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Fast Compression of Laser Beams to Highly Overcritical Powers
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Laser beams can be strongly compressed in a plasma by stimulated Raman backscattering in a
time short compared to the time scale for filamentation instabilities to develop. Such a compres-
sion should make feasible multi-MJ multi-exawatt-laser pulses technologically challenging by other
means. The compression efficiency can reach nearly 100% at the Langmuir wave breaking limit.
[S0031-9007(99)09280-7]

PACS numbers: 52.40.Nk, 42.65.Yj, 52.35.Mw

Achievable laser intensities have increased remarkablifighly overcritical powers are needed, but instabilities
during recent years mainly due to the method of chirpedtand in the way of reaching those powers.
pulse amplification (CPA). Petawatt (PW 105 W) The difficulties could be overcome by ultrafast com-
powers and kJ energies have been attained by stretchingression of laser beams, such that highly overcritical
amplifying, and then recompressing laser pulses [1]. Cerfaser powers are attained before the instabilities develop.
tain modern applications, however, require even higheBtimulated Raman backscattering in plasma is an inter-
powers and energies. An example of such an applicatioasting candidate for the ultrafast compression mecha-
is the fast igniter approach to inertial confinement fusionnism. Experiments, carried out in liquids, showed that this
[2]. Higher power pulses could have applications for radi-process can rapidly deplete the pump [4]. An important
ography of dense materials. Important applications are afeature of stimulated Raman backscattering, noted in [4],
ready envisioned for exawatt (EW 10'® W) MJ pulses. s that the pumped pulse grows to amplitudes much higher
The higher total power in the pulse presents a practicahan that of the pump. This is because the pulse continu-
difficulty to CPA techniques, because very large gratingslly encounters and absorbs unperturbed regions of the
would be needed to handle large power and heat loads. pumping beam and the medium.

The rationale of the CPA technique of stretching and Consider then (see Fig. 1) a short laser seed amplified
recompressing is to avoid nonlinear effects which tend tdo a high power within a plasma layer, thin enough that
spoil the beam quality. These nonlinear effects appear idestructive instabilities have no time to develop. The
the refraction coefficient at power densitiesGW/cn?.  duration of the pump has to be at le@dt/c, whereL
Longitudinal recompressing by 10° times allows CPA is the width of the plasma slab, ands the speed of light.
to reach power densities TW/cn?, without focusing in By properly shaping the plasma layer, the amplified pulse
vacuum. For kJ 0.5 psec pulse, the cross section of theould be focused to reach even higher intensity on the
amplifier and compressor must be2000 cn?, so that target.
~50-cm-diameter beam ané 1-m-diameter gratings are  The simplest mathematical model for the amplification
required [1]. A higher recompression factoriéf would  process is given by the classic equations for resonant 3-
allow CPA to get a 10 kJ, 0.5 psec pulse using gratingsvave interaction. These were investigated in many physi-
about a meter in diameter. For higher energies, largecal contexts, in particular, for stimulated Brillouin and
more expensive gratings are required. Raman scattering in optical fibers, liquids, gases, and

This Letter examines an alternative to the CPA applasma. The equations are integrable by the inverse
proach, wherein the laser beams are amplified to powescattering method, which can be employed to determine
densities much higher than a G\, even without the large-time asymptotic behavior of well-localized wave
stretching-recompressing and focusing outside the ampackets [5]. For amplification/compression purposes,
plifying medium. The medium capable of bearing suchhowever, an advanced evolution of a short pulse inside
high power densities and heat loads is plasma, but ina relatively long pumping beam is of particular interest.
tense pulses in plasmas are subject to numerous instabilthis intermediate asymptotic behavior can be approxi-
ties. In particular, the modulational instability can lead tomated by a quasi-self-similar attractor solution, a so-called
filamentation of the laser beam followed by ponderomo-‘ 7 pulse,” which fully depletes the pumping beam while
tive expulsion of electrons from the filaments. The criti- undergoing amplification and contraction (see Fig. 2).
cal power for such a cavitation &, = 17(a)/wp)2 GW, During the advanced nonlinear stage of the interaction,
where w is laser frequency and, is plasma frequency the basic equations can be reduced to the single sine-
[3]. Larger P, occurs for largerw/w,, but then the Gordon equation that has quasi-self-similar attractor so-
laser-plasma coupling becomes poor and hence the conutions. The amplitude and energy of the amplified pulse
pression efficiency decreases. For a reasonably large fraacrease approximately proportionally to the length of the
quency ratio, sayw/w, = 10, one hasP., =~ 1.7 TW.  already absorbed part of the pumping beam (i.e., to the
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to the resonant 3-wave interaction is described by the
following equations:

a; +2a; = w,fg, fi + fr=—wag"/2, (1)
&= —w,fa. 2

Here indices denote the respective derivativesand

g are the envelopes of the vector potentials of the
pump and pulse, respectively, measured in the units
of mec?/e =5 X 10°V, and f is the electrostatic
field of the Langmuir wave, normalized t0.cw,/e =
c/dmmen, = n.Jcm=3]V/cm. The duration of the
pulse is considered to be larger tharj'. Both lasers

are circularly polarized. Self-nonlinearities of lasers and
Langmuir wave are neglected. Plasma ions are assumed
to be immobile.

