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Channeling of intense laser beams in underdense plasmas
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A hydrodynamic simulation is used to show that intense laser pulses propagating in underdense plasmas
create stable, long-lived, and completely evacuated channels. At low intensities,I 51017 W/cm2, self focusing
seriously distorts the temporal envelope of the pulse, but channeling still occurs. At high intensities,I 51019

W/cm2, channeling can proceed over many diffraction lengths with significant distortion restricted to the
leading edge of the pulse.@S1063-651X~97!50709-4#

PACS number~s!: 52.40.Db, 42.65.Jx, 52.35.Mw
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The recent development of petawatt lasers has mad
possible to generate high-intensity long-duration pulses
can create a completely evacuated channel in an underd
plasma. A stable channel, which could serve as an op
waveguide, would be a significant contribution to the succ
of the fast ignitor concept@1# for inertial confinement fusion
since this scheme requires an intense laser beam to prop
a long distance without significant diffraction. In this pap
we present the first hydrodynamic simulation of las
induced cavitation in underdense plasmas which includes
of the following physical effects: relativistic electron dynam
ics, wave propagation, and ion motion. Our model provide
self-consistent description of ion and electron expulsion
the laser ponderomotive force, including the formation
strong shocks, together with the propagative effects of s
focusing, caused by the relativistic increase in electron m
and by the expulsion of the charged particles. For the la
pulse parameters needed by the fast ignitor,I L>1017 W/cm2

and tL'100 ps, both focusing mechanisms are importa
therefore, it is essential to study the possible destruction
the channel by these effects. Stable channel formation@2#
and destructive filamentation@3# have both been reported
and an adequate simulation would be useful for understa
ing these experiments. Electron cavitation, i.e., the expuls
of electrons only from the region of high field, has be
studied previously for short pulses~durationtL'100 fs! us-
ing the assumption that ion motion could be completely
glected@2,4–7#. The effects of ion motion for short pulse
(tL'30 fs! and short propagation lengths (z'40 mm! have
been studied with a 3D particle-in-cell simulation@8#. Previ-
ous hydrodynamic calculations, including ion motion, eith
used nonrelativistic dynamics for the electrons and ray tr
ing for the propagation of the laser pulse@3,9,10#, or as-
sumed a prepulse which created the channel in which pro
gation took place@11,12#. These approaches are not suitab
for the fast ignitor that requires high intensities and sm
spot sizes. The application of averaging techniques to
combined hydrodynamic and wave propagation equati
makes the treatment of much longer pulses (tL'100 ps! and
propagation lengths (z'90 mm! computationally tractable
With this model, we show that a single pulse can indu
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complete channeling, i.e., the expulsion of both electrons
ions from the field region to form a so-called ‘‘vacuu
tube’’ @12# which persists long after the laser pulse h
passed.

Long-pulse propagation in an underdense plasma is c
acterized by several time scales:tL.t i@te@1/v, wheretL
is the pulse duration,t i andte are respectively the ion an
electron response times, andv is the laser frequency. The
corresponding spatial scales in the plasma are much la
than the laser wavelength. We model this situation by
propagation of an intense pulse through a cold collisionl
plasma having a single species of ions with massmi and
chargeZie. For the contemplated intensities, the electro
acquire relativistic quiver velocities within a few optical p
riods; therefore, they will be modeled as a relativistic co
fluid, i.e., all electronic thermal effects will be neglecte
The massive ions will form a cold nonrelativistic fluid. Th
relationt i@te shows that the~nonquiver! electron motion is
adiabatic with respect to the ions; therefore, the multip
scales analysis of the electron fluid equations for short pu
@13# can be generalized to long pulses by simply allowing
a nonzero ion velocity. This does not change the form of
electron fluid equations, so the short pulse analysis of
electron motion is directly applicable to the long pulse ca

In describing the short pulse results for electrons, it
convenient to use the dimensionless propagation varia
t85vPt andz85kP(z2ct),wherevP5A4pNe0e2/m is the
plasma frequency,Ne0(Ni0) is the undisturbed electron~ion!
density, andkP5vP /c. We have shown@13# that the elec-
tron fluid approaches a quasistatic state, i.e., independe
t8 @14#, after an interval of a few plasma periods. Sincet i
@1/vP , this conclusion still holds in the long pulse cas
Furthermore the conditionctL@1/kP implies that thez8 de-
pendence of the electron fluid variables will be weak co
pared to their dependence on the transverse coordin
Thus neglecting both thet8 and z8 dependence of the elec
tron fluid variables is a good approximation for the lon
pulse problem. This leads to a model, previously used
treatments of the short pulse problem@2,15#, in which the
balance between electrostatic and ponderomotive effec
expressed byf5g21, wheref5eF/mc2 is the normal-
R2394 © 1997 The American Physical Society
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ized electrostatic potential, the electrong-factor is given by
g5A11uaLu2/2, and aL5eAL /mc2 is the normalized,
slowly varying amplitude of the laser field. Combining the
relations with the Poisson equation yields the electron d
sity as

ne5maxFni1“'
2 g

g
,0G , ~1!

