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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 @wddemparison with the
laser spot sizegas-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 ionizatidi®©FI) 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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[. INTRODUCTION channel-guided propagation of short intense laser pulses and
wake-field generation in widén comparison with the laser
Optical guiding of short intense laser pulses over manyspot size gas-filled capillaries. A radial profile of a gas with
Rayleigh lengths is important in many applications such asninimum on-axis density considered below can be obtained
laser-driven plasma acceleratdrs], harmonic generation by the rapid spin of a capillary around its axis, or by using
[2,3], and x-ray laser$4,5]. There are several mechanisms piezoceramic tube22]. To provide the rapid spin of a tiny
and methods to increase the length of intense laser pulsgapillary a rotating magnetic field can be used if the capillary
propagation in plasmas. One of them is relativistic focusingwall is double layered, the internal part of which could be a
and ponderomotive channelinfg,7]. Preformed plasma dielectric material or metal and the outside thin layer could
channels provide another possibility for long distance guidhe a magnetic one made by sputtering or deposition. This
ing of laser pulse$8—10]. Such channels with an on-axis technique is available now, but not realized yet, so the pre-

minimum of the plasma density have been realized bysse characteristics of the system should be discussed and
axicon-focused lasefd1-13, by slow electrical discharges (aqteq experimentally later on.

in initially evacuated capillarief14,15, by a Z-pinch dis- An intense laser L - s

. ) e . pulse propagating in a capillary filled
charge in gas-filled C."’lp'"a”e[s‘m]' or by a S|OW. dlscharge. with this inhomogeneous gas density will produce by optical
throggh a hydrogen-filled capillary when the pinch effect 'Stield ionization a leaky plasma channel, in which the plasma
negligible[17]. gjgensity has an on-axis minimum and also decays to zero at

An alternative approach is based on the use of capillar . ) 0T
tubes as a guiding structure when the laser pulse is guided e capillary walls, where the laser pulse intensity is too low

the tube’s inner wall, while the plasma can be created b); ionize a gas. This_channel may provide the desired _guiding
optical field ionization of a gas filling the capillarfi8]. effect to propagate tightly focused laser pulses over distances

Multimode guiding of terawatt laser pulses through compara®f many Rayleigh lengths. .
tively wide (with diameters of order 10Q:m) hollow cap- The paper is organlzed.afs follows. The equanon; for the
illary tubes was demonstrated first 49,20, This multi- laser envelope that take finite pulse length effects into ac-
mode regime is characterized by a Comp|ex transversgount, and also for the wake-field generation, are derived in
intensity profile and leads to inner wall breakdown at highSec. Il. The set of basic equations was formulated with al-
laser intensitied19]. Monomode guiding of intense laser lowance made for the following processes: tunneling gas
pulses (16° Wicn?) over 100 Rayleigh lengths in capillary ionization [23], the nonlinear contribution from the bound
dielectric tubes was investigated experimentallyda]. Ex-  atomic electrons to the dielectric constant of a gas inside a
periments with higher pulse intensities guided in a mono-<apillary [24], the fully relativistic plasma response of free
mode regime, characterized by lower energy losses througdlectrons governing the relativistic and ponderomotive self-
the walls, are now in progress with dielectric hollow tubesfocusing of a powerful laser pulse and the wake-field gen-
and gas-filled capillariegl8]. eration, and the laser energy losses in the process of optical
In the present paper we investigate a new possibility ofield ionization (OFI) [25,26. The model boundary condi-
tions at the capillary wall were used for a one-component
linear polarized laser pulse. The results of numerical simula-
*Electronic address: andreev@laslab.ras.ru tions of a guided propagation of short intense laser pulses in
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wide gas-filled capillaries are presented in Sec. Ill, and a d Kpo &
conclusion is given in Sec. IV. 2i (9—§+ s A+ 2—%35 a
Il. BASIC EQUATIONS _Keol (7 _ §R|a|2 a—iglion (4)
ko Y 8 ’

