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Generation of ultrahigh intensity laser pulses &
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Mainly due to the method of chirped pulse amplification, laser intensities have grown remarkably
during recent years. However, the attaining of very much higher powers is limited by the material
properties of gratings. These limitations might be overcome through the use of plasma, which is an
ideal medium for processing very high power and very high total energy. A plasma can be irradiated
by a long pump laser pulse, carrying significant energy, which is then quickly depleted in the plasma
by a short counterpropagating pulse. This counterpropagating wave effect has already been
employed in Raman amplifiers using gases or plasmas at low laser power. Of particular interest here
are the new effects which enter in high power regimes. These new effects can be employed so that
one high-energy optical system can be used like a flashlamp in what amounts to pumping the
plasma, and a second low-power optical system can be used to extract quickly the energy from the
plasma and focus it precisely. The combined system can be very compact. Thus, focused intensities
more than 18 W/cn? can be contemplated using existing optical elements. These intensities are
several orders of magnitude higher than what is currently available through chirped pump
amplifiers. © 2003 American Institute of Physic§DOI: 10.1063/1.1567290

I. INTRODUCTION At TW/cm?, however, electrons in the plasma are not at
all relativistic, and the plasma is hardly perturbed. The de-
Laboratory laser intensities have grown remarkably dursired nonlinear interactions in the plasma may therefore be
ing recent years due to the method of chirped pulse amplificarefully controlled. The limiting effects in plasma are the
cation (CPA)."? In CPA, optical gratings are used to chirp nonlinear effects associated with nearly relativistic electron
and stretch a short pulse. A broadband optical amplifier is,elocities in the wave fields; hence, at higher frequency, the
then employed to amplify the chirped low-power stretchedplasma is even more capable of processing high power, since
signal. Complementary gratings then reconstitute the origithe velocities in a constant power laser scale inversely with
nal, but now highly amplified, signal. frequency. Thus, plasma is ideal for applications for process-
This method has been extraordinarily successful, but iing the highest possible power, and even more appropriate
does require a final material grating subject to fluence limitsfor short wavelength light, even as, for short wavelength
The method also requires uniform amplification over a broadight, material gratings become less appropriate.
bandwidth® Damage thresholds for gratings made out of ~ Plasmas have, in fact, long been contemplated as media
fused silica for L light are currently in the range of suitable for compressor/amplifiers. First observed in ligdids,
2-4J/cm for pulse widths of 1 to 10 ps, and about the compression of laser light through Raman backscatter
0.3 J/cnd in the range of 10 f&.Thus, for ps pulses, unfo- has been observed also in gases and plasmas. An early re-
cused power in the range of TW/énare achievable, with a view of pulse compression of excimer lasers in gases is given
vacuum focus then able to bear on target power intensities iy Ref. 6. The advantages of using plasma were recognized
the range of 18 Wicn?.? by Capjacket al.” Raman compression in gas mixtures, from
However, to achieve very much higher focused powerens of nanoseconds to tens of picoseconds, has been
intensities requires compression to much shorter times cichieved at about 25% efficiency for energies in the range of
much higher fluence pulses. The use of t&? gratings 0.1 to 10 £°
withstanding fluences on the order of 1 J?crwhile feasible, In the counterpropagating geometry, the energy is stored
is already expensive and technologically challenging. Usingn a long low-intensity pump pulse, or possibly a train of
CPA to attain much higher power will require gratings thatlow-intensity pump pulses. The short counterpropagating
will eventually be too large to produce. Moreover, ultrahigh pulse, or “pumped pulse,” can achieve intensities far higher
focused power in the UV will be even more difficult to than the pump pulse, so long as it remains short. Of course,
achieve. At wavelengths shorter than a micron, processinbr very high powers, Raman media other than plasmas will
high power with the current gratings technology is evennot be practicable. The early work on compression in plasma
more difficult if not infeasible. Whereas at one micron, flu- was focused on low-power regimes, where the Raman back-
ences of several J/chean be contemplated, at shorter wave-scattering took place in the stationary regime, namely where

