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Propagation of short intense laser pulses in gas-filled capillaries
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The guided laser pulse propagation and wake-field generation are studied in a wide~in comparison with the
laser spot size! gas-filled capillary with an on-axis gas density depletion, which can be produced by a rapid spin
of the capillary around its axis or by radially propagating shock waves generated in a piezoceramic tube. A
single equation for the wake-field potential, which describes the fully relativistic plasma response in the
presence of optical field ionization~OFI! of a gas, is derived and used to demonstrate a guided propagation of
a short intense laser pulse over many Rayleigh lengths in a leaky plasma channel produced by the pulse due to
OFI in the capillary filled with a radially inhomogeneous gas. The efficient generation of a regular wake field
over long distances suitable for the laser wake-field accelerators is shown.
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I. INTRODUCTION

Optical guiding of short intense laser pulses over ma
Rayleigh lengths is important in many applications such
laser-driven plasma accelerators@1#, harmonic generation
@2,3#, and x-ray lasers@4,5#. There are several mechanism
and methods to increase the length of intense laser p
propagation in plasmas. One of them is relativistic focus
and ponderomotive channeling@6,7#. Preformed plasma
channels provide another possibility for long distance gu
ing of laser pulses@8–10#. Such channels with an on-ax
minimum of the plasma density have been realized
axicon-focused lasers@11–13#, by slow electrical discharge
in initially evacuated capillaries@14,15#, by a Z-pinch dis-
charge in gas-filled capillaries@16#, or by a slow discharge
through a hydrogen-filled capillary when the pinch effect
negligible @17#.

An alternative approach is based on the use of capil
tubes as a guiding structure when the laser pulse is guide
the tube’s inner wall, while the plasma can be created
optical field ionization of a gas filling the capillary@18#.
Multimode guiding of terawatt laser pulses through compa
tively wide ~with diameters of order 100mm) hollow cap-
illary tubes was demonstrated first in@19,20#. This multi-
mode regime is characterized by a complex transve
intensity profile and leads to inner wall breakdown at hi
laser intensities@19#. Monomode guiding of intense lase
pulses (1016 W/cm2) over 100 Rayleigh lengths in capillar
dielectric tubes was investigated experimentally in@21#. Ex-
periments with higher pulse intensities guided in a mo
mode regime, characterized by lower energy losses thro
the walls, are now in progress with dielectric hollow tub
and gas-filled capillaries@18#.

In the present paper we investigate a new possibility

*Electronic address: andreev@laslab.ras.ru
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channel-guided propagation of short intense laser pulses
wake-field generation in wide~in comparison with the lase
spot size! gas-filled capillaries. A radial profile of a gas wit
minimum on-axis density considered below can be obtai
by the rapid spin of a capillary around its axis, or by usi
piezoceramic tubes@22#. To provide the rapid spin of a tiny
capillary a rotating magnetic field can be used if the capilla
wall is double layered, the internal part of which could be
dielectric material or metal and the outside thin layer co
be a magnetic one made by sputtering or deposition. T
technique is available now, but not realized yet, so the p
cise characteristics of the system should be discussed
tested experimentally later on.

An intense laser pulse propagating in a capillary fill
with this inhomogeneous gas density will produce by opti
field ionization a leaky plasma channel, in which the plas
density has an on-axis minimum and also decays to zer
the capillary walls, where the laser pulse intensity is too l
to ionize a gas. This channel may provide the desired guid
effect to propagate tightly focused laser pulses over distan
of many Rayleigh lengths.

The paper is organized as follows. The equations for
laser envelope that take finite pulse length effects into
count, and also for the wake-field generation, are derived
Sec. II. The set of basic equations was formulated with
lowance made for the following processes: tunneling g
ionization @23#, the nonlinear contribution from the boun
atomic electrons to the dielectric constant of a gas insid
capillary @24#, the fully relativistic plasma response of fre
electrons governing the relativistic and ponderomotive s
focusing of a powerful laser pulse and the wake-field g
eration, and the laser energy losses in the process of op
field ionization ~OFI! @25,26#. The model boundary condi
tions at the capillary wall were used for a one-compon
linear polarized laser pulse. The results of numerical simu
tions of a guided propagation of short intense laser pulse
©2002 The American Physical Society07-1
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wide gas-filled capillaries are presented in Sec. III, an
conclusion is given in Sec. IV.

