PHYSICAL REVIEW E, VOLUME 63, 026411
Compressing and focusing a short laser pulse by a thin plasma lens
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We consider the possibility of using a thin plasma slab as an optical element to both focus and compress an
intense laser pulse. By thin we mean that the focal length is larger than the lens thickness. We derive analytic
formulas for the spot size and pulse length evolution of a short laser pulse propagating through a thin uniform
plasma lens. The formulas are compared to simulation results from two types of particle-in-cell code. The
simulations give a greater final spot size and a shorter focal length than the analytic formulas. The difference
arises from spherical aberrations in the lens which lead to the generation of higher-order vacuum Gaussian
modes. The simulations also show that Raman side scattering can develop. A thin lens experiment could
provide unequivocal evidence of relativistic self-focusing.
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[. INTRODUCTION focusing high-intensity lasers. In this thin lens concept the

Studying intense laser pulse propagation in plasmas is imlaser pulse receives an impulsive focusing force while in the
portant to many applications including laser fusion, laseplasma, and then focuses well outside the plasma in the
plasma acceleratiofl], and plasma-based light sourd@y. ~ vacuum region. As such it may be a means of carrying out an
At high laser intensities nonlinear interactions between théinequivocal demonstration of relativistic self-focusing.
plasma and the laser become important. One fundamenthforeover, it may prove to be a simple alternative to conven-
nonlinear effect arises from the relativistic motion of the tional optics, which may be subject to damage by very high-
electrons in the intense laser fidlgl. In particular, the laser intensity lasers. In this sense it is the optical analogy to the
pulse’s transverse and axial dimensions can be changed Wyell known plasma lens for particle beafis3,14. To study
relativistic self-focusing(RSP [4-9] and relativistic self- the thin lens concept, we use the particle-in-¢eIIC) codes
phase modulatiofRSPM [5,10]. In RSF the transverse spot WAKE [15] andosIrIS[16]. The simul_ation parameter_s were
size can decrease when a transverse gradient of the index @tosen to model a short pulse passing through a thin plasma
refraction causes the wave fronts to curve so that energy ¥ith a thickness of a few percent of the vacuum Rayleigh
focused radially inward. In RSPM the laser pulse length carength. _ _ .
be compressed by a frequency chirp that is induced by the The paper is organized as follows. In Sec. Il we derive
nonlinear dependence of the axial phase velocity. This lead@nalytical formulas for the simultaneous evolution of spot
to an axial Chirp of the group Ve|ocity where the back of theSize and pulse Iength To our knOWledge, this is the first time
pulse moves fastethigher frequencyand the front of the that an equation for the evolution of the pulse length has
pulse moves more slowlylower frequency, causing the been derived. We use these formulas to derive the focal
pulse to compress. The pulse focusing and compressing al@gth and spot size reduction for an idealized thin lens. In
dynamically related through the change of the pulse intenSec. Il simulation results are presented and the results are
sity. compared to the analytical results. The paper is summarized

While relativistic self-focusing was theoretically pre- in Sec. IV.
dicted more than 25 years af#), in a strict sense it has yet
to be unequivocally demonstrated in a laboratory experi- Il. ANALYTICAL ANALYSIS
ment. All relevant experiments to daf&l1] have provided . .
clear evidence that a[I)aser could propagate for gistances ex- _To derive formulas for the Spot size and pulse length evo-
ceeding the vacuum diffraction length. These experiment ution, we start from the equation of the laser vector potential

have therefore shown optical guiding, but they have not un" the plasma using only the relativistic nonlinearity,

equivocally shown a spot size reduction when the power 2 1R w2 A2
roughly exceeded a critical power or an intensity enhance- Vf+ — = A= _g( 1— _)”A, (2.2
ment. The difficulty arises because in each experiment the dz= ¢ at c 2

plasma length greatly exceeded both the Rayleigh and self- - ) . )
focusing lengths. Therefore, the pulse rapidly self-focusedhereA is the vector potential normalized tac’/e, w, is
within the plasma and violently goes unstable to stimulatedhe plasma frequency, ardlis the speed of light. The non-
Raman forward scatteringl2] and this greatly complicates linearity is approximated bp?/2 and the plasma wave wake
the interpretation. is ignored to make the problem analytically tractable. By
In this paper, we propose using a plasma as a thin lens fareglecting the wake we preclude Raman type instabilities
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from the analysis. First we writd as the product of an A(T)