lengths, only much lower fluences can be imagined. the plasma wave was highly collisionally damped. The issues
that plagued this early work in plasma were the stringent
apaper KI1 3, Bull. Am. Phys. Sod7, 181 (2002. requirements on plaema homogeneibecause of narrow-
nvited speaker. bandwidth amplification and because the amplification
1070-664X/2003/10(5)/2056/8/$20.00 2056 © 2003 American Institute of Physics
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lengths were long, in part due to the collisional damping thamore difficult to control in large-diameter optics, a difficulty
reduced the efficiency of the interaction. aggravated by successive amplification stages and thermal
Research on the evolution of Raman instabilities hadluctuations of optical components near threshold-damage
been an active topic of research in plasma for over 30 yearimits. Although some method are available to control
(see, e.g., Ref. 20However, recently, it was suggested thatthese aberrations or to compensate for them, either statically
Raman amplification and compression in a plasma at higlor adaptively, ultimately, the use of larger and larger aper-
power commands particularly favorable effettst® In the  tures, at high power, will make diffraction-limited focusing
transient high-power, pump-depletion regime, which sup-ever more difficult.
ports the so-called #-pulse regime” solutions, a counter- The above limits on CPA remain true notwithstanding
propagating short pulse is resonantly amplified even as itecent improvements in chirped pulse amplification methods
compresses further within the plasma. The pulse is amplifieehrough nonlinear optical techniques have extended the range
rapidly, before competing deleterious effects, such as moduwf frequencies, powers, intensities and pulse durations, par-
lational or other deleterious instabiliti€éI°have a chance to ticularly through the use of optical parametric chirped pulse
develop. The plasma is terminated, in fact, just to avoid thesamplification (OPCPA.Y"%° These techniques give large
instabilities. However, before the plasma is terminated, pergain bandwidth amplification with high beam quality, and
haps after 1 cm, the short pulse can grow to extraordinargan serve usefully as a front-end preamplifier for large-scale
unfocused powers, with the vacuum focusing available fomNd:glass facilitie$° However, both CPA and derivative tech-
focusing to higher intensities yet. niques like optical parametric chirped pulse amplification
Two main themes are developed here. The first theme i©OPCPA, and related extensions to shorter wavelengths
that much higher focused intensity than is presently contemyet?! still rely upon the time-stretching, broadband amplify-
plated by present technology might be envisioned througling, and time-recompressing of a short pulse. It remains that
dividing the optical system requirements, with one opticalhigher laser pulse energies can only be contemplated with
system pumping a plasntar, more accurately, pumping the larger diffraction-grating apertures, which are still subject to
short seed pulgeand the second optical system releasing thehe limitations of both laser-induced damage and thermal
plasma energy in a short time scale with precision focusingfluctuations. Thus, even if these gratings could be built,
Like with other pumped laser media, the lasing technology isliffraction-limited focusing will remain technologically dif-
simplified when requirements on the pump are mainly for neficult. The grating apertures are also necessarily even larger
energy and not for precision optics. The second theme is thdbr very short pulses, since the tolerable fluences are even
in using the resonant Raman backscatter effect to compressnaller for very short pulsés.
the laser power, there are important tools available to select The key to much higher power, like in other lasing
the desired interaction and to avoid deleterious effects. Thesschemes, is to use two optical systems: one, a long-duration
tools involve the relative imperviousness of the desired nonhigh-energy low-precision pump; and, two, a precision opti-
linear effect to detuning of the resonance; thus by chirpingcal focusing system. Here, the first is effectively used to
the pump, and by employing gradients in the plasma densityyump the plasma, making it an active medium, and a second
it is possible to selectively detune the deleterious effect®ne to extract the energy from the plasma, compress it in
even as the desired effect persists. time, and focus it. The first optical system, which can be the
The paper is organized as follows. In Sec. Il we showoutput of a chirped pulse amplifier, or an OPCPA, delivers
how plasma may be used to divide the optical system rethe energy, but need not provide a strong focus. Since it is a
quirements into two optical systems, thereby creating a suaonventional optical system, limited to fluences on the order
cessor technology to CPA. In Sec. Il we describe the mairof J/cn?, it must have a large optical aperture in order to
regimes of pulse compression, with an emphasis on the reteliver substantial energy. What we will show in the present
gime of resonant Raman backscatter with pump depletion. Ivork is that new laser opportunities arise because the optical
Sec. IV, we give the basic three-wave coupled equations thakquirements on the pumping energy, while severe in terms
describe the RBS regime. In Sec. V, we discuss competingf power handling, are mild in terms of precision optics,
effects and show that this regime is particularly attractivesuch as focusability, tunability, intensity variations, or phase
because there are tools that allow the suppressing of deleteeherence. Since the second optical system is relieved of the
rious competing effects while selecting the desired resonargower handling, it can provide more easily a strong vacuum
effect. In Sec. VI, we discuss the certain spinoff applicationsfocus. The focusing optical system has requirements neither
In Sec. VII, we summarize the main conclusions and point tcfor large apertures nor for high power. By separating the
outstanding issues worthy of continued investigation. optical systems thusly, one has one system handling high
power and fluence, and a second focusing system handling
only low power. Since the focusing system does not operate
near damage threshold limits nor is subject to thermal
To achieve the compression of high laser energiestresses, it can be expected that the system can be far more
through conventional chirped pulse amplification methodseasily optimized for precise focusing.
requires a large aperture diffraction grating, both to avoid To see how this occurs, we consider for illustration a
laser-induced damage as well as to avoid the nonlinearities ispecific example of compression ofclight, for example,
refractive index that occur at high optical intensities. Focusfrom 50 ps to 40 f4see Table | of Ref. 13 To accomplish
ing is limited by wave-front aberrations, which are invariably this compression, consider the two optical systems depicted