During the linear stage of the backscattering instability
[7], the originally small and narrow counterpropagating
seed pulse is amplified and broadened. Its maximum
moves with speed equal to the half of the speed of light in
vacuum, so that the distance between the maximum and
the front of the pulse{ = 0) is increasing.

FIG. 1. A conceptual scheme for obtaining ultrahigh laser The nonlinear stage begins when the pump depletion
powers by means of Raman backscattering in a plasma. becomes noticeable. During the advanced nonlinear stage,
_ ) _ ) _the pulse absorbs all the pump energy it encounters. The
propagation dls_tance), while the pulse width decreases INsulse amplitude and inverse width increase, while the
versely proportionally to that length [6]. ~ maximum moves with a superluminous speed, approaching

Thew-pulse regime of stimulated Raman backscatteringne front, As thes distance between the pulse front and
can be initiated in a plasma by injecting a seed pulsgnaximum becomes much smaller than the total distance
which is down-shifted from the pumping beam by thepasseqd, the  derivatives of wave envelopes in Egs. (1)
plasma frequency. The resonantly excited Langmuir wav@ecome negligible in comparison wighderivatives. The
then backscatters the pump into the pulse. For lasgpiegration of Egs. (1) with neglected derivatives and
frequencies much higher than the plasma frequency, th@oundary conditions: — ag, f — 0 at  — — gives
group velocities of both lasers are nearly equal to the speggy rea| (up to the constant phase factorgrg — argf =
of light, and their dispersion is small and can be neglectedconst) functions
The major events take place at the location of the short
pulse, which is nearly fixed in variable= z/c + ¢t. The a = agcodu/2), f= ,/w/wp aosinu/2), (3)
evolution of the lasers and Langmuir wave envelopes due

pump beam

g = —u;/Jow,. 4
pump beam
The substitution of these formulas into Eq. (2) foleads
A to the sine-Gordon equation
seed pulse
ur; = Sinu, T=twwy,al/2. (5)

amplified pulse . .
The scaling properties of the most advanced part of the

pulse front (which is small and evolves according to the
linear theory) and of the sine-Gordon equation suggest

. that the attractor solution can be approximated by a self-
similar functionu(Z, 7) = @(§), &€ = 2./ 7, that satisfies
the ordinary differential equation

fgg + iig/E = sin(it). (6)

Its solution depends on a single paraméier0) = € <

FIG. 2. The 1-dimensional 3-wave model of amplification via ; \hjch is determined by the integrated amplitude of the
stimulated Raman backscattering. The multispikedpulse . itial de — fd —0 The d

fully depletes the pump. The fraction of the pump energy,Nitidl seed:e = Jwaw, [d{g(t = 0,{). e depen-
contained in the leading spike, is determined by the initialdence of the advanced-stage solutioreas only logarith-

amplitude of the seed pulse integrated over its width. mic. That is why the solution of (5) can be approximated
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) : , w,a\ 21w, » Where Ag, is the number of
that the effectives can be time dependent due to no”"”earexponentiation§ allowed for the instability.
effects occurring within the width of initial seed pulse and  ajternatively, the limit on amplification may arise from
thus affecting the integration domain oft = 0,¢)in €.]  the modulational instability, caused by the relativistic non-
The functioni oscillates while approaching its limit linearity of the amplified pulse. Fat > P.., the growth
value 77 at ¢ — =, so that “r pulse” represents, in fact, (ate is ~w2¢?/2w. According to the above formulas

a wave train. Because of the smallnessepthe leading  for ¢, the pulse amplification time cannot exceggd =
spike is close enough to the classi@at-pulse solution ;25512