~ : _ —i (1) ai 2 (1) a— YRIL2 fikgr 212R(7) o= 1 2IW2
envelope and a phasA=ae '(“ot"%0?/2+c.c., wherew, a € € € e € :
- - - - o 25 2 W(7)VL(7)
andk, satisfy the linear dispersion relatiasg=k3c +wp. 2.5

We then make a mathematical transformation from the coor-

dinate variablest(z) to variables ¢,i) wherer=z andy  pare the pulse length, spot sizew, amplitudeA, phaseg,
=t—2/vgy; note that in nonlinear optics a wave equation for opiry 5, - and radius of curvatur® are all real. Substituting

electrllc fieldE is U.SQd vxh!le in short pulse Iaser-plfclsma """ this trial function into Eq(2.4) and integrating iny andx, ,
teraction an equation fok is used17,18. The equation for o obtain a reduced Lagrangian density

the envelopea now becomes

. 1 o )
dga (1 1\d%a 2 d%a w} |al? E—f rdrf dyL
ike—+|=5— =|—>—— +Via+t —— 4\mJo -
2iko aT Ué c?) ay? vg dYd Vi c? 4 a \/—
: : d L2 dy keW?dR
_[2iwg  2ikg ﬂa+a2a 05 — — \2k,A? d_¢+_2d_77+°_2d_)
T, Ja e (2.2 472 d7 4R2 dr
€A1 L2 A% 2 kw?
We choosev, to be the linear group velocityyg TS EIETEZI TR 2
=koC%/ wy. We also assume the second terms on the right c? 2L K V2lw 2R
side of the above equation is much smaller when compared w2 A
with the other terms. Thus, the right side is zero. — —5 o (2.6)
The second and third term on the left side of E2.2) c 32W-L

represent some of the finite pulse length effects. The second
term is called the group velocity dispersion term and at lowNext, we use the Euler-Lagrange equations of the reduced
intensity leads to pulse broadening. However, this term irLagrangian density to derive the evolution\WfandL in 7.
combination with the nonlinear term can lead to pulse com-
pr_ession as well as self-phase modu_lational i_nstabilities. The A. An idealized thin lens: Spot size evolution
third term causes pulse self-steepening, nonlinear corrections ) ] ] )
to the group velocity, and higher-order corrections to the e consider the ideal case where a thin plasma lens with
growth rate for RSPM. We have developed a general pertu@ thicknessA is placed at the vacuum waist{0) of a
bation method of treating this term and the result will be Gaussian laser pulse with a spot sikg. The laser exits the
reported in a separate paper. The fourth term leads to diffrad2lasma atr=A and reaches its focus, where it has a mini-
tion and needs to be kept when studying self-focusing. TherElUM Spot sizéWp;,, at 7=f. We study howW,;, andf
has also been some recent work on lasers propagating #£Pend om and the normalized laser pow/P;, where
channels which also addresses some of these i§80e20. ~ Pc=17w§/ @’ GW is the critical power for RSF7].

Therefore, the simplest equation that includes both com- If the pulse is assumed to remain Gaussian and finite
pression and self-focusing is pulse length effects are neglected, ileand » are assumed
to remain fixed, then the evolution equation for the spot size
W inside the plasma can be derived from the reduced La-

Lda eda “’;2: El grangian Eq(2.6). Varying ¢ leads to power conservation
2ikg—+ — —5+V2a+ —£ —-a=0, (2.3 0. :
gt G2 oy 4
dA?
—=0. (2.7
dr

where e=w,/koc. This equation can be approximately
solved using a variational principle, just as in the case o
self-focusing along¢21-23. We begin by writing down the
Lagrangian density for E(2.3), which can be shown to be