II. BASIC EQUATIONS

A. Laser pulse propagation

The laser pulse propagation in a gas-filled capillary can
described by the following Maxwell’s wave equation for th
envelope of the pulse~compare@24#!:

H 2ik0S ]

]z
1c21«0

]

]t D1D'1k0
2~«021!1

]2

]z2

2c22«0

]2

]t2J E05k0
2S n

ncg
2d«a

(NL)DE024p i
v0

c2
J( ion),

~1!

where the slowly varying~on the time and spatial scalesv0
21

and k0
215c/v0, which are the inverse frequency and wa

number of laser radiation! complex amplitude of the lase
field E0 is related to the~high frequency! electric field of the
laser pulseẼ by the expression

Ẽ5Re$E0 exp@2 iv0t1 ik0z#%. ~2!

In Eq. ~1! D' is a transverse part of the Laplace operator,«0
is a linear dielectric constant of the bound electrons of a
~inside a capillary,r',Rcap , «0>1), or dielectric walls at
r'>Rcap , where«05«w.1; d«a

(NL)52h2I L is the nonlin-
ear contribution from the bound atomic electrons to the
electric constant of a gas inside a capillary (h2I L5Dha is
the corresponding contribution to the refractive index,I L
5(c/8p)uE0u2 is the time averaged laser intensity!. The den-
sity of free ~plasma! electrons isn andnc5mv0

2/(4pe2) is
the critical density for the laser frequencyv0 , g is the rela-
tivistic factor of plasma electrons and will be specified in t
following section. The ionization currentJ( ion) describes the
laser energy losses in the process of OFI@25,26# and consists
of two parts: one is proportional to the ionization ener
~potentials of ionization of atoms and ions! @27,28#, and sec-
ond one originates from the second harmonic of elect
production rate~see below! and describes the part of residu
energy@29# irreversibly transferred to electrons due to non
diabatic laser-electron interaction during OFI@30#. It should
be noted that in the capillary walls atr'>Rcap the right-
hand side of Eq.~1! equals zero, and also the dielectric co
stant«05«w should be omitted in the terms proportional
the time derivatives in the left-hand side of Eq.~10! for a
metal wave guide.

Inside a capillary we can neglect a small difference«0
21 ~due to a small linear polarization of a gas! and using the
dimensionless comoving with the laser pulse variables

j5kp0~z2ct!, z5kp0z, r5kp0r' , ~3!

we can rewrite Eq.~1! in the form
05640
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]

]z
1

kp0

k0
S D'r12

]2

]z]j D J a

5
kp0

k0
F S n

g
2

3

8
Ruau2Da2 iG( ion)G , ~4!

where a5eE0 /(mcv0) is a dimensionless laser envelop
n5n/N0 is the normalized~by a given constantN0) electron
density,kp05vp0 /c5(4pe2N0 /m)1/2/c is a normalizing in-
verse space scale~which can be equal, e.g., to the maximu
value of the plasma wave number at the capillary axis, ifN0
is chosen as a maximum value of the electron plasma den
produced by OFI at the axis!, andR5Pc /Pa is the ratio of
critical powers for the relativistic self-focusing in a plasm
@Pc>17(v0 /vp)2 GW# and for the nonlinear focusing in

gas@Pa>2p(k0
2h2)21# @24#. The ionization losses describe

by G( ion)5(4pe/mvp0
2 c)J( ion) will be explicitly defined in

the following section.

B. Nonlinear plasma response

To describe the slowly varying~on the time scalev0
21)

motions and fields in a plasma we use Maxwell’s equatio
and the relativistic hydrodynamic equations for cold plas
electrons@31# with allowance made for the process of tu
neling gas ionization included in the base of the kinetic d
scription @32,25#:

]p

]t
5eE2mc2

“g2
G0

n
p1

1

2

mc

n

3S G0uau22
1

2
Re$G2~a* •a* !% Dez , ~5!

]n

]t
1div~nv !5G0[

]n0

]t
, ~6!

]E

]t
524penv1c rotB, ~7!

rotE52
1

c

]B

]t
, ~8!

wherep is the electron momentum connected with the velo
ity of electrons by the relationv5p/(mg), n is the density
of the plasma electrons,n0 is zero harmonic of the electro
density produced by OFI,G0 and G2 are zero and secon
harmonics of the electron production rate,E and B are the
slowly varying electric and magnetic fields, andg is the
relativistic factor of electrons,

g5F11S p

mcD
2

1
1

2
uau2G1/2

. ~9!

