatively long pumping oyt pulse intensity (W/chh ~ 1.6x 1070 1.6x 10 107 10%5
beam is of particular interest.
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filamentation instabilities to develop. Note that this regime of do

fast compression by a resonant three-wave interaction is

complementary to the interesting regime of laser amplifica-

tion via Compton backscattering in a more rarefied plasma

where wave breaking occurs and where the pump depletiorbwdetuningI

can be neglecte¢see Ref. 12 This so-called superradiant

regime is mathematically similar to superradiant amplifica-

tion in free electron lasersee Ref. 13 + >
It is the high efficiency of the transient Raman back- pulse 0 pump

- . - location front

scattering in a dense plasma that allows one to outrun fila-

mentation instabilities of the pumped pulse. On the otheFIG. 4. A conceptual scheme of detuned Raman backward amplification.

hand, because of this high efficiency, the Raman backscattefhe detuningdwpasme= Swp, caused in the seed-pulse location by plasma

: - density gradient, depends on the distance from the seed to the plasma
'ng of the pump by thermal Langmuir waves may lead toboundary—z. The detuningdw,mz= dw,, caused in the seed-pulse loca-

premature pump depletion, as the pump traverses the plasmgh by pump chirp, depends on the distance from the seed to the pump front
layer towards the seed pulse. It appears, however, that appre2z. Note that the chirp can be used to compensate partially the detuning
priate detuning can suppress this unwanted Raman backffect of the density gradient. A smaller detuning can be used to stabilize the

: : : : : pump to noise without disruption of the desired amplification pro¢ess-
scattering of pump by noise, while not suppressing the des”{i)near filtering effect, while a larger plasma density gradient can suppress

able seed pulse amplification, as shown in Ref. 14. Raman near-forward scattering of the seed pulse. The combined effect of

This very useful feature of the detuning effect is remark-plasma density gradient and pump chirp on external detuning in Raman
able, since the linear Raman backscattering instability of théackward amplifier is described by the detuning gradiént=w;—2w,,
pump (responsible for noise amplificatiprhas a larger where primes 5|gn|fy_ derivatives of plas_ma and pump frequencies at the

. . . pulse location over distances from locations of exact resonan@ and

growth rate than its nonlinear counterparésponsible for pump front (—2z), respectively. The detuning gradient is characterized be-
the useful amplification of seed laser pylselowever, the  |ow by dimensionless parametgr-2(w)—2w.) ¢/ wpw,a3 -
linear instability has a narrower frequency bandwidth. In the
nonlinear regime, the pumped pulse duration decreases in-
versely proportional to the pulse amplitude. The stronger théuning is considerably more advantageous, because it can be
pulse, the faster the pump depletion. Thus, the pulse freused together with the nonlinear filtering effect.
guency bandwidth increases like the pulse amplitude, so that
the nonlinear instability, as it grows, can tolerate larger andil. BASIC EQUATIONS
larger external detuning from the backscattering resonance.

: . . A slightly detuned transient three-wave interaction in
The same bandwidth broadening slows down the nonlinear o .
: - . ) T . plasma Raman backward amplifier can be described by equa-
instability by increasing the effective internal detuning.

. tions
The arranged detuning can suppress also Raman nealr-

forward scattering of the pumped pulse, which is one of the  a;+ca,=wyfb, b;—ch,=—w,f*a,
major factors limiting the time and hence the maximum in-
tensities, for pulse amplification in the fast laser compressor.
(Exactly forward Raman scattering in plasma is suppresseHerea andb are vector-potential envelopes of the pump and
anyway by the extra factojw,/w, because of the coupling pulse, respectively, in units of mec?/e~5x10°V,
with the anti-Stokes component, see for instance Refs. 18nd f is the envelope of the Langmuir wave electrostatic

and 16) To suppress Raman near-forward scattering of théield E=E&, in units of me(;wp/e:C\/A,WTene
pumped pulse, the plasma frequency gradient has to be larger,/n [cm~3] V/icm, defined by formulas
than the pulse bandwidth gradient. To preserve the useful . 2 i(kaz— o) (ke z— o)
amplification process, the plasma frequency detuning can be (AxtiAy)e/mec”=aeta®®al+heTbr o0t
partially compensated by the pump frequency chirp. Ee/meprzfei[<kafkb)z7wpt]+C_C'; (2