II. DUAL OPTICAL SYSTEMS

Downloaded 30 May 2003 to 198.35.4.138. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



2058 Phys. Plasmas, Vol. 10, No. 5, May 2003 N. J. Fisch and V. M. Malkin
A

.

Amplified Pump Pulse
prior to unchirping

Focus chirped
pump FIG. 1. (Colorn Dual optical systems
for RBS—CPA pulse compression. The
first optical CPA system, acting as a
high-energy pumping lamp, delivers
fluences of kJ/chto the plasma. The

Short seed pulse

' second, low-power, optical system ex-
s tracts the power by RBS, compresses
it in time, and focuses it precisely on
\{-:’f target.
&
kJ/em®

Plasma

l4ﬂf5

Cutput focusable compressed pulse

in Fig. 1. In the first system, a short pulse, of say 100 fs, igshe pump, inhomogeneities of the plasma, or small imperfec-
sent through a stretching grating, separated into frequenayons in the pulse wave-front itself, as we discuss below.
components, and then sent through broadband optical ampli- In the above example, a pump aperture of about 30 m
fiers, as would be the case for the first steps of a chirpegossibly comprised of several individual gratings each oper-
pulse amplifier. These steps are not shown, but Fig. 1 pickating at the fluence threshold of 4 J&nould process 400

up the amplified chirped pulse at this point, where it is perJ. With a focus length of 30 m, and placed 29 meters from
haps 2000 ps long, impinging on gratidg In a full CPA 3 10 cm by 10 cm plasma of depth about 0.7 cm, fifi©
system, the pulse would be subjected to complementary gragrating produces fluences of 4 kJ&im the plasma. Since
ings 2, 3, and4, which provide complementary path lengths the amplification can tolerate incoherence, separate pumps
for the different frequency components in order to reCO”Sti'processed by different sets of gratings can be brought to
tute as closely as possible, at an amplified intensity, the origity ;s on the same patch of plasia® on adjacent patches of
nal unchirped 100 fs signal. In fact, for the purposes hereplasma so long as the illumination is smooth. The second
where neither full reconstitution is necessary, nor full “n'optical system can have an aperature of only, say, 0.5 m, and
chirping is necessary, the complementary gratiags, and handling only the low power seed, can then f’ocyrs’light at