The dynamics of plasma formation due to tunneling io
ization of a gas in the field of a short intense laser pulse
described by the equations of ionization kinetics for the d
sities Nk of ions with ionization multiplicity k (k
7-2
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50,1 . . . ,Zn21, whereZn is the charge number of an ato
nucleus!. The electron production rate (Ne is the electron
density produced by OFI!

G5
]Ne

]t
[(

k51

Zn

k
]Nk

]t
5 (

k50

Zn21

WkNk[ (
k50

Zn21

G (k) ~10!

is governed by the probabilitiesWk of tunneling ionization
per unit time for ions with multiplicityk, which are deter-
mined by the well-known Ammosov-Delone-Krainov~ADK !
formula @23#. In the processes of tunneling ionization,G os-
cillates in time~if the laser pulse is not circularly polarized!
and includes the zeroth and higher even harmonics of
laser pulse frequency,

G5G01ReH (
n51

`

G2n exp~22inv0t !J . ~11!

These should be taken into account in studies of the la
pulse propagation in an ionizing gas and wake-field gen
tion in a plasma produced by the laser pulse@25–30,33#. As
a consequence we allow for zeroth (G0) and the second (G2)
harmonics of the electron sourceG, Eq. ~10!. For a wide
range of gases and laser pulse parametersG2'2mG0, where
m50.7–1 @25,26#. The zeroth harmonic of the electro
sourceG0 should be calculated using the envelope amplitu
of the laser pulse in the averaged over a laser period A
formula for W̄k(uE0u) @23,29#. The equations of ionization
kinetics for ion densitiesN̄k averaged over a laser period ca
be written in the form

]D0

]t
52W̄0D0 ,

~12!
]Dk

]t
5@W̄k21Dk212W̄kDk#, k51,2, . . .Zn21,

whereDk5N̄k /na are the relative ion densities normalize
to the time independent~but can be inhomogeneous! gas
density, which in turn equals the total ion density~including
neutrals! na(r)5(k50

Zn Nk . The solution to Eqs.~12! makes it
possible to define the zeroth harmonic of the electron den
produced by OFI (n05N̄e) and the electron production rat
G05G,

n05naH ~12D0!Zn2 (
k51

Zn21

~Zn112k!DkJ ,

~13!

G05na (
k50

Zn21

W̄kDk[ (
k50

Zn21

G0
(k) .

In the quasistatic approximation@34#, by using the dimen-
sionless comoving variables~3!, the set of Eqs.~5!–~8! can
be written in the form
05640
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]

]j
~ezg2q!5E2“'g2

S0

n S q2
1

2
uau2ezD

2
1

8n
Re$S2~a* •a* !%ez , ~14!

]

]j
@~uz21!n#1]'~nu'!5S0[2

]n0

]j
, ~15!

F ]2E

]j2
1“3“3EG5

]

]j
~nu!, ~16!

where D' and ]' are transverse parts of the gradient a
divergence;n5n/N0 is the total ~slowly varying! normal-
ized electron density@the same as in Eq.~4!#, which de-
scribes the nonlinear plasma response to the ponderom
action of the laser pulse, namely, the wake-field generat
with consideration for the tunneling ionization process
n05n0 /N0 is the normalized zero harmonic of electron de
sity produced by the optical field ionization;q5p/mc, u
5v/c, andE5eE/(mcvp0) are the dimensionless electro
momentum, velocity, and slowly varying electric field co
sequently. The normalized zero and second harmonics o
electron production rate~11! are determined by the solutio
to Eqs.~12! as follows:

S05
G0

N0vp0
5

na

N0vp0
(
k50

Zn21

W̄kDk[ (
k50

Zn21

S0
(k) ,

~17!

S25
G2

N0vp0
>2mS0 .

The normalized ionization current in Eq.~4! can be ex-
plicitly expressed through the harmonics of the ionizati
source~17!,

G( ion)5
4pe

mvp0
2 c

J( ion)5
kp0

k0
F 2a

uau2 (
k50

Zn21

S0
(k) Uk

mc2
2

a* S2

4 G ,

~18!

whereUk is the ionization potential of ions with multiplicity
k to ionization multiplicityk11.

The nonlinear relativistic plasma responsen/g @for back-
ground densityn0 known from Eqs.~12! and ~13! produced
by OFI# can be expressed in accordance with Eqs.~14!–~16!
through a single scalar function~potential! F ~compare
@35#!,

n

g
5

n01D'F

F1dFS
, ~19!

where the potential, taking into consideration the birth
free electrons due to the gas ionization, is defined as follo
@with the boundary conditionF(j→1`)51#:
7-3
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F5g2qz1E
1`

j S0

n S qz2
uau2

2
2

m

4
Re~a* •a* ! Ddj8

[g2qz2dFS , ~20!

and the last integral term in this expression can be writ
through the same potentialF,

dFS52
1

n0
E

1`

j ]n0

]j8
S F211

uau2

4
2

m

4
Re~a* •a* ! Ddj8.

~21!