From Fig. 4, it can be seen that the total external detun- .
iNg, dwgewning=dw (Which governs the pump backscatter- A, andA, are components of the real vector-potenfiain
ing), can be made less than the plasma frequency detunirije plane transverse to the propagation directiprior the
Swpiasmi= dw, (Which governs the pumped pulse forward PUmp propagating in the positive and the seed pulse in the
scattering. The larger plasma frequency gradienf can  negative direction, like in Fig. 2ka=\/wa2—w2p/c and ky
suppress Raman near-forward scattering of the pumped pulse— \/wa— wzp/c; wp, 0, andw, are the plasma, laser-seed
into the Stokes pulse down shifted by the plasma frequencyand laser-pump frequencies, afd is the detuning from the
The detuning gradienfw’ can be selected to suppress thethree-wave resonance; and subscriadz denote time and
pump Raman backscattering by noise. space derivatives. The pulse duration is larger thx;jnl.

Interestingly, the idea of pump chirping for suppressingBoth lasers are circularly polarized. Self-nonlinearities of la-
forward scattering in gas-based backward Raman amplifiersers and Langmuir wave are neglected. Plasma ions are as-
was put forth 20 years add,where it was envisioned that sumed to be immobile. The Langmuir wave group velocity is
both the pump and pumped lasers could be chirped, whileeglected in comparison with the speed of light. kay
varying Raman frequencies via the Zeeman effect. This idea> w,, we approximate,~ w,= o andk,~ —kp,~w/c, re-
however, was apparently not pursued. Here the effect of deaaining the exact frequencies only in calculating the detuning

R > .
R, ump

fitidwf=—wab*/2, dw=wy+wp—w,. (1)
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éw. For an inhomogeneous plasma, is a function of the ences is as follows. Theavelengthdetuned three-wave in-
distance passed by pumped pulse, and for a chirped teraction involves primarily wave field evolution in a fixed
pump, w, is a function of the distance to the pump frartt  space location, so that the group velocity of the material
-z wave is important. In contrast, for amplification of short laser
For further analysis, it is convenient to count time from pulses, the wave field evolution in the pulse location moving
the seed-laser front arrival to a given poink and to rescale with the speed of light is primarily interesting. The propaga-

variables, tion of the material wave, which is the Langmuir wave in the
above context, with group velocity small in comparison to
(=(trze)owyf2, ==z wwylc, speed of light, is no longer important; rather new Langmuir
f:f_\/m, Sw= \/w_wp5/2, 3 waves are excited all the t.ime in new Iocation.s of the ampli-
fied pulse. The new moving-location dynamics may affect
so that Egs(1) take the form dramatically the fixed-location dynamics, since the amplified
pulse may completely deplete the pump and hence prevent
a—a=fh b=—fa f.+ifs=—ab*. 4) its further access to locations already passed by the pulse,
¢ o T b even before the pump instability in these fixed locations de-
velops.

The detuning caused by the plasma density variation is a
function ofz_— —_CT/\/ww_, while the_ detuning produced by V. LINEAR STAGE OF THE PUMP INSTABILITY
the pump chirp is a function of the distance to the pump front
ct—z=2c(7+{)/Joww, For (<7, ie., ct—z<-z, the During the linear stage of the backscattering instability,
chirp-produced detuning and, hence, the total detuning mawhen the pump depletion is negligibla~aqy=const, the
be considered to be a function of justWhen this function is  solution of (4) with 6=qga3r can be obtained by Laplace
smooth enough, it can be linearized near the resonance transformation and written as
=0, so thats~ ' 7. This approximation is used below. It J
covers the whole region of interest during the most important ~ b(¢, )= =7 f dZ; G({—¢41,7)b(£41,0),
nonlinear amplification stage when the pumped pulse con- ¢
tracts and is well localized in the domai< 7. As for the 1 dp i iq
linear stage of the pump instability, the above approximation G({,7)= Z_J’ —ex;{ pn+ —In( 1- —) } 5)
fully covers the case of detuning caused by just a plasma mJcP q P
density gradient, and can be easily generalized to cover fully 7= aégr,
the chirp-produced detuning as well without a noticeable . ] .
change in major conclusions. As seen from the above formuhere the integration conto@ in the complex plang en-
las, &' =2(w,’3—2w;)clwpwa5qa§ with g defined as in Fig. ;cir?gasses in the positive direction singularitiepat0 and
4, — 4.