A. Laser pulse propagation

The laser pulse propagation in a gas-filled capillary can bavhere a=eEq/(mcwo) is a dimensionless laser envelope,
described by the following Maxwell’s wave equation for the »=n/Nj is the normalizedby a given constant/) electron

envelope of the pulsécompare24)): density,kyo= w0/ c= (4me’Ny/m) ¥ c is a normalizing in-
verse space scalgvhich can be equal, e.g., to the maximum
) d . 5 92 value of the plasma wave number at the capillary axid/jf
2iko| -+ C Ceo |+ A Tkoleo~ D+~ is chosen as a maximum value of the electron plasma density
9z produced by OFI at the axisandR=P /P, is the ratio of

92 n wo_. critical powers for the relativistic self-focusing in a plasma
_0280—2] E0=k§<n—— 5sgNL)) Eo—4mi —J0oW,  [Pc=17(wo/wp)* GW] and for the nonlinear focusing in a
N c¥ ¢ gas[ P,=2m(k37,) ~*] [24]. The ionization losses described
D by GV =(4me/mw},c)I'°™ will be explicitly defined in
the following section.
where the slowly varyingon the time and spatial scaleﬂ@l
andk, *=c/wg, which are the inverse frequency and wave B. Nonlinear plasma response
number of laser radiatigncomplex amplitude of the laser
field Eq is related to the&high frequencyelectric field of the

laser pulseE by the expression

To describe the slowly varyingon the time scaleo, 1)
motions and fields in a plasma we use Maxwell's equations
and the relativistic hydrodynamic equations for cold plasma
_ electrong[31] with allowance made for the process of tun-

E=ReEyexd —iwgt +ikyz]}. (2  neling gas ionization included in the base of the kinetic de-

scription[32,25:

In Eq.(1) A, is a transverse part of the Laplace operatgr, P I 1
is a linear dielectric constant of the bound electrons of a gas —p=eE— mcV y— —Op+— me
(inside a capillaryy | <Rcap, £0=1), or dielectric walls at t n" 2n
r,=Reap, Whereeg=g,>1; de{"=27,l_is the nonlin- 1
ear contribution from the bound atomic electrons to the di- X F0|a|2—§Re{F2(a* -a*)} e, (5
electric constant of a gas inside a capillamy,(| =A 5, is
the corresponding contribution to the refractive indéy,
=(c/8m)|Eo|? is the time averaged laser intengityhe den-
sity of free (plasma electrons isn andn,=maw}3/(4m€?) is ot
the critical density for the laser frequenay,, v is the rela-
tivistic factor of plasma electrons and will be specified in the JE
following section. The ionization curredf® describes the at
laser energy losses in the process of (44,26 and consists
of two parts: one is proportional to the ionization energy 1B
(potentials of ionization of atoms and i0r{27,28, and sec- rotE=— ot (8)
ond one originates from the second harmonic of electron
production rat¢see belowand describes the part of residual \yherep is the electron momentum connected with the veloc-
energy[29] irreversibly transferred to electrons due to NoNna-jty of electrons by the relation =p/(my), n is the density
diabatic laser-electron interaction during dBD]. It should of the plasma electronsy, is zero harmonic of the electron

be noted that in the capillary walls af =R, the right-  gensity produced by OFIT, and T, are zero and second
hand side of Eq(1) equals zero, and also the dielectric con-parmgonics of the electron production rate,and B are the

stanteo=&,, _sho_uld b_e omitted in the terms proportional to slowly varying electric and magnetic fields, andis the
the time derivatives in the left-hand side of HQO) for a  (gativistic factor of electrons

metal wave guide.

