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Electromagnetically induced guiding of counterpropagating lasers in plasmas
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A. Pukhov
Max-Planck-Institut fur Quantenoptik, D-85748 Garching, Germany
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The interaction of counterpropagating laser pulses in a plasma is considered. When the frequencies of the
two lasers are close, nonlinear modification of the refraction index results in the mutual focusing of the two
beams. A short~of order of the plasma period! laser pulse can also be nonlinearly focused by a long counter-
propagating beam which extends over the entire guiding length. This phenomenon of electromagnetically
induced guiding can be utilized in laser-driven plasma accelerators.@S1063-651X~99!00201-9#

PACS number~s!: 52.40.Nk, 41.75.Lx
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I. INTRODUCTION

The past decade witnessed a dramatic increase in inte
ties of laboratory-scale laser systems@1,2#, stimulating sig-
nificant interest in the nonlinear optics of plasmas@3–5#.
One of the areas of active research is propagation of inte
laser pulses over long distances in plasmas because o
importance for a number of applications, including las
wakefield particle accelerators@6#. A laser will, in free space,
remain focused over a diffraction length~Rayleigh range!
Zr5ps2/l0 , wherel0 is the laser wavelength, ands is the
laser spot size at the focus. Nonlinear effects, such as
tivistic and ponderomotive self-focusing, which can ove
come diffraction, have been studied theoretically@7,8# and
observed experimentally@9#. Nonlinear self-focusing is inef-
fective for short laser pulses@10# and requires a very high
laser powerPc1517v0

2/vp
2 GW, wherevp

254pn0e2/m is
the plasma frequency,n0 is the background electron densit
and 2e and m are the electron density and mass, resp
tively.

In this paper we demonstrate how a laser pulse can
guided through the plasma without diffraction due to its no
linear interaction with another, counterpropagating~guiding!
beam. Such electromagnetically induced guiding~EIG! oc-
curs at laser intensities much below the relativistic thresh
Pc1 . The guiding and guided beams interfere, forming a
riodic intensity pattern which ponderomotively drives t
plasma wave. The guiding beam undergoes a Bragg re
tion off this periodic density perturbation, scattering into t
guided pulse. Two distinct problems are analyzed in this
per: ~i! mutual guiding of two long counterpropagating las
pulses and~ii ! guiding of an ultrashort tightly focused lase
pulse by a counterpropagating, lower-intensity Bessel be
In both cases the length of the long~guiding! beam is ap-
proximately twice the desired propagation distance.

The technique of employing a second laser pulse
change the propagation properties of the first pulse is wid
known in conventional~atomic! nonlinear optics. For ex-
ample, by utilizing the effect of electromagnetically induc
transparency~EIT! @11#, the medium which is opaque to th
laser pulsetaken alonecan become transparent in the pre
ence of the second pulse. As was recently demonstrate
PRE 591063-651X/99/59~1!/1033~5!/$15.00
si-

se
its
r

la-
-

-

e
-

ld
-

c-

-
r

.

o
ly

-
by

Harris @4#, a similar process can take place in cold electr
plasmas, where the two lasers have to be detuned byDv
'vp . The transverse profile of the nonlinear index of refra
tion can be changed by the second pulse to prevent, e.g
intense pulse from self-filamenting@12#. EIG of copropagat-
ing lasers in plasma was also considered by Gibbon and
@13# in the context of the cascade focusing, and by ot
authors@14#; the required laser power in that case is, ho
ever, much larger than in the counterpropagating case,
guiding of pulses shorter than a plasma wavelength is imp
sible.

The remainder of the paper is organized as follows. S
tion II introduces the general formalism describing the int
action between two low-intensity counterpropagating lase
The results of a direct numerical simulation, confirming t
mutual focusing of two long pulses, are also presented
Sec. III we develop a simplified theory of EIG by assumi
that the guided pulse is transversely Gaussian. Section
deals with guiding ultrashort pulses. It turns out that the m
power-efficient way of guiding a short~of order plasma pe-
riod! pulse is to employ a long~twice the desired propaga
tion distance! low-intensity Bessel beam. It is demonstrat
that, depending on the frequency detuning of the two las
either the zeroth- or the first-order Bessel beam is appro
ate for guiding. The validity of the linear theory is also di
cussed. Section V concludes and outlines the directions
future work.