The dimensionless components of electric and magn
fields in plasma, and so the forces acting on an acceler
relativistic electron, can also be expressed through the po
tial F,

Fz5Ez5
]F

]j
, Fr5Er2Bw5

]F

]r
, ~22!

where in the last expression the axial symmetry of the pr
lem is assumed.

The equation for the potential can be obtained from E
~14!–~16! taking into account Eqs.~19! and ~22!,

]2F

]j2
1]rEr5

n01D'F

F1dFS
g2n0 , ~23!

where

]r5
1

r

]

]r
r and D'5

1

r

]

]r
r

]

]r

are transverse parts of the divergence and Laplace oper

Er5
]g

]r
2

F1dFS

n01D'F

]3F

]r]j2
2qrF1

g

]g

]j
2

]~n2n0!

n]j G ,
~24!

qr5
F1dFS

n01D'F

]2F

]r]j
, ~25!

g5
1

2 F11qr
21uau2/2

F1dFS
1F1dFSG . ~26!

Equations~19!, ~21!, and~24!–~26! show that in the presenc
of ionization~of comparatively light gases! the description of
the strongly nonlinear plasma response to the action o
ultrahigh intense laser pulse can be exactly reduced
single equation~23! for the potential~20!, similarly to the
case of preionized plasma@36#. But in the presence of optica
field ionization this equation should be evidently supp
mented with the ionization kinetics~12!, ~13!, which de-
scribes the creation of the ‘‘background’’ density of fre
plasma electronsn0. Note that even in an homogeneous g
the background electron density produced by OFI is v
inhomogeneous in both radial and longitudinal~local timej)
05640
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directions that make the self-consistent solution of Eqs.~4!
and ~23! much more complicate then in preformed plasm

Nevertheless the simplification of Eqs.~23!–~26! is pos-
sible for a wide~in comparison with the plasma skin dep
1/kp) laser pulse, having in mind that~for comparatively
light gases under consideration! OFI takes place in the re
gions where the intensity of the laser pulse is much sma
than the relativistic one (uau!1) and so, Eq.~23! can be
linearized with respect to the small parameteruF
21u/(kpL')2. The characteristic scale length in the rad
direction L' is high ~in comparison with the plasma wave
length for a wide laser pulse! in the regions of high lase
intensity ~where uF21u is not small!, while uF21u!1 in
the regions of sharp gradients of the background densityn0,
whereL' can be of orderkp . In doing so we arrive at the
following equation for the potential:

H ~D'2n0!
]2

]j2
2

] ln n0

]r

]3

]r]j2
1n0D'J F

2
n0

2

2 F12
11uau2/2

~F1dFS!2G5
n0

4
D'uau2. ~27!

This equation has two exact limits:~a! linear, when uau2
,1, uF21u,1 and Eq.~27! can be transformed into Eq
~7! of Ref. @33#; ~b! fully relativistic one-dimensional limit
with allowance made for OFI, whenuF21u/(kpL')2!1 and
all transverse derivatives can be neglected.

It should be pointed out that Eq.~27! describes correctly a
fully relativistic plasma response to the action of an inten
laser pulse without restrictionuamaxu2,1 if ~i! the laser ion-
izes a gas at low intensities~in the regions whereuau2!1),
which restricts our consideration to comparatively light ga
with low charge numbers of atom nuclei, and~ii ! the laser
spot size~the characteristic radial scale length of the ma
more intensive part of the laser pulse! is in excess of the
plasma skin depth 1/kp . Further, we shall assume that bo
these restrictions are fulfilled and shall use Eq.~27! to ana-
lyze the intense laser pulse channeling in wide capillar
filled with hydrogen and helium.