4, can bg used to reconstruct partially 'Fhe original signal, $9/310 a spot size of 10X 10, at 10 exawatts. The focused
that a chirped pulse emerges from gratigt perhaps 50 ps intensity of the resulting 40 fs pulse is then?3@Vv/cn?.

in length. Alternatively, the precision requirements on the . . . :
. Some power is necessarily deposited in the plasma through
stretcher/compressor complementary gratings, as well as 0 . .
o . the Langmuir wave by the Manley—Rowe relatisee the
the broadband amplifiers, may be reduced substantially, sa : . s "3
ext sectioly for a plasma of density ¥10' cm™3, that

by beginning with a short pulse of as long as 50 ps in lengt T
rather than 100 fs. In either case, from gratthgmerges a turns out to be about 380 gv per elect'ron, which is within th.e
llowable temperature regime, i.e., still cold enough to avoid

chirped pulse of about 50 ps duration with fluence on theé® X ,
order of J/crA. It is important, and not too difficult, to focus aPPreciable Landau dampirigee, e.g., Ref. 32
beyond the plasma target, so that the plasma is irradiated by Just for example, suppose instead that a 10 fs output
fluence on the order of kJ/émTo do so requires a focus in Pulse were required. This would be more difficult, but not
linear dimension of only a factor of about 30 between theNecessarily impossible, by thggcurrent technique. Since the
grating aperture and the plasma dimension. output pulse length goes ag *°,** to compress to 10 fs,
The second moderate-aperature low-power optical sysvith powers and power densities 4 times higher, requires
tem delivers the short, counterpropagating, focusing puls€ompressing the CPA output pulse a factor of 64 to about 625
that captures the pump kJ/érfiuence, effectively compress- fs, and then employing a plasma of only about 0.1 mm thick-
ing it in time, and focusing it in space. The unfocused outpufess. This calculation assumes also that the pump fluence is
intensity from the plasma can be on the order ofunchanged. Note, however, that at 625 fs, the fluence limit of
10Y W/cn?, and thereafter further focused in the vacuum.the pump might be as much as halved over what it might be
The key technological point of the compression optical sysat 40 ps, in which case to achieve<40?> W/cn? would
tem is that, at low power, the focusing can be precise; théequire twice the pump aperature. A more serious limitation
key scientific point of interest is that the focusing tends to bearises from the fact that the heat is deposited in only 1/64 of
retained through the plasma layer despite aberrations withithe number of electrons, which is over 20 KeV/electron. If
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it were dissipated within the seed pulse, the retained heatiple only by the so called “Manley—Rowe” relations; in
would produce a plasma with a temperature so high that thether words, since a pump photon is converted to a counter-
Langmuir wave would be damped, which would inhibit the propagating pulse photon downshifted by the plasma fre-
laser coupling. However, this energy dissipates behind thguency, the fraction of pump energy that will be left in the
amplified pulse, so that the plasma heating ahead of the pulggasma wave isw,/w. Typically, this fraction would be
may still be tolerable. Thus, while the full scenario for com-about 1/10. The remaining 90% of the pump power can, in
pression at & to 10 fs remains to be worked out in detail, principle, be converted entirely to the backscattered short
and is clearly more difficult than to 40 fs, it can still be pulse. The pump length is optimally twice the plasma length,
envisioned. with the pump front leaving the plasma just as the seed pulse

It would be natural to compress to 10 fs, however, atenters the plasma, and with the pump tail entering the plasma
shorter wavelength, say 14 In this case, a 12.5 ps pump just as the amplified seed leaves the plasma slab. Thus, as in
results in a 10 fs output pulse at fluence of 16 k¥/cafter  our example of Fig. 1, compressing a 50 ps pump requires a
traversing 0.18 cm of plasma at density of 210?° cm™3. plasma length of about 1 cm. In the case of resonant Raman
In this case only 400 eV is deposited per electron, wellbackscattering, with say,/ about 0.1, the plasma electron
within the tolerable heating range. Of course, it is possible tqjensity must be about 130cm™3.
arrange at 1/4 both for longer pump and longer plasma.