Note that, mathematically, the small varying parts.gf For |qlV7<1, the Green’s functio® reduces to that in
andw, could have been included in the respective envelop& uniform plasma, wherg=0 andG=1,(2V7), in agree-
definitions, which would apparently reduce the basic equament with the linear theory of Ref. 10 for backscattering in
tions (1) to the same form as for zero frequency detuning.U”iform media. Herd is the modified Bessel function. In
However, this approach would complicate the boundary conthe domainz>1 (but still [q| V<1, which is possible when
ditions at large—z or ct—z. It is interesting that such a |g|<1), one hasG~exp(2/n)/2\ 5. In original vari-
transformation, removing th&equencydetuning from Egs. ables,77=a§wwp(t+z/c)(—z)/2(:, so that maximunGG is
(1) and (2), differs from the well-known transformation of reached az=—ct/2 (i.e., it moves with a half of speed of
Ref. 18, which removes th@avelengthdetuning from equa- light) and increases with the peak growth rate for the mono-
tions for the nearly resonant three-wave interaction. Indeedshromatic wave instabilityag\wwy/2. The pulse quickly
when the group velocity of one wave is zero, the transformastretches, since the front is moving with the speed of light.
tion of Ref. 18 is reduced just to ttme-independenphase  This dynamic is illustrated by Fig. 3.
shift for this wave. Such a shift apparently cannot remove the  The effect of detuning becomes noticeable|q|t\/;
frequencydetuning from the basic equations. It indicates that~1, when the backscattering instability makes aboyit *
the general case dfequencydetuning is not covered by the exponentiations. Fdig|<1, the Green’s functioii5) can be
transformation of Ref. 18. Also, the linear theory for para-evaluated by the method of steepest descent. It increases ex-
metric instabilities in inhomogeneous medium, suggested iponentially with» up to the pointyy,=4/g®>>1. In the do-
Ref. 19, is not directly applicable to tfeequencydetuned main »>1, but y— »>1, G can be approximated by the
interaction. The underlying physical reason for these differformula

o SN Ll ) + o+ Darectg 7~ 19w
2NN (1= 75l pv)
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For <7y, EQ. (6) reduces to the exact resonance case. At 1
the applicability limit 7y, — 7~ 1, |G| attains its maximum
value, max|G|~exp(/|q|). For largerz, |G| drops abruptly.
Hence, the maximum amplification factor for the integrated
amplitude,u=f¢d¢ b(Z,7), of a small narrow seed is
~exp(/|q)). If the initial value of the integrated amplitude 0.6t
is much smaller than exp(r/|q|), it remains smaller than 1,

as well as the pump depletion does, so that such a small seed
never reaches the nonlinear stage of instability. This deter-
mines the threshold for the detuning gradignfor stabiliz-

ing the pump in a backward amplifier in the presence of ol
small noise.

0.8;

2 30 40

FIG. 5. Normalized energy densities of the pumped pultsg:/(nax(ug))z,

. . . .. solid line, Langmuir wave; (sih{/2))?, dashed line, and pump (ct#@))?,
nsider the nonlinear evolution of Ise with>°
Consider the no ear evolution of a seed pulse wit dotted line, as functions of=2Cay\/{7 for e=0.1 andq=0. After the

!n't'al '_meQratEd ampl'tUde' Iarger than EXpe 77/|q|)’ which pulse passes, the pump is completely depleted, and just the relatively low-
is sufficient to deplete pump before makimg|q| exponen-  frequency(and hence low-energy.angmuir wave remains. More than half
tiations. In the nonlinear stage of amplification, the pumpof the pump energy goes into the leading spike of #heulse wavetrain.
depletion scale decreases, while the amplification time in-

creases, since a fixed pump acts relatively more slowly ofrhese six equations can be reduced to a set of just two real
larger signals. When thgscale becomes much smaller than first-order equations. Reduction of order by two is due to the
the m-scale, the ternfia,|<|a,| in (4) can be neglected. Then jnvariance of(9) to the two-parameter group of constant
the resulting set of nonlinear equations has a new symmetnphase-shifts that do not changeAn extra reduction by one,
aIIOWing the self-similar substitution is due to the integra| 0(9), A2+ F2:C2:C0n5t, corre-
~ = = sponding to conservation of the joint number of the pum
a(&m=add(n), f(¢,7)=a(n) aﬁd Langgmuir quanta in the 3—wzjave decay interactioﬁ, anpd