C. Boundary conditions at capillary walls

To get the accurate nonstationary boundary condition
capillary walls we start from the simplified geometry of th
problem. Let us consider anS-polarized~along theOX axis!
laser pulse propagating in a slab waveguide with dielec
walls at uyu>Rcap . The continuity of tangentialx compo-
nents of electric and magnetic fields of the laser at
boundaryy5Rcap requires the continuity of the transversey
derivative of the laser electric field~of its solex component!.
To find this derivative at the boundaryy5Rcap10, we
should use the linear equation~1! in the wall at y>Rcap ,
where«05«w.1. In the comoving laser pulse variablesj
5z2ct, z5z, r'5y @identical to Eq.~3! but dimensional#
Eq. ~1! has the form
7-4
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H 2ik0~12«w!
]

]j
1

]2

]r'
2

1k0
2~«w21!J E050, ~28!

where the small derivatives along the ‘‘propagation’’z vari-
able, as well as the second derivative alongj, were neglected
as the length of the pulseL;@]/(]j)#21 is assumed to be
much higher than the laser wavelength (k0L@1), but much
shorter than the laser pulse evolution length, which is de
mined by the diffraction, dispersion, and nonlinear inter
tion inside a capillary. The solution to this equation for a o
componentS-polarized laser field can be found in the form

E05exE0x , E0x5E~r' ,j!exp~ ikw'r'!, ~29!

whereE is the amplitude slowly varying on the scalekw'
21 ,

for which Eq.~28! reads

]E

]r'

5
k0

kw'

~«w21!
]E

]j
, kw'5k0~«w21!1/2. ~30!

Equations~29! and ~30! show that inside a dielectric wall

]E0x

]r'

5 ikw'S 12
i

k0

]

]j DE0x . ~31!

As both thex component of the laser field and itsy derivative
are continuous at the boundary, Eq.~31! @with the perpen-
dicular wave vector determined by Eq.~30!# gives the
boundary condition for the laser wave equation~4! inside a
slab dielectric capillary.

For a one-componentP-polarized laser field, the boundar
conditions in the slab geometry can be derived in the sa
way, taking into account the continuity of the magnetic fie
and of the electric field induction, which lead to the effecti
perpendicular wave vector~see, e.g.,@37#!

kw'5k0~«w21!1/2/«w . ~32!

So, for a rectangular wave guide~if the laser polarized along
one of the waveguide walls!, the laser pulse propagation in
side the waveguide can be described by the scalar~one-
component! Eq. ~4! with the boundary conditions at the wal
of the same type~31!, but with different perpendicular wav
vectors along thex andy axes.

In the case of a cylindrical waveguide the problem
more complicated as the scalar one-component field
dently cannot describe the field structure inside the capill
as generally speaking, the field at the boundary is a com
sition of S- and P-polarized components, depending on t
azimuthal angle. But for the field structure of the TE ty
@38# excited by a linear polarized laser pulse@21#, the electric
field of the laser had practically one component inside
capillary except for a thin layer at the waveguide wall. T
accurate description of the field in this boundary layer
necessary for the correct definition of the laser pulse ene
losses due to reflection and absorption in the wave-gu
wall @39#. But a little bit apart from the wall inside the cap
05640
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illary, the laser field can be approximated by the sole co
ponent with the model boundary condition, which leads
the correct energy losses.

Further, we shall use this approximation to investiga
laser pulse propagation in a cylindrical capillary solving t
scalar one-component version of Eq.~4! @when the vector of
the polarization in Eq.~2! is assumed to be linear# with the
boundary condition~31! and with the effective perpendicula
wave vector@40#

kw'5k0~«w21!1/2
2

«w11
. ~33!

It is evident that expression~33! is the result of some ‘‘av-
eraging’’ of boundary conditions forS and P polarizations,
Eqs.~30! and~32!. The direct solution of the linear stationar
limit of scalar Eq.~4! ~with the right-hand side equal to zer
and ]/]j50) with the boundary conditions~31!,~33! dem-
onstrates exactly the same dissipation of eigenmodes@de-
scribed by zero order Bessel functionsJ0(k'nr )#, which is
known from the solution to the dispersion equation of t
problem with allowance made for the vector structure of
field @39,21#,

dkz95
un

2

k0Rcap
3

Re~kw'!

ukw'u2
5

un
2

2k0
2Rcap

3

11«w

A«w21
, ~34!

whereun is thenth root of the equationJ0(un)50 anddkz9
is the imaginary part of the longitudinal~along thez axis!
wave vector determining the exponential decrease of the
ser field with the pulse propagation inside the capillary d
to electromagnetic energy flux through the capillary walls

III. GUIDED LASER PULSE PROPAGATION IN A WIDE
CAPILLARY

To investigate a possibility of a guided propagation
intense laser pulses in wide gas-filled cylindrical capillari
we solve numerically the set of equations~4!, ~12!, and~27!
with the boundary conditions at the capillary walls, Eqs.~31!
and~33!, and with the Gaussian laser pulse at the entranc
the capillary,

a~j,r,z50!5a0 expF22 ln 2
~j2j0!2

vp0
2 t imp

2
2

r2

kp0
2 r 0

2G ,

~35!

wherer 0 is the minimum radius of the laser pulse at the b
vacuum focus,t imp is the full width at half maximum pulse
duration,a05eE0max/(mvw0c), andE0max is the maximum
laser electric field. The boundary conditions for the wak
field potential implies thatF51 in the unperturbed plasm
or gas in front of the pulse (j→`) and atr→`.