K/arying R relatesR anddwW/d,

W dw
E = E (2.8)
ik Ja* ga\ € ga* aa+v .
o\ & TR ) T 2 ey gy LR YR Varying W gives another equation fd& andW,
2 2.%2
e 2.4) ki AW dR A?[ -4 KW\ of A*
c- 8 = -t ==t — =
V2 R?Z d7 \2\we  R? /) 2 16WAL
(2.9
i.e., Eq.(2.3 is the Euler-Lagrange equation for minimizing
the actionS:fdrdideL‘ for variations ina* (anda). Substituting Eq(2.8) into Eq.(2.9) to eliminateR, we obtain
Next we use the following trial function: the evolution equation for the spot si¥¢[24],
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d2w 4 p B. Pulse length evolution
d2 |<O?\/\/3(|:>_C 1)' (210 In this section, we consider how the pulse length evolves

in the idealized case where the spot size remains constant in
whereP/P = \/§A2w§/(64ch) is independent of. Identi- 7 at each axial position. From E@.6), we vary the inde-
cal equations for RSF can be obtained via other means, mogendent variableg, », L, andA to determine theitr depen-
notably the source dependent expang$f. Note that if our ~ dence while keepingV and R fixed. Varying ¢ leads to
trial function was an infinitely long pulse the®/P,  Ppower conservation,
=A%?2/(32c?), which is the often quoted result. This is ’
. dA
probably more accurate for the spot size of the peak. —=
The solution to Eq(2.10, with the initial condition of dr
W=W, anddW/d7=0 at =0, is

0. (2.18

Varying 7 relatesn anddL/dr,

P 7\2
W=W0\/1— P——l) —) , (2.1 1 kee? dL 219
¢ TR 7 2L dr '
where Tr= kOWS/Z is the vacuum Rayleigh length for the . ; :
. ) . .~ Varying L gives another equation faj andL,
laser pulse. Equatiof2.11) predicts that the spot size will yingL g quation foy
eventL_JaIIy go to zero iP/PC>1. In rea_lit_y, .spot size col- ko A2L dy €2 A2[ -2 2L wﬁ A4
lapse is prevented by higher-order relativistic terms and elec- — — — Tt =l tS5 TS 5—=0
tron cavitation[7,8]. For the thin plasma lens case where the V2 72 d7 ¢ 2| L3 4 c” 32WL

pulse is focused only slightly within the plasma, this solution (2.20

can describe the spot size evolution well. The spot size at thgubstituting Eq(2.19 into Eq. (2.20 to eliminate 5, we
exit of the lens isWeyi=Woy1— 57, where obtain the evolution equation for the pulse length

6=(Alzg)J(P/P,—1) d2L & 4 ( \/EAwa )
= | eral 1], (2.2
is the normalized lens thickness. dr® ¢4 kjL®| 64aW*e?

When the laser exits the plasma, the spot size evolves as ) )
We note that here has a unit of time, not length. Therefore,

d2w 4 the distance required for pulse compression scales as
= (212 KkoL2c?%2¢%. For a high-intensity laser pulse, where

dr*  kgwW?’ 5y s \
J2A wpL/(64€)>1, Eq.(2.21) can be solved analytically
which has a solution to obtain
2 JLo/L—1
—f\2 W3 €8 7 _bo =
Wew A1) W (213 o5 oL~ L Tarcenl/L-1, (222
min W4
TR min

whereay and L, are the initial normalized vector potential
By matchingW anddW/dz from Eqgs.(2.11) and(2.13 at  and pulse length, respectively. When inverted, this transcen-
7=A, we can determine the minimum spot si#&,;, and  dental equation givels(7). Later, we solve it numerically to
focal lengthf: compare to the simulation results.