Inside a capillary we can neglect a small differenge
—1 (due to a small linear polarization of a gand using the =
dimensionless comoving with the laser pulse variables

n ang
—+d|v(nv)=FOEW, (6)

=—4menv+crotB, (7

2 1/2

1
1+ +§|a|2 (9

mc

The dynamics of plasma formation due to tunneling ion-

E=Kkpo(z—ct), {=Kkpoz, p=Kpol,, (3 ization of a gas in the field of a short intense laser pulse is
described by the equations of ionization kinetics for the den-
we can rewrite Eq(1) in the form sities N, of ions with ionization multiplicity k (k
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=0,1...Z,—1, whereZ, is the charge number of an atom
nucleug. The electron production rateN{ is the electron
density produced by OFlI

Z Z,—1 Z—1
JN T ON n il
T=—°=> k—=> WN=> I'® (10
o =1 ot K=0 k=0

is governed by the probabilitied/, of tunneling ionization
per unit time for ions with multiplicityk, which are deter-
mined by the well-known Ammosov-Delone-KrainG&DK)
formula[23]. In the processes of tunneling ionizatidh,0s-
cillates in time(if the laser pulse is not circularly polarized
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9 - Sl 1,
&—g(ezv—q)—E—Vw—ﬂq—glal e,

1
- g, Re(S:Aa* - a e, (14)
J _ N ﬁVO
a—g[(uz—l)v]+&L(vuL)—So=—a—§. (19
PE B
8—52+V><V><E —0—§(vu), (16)

and includes the zeroth and higher even harmonics of the

laser pulse frequency,
r:F0+Re{ > Topexp—2inwgt) | . (12)
n=1

These should be taken into account in studies of the las

pulse propagation in an ionizing gas and wake-field genera®

tion in a plasma produced by the laser pyl26—30,33. As

a consequence we allow for zerothi,) and the secondl{,)
harmonics of the electron sourdg Eq. (10). For a wide
range of gases and laser pulse paramdters2ul’y, where
u=0.7-1 [25,26. The zeroth harmonic of the electron
sourcel’y should be calculated using the envelope amplitud

of the laser pulse in the averaged over a laser period ADK

formula for Wi(|Eo|) [23,29. The equations of ionization

kinetics for ion densitiegk averaged over a laser period can
be written in the form

(12
D

P _
—— =[ Wy 1Dy 1= WDy,

g k=1,2,..

Z,—1,

where Dkzﬁk/na are the relative ion densities normalized
to the time independentout can be inhomogenegqugas
density, which in turn equals the total ion denditycluding

neutralg ny(r) =2510Nk. The solution to Eq9.12) makes it

where A, andd, are transverse parts of the gradient and

divergence;y=n/\; is the total(slowly varying normal-
ized electron densitythe same as in Eq4)], which de-
scribes the nonlinear plasma response to the ponderomotive
action of the laser pulse, namely, the wake-field generation,

é/yith consideration for the tunneling ionization processes;

o=Ng /N is the normalized zero harmonic of electron den-
sity produced by the optical field ionizatiog=p/mc, u

=v/c, andE=eE/(mcw,o) are the dimensionless electron
momentum, velocity, and slowly varying electric field con-
sequently. The normalized zero and second harmonics of the
electron production rat€ll) are determined by the solution

610 Egs.(12) as follows:

r Z,-1 Z,-1
0 a —
- =2 > WDe= s,
NprO Nowpo kzo Kok go S
17
Sy= 2 =2uS,
Noa)po_ ILL '

The normalized ionization current in E¢4) can be ex-
plicitly expressed through the harmonics of the ionization
source(17),

Z,—1
Ame. J(ion):@ 2a 3

Mw)eC Ko | ]a]? k=0

s Yk @S
me 4
(18

(ion) —

possible to define the zeroth harmonic of the electron densityhereU, is the ionization potential of ions with multiplicity

produced by OFI mo=ﬁe) and the electron production rate
FO:F,
Z,—-1
No=na) (1-P)Zp= 2, (Zy+1-K)Dyf,
(13

Z,-1 Z,-1

\\/ _ k

To=ny > WDi= > T{.
k=0 k=0

In the quasistatic approximati¢B4], by using the dimen-
sionless comoving variable8), the set of Eqs(5)—(8) can
be written in the form

k to ionization multiplicityk+ 1.