II. BASIC FORMALISM

Consider two circularly polarized counterpropagating
ser pulsesaW 0 and aW 1 , where aW 0,15a0,1/2(eW x6 ieW y)e

iu0,1

1c.c. are the normalized vector potentials:a0,1(rW' ,z,t)
5eA0,1/mc2. The subscripts 0 and 1 distinguish the righ
moving ~guided! pulse and the left-moving~guiding! pulses,
respectively. The phases of the waves areu05(k0z2v0t)
and u15(k1z1v1t), and we chooseuDvu5uv02v1u
!v0 . It is further assumed that the pulses are propaga
through a tenuous plasmavp!v0,1, so that the phase an
group velocities of both pulses are close to the speed of l
c, and, to lowest order invp /v0 ,k0'k1'v0 /c.
1033 ©1999 The American Physical Society
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1034 PRE 59G. SHVETS AND A. PUKHOV
Assuming that both lasers are of nonrelativistic intens
a0,1!1, the dominant nonlinear force experienced by
plasma electrons is the ponderomotivevW 13BW 01vW 03BW 1

force, wherevW 0,15caW 0,1. On a time scale much longer tha
1/v0 , plasma electrons are pushed by the intensity grad
of the ‘‘optical lattice’’ which is produced by the interfer
ence of the two beams and has a spatial periodicityk01k1
'2k0 . This ponderomotive force generates a density per
bation dn/n05n̂ exp i(u01u1)1c.c., which couples the two
laser beams. Serving as an index grating with the wave n
ber k5k01k1 , oscillating at the difference frequencyDv,
this density perturbation backscatters the left-going pulsea1
into the right-going pulsea0 , and vice versa. This is pre-
cisely the mechanism responsible for the stimulated Ram
backscattering in the plasma, which received a lot of th
retical @15,16# and experimental@17,18# attention. Below we
demonstrate how this interaction between the counterpro
gating lasers leads to the nonlinear focusing of one~or both!
pulses.

The nonlinear interaction betweena0 anda1 is calculated
by substituting the modified plasma density into the para
wave equations for the right- and left-moving pulses. F
example, for the guided pulse we obtain

2ik0S ]

]z
1

1

c

]

]t Da01¹'
2 a052kp

2x0a0 , ~1!

where x0 is the mutual refraction index~witnessed by the
guided beam!, which is given by

x0~t!5
2v0

2ua1u2

vp
E

0

`

du sin~vpu!eiDvu
a0~t2u!

a0~t!
, ~2!

wheret5t2z/c is comoving with the guided pulse coord
nate and the guiding pulse is assumed very long.

Equation ~2! is obtained by formally solving the linea
equation for the ponderomotive excitation of the dens
wake @19#:

S ]2

]t2
1vp

2D dn

n0
5

c2

2
¹2uaW u2/2, ~3!

whereuaW u25uaW 0u21uaW 1u212aW 1•aW 0 is the total laser intensity
and¹2'(k01k1)2 for the counterpropagating lasers. Ther
fore, the magnitude of the density perturbation sca
roughly, asdn/n0;a0a1v0

2/vp
2 . Therefore, Eq.~3! makes

the advantage of using counterpropagating pulses appa
the longitudinal gradient scale of laser intensity becom
very small ~about l0/2), greatly reducing the laser powe
required to produce a given density modulation. Equation~3!
is also a convenient starting point for comparing the mut
focusing of counterpropagating beams, considered here,
the earlier suggested@13,14# cascade~or beatwave! focusing
of two copropagatingbeams. In the case of copropagation
two lasers with very close frequencies, one should
c2¹2']2/]t2. If the laser detuning is not close to th
plasma frequency,uDv22vp

2u;vp
2 , density perturbation

scales asdn/n0;a0a1 . Relativistic corrections to the elec
tron mass, which enters the expression for the plasma
quency, scales the same way. Plasma response can b
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creased, of course, by tuning the lasers to the plas
resonance@13#, uDvu'vp , but this imposes additional re
strictions on the plasma inhomogeneity. Comparing the t
expressions for the density modulation demonstrates
counterpropagation enables a larger modification of the
fraction index than copropagation.