/ 1-6° C. Simultaneous self-focusing and compression
Wmin—Wo 1+(P/PC_1)52, (214)

In the previous subsections we derived decoupled enve-
lope equations for the evolution of spot size and pulse length
P/P. (2.15 while the other was held fixed. We did this to clearly illus-
1+(P/P.—1)6% ' trate each process. We now obtain coupled equations to con-
sider how self-focusing can accelerate the pulse compression
To get a lens design folV,,i,/Wo<<1 andf/A>1, a high rate. We emphasize that these equations are idealized since
laser power is needed. In the limit 6fP/P.>1, simplified  they assume that one spot size describes the beam at any

f=A

expressions foWW,,;, andf can be obtained: instant of 7. In reality the spot size will also depend @n
but this makes the analysis much more complicated and
Wo makes integrating the action overintractable.
Win~ \/ﬁ (2.16 It turns out that the coupled equations foand W have
C

exactly the same form as EqgR.10 and (2.21), only now
both L andW are functions ofr. We write these two equa-
fa A 2.17) tions in the following form to emphasize the coupling be-
' tweenL and W

~ =
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TABLE |. Simulation summary.

PO/PC I-FWHM (fS) A (mm) f—A (mm) Wmin/WO I-min/|-0 (amax/a0)2 I:)max/PO (Wmin/WO)theor (Lmin/LO)theor

100 57 1.0 3.4 0.68 0.97 19 11 0.29 0.96
100 45 1.6 0.43 0.60 0.92 231 1.8 0.16 0.85
100 45 1.0 34 0.64 0.98 28 1.4 0.29 0.93
11 45 0.7 0.33 0.75 1 23 1.0 0.35 0.96
d2w__ 4 LC_1 (2.23 B P A Loy
a2 W i . G=2 P_c T_R e three-wave RFS-SS(2.28
and The most important one for the thin lens concept is the RFS-
SS. This can be seen by rewriting E8.28 in terms of spot
d2L et 4 [LoLc? size reduction using Eq2.16),
=" wr 5oL (2.24
dr? ct kgL3 | WP g2
WO L(l)p
s 2 o G=2 — (2.29
where L.=2A wy/(64c?) is a constant. These coupled Whin €

equations show that, iL<L. (i.e., P>P,), then W de- .

creases from self-focusing. At the same time the pulse comlhis meansG~9 for a pulse length of one plasma wave-
pressing rate increases, scalingVes2. Thus, as an intense length Lwy/c=2m) to reach a spot size reduction of
pulse propagates, focusing and compressing reinforce ea®o/Wmin=3.

other. For completeness, we notice that there is a first inte-

gral for the coupled Eq92.23 and(2.24, IIl. SIMULATION RESULTS
1 4l e L & A. Comparing spot size and pulse length with theory
. . c
5 (C2L2+26W2) + Slozl1- _) + 5| =const. To study the viability of a thin lens concept, we use the
2 k3| W L) 2c¢%L o S8
0 (2.25 particle-in-cell codesvake [15] and 0sIRIS [16]. The code

WAKE simulates the evolution of the laser field and plasma

This can be obtained either by examining E¢@23 and  On atime scale much greater than the laser oscillation period.

(2.24) or from obtaining the Hamiltonian from the reduced The laser field is described by its envelope equation which is
Lagrangian. derived by averaging the wave equation over the fast laser

oscillation frequency. The particles move under the laser
ponderomotive force and the self-consistent field. On the
other handosirisis a fully parallelized, fully explicit PIC
In the analysis just presented of a thin lens concept onlyode which resolves the entire laser oscillation.
the relativistic nonlinearity was included. However, in many  We did a series of simulations usingake in cylindri-
instances Raman forward scatterit®FS will occur and  cally symmetric geometry to understand the limitations of
this will compete with the self-focusing process. While in- the thin lens scaling laws. The parameters were chosen so
cluding RFS into the analytical framework is beyond thethat\W,/W,,;, and f/A were predicted to be large. A repre-
scope of this work we can estimate its importance by usingentative set of simulation parameters is shown in Table |
known expressions for the amount of RFS exponentiationwhere the laser wavelength is assumed to hemi In each
Basically, there are three regimes of RFS growth that ar@ase the laser was focused to the edge of the lens with an
important. These are RFS, four-wave nonresonant RFS—sidgcident normalized vector potential a§=1 and a lens den-
scattering(RFS-S$, and three-wave RFS-S26]. In terms  sity of n,=10'° cm 2, while in most cases the spot size was
of laser powerP/P, lens thickness\, and pulse length,  \W,=100 um so that the laser power was 170 TW. For
the gaingnumber ofe-foldings) for these instabilities can be these values the normalized parameters correspond to
written as[26] =w,/we=0.09, P/P.=100, andW,=57c/w,. For the
P/P.=11 caseW,= 19/ w,, and the laser power is 19 TW.
G=1/8¢—— —"  RFS, (2.26 In'the simulations the laser pulse lendtly and the lens
Pcmr C thicknessA were varied.
For illustrative purposes, we begin by presenting results
A 2pr from a simulation in whichLy=7.5Z/w,, corresponding to
c '’ a full width at half maximum pulse lengthgryyy=57 fs
and A=0.031& (1 mm). Under these conditions Egs.
four-wave nonresonant RFSS (k, W=1), (2.27)  (2.14 and(2.19 predictW,;,=0.3W, and f =10A.
In Fig. 1 the theoretically predicted evolutiomashed
and line) and the simulation resulisolid line) for the spot size