wherene5Ne /gNe0 is the normalized~proper! electron den-
sity, ni5Ni /Ni0 is the normalized ion density,“' is the
transverse gradient, and the max function enforces the ph
cal restriction of non-negative density@2,15#.

The quasistatic description of the electrons must
supplemented by the fluid equations for the ions. Since
ion response time can be comparable to the pulse dura
the t8 and z8 dependence of the ion variables cannot be
nored, but other simplifications can be made. Reverting
laboratory coordinates, we note that the longitudinal com
nent of the ponderomotive force isFz52mc2]zg5
2mc2]zuaLu2/(4g). In the limit of long pulse duration the
laser pulse is approximately constant inz, soFz'0. Thus a
reasonable approximation is to neglect thez component of
the ion velocity and to average the ion equations inz over a
length small compared to the pulse length, but large co
pared to the wavelengths associated with ionic excitatio
This is equivalent to neglecting allz-derivatives in the ion
fluid equations. In formulating this model we use ‘‘plasm
units’’ in which m5c5vP51, i.e., all lengths are measure
in units of 1/kP . Then using the dimensionless coordina
t5t2z andz5z, the simplified equations are

@“'
2 12ik]z#aL5S ne1

1

M
ni DaL , ~2!

]tu1
1

2
“'u252

1

M
“'g, ~3!

]tni1“'•~niu!50, ~4!

where k is the laser wave number in plasma units,M
5mi /(mZi), and u is the ion velocity in units ofc. The
neglect of thermal effects can be justified by the observa
that the preformed plasma is expected to have a tempera
of at most a few keV. Thus the thermal pressure will
negligible compared to the ponderomotive pressure, and
laser energy will be deposited in the plasma in the form
fluid motion rather than heating.

Before discussing the simulation results, it is instruct
to make some rough estimates. In conventional units
transverse ion acceleration isa'52mc2

“'uaLu2/(4Mg),
so a''mc2uaLu2/(4Mgw), where w is the beam radius
Consequently the transverse velocity after a timet is ap-
proximatelyv(t)5mc2tuaLu2/(4Mgw). The time required
for expulsion of ions (tcav) is estimated by assuming con
stant acceleration from rest, so thatv(tcav)tcav52w and
ctcav52AMg/mw/uaLu. The velocity at this time isvcav

5cuaLu/(2AMg/m). For the beam radiusw57 mm, mass
ratio M /m57200, and intensity range 1019 W/cm2>I
>1017 W/cm2, one finds 4 ps<tcav<40 ps and 0.01
>vcav/c>0.001. The cavity will continue to expand fo
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some time after the pulse has passed, and in this limit
thermal pressure will become important. We estimate
final cavity radius by equating the energy deposited by
pulse to the PdV work done in creating a cavity of radiusR
in a fluid with temperatureT51 keV ~a typical temperature
for the preformed plasma!, with the result R/w
5Amc2/(8kBT)uaLu. ThenuaLu5O(1)yieldsR@w, i.e., the
cavity radius will be larger than the spot size of the bea
After the pulse has passed, the cavity will collapse in
time Tclps5R/v th , wherev th5AkBT/M . With the nominal
temperatureT51 keV and the values considered below t
collapse time isTclps'100 ps. By contrast, the electrons-on
cavity, which requires a charge separation between elect
and ions, will collapse as the pulse is passing. The ene
stored in the electrons is thereby returned to the field wh
experiences no loss during propagation. In the case of c
plete cavitation, the rate of energy loss from the pulse
estimated by equating the difference in intensity at t

FIG. 1. Normalized laser intensity on axis vst5t2z/c, at z
5(a) 30, ~b! 60, and ~c! 90 mm, for an incident pulse with
I 51017 W/cm2 and a temporal profile shown by the dashed cur
The normalization intensityI 051.4831018 W/cm2 corresponds to
uaLu51.
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FIG. 2. Snapshots of the normalized ion densityni5Ni /Ni0
vs r ~mm! at several values oft for z5(a) 0, ~b! 30, ~c! 60, and~d! 90 mm,

for the same case as Fig. 1. The horizontal dashed line represents the initial densityNi0 , and the number next to each curve gives t
snapshot time in ps.
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planes, separated byDz, to the rate of energy deposition i
the cylindrical volume defined by the planes; i.e.,

dIL /dz52ni~Mvcav
2 /2!/tesc, ~5!