As Eq.~2! indicates, the EIG of a given longitudinal lase
slice t is determined by the laser intensity at all earlier i
stancest8,t, so that the degree of focusing experienced
a short pulse is not uniform along the pulse and determi
by its longitudinal profile. One finds that, if the pulse inte
sity drops off faster than exponentially inutu, the ratio
a0(t2u)/a0(t) decreases withutu. For example, for a lon-
gitudinally Gaussian profilea05a0exp(2t2/2tL

2) the leading
edge t,2tL slowly erodes becausex0(t)}tL

2/t2. How-
ever, for a05a0sec(t/tL) ~exponential decay inutu) the
leading edge is uniformly focused: forDv50,

x052ua1u2v0
2tL

2/~11vp
2tL

2!. ~4!

Since the plasma does not respond on a time scale faster
1/vp ,x0;tL

2 , resulting in the reduced guiding for ultrasho
pulses. However, the leading edge remains exponential
all times.

The mutual refraction indexx0 is, in general, a complex
number. The real part ofx0 is much larger than the imagi
nary part when the beams are detuned far from the pla
resonance,uDv22vp

2u>vp
2 . For such detunings there is n

energy exchange between beams, and their interactio
purely refractive. This is assumed for the rest of this secti
The nonlinear interaction betweena0 anda1 can then lead to
electromagnetically induced guiding~of one or both beams!
if x0 is peaked on axis. The refraction index depends on
spatial and temporal profiles of the pulses and their f
quency detuning. For a long guided pulse of durationtL
@min(1/Dv,1/vp), the nonlinear index of refraction is in
dependent oft, ensuring uniform focusing of the entir
guided pulse:x052ua1u2v0

2/(vp
22Dv2). Thus, the mutual

refraction index acquires a transverse variation proportio
to the transverse profile of the guiding laser. Two long tra
versely Gaussian beams focus each other ifDv,vp .

III. NUMERICAL CONFIRMATION OF EIG
AND THE ENVELOPE EQUATION

Since this type of nonlinear guiding relies on a rath
delicate mechanism of generating an index grating with
very short wavelength, and then backscattering off this g
ing, we use direct particle in cell~PIC! simulation in a slab
geometry to demonstrate the existence of the mutual foc
ing effect. Then we develop a simplified analytical descr
tion of the nonlinear guiding of Gaussian pulses in the s
and cylindrical geometries, interpret the simulation resu
and address problem~ii !.

To simulate the mutual focusing of two identical las
pulses, we use a 2D version of the relativistic electrom
netic PIC code VLPL~Virtual Laser Plasma Lab! @20# run-
ning on a single processor workstation. The grid size w
40003120 with 43106 electrons on it. The two counter
propagating laser pulses with wavelengthsl15l051 mm
are focused to the spot sizess05s153 mm at their corre-



o

op

m

b
i

hi
h
w

in
s
te
te

B
se
th
m

lly
th
en
F
e

fla
a

ed

ce

hat

a

-
PIC
ed
ch

ul-
ting
ul-
ase
ave
be-
sma
the

ngi-
t

by
the

n
er-

lse
, the
e.
re-

ort
the

gate
he

a

in
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sponding entrances into a 400mm340 mm slab of n0
51019 cm23 plasma. The normalized vector potentials
both lasers at their respective foci are equal toa050.07. The
intensity gray scale plots for the right-moving pulsein vacuo
and in the plasma are shown in Figs. 1~b! and 1~c!, respec-
tively. The snapshots att5500l0 /c of the on-axis (x50)
laser intensities for both cases are plotted versus the pr
gation distance in Fig. 1~a!.