The radial profile of a gas density inside a capillaryr
<Rcap) was assumed to be parabolic,

na~r !5na0F11
r 2

Rch
2 G , ~36!
7-5
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so that the density depression at the axis~in comparison with
the gas density at the capillary walls! is determined by the
ratio (Rcap /Rch)

2: n(Rcap)/na0511Rcap
2 /Rch

2 . As the

FIG. 1. The dependences of the normalized laser pulse ener
the initial spot sizeEL(r ,r 0 ,z)/EL0 ~lines! and the maximum of
the laser pulse field on the axisuamax(r 50,z)u ~square points! on
the propagation distancez ~normalized to the Rayleigh lengthzR

5k0r 0
2/2, bottom axis, and measured in cm, top axis!. The solid

curve gives the laser pulse energy for the radial profile of a
density~36!, the dashed line for the capillary with a homogeneo
gas profilena(r<Rcap)5na051.931018 cm23, and the dotted line
for the case of free diffraction in a vacuum. The parameters of
simulations are given in the text.
05640
density depression, which can be achieved practically b
spin of the capillary or by using piezoceramic tubes, is u
ally no more than 2, the radius of the channel in Eq.~36! for
these cases should be no less than the radius of the cap
(Rcap<Rch). In the results presented below the gas dens
at the capillary axis was chosen to bena051.9
31018 cm23/Zn andRcap5Rch5125 mm. In the region of
complete gas ionization the electron density produced
OFI at the capillary axis is equal ton0(r 50)[N051.9
31018 cm23, and that for the laser wavelength 2p/k0
50.8 mm givesv0 /vp0530.

Figures 1 and 2 demonstrate the guided propagation of
laser pulse in a capillary~with glass walls,«w52.25, and
diameter 0.25 mm! filled with hydrogen. The laser pulse wa
focused onto the capillary entrance with the laser wavelen
2p /k050.8 mm, r 0531 mm, a050.2, t imp5100 fs, PL
51.3 TW, qL50.8631017 W/cm2. The initial laser spot
size was matched with the channel radius by the linear c
dition @41,9#

r 05~2Rch /kp0!1/2, ~37!

which, in the case of preionized unbounded plasma with
electron density profile~36!, provides a guided propagatio
of a Gaussian laser pulse forPL /Pc!1. The solid line in
Fig. 1 shows the dependence of the normalized laser p
energy in the initial spot size EL(r ,r 0 ,z)/EL0

5*2`
` dj*0

r 0uau2dr(*2`
` dj*0

Rchuau2dr)21 on the propagation

in

s
s

e

OFI

FIG. 2. Normalized electron plasma densityn(r ,j)/N0 ~gray scale map! and the laser fieldua(r ,j)u ~contour lines! at the entrance of

capillaryz50 ~a! and at the propagation distancez53ZR51.13 cm~c!, and also the radial profiles of the plasma density produced by
n0(r ,j→2`)/N0 at the same propagation distancesz50 ~b! andz51.13 cm~d!. The parameters are the same as in Fig. 1.
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distancez ~normalized to the Rayleigh lengthzR5k0r 0
2/2).

For comparison, the same dependences are shown fo
capillary with a homogeneous gas profilena(r<Rcap)5na0
51.931018 cm23 ~dashed line! and for the case of free dif
fraction in vacuum~dotted line!. The scatter square point
are the maxima of the laser pulse field on the axis. T
periodic oscillations of the normalized laser pulse ene
clearly seen in Fig. 1~see also Figs. 3 and 7! are caused by
the dependence of the matching condition~for the laser pulse
propagation in a parabolic plasma channel without dis
tions! on the laser pulse powerPL(j), which is different in
different cross sections of the pulse. As was shown in@41#, a
small mismatch of condition~37!, which is determined by
PL(j)/Pc , leads to harmonic oscillations of the laser pu
intensity in the plasma channel with the periodpZR in con-
formity with the oscillations in Fig. 1.

