
PHYSICAL REVIEW E 68, 026501 ~2003!
Relativistic channeling by intense laser pulse in overdense plasmas
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Channeling in overdense plasma by relativistic laser pulse is investigated. The critical laser power needed to
maintain a plasma channel as well as the mode profiles of the electromagnetic fields in the channel cross
section are obtained analytically. A scaling law showing that the critical power is proportional to the square of
the background plasma density is found.
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In many practical applications, laser pulses are require
propagate long distances with preferably little or no atte
ation. Plasma channels are ideal for this purpose. A num
of approaches for guiding intense radiation in plasma ch
nels have been proposed. For example, low-intensity la
pulses can be guided by hollow capillaries@1,2# or pre-
formed plasma channels@3,4#, and high-intensity pulses b
relativistic channeling in underdense plasmas or neu
gases@5–16#. In the latter case, stable channeling can oc
if the laser powerP exceeds the critical valuePcr for rela-
tivistic self-focusing@5#, wherePcr517vL

2/vpe
2 GW, vL and

vpe are the laser and plasma frequencies, respectively. If
power is still larger, electrons can be completely expel
from the channel, which is maintained by a balance betw
the relativistic ponderomotive force and the space-cha
electric field generated by the displaced electrons piled u
its edge. Inside the channel the laser pulse can propagate
in a waveguide with little attenuation. In overdense plasm
laser pulse with normalized vector potentiala[eA/mc2.1
can also propagate, and still higher power can lead to s
focusing and self-channeling. Although essential for the fa
igniter scheme of inertial fusion@17,18#, laser channeling in
overdense plasma is still not yet well understood compa
to channeling in underdense plasmas@19–23#. In this paper,
we investigate self-consistent stationary states of la
formed channels in overdense plasmas. Although a real l
pulse usually consists of many modes, stationary chan
states containing only one or a few modes are possible w
the laser pulse propagates into preformed~say, by the pre-
ceding pulses! channels because the modes propagate at
ferent speeds and therefore tend to separate from each o
Several types of stationary channels are studied, dis
guished by the presence or absence of electrons and
inside the channel, as determined by the time scale and
power at which the channel is maintained. A simple scal
law for the critical power for channeling, as well as the stru
ture of the transverse field, is obtained. It is shown that
contrast to that in underdense plasmas, at high plasma
sities the critical laser power for channeling scales as
square of the density.

The equations describing the relativistic interaction of
tense laser light with cold electron fluid in a background
immobile ions are

¹2A2
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¹2w54pe~ne2ni !, ~2!

mgu5
e

c
A1“c, ~3!

]c

]t
5ew2mc2~g21!, ~4!

whereg5(12u2/c2)21/2 is the relativistic factor,ne andni
are the electron and ion densities, respectively,c is the ca-
nonical momentum in the direction of laser propagation. T
Coulomb gauge is used.

We are interested in the cross-sectional structure of
laser field in the channel. In the absence of energy loss@24#,
the vector potential of the fundamental frequency can
written asA5A0(r )e2 inuei (vLt2kz)(êx1 i êy), wheren is the
azimuthal wave number andu the angle, respectively. Thus
there is no wave electric field in the direction of laser prop
gation, and we are considering transverse electric~TE!
modes in the channel. For simplicity, only low-order mod
will be considered. In reality, the incident laser pulse usua
contains both TE and transverse magnetic~TM! modes, so
that waves of different modes can coexist inside the chan
Only when the pulse is specially prepared, waves of a sin
mode may be realized in the channel.

For simplicity, we look for stationary states occurrin
when the ponderomotive force of the laser pulse is balan
by the electrostatic force arising from the charge separa
caused by the electron displacement. That is, the evolutio
the laser and the channel formation process are not con
ered here. Accordingly, we have

]g

]r
5

]f

]r
, ~5!

where g5A11a0
2, a05eA0 /mc2, f5ew/mc2, and r

5rvL /c. Because the laser is circularly polarized, the re
tivistic factor g is only a function of the radiusr. The wave
equation then becomes

1

r

]

]r S r
]a0

]r D2
a0

g2 S ]a0

]r D 2

2
g2a0n2

r 2

2a0gNi1~12k2!a0g250, ~6!
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where k5kc/vL , Ni5ni /nc , and nc5mvL
2/4pe2 is the

critical density. The electron densityNe5ne /nc is given by

Ne5g2Ni1
1

g S ]a0

]r D 2

1
ga0

2n2

r 2
2~12k2!a0

2g. ~7!