As Fig. 1~a! demonstrates, in the presence of the plas
the intensity of the right-going laserua0u2(z5Lg) is in-
creased by a factor 2. Thus, the nonlinear interaction
tween the lasers strongly reduces laser spreading, confirm
the electromagnetically induced guiding. Note that in t
example EIG occurs at a very modest laser power, whic
almost three orders of magnitude smaller than the po
threshold for the relativistic focusing:P/Pc150.0016. The
simulation was run untilt5800l0 /c, with no degradation of
the mutual focusing. The driven density modulation rema
coherent despite the modest plasma heating, which raise
temperature to about 500 eV. Note that for the parame
of the simulation, the growth rate of the Raman backscat
ing ~RBS! instability of the guiding beamgRBS!vp , so that
the frequency of the guided beam is outside of the R
amplification bandwidth. RBS can grow from plasma noi
causing the beam reflection from the plasma. However,
saturated reflectivity is quite small for the underdense plas
assumed in the simulation@16#.

A simplified analytical treatment of electromagnetica
induced guiding can be developed by assuming that
guided laser pulse has a Gaussian transverse profile wh
enters the plasma, and that it remains such in the plasma.
and cylindrical beams are considered separately becaus
the different laser intensity normalizations. The case of
beams is important because it provides the basis for comp
son with the results of the 2D PIC simulation. The guid
beam is assumed to have an intensity profile given byuau0

2

5(1/R0)a0
2exp@2x2/2R0

2s2# in slab geometry anduau0
2

5(1/R0
2)a0

2exp@2r2/R0
2s2# in cylindrical geometry, whereR0

is the dimensionless spot size. Applying the sour
dependent expansion to the envelope equations fora0 simi-
larly to the way it was done in Ref.@8#, the equation for the

FIG. 1. ~a! On-axis intensityI 52uau2 of a right-going laser
focused atz50 in vacuum~dashed line! and in the plasma~solid
line!. Contour plot of the intensity of the right-going laser
vacuum~b! and in the plasma~c!.
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normalized radius of a guided beam is derived:

d2R0

dz̄2
5

1

R0
3

1
2kp

2s2

A2pR0
2E

2`

1`

dy ye2y2/2R0
2 ]x0

]y
~5!

for flat beams, and

d2R0

dz̄2
5

4

R0
3

1
4kp

2s2

R0
3 E

0

1`

dr r2e2r2/R0
2 ]x0

]r
~6!

for round beams, wherey5x/s andr5r /s are the normal-
ized transverse coordinates andd/dz̄52k0s2(]/]z
1]/c]t).

To interpret the results of the PIC simulation, assume t
the guiding pulse is also Gaussian with radiusR1 , simplify-
ing Eq. ~5! to yield

d2R0

dz̄2
5

1

R0
3

2
4kp

2s2a0
2v0

2

vp
22Dv2

R0

~R0
21R1

2!3/2
, ~7!

confirming that the lasers focus each other ifDv,vp . Ac-
cording to Eq.~7!, the two lasers can, in principle, form
mutually guided stateR05R151 if a0'0.05. This state is,
however, unstable@21#, so that it is never reached in a time
dependent situation, such as the one modeled by the
simulation. At the beginning of the plasma region the guid
pulse interacts with the diffracted guiding pulse of mu
lower intensity. This explains why a somewhat highera0
50.07 was needed in the simulation to observe the EIG.

IV. FOCUSING OF ULTRASHORT PULSES

We now address the second problem: focusing of an
trashort tightly focused laser pulse by a counterpropaga
lower intensity long laser pulse. One application of such
trashort pulses is laser-wakefield acceleration. To incre
the final energy of accelerated electrons, two quantities h
to be maximized: the amplitude of the plasma wave left
hind the pulse and the total acceleration length. Large pla
wake is excited by a laser pulse of a duration shorter than
plasma period. Assuming that the guided pulse has a lo
tudinal profilea05a0sec(t/tL), it can be demonstrated tha
the optimal pulse duration for wake excitation istL
51.2/vp . Guiding of such short pulses can be achieved
generating a plasma density depression on axis through
hydrodynamic expansion of laser-produced plasmas@22# or
in a capillary discharge@23#. Here we demonstrate how a
‘‘electromagnetic channel’’ can be created by a count
propagating laser beam.