D. Importance of Raman scattering

3
G=1.64
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FIG. 1. Spot size evolution and intensity enhancement. Laser FIG. 2. Transverse lineout of normalized laser vector potential
poweriD:'17O TW, lens thicknesa =1 mm, and pulse Ier'lgth at peak intensity(solid line) and its Gaussian fidashed ling
L,=57 fs. Solid line: measured spot size; dashed line: theoretical/Nich shows that the distribution is non-Gaussian.

value; dot-dashed lineal®®aPe® Laser exits plasma atr
=0.03167R. intensity) on the axis. If the laser beam’s transverse profile

remained Gaussian then these two would be proportional to
are plotted. For the simulation results the spot size is calcueach other. Therefore, a measure of the non-Gaussian nature
lated at the axial position where the intensity is highest. As i©f the beam is to see how the peak intensity scales with the
clear there is a significant difference particularly outside thewveighted averaged spot size. In Fig. 1, the inverse of the
lens. The envelope equations predict a spot size reduction lpeak intensity on the axia)®®faP®2is also plotted(dot-
a factor of 3 while the simulations show only a 30% reduc-dashed ling which showsagea*yapeag 0.23 at the maxi-
tion. This deviation was seen in each case listed in Table Imum peak intensity as comparedwWé,;,/W,=0.72. Notice
In addition, in the simulations the focal length of the lens isalso that the maximum peak intensity is reached =
smaller than the theoretical estimates. In Fig. 1, it can be=0.1r5) before the spot size focu@t 7=0.14rg). This
seen that the focal length in the simulation is half of theshows that the different radial parts have different focal
theoretical estimate. The reason for these discrepancies jgngths. The beam center is focused more strongly and
twofold. The theory assumes that the transverse profile reeaches the focus earlier than the beam edge. The non-
mains Gaussian and that the longitudinal profile remaingaussian nature of the transverse profile is illustrated further
fixed. In reality the transverse profile can become nonin Fig. 2 where a transverse lineout of the laser amplitude at
Gaussian from Sphel’ical aberrations in the lens and frorﬂ']e maximum peak intensity is shown. For convenience a
Raman side scatter in the forward direction, while the axialgaussian fit is also shown.

profile can Change from relativistic Self-phase modulation The deviation from theory is not only due to spherical
and Raman forward scattering. These two effects also worlgperrations. As shown in Sec. Il A, when the pulse length
in combination. does not evolve the power is conserved at each axial posi-
The spherical aberrations occur because for a Gaussiaibn. However, in general the pulse can redistribute its en-
profile the focusing “force” does not vary linearly across the ergy axially, causing the pulse length to change and the local
wave front. This is completely analogous with the the focus-ntensity to change even if the spot size remains fixed.
ing of a particle beam in a plasnid7]. A parabolic, not a To study the pulse length evolution, we plot in Fig. 3 the
Gaussian, profile provides a perfect focusing lens. Those dgylse lengths from the simulation and the theoretical predic-