What these examples tell us is that, while the cpmpletﬁv_ THREE-WAVE COUPLING EQUATIONS
scenarios in some cases remain to be worked out in detail,
there appear to be self-consistent operating regimes with ex- Pulse compression via the resonant Raman backscatter-
traordinary compression properties. The system needed fang effect is both well-studied and inherently one of the sim-
compressing and focusing laser pulses to these huge powegskest plasma effects. The output pulse reaches very high in-
and intensities can be much more compact than what can Hensities, but only in the sense that it leads to extreme pulse
achieved by CPA devices alone. Note that the optical systerimtensities on target. However, within the plasma, the nonfo-
for producing the pump pulse is an independent elementused power is not particularly high, in the sense that the
Therefore, as new advances in laser technology appear, suplasma effects are fundamentally not extreme. The coupling
as through CPA techniques, they can be utilized in theoccurs between essentially low-intensity counterpropagating
present scheme as pump beams, thereby to achieve an eJ@ht waves via essentially low-amplitude longitudinal cold
more compact amplifier addressing even higher technologiplasma oscillations. The motion of electrons in the cold
cal limits. plasma wave is coherent, essentially sinusoidal motion, so
long as the plasma is suffiently dense to avoid wave break-
ing. The motion of electrons in the lasers are also nonrela-
tivistic. Only as the pulse is amplified to its maximum value,

Although we focus here on the resonant transient Ramawhich is essentially at the point that these effects are no
backscatter regime, at very high power, there are in fact sedonger so simple, do the electron trajectories begin to be-
eral mechanisms by which the pump power might be coupleg¢ome complicated. At that point, other effects indeed enter,
into the counterpropagating pulésee, e.g., Ref. 23in ad-  and that is roughly the boundary of the regime which can be
dition to the regimes of low-power pulse compression, whereonsidered to be the resonant Raman backscattering regime.
the plasma wave tends to be heavily damped. One couplingnd at that point the plasma is terminated and the pulse is
mechanism at high power involves a so-called “superradi€xtracted.
ant” or Compton scattering, where the nonlinear interaction ~ Hence, in the resonant Raman backscattering regime,
of the plasma electrons with the lasers dominates the plasnihere should be only a limited number of surprises in our
restoring motion due to charge imbalarfédn this regime, understanding of the plasma effects. The short time scales
the pump laser is of somewhat higher frequency than théwvolved mean that only electron dynamics, rather than ion
pumped laser; the pulse length of the pumped pulse is lesgynamics, enter importantly. This further limits the possibili-
than a plasma length, @}, ; and the laser intensities satisfy ties of unintended effects that could hinder the useful effects.
ab>w}/4w?, wherea andb are the pump and pumped pulse Yet in this regime the time scales are not so short that the
normalized vector potentials. An alternative coupling mechawaves cannot be simply described as envelope pulses with a
nism involves coupling at an ionization froft?® For ioniza- ~ central carrier frequency. In compressing from tens of pico-
tion front coupling, the pump must be too weak to ionize aseconds to tens of femtoseconds, there will still be many
neutral gas, but strong enough to replenish a counterpropdaser wavelengths in the pulse wave packet. Thus, there
gating intense pulse which does ionize the gas. These condshould be high confidence in writing the resonant Raman