0
V. NONLINEAR STAGE OF THE PULSE 0

AMPLIFICATION

b(§,7-)=a375(17), 77=ag7'§, @) allowing one to introduce functiold, such that
so that the scaled functions satisfy the nonlinear ordinary A=CcogU/2), F=Csin(U/2). (10)
differential equationODE) To proceed with the order reduction, the identity
a,=T6, T, +iqi=—ab*, (4b),=—3F* ®) (7°B?B,),= (1?B?) /2 can be derived from Eq9). Tak-

ing into account regularity of all fields aj— + 0, it follows

with the initial conditiona—1 at »— +0. The solution de- B,=0q/2 for all 77's. Thus, the amplified pulse acquires a
pends on a single parameter, day- 0)=¢;. The quantity linear frequency chirp equal to half of the external detuning
€, coincides in fact with the integrated amplitude of a narrowgradient, while the central pulse frequency drift compensates
initial seed pulse that moves ahead of the similarity domairfor a half of the external detuning.

not belonging to it. The substitutioi¥) can be done there as Substitution of(10) and the extra integrg#, =q/2 in Eq.
well, but with b dependent of bothy and . Taking into  (9) gives a closed set of two first order ordinary differential

account thau= [¢d{b(Z,7)=/"dyb, it is easy to get the equationg ODE),

equation foru in the similarity domain. For smaly, when U,=—2BcosA,

one can sed=1 in the two last Eqs(8), one gets fu,), 5

+ignu,=u, with u(+0)=u,(+0)=e;. Note that for 2(7B),=—C"sinU cosA, (1D
such a narrow seed pulse,is proportional to the Green’s q7B=C2?sinU sinA.

function for the linear problemy=¢€,G, as long as the ap- o _ _
proximationd=1 is valid, i.e., the pump depletion is negli- The initial value of U is U(+0)=—2arctge;=e [since
gible. A(+0)=1 andF(+0)=—B(+0)=—¢,].

To analyze Eqs(8) for arbitrary pump depletion, it is Forg=0, when one can tak&=0, EQS-Z(li.L) are equiva-
useful to rewrite them in real form introducing real ampli- lent to the second order ODE,U ) ,=C*sinU. With 7

tudes and phases By=Ad“, b=Be#, T=Fe'?, to obtain =&2/4C?, it reduces to Eq(6) of Ref. 11, Uz +U./¢
a set of six real first-order equations =sinU, corresponding to the exactly resonant interaction.
’ The exactly resonant solution is shown in Fig. 5.

A,=FBcosA, a,=FBsIinA/A, For g+ 0, the equations can be put in the form
F,=—ABcosA, ¢,=ABsinA/F—q, U,=—c?sin(2A)sinU/qn,

(7B),=—AFcosA, B,=AFsinA/By, © A,=2c?sir? A cosU/qy—ql2, (12)
A=B+¢—a. A(+0)=0, U(+0)=e.
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FIG. 6. The pump depletion is smaller for larger detuning gradigmts FIG. 7. The pump depletion is smaller for smaller integrated seed ampli-

Yet, the depletion can be large enough for a moderately small detuningudes|e|. Very small seeds hardly deplete the pump, which indicates the

gradient; about 80% fojg| = 0.25. pump stability to noise. A moderately small seed can consume nearly all the
pump energy, resulting in a nonlinear filtering effect.

The limit g—0 has a peculiarity. Fog+0, U varies
only inside (O7) interval, while forq=0, U=U° varies
inside (0,27) interval and tends to the limir at é—o os-
cillating around this valu¢" 7-pulse” solution. The points
where U%= 7 are not zeros oB, but are rather close to
maxima of the pulse intensitg2. For smallq+0, one can
neglect variation oB~B, near a pointy= 7, whereU°

to U(+) taking any value in the (&) interval. Thus, all
“less-than+r-pulses” can appear in detuned Raman amplifi-
ers, in contrast to the well-known exactly resonant case
where justr pulses appear Figure 8 demonstrates that the
self-similar solution is an attractor. It also shows that the
_ i ~ final pump depletiorisay, 76% fore=0.1,q=0.25, or 52%
=7 andz, 2|nt(igrat|ng thezre(ll), to get U=m=U = for ¢=0.1,q=0.5 can be somewhat increased by working
~[B, |~\/q 7./1C"+4(n—n,)". The function has a mini- neay the threshold of the Langmuir wave breakisge be-
mum U, ~|B,q| 7, /C® at 7, . The corresponding sk low). The near-threshold breaking occurs near the leading