viations from a perfect lens are called spherical aberrationgjons of Eq.(2.22). The simulation pulse length is the second
For a Gaussian pulse the rays at the outer edge are not fo-

cused strongly enough and higher-order Gaussian modes are 0.4

generated. When analyzing the simulation data the spot size
is defined as the second moment ] — ]
o0 =) _/',
rdrar? < 7
. fo ’Jloz 3 ./,’ 3
_oc— — ‘/
f rdra? 1 7 ]
0 K
S
So, if the portions of the beam at larger radii are focused 00 R . =70
more weakly than the average rate, then this weighted aver- 1 (0.01 )

aged spot size eventually becomes larger than that predicted

by the theory. This is consistent with what was observed in  F|G. 3. Pulse length evolution. Solid line—IL/L, from radi-

Fig. 1. ally integrated intensity; dot-dashed line: that from the intensity on
Besides a reduction in spot size, another consequence afis; dotted line: theoretical value. Laser exits plasma rat

focusing is an increase in the normalized vector potefial =0.03167.
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FIG. 4. Longitudinal distribution of normalized laser vector po-
tential on axis at three different times=0 (dot-dashed ling 7
=0.03rg (dashed ling 7=0.17 (solid line). Laser exits plasma at
7=0.03167.

moment(similar to the spot sizeof both the radially inte-
grated intensity(solid line) and the intensity on axigdot-
dashed ling The length from the radially integrated profile

is what the theory is calculated for and the simulation result
agrees reasonably with the theoretical values. However, the

PHYSICAL REVIEW E 63 026411

1.4

beam center shows much more compressidat-dashed
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o 10 20 30 40
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FIG. 6. (Color). Contours of the envelope of the normalized
laser vector potential from th&ake simulation,a(7=0)=1. (a)
7=0.031k. (b) 7=0.063rg, showing focusing in the vacuum. La-
ser exits plasma at=0.05ry.

line) than the theory and also continue to compress even
outside the plasma, where the theory predicts no compres-
sion. This once again clearly demonstrates the non-Gaussian
nature of the pulse. The change in pulse length along the axis
indicates that different axial slices and different radial rings
are each focused with different focal lengths. We also plot in
Fig. 4 the laser intensity on axis at three different times. At
7=0.03rg, the pulse begins to develop an instability with a
wavelength approximately72c/ w, . This Raman type insta-
bility is another process causing longitudinal power transpor-
tation.

B. Raman instabilities

The Raman instabilities are complicated processes and
different regimes often interact in a highly nonlinear fashion.
In particular, backscattering, which is precluded in the enve-
lope description of~¥AKE, can have an important effect. To
better study the effect of the Raman instabilities, we use both
WAKE and the fully explicit PIC codesiris to simulate a
pulse of P/P,=100 andLgyym=45 fs (7.¢/w,) passing
through a lens with thickness d=0.05z3 (1.7 mn). The
simulation is done in a two-dimensional slab geometry.

The formulas in Sec. Il D predict that the three-wave side

FIG. 5. (Colon. Contours of the envelope of the normalized Scattering is dominant with agfolding of 12.5 at the exit of

laser electric field from thesiris simulation,E(7=0)=1. (a) 7
=0.032rg, showing side scatteringb) 7=0.07r5, showing focus-
ing in the vacuum. Laser exits plasmarat 0.05ry.

the lens, while the gains for RFS and four-wave nonresonant
RFS-SS are 5.3 and 2, respectively. Raman side scattering is
clearly seen in theosiris run of Fig. 5a). (Note that in
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osIristhe laser oscillations are explicitly resolved. In Fig. 5 laser powerP,, pulse lengthL,, and plasma lens thickness
only the laser envelope for the electric field is plotjgdow- A, we tabulate the separation between the focus and the lens
ever, after exiting the plasma, the pulse keeps focusing aneiit f —A, spot size reductiolV,;,/Wy, pulse length com-
reaches its focus outside the plasfifég. 5(b)]. Pulse com- pressionL/L,, intensity enhancement(ay)?, and power
pression is also evident. The contour of half maximum intenenhancemen®/P,. The theoretical predictions for spot size
sity has a width of 0.28/, and a length of 0.96,. The pulse reduction and pulse length compression are also listed.
diffracts beyond the focus. Since the instability causes the

pulse to filament and hence to form an extremely non- IV. SUMMARY

Gaussian distribution, the analytical formulas derived in ) ) )