where the escape time istesc5w/vcav. In terms ofuaLu this
equation is

uaLu22duaLu2/dz52~1/L0!~ uaLu/g3/2!, ~6!

whereL058(ncr /ni)AM /mw, andncr is the critical density
for the laser frequency. Thus the absorption length isLabs
5g3/2L0 /uaLu. We compareLabs to LR , the characteristic
diffraction length for transverse modulation on the scale
the plasma wavelength, which is defined byLR5kkP

22

5(ncr /n)kP
21. The result is

Labs/LR58AM /mkPwg3/2/uaLu>9.12AM /mkPw@1,
~7!

i.e., the pulse can propagate for many diffraction leng
before suffering significant loss.

The propagation equation~2! is solved by a spectra
method for paraxial propagation@16#. The momentum-
balance equation~3! is approximated by a finite-differenc
scheme using upwind differencing, and the continuity eq
f

s

-

tion ~4! is treated by integrating it over concentric spheric
shells surrounding the radial grid points, with fluxes defin
by the same upwind scheme. In the results presented be
we impose cylindrical symmetry and use the incident la
field aL5aL0exp@2r2/(2w2)#exp@2t2/(2TP

2)#. The laser
wavelength, spot size, and pulse duration are respecti
l51.0 mm, w57 mm, andTp560 psec in all cases. Th
initial electron density isne50.1ncr, which satisfies the nec
essary conditionne!ncr .

For the lowest intensity,I 51017 W/cm2, strong self-
focusing effects can be seen in Fig. 1, which shows the t
poral profile of the laser intensity on axis for three values
the propagation depth. The temporal modulation, which
similar to results obtained in calculations for Kerr med
@17#, is a consequence of the variation in self-focusi
lengths during the pulse. There are also important differen
from the case of Kerr media; in particular the formation
the channel prevents truly singular self focusing. The sev
pulse distortion shown in Fig. 1 does not prevent the form
tion of a cavity. This is seen in Fig. 2, which shows the i
density as a function of radius,r , at various times,t5t
2z/c, for the same propagation depths. The time requi
for the formation of the cavity and the cavity radius agr
with the estimates, and the shock front forming the wall
the cavity at each time is clearly evident. The plots in Fig
show that the increased intensity due to self-focus
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FIG. 3. Normalized laser intensity on axis vst5t2z/c, at z
5~a! 30, ~b! 60, and~c! 90 m for an incident pulse withI 51019

W/cm2. Other parameters as in Fig. 1.
causes more rapid cavity formation as the pulse propaga
but the cavity radius at a given timet may be decreased
somewhat during propagation, as seen by comparison of
plots for z530 and 60mm.

At the highest intensity,I 51019 W/cm2, the destructive
effects of self-focusing are largely suppressed, as seen in
3. The temporal modulation of the pulse increases w
propagation depth, but it is now confined to the leading ed
where the intensity is low. In this case self focusing is se
limiting, since the increase in the intensity at the leadi
edge drives rapid cavity formation so that the following p
of the pulse effectively propagates in a vacuum and exp
ences no self focusing. This is an improvement over the
intensity behavior, but the pulse shape will eventually
degraded at any intensity. The fraction of the pulse exp
encing modulation increases by roughly 2% for each 10mm
of propagation length, so even the high intensity pulse w
be severely deformed after propagation of several hund
micrometers. Cavity formation is similar to the low intensi
case, but occurs more quickly, in line with the estimates.

These simulations show that intense laser pulses pro
gating in an underdense plasma will produce complet
evacuated and long-lived channels. The longitudinal pro
of the pulse is distorted by self focusing, but at high
intensities the rapid formation of the cavity tends to suppr
this effect. Our results support a fast ignitor concept in wh
an intense pulse of a few ps duration creates an evacu
channel which will persist forTclps'100 ps. The heating
pulse can then propagate in the channel without loss or
tortion. In a subsequent publication we will present a mo
detailed account including applications to non-Gauss
beam shapes.

It is a pleasure to acknowledge many useful conversati
with Gerry Hedstrom and Sam Musher. This work was p
formed under the auspices of the U.S. Department of Ene
by the Lawrence Livermore National Laboratory under Co
tract No. W-7405-Eng-48.
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