Inside the channel the laser pulse moves slower than th
vacuum, ork,1. In contrast to the case of underden
plasma,k can be very small in overdense plasma channel
can even approach zero. Wave attenuation along the cha
can be represented by a complexk.

For sufficiently large laser power and time scale, elect
and even ion cavitation in the channel can occur. Since
are considering stationary states, it is convenient to de
the boundariesR andR0 ~with R.R0) for the electrons and
ions, respectively. Thus,R0 can be taken to be the radius
a preformed channel, andR50 corresponds to the case
stationary ions. Inside an electron-free channel, Eq.~6! re-
duces to

]2a0

]r 2
1

1

r

]a0

]r
2

n2a0

r 2
1~12k2!a050, ~8!

and the solution is given by

a0~r !5anJn~A12k2r !, ~9!

which is the same as that for the electromagnetic wave fi
inside a traditional waveguide. Balance between the elec
static space-charge and ponderomotive forces at the bo
ary r 5R leads to

S ]g

]r D
R

52
1

2
Ni

R22R0
2

R
, R.R0 , ~10!

whereR0 is the radius of the vacuum~with no electron or
ion! channel. If there is no preformed channel (R050) and if
the ions are unperturbed by the laser, Eq.~10! reduces to

S ]g

]r D
R

52
1

2
NiR ~11!

for an electron-free channel containing stationary ions.
Axial quasistatic magnetic fields in plasma channels h

been widely studied@23,25#. However, here the axial mag
netic field associated with the fundamental frequency s
needs to be considered. From Eq.~9!, we obtain

Bi5anA12k2Jn21ei [( 2n11)u1p/2]ei (vLt2kz) ~12!

for the normalized axial channel magnetic field. Forn51,
the axial magnetic field is of the formJ0(A12k2r ). This is
the TE01 mode. Using Eq.~10!, we obtain
02650
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25

~R22R0
2!2Ni

2

8~12k2!~RJ02J1!2

3F11A11
16~12k2!~RJ02J1!2

~R22R0
2!2Ni

2J1
2 G . ~13!

For n50, the axial magnetic field is of the form
J1(A12k2r ), corresponding to the TE11 mode. In this case

a0
25

~R22R0
2!2Ni

2

8~12k2!R2J1
2 F11A11

16R2~12k2!J1
2

~R22R0
2!2Ni

2J0
2G .

~14!

We begin the numerical calculation with the case of re
tively low ambient densityNi55. In Fig. 1, the laser field
and plasma density profile for~a! k50.5 and~b! k50.8 are
given. The electrons are expelled by the ponderomotive fo
and they piled up at the outside channel edge. Furtherm
larger k corresponds to larger laser power, larger chan
diameter, and larger group velocity of the electromagne
waves. In Figs. 2~a! and 2~b!, the profiles corresponding to
the TE01 mode are given for the same twok values. We see
that higher laser power is needed to propagate the TE01 mode
at the same group velocity as that of the TE11 mode. There-
fore, for the same laser power, electromagnetic waves in
TE11 mode propagate faster than that in the TE01 mode. In
practice, the laser pulse has a nearly Gaussian profile. If
laser power is sufficiently large, both TE11 and TE01 modes
will appear in the channel. However, since waves in the T11

FIG. 1. Cross-sectional profile of the normalized vector pot
tial a and electron densityne for the TE11 mode. The ambient
plasma density isni55nc , for ~a! k50.5 and~b! k50.8.

FIG. 2. Same as in Fig. 1, but for the TE01 mode.
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mode have larger group velocity, it will move to the pul
front, followed by the TE01, and perhaps also other high
modes. Such behavior was in fact observed in thr
dimensional particle-in-cell simulations of laser propagat
in underdense plasmas@11#.

For much higher ambient plasma density, sayni5ne
5100nc , it is rather difficult for a laser pulse of present-da
power to propagate. However, a pulse can easily propaga
a preformed channel. Laser propagation in large preform
plasma guides, say, with 200mm cross section, have bee
considered earlier@3,4#. Here we are interested in preforme
channels with radius of the order of the laser waveleng
Figure 3 shows a narrow vacuum channel formed by a la
pulse withk50.5 in an ambient plasma of uniform densi
ni5100. For Fig. 3~a!, the radius of the vacuum channel
R052.6. We see that at the center of the channel the norm
ized vector potentiala is about 29 for the TE11 mode. In Fig.
3~b!, the channel is slightly larger (R052.67). The vector
potential at the center of the channel is reduced to about
Thus a much lower power is needed to maintain a lar
channel. Figure 4 shows the limiting case of the TE01 mode
at k50. Here the group velocity of the laser field vanish
and there is only electric field in the transverse direction

From the boundary conditions relating the laser fields
the vacuum and inside the channel, we haveaL5(1/2)(1
1k)a for the vector potential of incident laser pulse. Thu
for circular polarization the laser power is@26#

FIG. 3. Cross-sectional profile ofa and ne for the TE11 mode
with k50.5 in preformed plasma channels. The ambient plas
density isni5100nc , and the radii of the preformed vacuum cha
nels are~a! R052.6 and~b! R052.67.