~U, /U tends to zero ag—0 outside a narrow|g—7,|  maximum of the pumped pulse intensity, which prevents the
<qn,) vicinity of 7, . In the outer domain, the solution is pulse energy from scattering back to the pump. It suppresses
close to themr-pulse up to the terms g2. the second and further spikes in the amplified pulse

The pump intensity has a minimunA2~C?02/4  wavetrain.
~B2q?72/4C? at 7, . The zero-order values &, and7,
can be taken from ther-pulse solution. Foe<1, the inte-

grated _amplitude of the Ieading spike of Fh&pulse 4=0.25, £=0.1
wavetrain is close to the classicatrdulse solution of the 0.02 : : :
Sine—Gordon equationU°~4 arctgeet/4\27£).1t The .\ 2;=0.005, 7=19000:
point U%= 7 is located att, ~In(4\2mé&, /€) (7, =£214). /| sola~ solution Egs. (4
Calculating a small deviation from then2pulse, one can 20.015} I PIC 1D cod retum: 1
. . BZ~4/(§ +1)2 Then A2 [ ; ‘ 1D co e,co/oop=10, =1pm:

sho;/v4that the pulése mFens.,lty » «T1)% AL 5 ; | dashed - 2,-0.005, 2-.96cm
~Q“¢, 116(¢, +1). This simple asymptotic— 0, e—0) £ ', dashdot - 3,=0.01, z=.240m
formula agrees with numerical results presented in Fig. 6. £ g4} L -:'::niegg'/"@::ggjiﬁgﬁnf: 1
Forg=0.25,e=0.1, both the analytical and numerical solu- = bR | "\‘ energy at the wavebreaking
tions giveA2 ~8%. Even forq=0.5,e=0.1, the agreement g Vo
is still reasonableA? ~33% analytical versud2 ~29% nu- o005l | ]
merical. /

Numerical solution of Egs(12) confirms the linear {f
theory prediction that detuning suppresses the pump instabil- 0 AT . . o
ity to noise: as seen from Figs. 6 and 7, very small seeds 0 10 gf(mmp)ﬁé’mm‘)‘/% S0 60

virtually do not deplete the pump. Yet, it is possible to main-

tain a high efficiency of the useful amplification process thatrig. 8. Coincidence of the solid and dotted lines indicates that the self-
starts from a moderately small initial seed and can tolerate similar solution is an attractor for E¢4) with small and narrow initial seed

Iarge enough detuning gradiequt pulse (small spike at{=0, which the intensiqbg is multiplied by 10 to
. nake it distinguishabje The dashed and dashed—dotted lines, based by 1D
After the pumped pU|Se passes, there is no further depl(%llc simulation, show that the Langmuir wave breakiegcurring ata,

tion. The final pump depleltion dep?nds on parameteasd ~0.008 forw/ w,=10) raises the total energy extraction from the pump and
g and may take any value in tt§@,1) interval. It corresponds suppresses secondary spikes.

Downloaded 17 Jan 2006 to 192.55.106.171. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 7, No. 5, May 2000 Ultra-powerful compact amplifiers for short laser pulses 2239

VI. EVALUATION OF THE OUTPUT PULSE scattering via breaking of plasma waves. Theoretical
PARAMETERS estimate¥' indicate that the Raman backward amplification
regime turns then into a strongly kineti¢superradiant”)
The amplification time is mainly limited by the pumped amplification regime of Ref. 12, and that the efficiency of the
pulse instabilities that may arise from noise. pump energy transfer to the pumped pulse decreases then
The largest growth rate is associated with the Ramanyith decrease in the plasma density.
backscattering instability, but the Stokes backscatter quickly
passes through the short pulse, making this channel of en-
ergy loss relatively benign. Indeed, for the pumped pulse o¥ll. PROPOSED EXPERIMENTS
duration T, the backward Stokes component experiences

— . . The assertions of this paper rely only on rather transpar-
aboutb Ty ww,, exponentiations. This factor does not changeem well accepted nonlinear equations for elementary three

in the pumping process and remains of t_he order of 5. Awave interactions. Nonetheless, to proceed with confidence,
more precise calculation for the leading spike of theulse