Ill. REGIMES OF PULSE COMPRESSION

tions can be met in hydrogen or helium. backscatter equations as

. In the Raman scattering regime, where resonance is re- a+ca,— w,fb, 1)
quired, it can be shown that the pulse grows so fast that it
can outrun the deleterious instabilities. As shown in Ref. 11, b;—cb,=—w,yf*a, 2

within several growth times of the deleterious instabilities, f = wab*/2 3
the pulse grows to amplitudes far exceeding the instability t wa ' )
thresholds, i.e., to overcritical powers. Pump depletionHere a and b are vector-potential envelopes of the pump
quickly ensues, so that the efficiencies are limited in prin-and pulse, respectively, in units of.c?/e~5x10° V, and

Downloaded 30 May 2003 to 198.35.4.138. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



2060 Phys. Plasmas, Vol. 10, No. 5, May 2003 N. J. Fisch and V. M. Malkin

f is the envelope of the Langmuir wave electrostaticture Raman backscattering off plasma noise, prior to encoun-
field E=E& in units of mepr/e=C\/mene tering the pulse. It turns out that both the focusing of the
~nJdcm %] Vicm, defined by formulas pulse and the stability of the pump and pulse to deleterious
i 2 ik o) (ko2 opt) instabilities can be helped by favorable detuning effects and
(Act+iAy)e/mgc”=agta?™ @al)+ phetfve™ @b, (4) favorable averaging effects.
Ee/mecaw,=felkakzmoptlc ¢, (5) The fact that, in the nonlinear regime of the resonant
. Raman backscatter interaction, the seed pulse shortens as it is
whereA, andA, are components of the real vector-potential 5 yified has important implications. Because the bandwidth
A in the plane transverse to the propagation directipfor  of the seed is growing, this desired interaction is less suscep-
the pump propagating in the positive and the seed-pulsgple to detuning of the resonance than would be resonant
in the negative direction, k,=Vo;—wp/c and K,  backscatter interactions growing up from noise in the linear
=— \/wbz—wzp/c; w,, wp, andw, are the plasma, laser-seed regime!?
and laser-pump frequencies, and subscripgsd z denote This suggests that a number of unwanted resonant ef-
time and space derivatives. The pulse duration is larger thafects might be avoided through detuning. There are essen-
wgl. Both lasers are circularly polarized. Self-nonlinearitiestially two tools for detuning: One is to change the pump
of lasers and Langmuir wave are neglected. Plasma ions afeequency, such as by introducing a frequency chirp to the
assumed to be immobile. The Langmuir wave group velocitypump, with the effect that any wave traveling through the
is neglected in comparison with the speed of light. kgr  pump, such as Raman backscatter from noise, sees a differ-
>w,, ONe may assume, as it is done abavg=w,=w and  ent pump frequency as it is convectively amplified, but even-
ko~ —kp~w/c in all the equation coefficients. tually is tuned out of resonance. The second tool for detuning
An initially weak seedb will be amplified by an unde- is to change the plasma frequency, such as by introducing a
pleted pump field; in the constant pump or linear regimedensity gradient, which means that the plasma frequency
exact solutions exist which show that while the seed frontthanges axially. Thus, forward-scattered light co-propagating
moves with the velocity of light, the envelope maximum with the intense pumped pulse would be born in resonance
only moves withc/2.2” Hence, in this regime the counter- with the pumped pulse, but as both pulse and scattered signal
propagating wave is stretched. It is only in the nonlinearco-propagate some distance, the plasma no longer accomo-
regime, i.e., the pump-depletion regime, that the pulse iglates a resonant interaction between the two waves.
compressed. In this regime, the pulse front effectively shad-  In fact, detuning ideas were recognized for curing simi-
ows the pulse maximum and tail, so that the maximumlar effects in gas-based Raman compressors. The Raman me-
catches up to the front. Also, in this regime, all short enoughdium could be made to have a Raman gradient, where the
and intense enough initial seeds will asymptotically reach th&kaman frequency would change with axial position. More-
m-pulse solutiont! That a self-similar solution, depending over, it was also recognizé8,that the pump entering the
only on the ratiaz/t, exists can be seen from a scaling of the plasma could be chirped too. In plasma, the issues are some-
equations. Essentially, the Raman depletion of the pump bwhat different, because backward scattering tends to be more
the seed takes place in a distance that varies inversely witimportant than forward scattering, and, more importantly, be-
the seed pulse amplitude. This is also the effective width otause the broad bandwidth pulse is relatively immune to
the seed pulse, since what is further than this distance behingktuning.
the seed front is effectively shadowed. However, at complete  Thus, in a plasma, in the resonant Raman backscatter
pump depletion, the pulse energy must grow linearly withregime, suitable detuning can selectively mitigate a number
distance(or time) traveled, because that is all the available of potential problems: First, detuning can stabilize the pump
energy in the pump. Thus, the amplitude and energy of thas it traverses the full plasma before it encounters the seed
seed pulse must grow linearly with distance, while the widthpulse, where it may be subject to Raman backscatter arising
contracts inversely with distance. Thus we expect a selffrom noise!® Second, detuning can stabilize forward-
contracting self-similar asymptotic solution. Thepulse so-  scattering instabilities of the pumped pufSenote that al-
lution has about 53% of the energy in the first lobe, and thehough forward-scattering tends to be small in a plasma, the
rest of the pulse energy appears in succeeding lobes. If thegged pulse grows to intensities much larger than the pulse
is a process that disrupts the Langmuir wave, say Langmuiind Raman forward-scattered waves can co-propagate with
wave breaking or collisional damping of the Langmuir wave,it. Third, in addition to ther-pulse solution, there is also the
then as much as 80% of the pulse energy can be captured possibility of 2-pulse solutions. These solutions to Egs.
the first lobe, since the regeneration of the pump will be(1)—(3) arise when the pulse front is not abrupt enough. They