Secs. Il A and Il B, which are based on a Gaussian distribu- W& have derived analytical formulas for the spot size and
tion, do not rigorously apply. Nevertheless, the enhancemerRtulSe length evolution for a short laser pulse propagating in a
of the intensity at the focus?Z,, /a2~6, is in line with the thin uniform plasma lens. The formulas are compared to the

prediction of a spot size reduction of 6 given by E2.14). simulation results from the PIC codes\KE and OSIRIS As
For the same runwAKE also shows similar instabilities predicted by the formula, the laser pulse can be focused out-

[Figs. a) and Gb)]. Although the scattering part at the side the plasma. The simulations giveagreaterfinal spot si_ze
pulse back is not identical to thesiris result, the picture at @nd @ shorter focus than the formulas. The difference is
the pulse core looks similanote thatwake plots a while ~ Mainly due to the transverse non-Gaussian distribution. To
osIrIsplots E). We suspect that the differences between th chieve a greater spot size reduction, a transverse_ly nhonuni-
OSIRIS and WAKE simulations are due to the presence of O plasma lens is needed. Nevertheless, the simulations

backscattering in thesiris simulation. For shorter and nar- Still Predict a 30% spot size reduction at 3.3 mm away from
a 1 mm plasma lens.

rower pulses the two codes give very similar results. While The simulati h hat R i . d

the observed perturbations in Figgapand Ga) correspond | € srllmu a:]lon slow_s that. q amhan SII € scat|t_|er|ng can he-

to near forward side scattering which is, in principle, de-Velop when the pulse is inside the plasma. However, the
Raman instabilities do not prevent the pulse from continuing

scribed by both codes, the perturbations in ¢fRIS simu- f hen it exits the ol | Thi id
lation are larger. These perturbations must grow from som&? focus when it exits the plasma lens. This provides a way to

initial condition, which we suggest is seeded by the Ramaﬁxper_lmentally prove r_elat|V|st|p se!f-focusmg.
backscattering. Although one normally thinks of backscatter- This work also |n(_j|cates d|rect|ops for_ future work. It
ing as involving counterpropagating plane waves, examinaWou,ld prc_>bab|y bg of interest to consider different transverse
tion of the osIrIS simulations reveals that the backscatteringpmf'les’ €., prof!les closer Fo a parab_o[a shape_, to try to
occurs in radially localized regimes, which introduces radial_reduce the sphe_rlcal aberratlon. .”.1 addition, I mlght be of
structure to the laser pulse. The exact details depend on tﬁ'éte.reSt to use higher laser intensities. In th? simulations, the
initial temperature. This structure is the seed for the nea|nltlal value.of a was kept at or below_unlty so that the
forward side scattering. To test this idea we ran Wrexe weakly nonl|qear theory WOUId still margmally apply. How-
code with a small transverse modulation applied to the initiafVe" Using h|gher-_|nten.5|ty lasers might Igad to less aberra-
laser pulse. The transverse wavelength of the modulation®n since the nonlinearity saturates on axis.
was selected to match the observed structure ino$iels
runs. We found that a perturbation as smallZa8% even-
tually grew and disrupted the main laser pulse. Thus, the This work was supported by DOE Contract No. DE-
Raman side scattering observed in tt®RIsruns is consis- FG03-98DP00211, NSF Grant No. DMS 9722121, and
tent with the amplification of small perturbations. LLNL under contract No. W-7405-ENG-4@t UCLA); by
We have given details for only a few illustrative ex- DOE Contract No. DE-FG03-92ER4074F .K.); and by
amples. More examples of the cylindrically symmetkieke DOE Contract No. DE-FG02-97ER41039 and NSF Grant
simulation results are summarized in Table I. For differentNo. THY9722158(T.A.).
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