The nonlinear relativistic plasma respongey [for back-
ground densityvg known from Eqgs(12) and(13) produced
by OFI] can be expressed in accordance with Efj$)—(16)
through a single scalar functiofpotentia) ® (compare

[35)),

v vogtA O

¥ O a0 19
where the potential, taking into consideration the birth of
free electrons due to the gas ionization, is defined as follows
[with the boundary conditiod (é— +»)=1]:
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¢Sy EE directions that make the self-consistent solution of Eds.

o= V—Clz+f 7(%— e ZRe(a* -ar) |d¢’ and (23) much more complicate then in preformed plasma.
A Nevertheless the simplification of Eq®R3)—(26) is pos-

=y—q,— 6dg, (200  sible for a wide(in comparison with the plasma skin depth

1kp) laser pulse, having in mind thdfor comparatively
and the last integral term in this expression can be writteright gases under consideratjo®@F! takes place in the re-
through the same potentidi, gions where the intensity of the laser pulse is much smaller
than the relativistic one|é§/<1) and so, Eq(23) can be
EC linearized with respect to the small parametéd
P-1+ -, Re@ ~a*))d§’. —1|/(kpL,)?. The characteristic scale length in the radial
21) directionL, is high (in comparison with the plasma wave-
length for a wide laser pul$en the regions of high laser

The dimensionless components of electric and magnetiltensity (where|®—1] is not small, while |®—1|<1 in
fields in plasma, and so the forces acting on an acceleratdfl® regions of sharp gradients of the background demsity
relativistic electron, can also be expressed through the potefNéreL, can be of ordek; . In doing so we arrive at the

1 & &VO
Sbg=—— | —
VO + o0 &g’

tial @, following equation for the potential:
F,=E o F,=E,—B o (22 2 3
=E= =, =E—by=—7——, J dlnvy 4
z z (9§ r r [ (9p (AJ__VO)_Z_ O—2+VOAJ_ ®
9€ P Jpoé
where in the last expression the axial symmetry of the prob-
. 2 2
lem is assumed. vy 1+|al?/2 o 5
The equation for the potential can be obtained from Egs. o —(q>+ 5D )2 = ZAL|a| . 27
s

(14)—(16) taking into account Eqg19) and (22),

P vo+ A, P

_ _ This equation has two exact limit§a) linear, when|al?
_(952 +(9p r —(I)+5(I)S Y~ Vo, (23)

<1, |[®—1|<1 and Eq.(27) can be transformed into Eq.
(7) of Ref.[33]; (b) fully relativistic one-dimensional limit

where with allowance made for OFI, whe® — 1]/(k,L,)?<1 and
all transverse derivatives can be neglected.
19 19 9 It should be pointed out that E€R7) describes correctly a
dp=———p and A =—-—p_ fully relativistic plasma response to the action of an intense
p dp p dp’ dp y p p

laser pulse without restrictiofa,,,4><1 if (i) the laser ion-
are transverse parts of the divergence and Laplace operatdZes a gas at low intensitie@n the regions wher¢a|?<1),
which restricts our consideration to comparatively light gases

dy D+bs PP 1dy d(v—1vp) with low charge numbers of atom nuclei, afi) the laser

E=——"F————q == , spot size(the characteristic radial scale length of the main,

I votAL P gpog? y g vig more intensive part of the laser pulse in excess of the

(24 plasma skin depth kj. Further, we shall assume that both

) these restrictions are fulfilled and shall use E2j) to ana-

q,= e+ 5bg 970 (25) lyze the intense laser pulse channeling in wide capillaries
"ot A D gpoé’ filled with hydrogen and helium.
1[1+q%+|al?/2 Ot 5D o6 N _
=5 W +®+6dg|. (26) C. Boundary conditions at capillary walls