The ultrashort pulse is guided by the long guiding pu
along its entire passage through the plasma. In contrast
guiding pulse is only briefly affected by the guided puls
Therefore, it has to propagate through the entire plasma
gion without any additional nonlinear focusing by the sh
pulse. We found that the most power-efficient choice of
guiding beam is a Bessel beam.

It has been known for some time@24# that apertured
Bessel beams with sharply peaked radial profiles propa
without diffraction over distances much exceeding t
Rayleigh length. Such beams transport energy within



y
iu
by

he
B
b

fro
e
e
o

ig

fir

ld
an
o

el
a

f

o
ou
m

e
ve
n
IC

e-

.

ce
en
th
re
m

ear

se:
to
ar
the
the

ture
ion
der
en-
es
to

y

id-

-
m-
all

f

ast

ng-
h
ing

The
lec-
st

ow-

ons
ion
ider-

ri-
n-
low

e-

1036 PRE 59G. SHVETS AND A. PUKHOV
narrow spot s1!W over the distance of orderLg
52pWs1 /l1 , where the laser intensity profile is given b
ua1u25a1

2Jp
2(r /s1) and the beam is apertured at the rad

W@s1 @24#. The total power of a Bessel beam is given
PBp /P05pWs1ua1u2/l0

2 , whereP05mc3/r e58.0 GW and
r e5e2/mc2 is the classical electron radius. Therefore, t
propagation distance is proportional to the beam power.
low we demonstrate how low-intensity Bessel beams can
used to guide ultraintense short Gaussian beams. Apart
the basic interest to nonlinear laser-plasma science, an
perimental implementation of this novel guiding schem
would enable, for example, detailed studies of the stability
guided laser propagation in overmoded channels@25#.

A large spot-size Gaussian beam, such that its Rayle
length is equal to the required guiding distanceLg , may
appear to be an alternative to the Bessel beam. At
glance, the on-axis mutual refraction indexx0 , which is pro-
portional to the peak intensity of the guiding beam, wou
be, roughly, the same for the equal power Gaussian
Bessel beams. This is because the product of the peak
axis intensity and the propagation distance is, approximat
the same for the equal power Gaussian and Bessel be
@26#. However, following Eq.~6!, the focusing strength o
the guiding beam is proportional to thecurvatureof x0 , and
is, therefore, larger for a Bessel beam.

The choice ofp, the order of the Bessel beam, depends
the frequency detuning of the lasers. Consistent with
assumption of purely refractive interaction between bea
we consider two cases:~i! zero detuningDv50,p50 and
~ii ! Dv@vp,p51. For a zero-detuning case, assuminga0
5a0sec(t/tL), x0 at the leading edge is given by Eq.~4!,
x052ua1u2v0

2tL
2/(11vp

2tL
2). Clearly,x0 peaks on axis for a

zeroth-order Bessel beam.
Numerical modeling of guiding a short pulse by th

Bessel beam requires a 3D PIC simulation and imposes
strict limitations on the spatial and temporal resolution a
the size of the simulation domain. This makes direct P
simulations very difficult, and we rely on our analytical r
sults. The power of the backward-moving Bessel beamPB0 ,
required for guiding, is estimated by substitutingua1u2

5a1
2J0

2(r /s1) into Eq. ~6! and assumingR051:

k0
2s2ua1u2

2vp
2tL

2

11vp
2tL

2F t
d

dt
@e2tI 0~ t !#G521, ~8!

where t5s2/2s1
2 and I 0(t) is a modified Bessel function

The strongest focusing occurs fors1'0.8s. Since the guid-
ing distanceLg is related to the beam powerPB0 , Eq.~8! can
be rewritten as a power threshold for the EIG:

PB051.27 GW
11vp

2tL
2

vp
2tL

2

Lg

k0s2
. ~9!