incomplete. are deleterious, representing superluminous precursors grow-
ing ahead of the pulse, that deplete the pump and spoil the
V. SELECTIVE DETUNING AND AVERAGING plasma ahead of the pulse. However, since they require a

precise resonance, they may also be selectively extinguished
It remains important that the amplified seed power carthrough detuning®
be focused on target by retaining the integrity of the seed Random density inhomogeneities may defocus the
pulse phase fronts even as plasma inhomogeneities are gomumped pulse, but the pulse tends to average over the density
countered. Equally important issue is the ability of the pumpfluctuations if there are many correlation lengths within the
to traverse the full plasma length without undergoing premaplasma®! Because of this averaging, only some of the signal
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is deflected, and the phase front of the majority of the signal  Another variation might be to implement the counter-
remains intact and focusable. Moreover, the effect of the inpropagating waves in a plasma channel, or in a wave guide,
homogeneities is most pronounced in the linear regimewhere the effects of the wave guide walls can alter the dis-
where the resonance bandwidth is narrow; thus, as for thpersive properties of the lighit.
other detuning effects, the deleterious instabilities arising  The counterpropagating very high-power wave geometry
from noise, such as the premature backscattering by thermatight also have some interesting spin-off applications. One
noise of the pump, tend to be selectively mitigated by densitypossibility is for the purpose of accelerating relativistic par-
fluctuations, while the broadband desired output signal isicle beams through the plasma wave produced in the coun-
relatively immune® terpropagating geometry. There may be advantages, similar
This averaging is also important in that variability in the to the dual optical system for pulse compression, in employ-
pump also tends to be averaged over. It was recognized earijig a long pump pulse to provide the main power, while a
or® that one of the advantages of the backscattering geonshort counterpropagating probe can produce a precisely
etry is that intensity variations in the pump do not detractaligned plasma wak&. There is also the possibility of en-
from the output seed quality, because of the averaging of theancing the growth rate of the plasma wave, through a re-
effect of the pump amplitude fluctuations. Moreover, pumplated four-wave interaction in the counterpropagating
phase fluctuations are also accommodated, because the segbmetry’’
front, encountering fresh plasma as it propagates into the A second example is for processing optical information
pump, generates a plasma wave of whatever phase is neces-high power® Note that in employing stimulated Raman
sary to deplete the pump, while the seed phase itself need nbtckscattering in a plasma, after the two counterpropagating
shift. The robustness of the phase fronts to a variety of pettight waves pass through the plasma, there remains the non-
turbations in the seed and the pump was confirmed byropagating plasma wave for at least a few collision times.
Fraimanet al. in two-dimensional numerical simulatio®s. ~ This plasma wave carries information about the laser pulses.
Similarly, even the simultaneous use of pumps with differentConsider the pump wave to carry information through am-
frequencies not only can access favorable depletion regimerglitude modulation. Now use a short counterpropagating
but does so with robustness to density fluctuatitns. probe wave at the Raman downshifted frequency. The
The implication of this robustness to the pump quality isplasma wave will then capture the amplitude variations of
that the division into two optical systems discussed aboveghe pump wave. If the plasma is then probed with a short