Figure 2 illustrates the typical structures of the electr
plasma density and also the laser field at the entrance o
capillary ~a!,~b! and at the propagation distancez53ZR
51.13 cm ~c!,~d!. As the capillary diameter exceeds su
stantially the initial laser spot size, only the internal part
the gas at the capillary axis is ionized initially@Figs. 2~a! and
2~b!# producing the radial profile of the electron plasma de
sity specific for a leaky channel. So, after propagation ove
distance of the order of the Rayleigh length, a small par
the laser pulse diffracts up to the capillary walls. Due
reflection from the capillary walls a small intensity standin
wave pattern of the laser field produces by OFI a multila
tubular structure of the electron density in the radial direct
@Figs. 2~c! and 2~d!#. The obtained plasma density profi
provides the guided propagation of the laser pulse over m
Rayleigh lengths and effectively isolates waveguide wa
from the high intensity part of the pulse, with the laser
tensity contrast between the axis and the vicinity of the c
illary wall of order 1026.

Figures 3 and 4 demonstrate the guided propagation
more powerful laser pulse with r 0527 mm, a0

FIG. 3. Normalized laser pulse energy in the initial spot s
EL(r ,r 0 ,z)/EL0 ~solid curve!, the maximum of the laser puls
field on the axisuamax(r 50,z)u ~square points!, and the maximum
of the wake-field potential on the axis behind the pulsedFmax

5Fmax(r 50,z)21 ~dashed line! as functions of propagation dis
tance. The parameters of the simulation are given in the text.
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FIG. 4. Surface plots of the electron plasma densityn(r ,j)/N0

~a! and the normalized laser fieldua(r ,j)u ~b! at the propagation
distance z54ZR'1.2 cm for the laser pulse withr 0527
mm, a050.64,t imp545 fs, PL510 TW, qL50.8831018 W/cm2

in, same as in Figs. 1–3 capillary («w52.25,Rcap5125mm! filled
with hydrogen.

FIG. 5. Peak normalized laser pulse field on the axisuamax(r
50,z)u ~square points!, the maximum of the wake-field potential o
the axis behind the pulsedFmax5Fmax(r 50,z)21 ~dashed line!,
and the normalized transmission of the laser pulse energy thro
the capillary walls~dashed-dotted line! as functions of propagation
distance. The parameters are the same as in Figs. 3 and 4, bu
capillary is filled with helium.
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FIG. 6. Counter lines of the
normalized laser fieldua(r ,j)u
~a!,~d!, surface plots of the elec
tron plasma densityn(r ,j)/N0

~b!,~e!, and the wake-field poten
tial dF5F(r ,j)21 ~c!,~f! at the
propagation distances z5ZR

'0.29 cm and z55ZR'1.43
cm, respectively. The paramete
are the same as in Fig. 5: lase
pulse with r 0527 mm, t imp

545 fs, PL510 TW in the cap-
illary («w52.25,Rcap5125 mm)
filled with helium.
b

th
on
y

r

ls
e

th
iti-
wi
,
en
xi
re
Fo
ou

r a

ith
e

il-

n

and

o

s
lary

the
ap-
ion
ary
is-
lary
50.64, t imp545 fs, PL510 TW, qL50.8831018 W/cm2

in the same capillary («w52.25, Rcap5125 mm) filled
with hydrogen. As the laser pulse power was compara
with the critical one for relativistic self-focusing (PL /Pc
'0.7) the laser pulse spot size was chosen slightly less
the matched radius~37!. Figure 3 shows the dependences
the propagation distancez: the normalized laser pulse energ
in the initial spot size~solid line!, the maxima of the lase
pulse field on the axis~scatter square points!, and the maxi-
mum of the wake-field potential on the axis behind the pu
~dashed line!. Figure 4 illustrates the typical structures of th
electron plasma density@Fig. 4~a!# and also the laser field
@Fig. 4~b!# at the propagation distancez54ZR'1.2 cm. The
comparison of Figs. 1 and 3 shows that self-focusing of
laser pulse with the maximum power slightly below the cr
cal one leads to increased oscillations of the laser pulse
the period'pZR in accord with@41#, but at the same time
self-focusing increases the efficiency of the wake-field g
eration due to increased laser intensity at the capillary a
and also improves the laser pulse channeling due to dec
ing of the laser energy losses through the capillary walls.
the above parameters the laser pulse energy decay thr
05640
le

an

e

e
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-
s,
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r
gh

the capillary walls is equal to 0.5% after propagation ove
distance of 2 cm. If the same laser pulse withr 0527 mm
would propagate in a comparatively narrow capillary w
Rcap'r 0/0.65542 mm, which satisfies the condition of th
best coupling into the main mode@18,21#, the lowest energy
losses~for the monomode propagation in a vacuum cap
lary! in accordance with Eq.~34! would be more than an
order of magnitude higher ('7.5% for the same propagatio
distance, 2 cm!.