) . ) experimental verification not only of the final result, but also
wavetrain confirms that the amplitude of the Stokes COMPO ¢ i armediate stepping stones. is necessary. The followin
nent is amplified only by a factor exp(mv2)~85 times. bping ’ v 9

) equence of increasingly ambitious experiments is one such
The near-forward Raman scattering has a smaller growtﬁa?h_ 9y P

rate but more time to develop, since the scattered light move%
together with the pulse. Of interest here is the amplification1) First, to verify experimentally the linear theory of a
exponent in the weakly coupled regime of short-pulse insta- seeded Raman backscattering instability of a laser pump

bility, ~b\/Ttw3p/w (Ref. 16 [which is (w,/w) /T times in plasma. Note that the theory of the instability growing
the backscattering expongnThe near-forward Raman scat- from a thermal noise has already been validated experi-
tering limits the time of pulse amplification by<ts, mentally in Ref. 22.

=(Asw/ wpag) V€, 02wy, WhereAy,, is the number of ex- (2) Second, to observe onset of the pump depletion and stop
ponentiations allowed for the instability. of the pumped pulse stretching.

Alternatively, the limit on amplification may arise from (3) Third, to observe ther-pulse self-contraction regime for
the modulational instability, caused by the relativistic elec-  the pulse pumped through the stimulated Raman back-
tron nonlinearity of the amplified pulse. For highly overcriti- scattering in plasma.
cal powers considered here, the peak growth rate i§4) Fourth, to verify the amplification length limit imposed
~wib%2w (see, for instance, Ref. R0According to the by filamentation instabilities.
above formulas fob, the pulse amplification time cannot (5) Fifth, to verify the pump stabilization to premature back-
exceedt = gi’?’A%i/zl/%pag’?’, where A4 is the number scattering in a noisy plasma layer through an appropriate
of exponentiations which can be tolerated for modulations. detuning.

The time allowed for amplification before either instabil- (6) Sixth, to verify the pumped pulse stabilization to Raman
ity develops is larger whem,, is smaller, i.e., when plasma near-forward scattering through the nonlinear filtering
is more rarefied. However, to avoid the Langmuir wave  effect.
breaking which dramatically reduces coupling of the pump(7) Seventh, to verify the suppression secondary spikes and
and pumped lasers, the conditiar, > w(4a,)?? should be the leading spike enhancement in the Langmuir near-
satisfied. Thus, the most favorable regime occurs near the Wwavebreaking regime.
wavebreaking limit where t,g=£22AY325%4a2, t,,  (8) Eighth, to verify the predicted scalings for the output
= gi’zAmeJﬁwag. As can be seen, thesgy andt;,, co- pulse parameters with the laser wavelength.
incide up to logarithms. For reasonable values of the loga-

rithmic factors, the allowed amplification distance can be ~ Numerical examples are given in Table I. Note that just
evaluated aszymp—C MiN(tyg,t)~ N4a3. The respective & VeI modest 10 GW powefcorresponding to a 100
output pulse fluence is independent of the pump intensity diameter beam for which the diffraction length still exceeds

W:I1(27-ra§/)\2) Zamp(meczle)zr where 1, is the relative the amplification length is sufficient for all the basic

pump depletion. A reasonable estimatenis (1/2\) J/cm.  Principle-of-proof experiments.
The output pulse durati%g and intensity can be evalu-
ated as T~6/w,~1.33a;, ““AN[um]fs and W= (w/T)
~ (40a27/)\?) GWo (30b2,/\?) GW, whereby,~1.2a3" is Vil CONCLUSION
the output pulse amplitude. Self-similar attractor solutions are found for the fre-
For even more rarefied plasma,< w(4ay)?®, the quency detuned three-wave interaction. The solutions gener-
Langmuir wave breaks much before the pump is completelyalize the classicalr-pulse regime solution for the exactly
backscattered, which reduces the pump depletion and effiesonant three-wave interaction, a problem of broad intérest.
ciency of amplification. The early Langmuir wave breaking Similarly, the results of this work are anticipated to be ap-
indicates that the short-scale-{/2) plasma electric field is plicable to a broad range of phenomena.
not very important in this regime. Under such conditions the A new integral of the detuned equations is identified
Raman backscattering is dominated by Compton backscattewhich shows that the amplified pulse acquires the frequency
ing on individual electrons. There is experimental evidéhce shift exactly equal to the half of the imposed detuning, and
of the transition from the stimulated Raman to Comptonthe chirp exactly equal to half the imposed detuning gradient.
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