of the sine-Gordon equatioi, ~ 4 arctarfeet /427 & ). —21/3%:(31‘/3, where A4 is the number of exponentiations
The ii; maximum is located aty =~ IN(4/27 &y /€). which can be tolerated for modulations.
Taking into account a small deviation from ther The maximum energy to which the pulse may be am-
pulse, one can show that the leading spike contains  plified before either instability develops increases with the
4/(&y + 2) portion of the totalz-pulse energy. This pump amplitudesq like ag min(tew, fma). The ratiotr,/
simple asymptotic{ — 0) formula is applicable even for 4 = a(l) ? also increases withy. Therefore, the modu-
e = 0.1, giving I; = 0.53 in excellent agreement with the lational instability is relatively more important for larger
numerical solution of Eq. (6), as shown in Fig. 3. ap. These scalings apply so long as there is no Langmuir
The time of amplification (and, therefore, the amountygyve breaking, i.eqy < ap = %(3’)3/2. Forap = ap,,
of pump energy available for compression) is limited bygne hastma/tew ~ 7/2(2E) (4 Ama) 3/ Apw, SO that
instabilities that may arise from noise. the timestng and, differ just by a logarithmic factor,
For the Raman backscattering of the pumped pulse ofnq;, may already be smaller thap, .
durationT, the Stokes c_omponent, down-shifted by the Fqr ap =~ ap, the Langmuir wave breaks near the first
plasma frequency, experiences abglit/ww, exponen-  maximum of its envelope, which is close to the leading
tiations. This factor does not change in the pumpingmaximum of the amplified pulse (see Fig. 3). This pre-
process and remains of the order of 5. A more precisgents the reverse scattering of the pulse into the pumping
calculation for the Ieading Spike confirms that the ampli'beam’ so that all Secondary solitons in 'Hﬂq)ulse wave
tude of the Stokes component is amplified only by a factokrain can be suppressed. Then the fraction of the pump
~exp(m+/2) ~ 85 times, making this channel of energy energyr,, scattered into the leading spike, approaches 1.
loss relatively benign. This conclusion is supported by a 1-dimensional-particle
The near-forward Raman scattering has a smaller growthgde simulation (see Fig. 4).
rate but more time to develop (since the scattered light |n this regime, the length of amplification, the final dura-
moves together with the pulse). Of interest here is thgjon of compressed pulse, and the pulse energy are, respec-
amplification exponent in the weakly coupled regime Oftively, Clug ~ 561%4/31\;1/;&%(%)2, Ty ~ 8(%)1/3i

short-pulse instability;-g,/Ttw; /w [8]. For the exactly N, _ o’
forward Raman scattering there is an additional reductio®d W ~ “ifum} cr-  Hence,Tw, >1 even in the

factor m [9]. This reduction is caused by the most compressed state. Note that the final pulse energy
excitation of the anti-Stokes component. The near-forward
Raman scattering limits the time of pulse amplification

by the solution of (6) even for time-dependent [Note by t < try = Aw [ Eyo
I
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o VAVAVAUEROROA FIG. 4. The pumped pulse normalized energy density (solid

0 20 30 40 line) and depletion (dotted line) versus for w/w, = 10

(i.e., ap, = 0.008), ap = 0.009, ct = 0.44 mm, and the initial
FIG. 3. Normalized energy densitigpumped pulse[u;/  integrated amplitude of Gaussian seed pulse= 0.1. A
maxu;)]*—solid line; Langmuir wave[sin(u/2)]*—dashed single-spiked signal is formed with almo80% of the pump
line; and pump,[cogu/2)]*—dotted ling as functions of energy 6 kJ/cn? for 1 um laser) in the spike. The code is
& =2t fore=0.1. described in [10].
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does not depend on plasma frequency. Foi-am-  ap > ay,, the efficiency is small. The most favorable
wavelength laser and realistic values of the logarithmiaegime for the pulse amplification is the near-threshold
factors &y and A4, the pulse energy reaches 5-8 kJregime ag ~ ay,, combining the highest achievable en-
per cnt. If also w/w, = 10 (which corresponds to ergy with the highest possible efficiency of amplification.
the plasma concentratiom ~ 10'° cm™3), thencr,g ~  Large energy fluxes, which can be sustained in this regime

0.8£2° A3 mm ~ 3-6 mm, and T, ~ 30-40 fs for  Without causing beam filamentation, enable a substantial

realistic £, and A4, corresponding to a power density reduc_:t_ion of the sizges and costs of ultrahigh-e_nergy laser
of about200 PW/cn?. amplifiers. Alternatively, with beam cross sections of the
For even larger pump amplitudey > ay,, the Lang- order' useq by CPA, the powers and energies would sqb-
muir wave breaks much before the pump is completelystantially increase. For instance, ten beams each with
backscattered, which reduces the pump depletion and eff0SS sections 0200 cn?* would carry a total energy of
ficiency of amplification. Ahead of the breaking,<  10-15 MJ with a total power of 300-400 EW.
or, the linear theory is valid, so that the wave-breaking Detailed 3D numerical calculations are required to
point can be calculated from Egs. (/74 = & =  Verify quantitatively the analytical estimates presented
IN(\27 &or Upe/€), Whereuy, = 2ay:/ag < 1. Therela- here. But even if the amplification time turns out to
tive depletion of the pump energy at the breaking pointPe somewhat smaller than that given by the analytical
ap = Ui /4 = (an/ap)* < 1, is small. The pulse en- treatment, the pulse would still be amplified to much

velopeg reaches there the space maximums wgaot/ higher energies than in currently employed schemes.

2wéry:. Then the amplification time is restricted by< The work is supported by DOE Contract No. DE-
b _ 20&0A £0A FG030-98DP00210.
Imd = —_ AT T S 2R because of the modula-

@) do TWpdy Ay

tional instability. The pulse amplitude reached a¢ 1
is gu ~ (Amaao/&wr)'/>.
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