The EIG thresholdPB0 differs from the relativistic guid-
ing thresholdPc1 in two respects: first, it isindependentof
the plasma density, enabling electromagnetically indu
channeling in very tenuous plasmas, and second, it dep
on the propagation distance. The qualitative reason for
first difference is that, although smaller plasma density
duces the effectiveness of the nonlinear guiding for the sa
s

e-
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m
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f
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ms
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fractional density perturbationn̂, a smaller laser intensity is
needed to generate the samen̂, according to Eq.~3!. The
theory of the EIG, developed in this paper, assumes a lin
plasma response, which is only valid whenn̂,1. Combining
this restriction with the guiding condition, given by Eq.~8!,
imposes an upper limit on the intensity of the guided pul
a0<l0s/lp

2 . More extensive numerical study is needed
fully understand how the guiding is affected when the line
theory breaks down, but it is reasonable to expect that
guiding saturates and weakens at higher intensities of
guided pulse.

Since the focusing strength is determined by the curva
of thex0 rather than by its absolute value, a possible solut
to the nonlinear saturation of the EIG is to use a first-or
Bessel beam, which has an intensity node on axis. The d
sity perturbation on axis vanishes while its curvature do
not. To utilize theJ1 Bessel beam, frequency detuning has
be chosenDv.vp ,tL

21 . For a guided beam of arbitrar
longitudinal shapex0'2ua1u2v0

2/(vp
22Dv2), enabling fo-

cusing by a beam with intensity minimum on axis. The gu
ing condition similar to Eq.~8! can be derived for the
J1(r /s1) beam. The strongest focusing occurs fors1

51.04s, yielding k0
2s2a1

255@(Dv/vp)221#, from which
the power threshold condition can be derived:

PB153.6 GW~Dv2/vp
221!

Lg

k0s2
. ~10!

The linear theory breaks down atr's if a0

.2.7l0s/lp
2 . In practice, this limitation is likely to be over

stringent since the nonlinear saturation of the EIG in a li
ited spatial region may not strongly influence the over
focusing. As a numerical example, consider guiding atL
510 fs long,s518mm wide laser pulse through 1 cm o
n051019 cm23 plasma. For Dv/vp51.5 the threshold
power of the Bessel beamPB1'16 GW. This beam can
guide a pulse with a normalized vector potential up to at le
a050.5, or 2.2 TW.

The guided pulse generates an appreciable lo
wavelength (l5lp) plasma wake, which can interfere wit
the short-wavelength plasma wake responsible for guid
@27#. If the fractional density modulation of the fast~long-
wavelength! wake isn̂2 , then, according to Ref.@27#, the fast
wake starts suppressing the slow wake whenn2k0 /kp'1.
This corresponds roughly, to the parameters above.
physical mechanism behind such suppression is that an e
tron, executing plasma oscillations in the field of the fa
wake, sweeps across a wavelength of the slow wake. H
ever, this effect is likely to be small for very short~of order
vp

21) pulses, since there is not enough time for the electr
to get sufficiently displaced. However, guiding suppress
due to the fast wake generation deserves careful cons
ation.

V. CONCLUSIONS

In conclusion, we demonstrated analytically and nume
cally the electromagnetically induced guiding of two cou
terpropagating lasers in the plasma at intensities much be
the threshold for relativistic guiding. In addition, we d
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scribed the technique for electromagnetic channeling of
ultrashort laser pulse by a lower-intensity counterpropag
ing Bessel beam. Depending on the frequency detuning
tween the guided and guiding beams, the zeroth- or fi
order Bessel beams can be used for guiding ultrashort pu
A first-order Bessel beam requires higher power, but ena
guiding higher intensity pulses.

In this work we assumed that the two lasers are detu
sufficiently far from the plasma resonance, so that the in
action between the beams is purely refractive. Investiga
n
t-
e-
t-
es.
es

d
r-
g

possible energy exchange between the beams is the su
of the future work.

ACKNOWLEDGMENTS

The authors gratefully acknowledge helpful discussio
with J. S. Wurtele and N. J. Fisch. This work was suppor
by the U.S. Department of Energy under Contract Nos. D
AC02-CHO-3073 and DE-FG030-98DP00210.
.