becomes even more practical. If temporal coherence of thiaser pulse, the information stored in the plasma wave can be
pump is not critical, then many pump lasers can be focusegktrieved in a second scattered electromagnetic wave. In ad-
onto the plasma, without the need to create one very largeiition to simply retrieving it at a later time, the optical infor-
highly coherent, pump laser. Thus, in addition to effectingmation captured in the slow moving plasma wave might be
the temporal compression of the pump power delivered ovestherwise processed by being probed with more complicated
longer times, the well-focusable seed pulse acts to focus theference beams. Thus, certain operations might be per-
pump power, that by itself, because of incoherencies, wouldormed on the slower time scale, such as taking the deriva-
be far from diffraction limited. Incoherent pumps, in fact, tive of the pulse form or performing other simple mathemati-
produce robust compression, much in the same way as ragal operations. Suppose further that either the recording or
dom phase lasers avoid instabilities in pellet compres¥ion. retrieval pulses have transverse phase variation, such as fo-
cussing or defocusing wave fronts. The transverse phase ad-
vances can then be captured either in the plasma wave or in
the retrieval process. The result is that the original data pulse
The compression effect is likely best achieved throughupon retrieval can be brought to focus or magnified.
the careful preparation, alignment, and timing of a counter-  The retrieval of optical information might also be used
propagating seed pulse. However, more advantageous sder pulse shaping at high frequency. Quantum control by
narios might also be imagined. For example, it would be tdasers relies upon detailed pulse shaping technidues:
great advantage if the timing could be achieved automatithough well developed at optical wavelengths, these tech-
cally, i.e., if the backscattered wave arose spontaneously aiques are lacking in the VUV and even in the UV. By cap-
just the right spot and time in the plasma, namely just at theuring a pulse in a plasma wave, there is the opportunity to
point of the pump front as it is about to exit plasma. Indeform it along the lines outlined for other processing, be-
principle, backscattering off of stationary plasma oscillationsfore reconstituting the EM wave. It would be important to
near the plasma exit could accomplish this. The seed is theexamine whether plasma can offer opportunities either at
the plasma oscillation, which has nearly vanishing group veshort wavelengtiUV) or at high power where conventional
locity, and hence does not need to be timed precisely. Theechniques, where even new Raman techni§liesay not
backscattered pulse is then generated by the same resonadeliver. What is important as well is that even if these tech-
backward Raman scattering process off of a prepared plasnmques fail to produce new pulse-forming technology, the
wave. While this method, in principle, is the most simple toprobing of the Raman excite plasma wave is itself very im-
implement, it is an open question whether the simplifiedportant information in validating the underlying plasma
method can result in a backward-propagating seed signalhysics.
with the correct parameters to enter into a useful compres-  Another example of spin-off technology is the use of the
sion regime. very high power laser intensities contemplated here to ex-

VI. VARIATIONS AND SPIN-OFF APPLICATIONS
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plore new regimes for fast ignitich. Higher laser power eral wavelengths, leading to intensities higher than present
might lead to higher energy electrons delivering the requiredechnology can offer by several orders of magnitude.
energy to the pellet core at smaller currents to achieve the
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