The propagation of the same laser pulse as in Figs. 3
4 in the same capillary («w52.25, Rcap5125 mm) but
filled with helium is illustrated in Figs. 5 and 6. Due t
substantial increase of the ionization potential~for a total
ionization of helium!, the fully ionized plasma channel i
smaller in diameter than the channel diameter in the capil
filled with hydrogen@compare Figs. 4~a! and 6~b! and 6~e!#.
This leads to increased leakage of the laser energy from
channel that involves an increase of reflection from the c
illary walls and the laser pulse decay due to transmiss
through the walls. The increased reflection from the capill
walls manifests itself in the pronounced oscillations and d
tortions of the laser pulse as it propagates along the capil
7-8
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@see Figs. 5 and 6~d!#. Nevertheless the pulse is guided ov
many Rayleigh lengths and generates effectively a reg
wake field suitable for electron acceleration, as follows fro
Figs. 6~c! and 6~f!. It should be noted also that even e
hanced transmission of the laser pulse energy through
capillary walls ~dashed-dotted line in Fig. 5! still does not
exceed the minimal energy losses~34! for the monomode
propagation in a vacuum capillary withRcap'r 0 /0.65
542 mm.

A simulation similar to Figs. 3 and 4 witht imp5100 fs
instead of 45 fs exhibits increased oscillations of the la
pulse intensity and wake-field potential@Fig. 7~a!# but at the

FIG. 7. Peak normalized laser pulse field on the axisuamax(r
50,z)u ~square points! and the maximum of the wake-field potenti
on the axis behind the pulsedFmax5Fmax(r 50,z)21 ~dashed
line! as functions of propagation distance,~a! and ~b!: pulse inten-
sity on the axisqL(r 50,j) at z50 ~dotted line!, z51.43 cm
~dashed line!, andz52.56 cm~solid line!. Parameters are the sam
as in Figs. 3 and 4 except for the longer laser pulse durationt imp

5100 fs instead of 45 fs.
W

05640
r
ar

he

r

same time demonstrates more efficient generation of
wake field due to the processes of laser pulse self-focu
and shortening. Figure 7~b! shows that atz52.56 cm the
peak intensity has increased by a factor of 4 and the p
duration is two times less in comparison with the initial va
ues atz50. The growth of the laser pulse amplitude in th
back of the pulse with the sharp drop after the peak is
tained, and also the intensity modulation of the rear par
the pulse with the scale of order 2p/vp0 point to the pro-
cesses of self-phase modulation, group velocity dispers
and self-modulation instability@10,42,43#. Note that the ini-
tial pulse lengtht imp5100 fs was more than three time
longer than the optimal length, 30 fs, for the resonant ex
tation of a wake field and was slightly longer than the plas
wave period (vp0t imp57.85).

IV. CONCLUSIONS

We investigate short intense laser pulse channeling in g
filled capillaries. The guided laser pulse propagation a
wake-field generation were studied in a wide~in comparison
with the laser spot size! capillary, with a relatively small gas
density depletion on the capillary axis, which can be p
duced by a high-speed rotation of the capillary around
axis or by radially propagating shock waves generated i
piezoceramic tube. The set of basic equations was for
lated with allowance made for the finite pulse length effec
plasma formation due to tunneling ionization of a ga
atomic electron, and relativistic effects, and laser ene
losses due to optical field ionization and transmiss
through the capillary walls. Special attention was paid to
proper nonstationary boundary conditions for the on
component linear polarized laser field at the cylindrical ca
illary wall. The results include~i! a derivation of a single
equation for the wake-field potential, which describes
fully relativistic plasma response in the presence of opti
field ionization of a gas,~ii ! a demonstration of guided
propagation of a short intense laser pulse over many R
leigh lengths in a leaky plasma channel produced by
pulse due to OFI in a radially inhomogeneous gas filling
capillary, and~iii ! laser pulse compressing and focusing d
ing channel-guided propagation in a gas-filled capillary, a
~iv! an efficient generation of a regular wake field over lo
distances suitable for laser wake-field accelerators.
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