@1# M. D. Perry and D. Mourou, Science264, 917 ~1994!; D.
Mourou and D. Umstadter, Phys. Fluids B4, 2315~1992!.

@2# C. P. J. Bartyet al., Opt. Lett.21, 668 ~1996!.
@3# A. K. Lal et al., Phys. Rev. Lett.78, 670 ~1997!.
@4# S. E. Harris, Phys. Rev. Lett.77, 5357~1996!.
@5# D. Umstadteret al., Science273, 472 ~1996!.
@6# T. Tajima and J. M. Dawson, Phys. Rev. Lett.43, 267 ~1979!;

E. Esareyet al., IEEE Trans. Plasma Sci.24, 252 ~1996!, and
references therein.

@7# C. E. Max et al., Phys. Rev. Lett.33, 209 ~1974!; A. B.
Borisov, Phys. Rev. A45, 5830~1992!; X. L. Chen and R. N.
Sudan, Phys. Rev. Lett.70, 2082 ~1993!; A. Pukhov and J.
Meyer-ter-Vehn,ibid. 76, 3975~1996!.

@8# E. Esareyet al., Phys. Rev. Lett.72, 2887~1993!.
@9# P. Monotet al., Phys. Rev. Lett.74, 2953~1995!; M. Borghesi

et al., ibid. 78, 879 ~1997!.
@10# P. Sprangleet al., Phys. Rev. Lett.64, 2011~1990!.
@11# K.-J. Boller et al., Phys. Rev. Lett.66, 2593 ~1991!; S. E.

Harris, Phys. Today50 ~7!, 36 ~1997!.
@12# S. E. Harris, Opt. Lett.19, 2018~1994!.
@13# P. Gibbon and A. R. Bell, Phys. Rev. Lett.61, 1599~1988!; P.

Gibbon, Phys. Fluids B2, 2196~1990!.
@14# E. Esareyet al., Appl. Phys. Lett.53, 1266~1988!; C. J. McK-

instrie and D. A. Russell, Phys. Rev. Lett.61, 2929~1988!.
@15# C. J. McKinstrie and A. Simon, Phys. Fluids29, 1959~1985!;
T. Kolber et al., Phys. Plasmas2, 256 ~1996!; N. E. Andreev
et al., ibid. 2, 2573~1995!.

@16# G. Shvetset al., Phys. Plasmas4, 1872~1997!.
@17# C. Rousseauxet al., Phys. Rev. Lett.74, 4655 ~1995!; V.

Malka et al., Phys. Plasmas3, 1682~1996!.
@18# M. J. Everettet al., Phys. Rev. Lett.74, 1355~1995!.
@19# T. M. Antonsen, Jr. and P. Mora, Phys. Rev. Lett.69, 2204

~1992!; T. M. Antonsen, Jr. and P. Mora, Phys. Fluids B5,
1440 ~1993!.

@20# A. Pukhov and J. Meyer-ter-Vehn, Bull. Am. Phys. Soc.41,
1502 ~1996!.

@21# G. G. Luther and C. J. McKinstrie, J. Opt. Soc. Am. B7, 1125
~1990!.

@22# C. G. Durfee and H. M. Milchberg, Phys. Rev. Lett.71, 2409
~1993!; C. G. Durfeeet al., Phys. Rev. E51, 2368~1995!; H.
M. Milchberg et al., Phys. Plasmas3, 2149~1996!.

@23# A. Zigler et al., J. Opt. Soc. Am. B13, 68 ~1996!.
@24# J. Durninet al., Phys. Rev. Lett.58, 1499~1987!.
@25# G. Shvets and J. S. Wurtele, Phys. Rev. Lett.73, 3540~1994!.
@26# B. Hafizi, E. Esarey, and P. Sprangle, Phys. Rev. E55, 3539

~1997!.
@27# M. J. Everett, A. Lal, C. E. Clayton, W. B. Mori, T. W

Johnston, and C. Joshi, Phys. Rev. Lett.74, 2236~1995!.