FIG. 4. Cross-sectional profile ofa and ne for the TE01 mode
with k50 in preformed plasma channels. The ambient plasma d
sity is ni5100nc . The radii of the preformed vacuum channels a
~a! R053.6 and~b! R053.7.
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PL5
13.8

p E
0

`

aL
2~r !rdr 5

13.8

4p E
0

`

~11k!2a2~r !rdr ,

~15!

which is in units of GW.
The lowest, or critical, laser powerPL5Pcr needed to

maintain a channel in an overdense plasma with unpertur
ions (R050) is for a TE11 mode with k50. This corre-
sponds to a standing~in the axial direction! wave structure in
a channel of zero radius~that is, the channel is void of elec
trons, but the ions are unperturbed!. The corresponding
power is given in Fig. 5 as a function of the plasma dens
We find that the required power is to a very good appro
mation given by the simple scaling relationPcr51.87
23.63(n/nc)14.54(n/nc)

2 GW, or that at high densities th
power is proportional to the square of the ambient plas
density. This result differs considerably from that for cha
neling in underdense plasmas or neutral gases@5,7–16,27#.
We see also that a plasma at critical density would be m
suitable for relativistic channeling. Furthermore, except
plasmas of density near critical, channeling can occur e
for k50.

In this paper we have studied the stationary~on the elec-
tron timescale! states of channels formed by high intens
lasers in overdense plasmas. Here the electron-free chan
are formed by a balance between the laser ponderomo
force and the space-charge electrostatic field produced by
expelled electrons~the ions remain stationary in the tim
scale of interest!. The study differs from earlier works on
laser boring, which involve the thermal or ponderomoti
hydrodynamic shocklike compression of the plasma el
trons and ions by longer-pulse lasers on the ion time sc
@6,27#. A scaling law for the critical laser power for chann
maintenance in overdense plasmas is obtained. Simulat
@22# showed that nonthermal energetic electrons can pla
role during the channel formation process in overdense p
mas and can thus affect the initial mode behavior. Howe
they do not seem to affect the later channel states. On

a

n-

FIG. 5. Critical laser power needed to maintain a channe
overdense plasma as a function of the plasma density. The solid
is for PL51.8723.63(n/nc)14.54(n/nc)

2. That is, the laser powe
scales asn2.
1-3
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other hand, if the laser power is much above critical, it
expected that filamentation instabilities will occur@12,18#.

The present work can help to determine how deep
igniter laser pulse can penetrate the compressed high-de
plasma in the fast igniter scheme for inertial fusion@17,18#.
Reflection and scattering involving parametric instabilitie
pulse and plasma deformation, etc., because of interactio
the ultraintense light with the outer underdense preplas
region can severely reduce the laser energy arriving at
compressed fuel. To avoid such loss and deflection, a gui
device @18# can be inserted to the fuel containing shell,
that the igniter pulse arrives directly at the high-density co
pressed fuel with minimum loss.

Besides of importance to inertial fusion, ultra-hig
intensity laser channels in high-density plasmas can h
many other applications where localized high-intensity el
e

02650
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ity

,
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e
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-
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tromagnetic fields are required. Since only laser light of s
ficient power can self-channel, the process can also be u
to cut the prepulse of a laser pulse. Channeling in overde
plasmas also provides an alternative to channeling in un
dense plasmas in applications such as electron and ion a
eration, long-distance self-focusing, high-order harmonic a
x-ray generation, etc. In other applications, one may a
need both intense light and high electron density. For
ample, recently it has been suggested that specially gu
electromagnetic fields can be made to reach the ultrah
intensities needed to detect QED nonlinearities@28–30#. The
configuration discussed here seems to be more readily
izable than that~where normal metal waveguide is used! pro-
posed by Brodinet al. @29#. Finally, our exact analytical re
sults on the stationary channel states can also serve
guide for experiments and simulations of the laser chan
ing process in overdense plasmas.
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