To get the accurate nonstationary boundary conditions at
Equationg19), (21), and(24)—(26) show that in the presence capillary walls we start from the simplified geometry of the
of ionization(of comparatively light gaseshe description of ~problem. Let us consider &&polarized(along theO X axis)
the strongly nonlinear plasma response to the action of alaser pulse propagating in a slab waveguide with dielectric
ultrahigh intense laser pulse can be exactly reduced to walls at|y|>Rc,,. The continuity of tangentiak compo-
single equation23) for the potential(20), similarly to the  nents of electric and magnetic fields of the laser at the
case of preionized plasnid6]. But in the presence of optical boundaryy= R, requires the continuity of the transvenge
field ionization this equation should be evidently supple-derivative of the laser electric fiel@f its solex component
mented with the ionization kineticél2), (13), which de- To find this derivative at the boundary=R;,,+0, we
scribes the creation of the “background” density of free should use the linear equatidf) in the wall aty=R,,
plasma electrons,. Note that even in an homogeneous gaswheregy=¢,,>1. In the comoving laser pulse variablés
the background electron density produced by OFI is very=z—ct, {=z, r, =y [identical to Eq.(3) but dimensiondl
inhomogeneous in both radial and longitudiflatal time &) Eq. (1) has the form
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g 9
2iko(l—sw)ﬁ—§+m—2+k§(sw—l) E,=0, (29
L

where the small derivatives along the “propagatiahVari-
able, as well as the second derivative algnwere neglected
as the length of the pulse~[d/(9¢)] ! is assumed to be
much higher than the laser wavelengil(>1), but much

PHICAL REVIEW E 65 056407

illary, the laser field can be approximated by the sole com-
ponent with the model boundary condition, which leads to
the correct energy losses.

Further, we shall use this approximation to investigate
laser pulse propagation in a cylindrical capillary solving the
scalar one-component version of E4) [when the vector of
the polarization in Eq(2) is assumed to be linepwith the
boundary conditiori31) and with the effective perpendicular

shorter than the laser pulse evolution length, which is deterwave vectof40]
mined by the diffraction, dispersion, and nonlinear interac-

tion inside a capillary. The solution to this equation for a one
componentS-polarized laser field can be found in the form

Eo=€Eox, Eox=E(r,,&)expiky, r), (29
whereE is the amplitude slowly varying on the sca{@j,

for which Eq.(28) reads

JE ko .
i Y

JE K
(?_gl

w. =ko(ew—1)Y2 (30

Equations(29) and (30) show that inside a dielectric wall

aEOx_.k 1 I E
ar, = 1Ky, _k_oﬁ_f 0x *

31

As both thex component of the laser field and itslerivative
are continuous at the boundary, E81) [with the perpen-
dicular wave vector determined by E@30)] gives the
boundary condition for the laser wave equatidn inside a
slab dielectric capillary.

For a one-componem-polarized laser field, the boundary
conditions in the slab geometry can be derived in the same
way, taking into account the continuity of the magnetic field
and of the electric field induction, which lead to the effective

perpendicular wave vectdsee, e.g.[]37])
Ky, =ko(ew—1) Y, . (32

So, for a rectangular wave guidié the laser polarized along

2
Kwi =Ko(ew— 1)1/28W—+1-

(33

It is evident that expressiof83) is the result of some “av-
eraging” of boundary conditions fo® and P polarizations,
Egs.(30) and(32). The direct solution of the linear stationary
limit of scalar Eq.(4) (with the right-hand side equal to zero
and g/ 9¢=0) with the boundary condition&31),(33) dem-
onstrates exactly the same dissipation of eigenmddes
scribed by zero order Bessel functiodgk, ,r)], which is
known from the solution to the dispersion equation of the
problem with allowance made for the vector structure of the
field [39,21],

S Ui Refky)  Up  l+ey
’ kORgap |kwi|2 Zk(z)Rgap sz_ly

whereu,, is thenth root of the equatiody(u,) =0 and sk}

is the imaginary part of the longitudinghlong thez axis)
wave vector determining the exponential decrease of the la-
ser field with the pulse propagation inside the capillary due
to electromagnetic energy flux through the capillary walls.

(34)

Ill. GUIDED LASER PULSE PROPAGATION IN AWIDE
CAPILLARY

To investigate a possibility of a guided propagation of
intense laser pulses in wide gas-filled cylindrical capillaries,
we solve numerically the set of equatio@s, (12), and(27)
with the boundary conditions at the capillary walls, E@)
and(33), and with the Gaussian laser pulse at the entrance of

one of the waveguide walisthe laser pulse propagation in- the capillary,

side the waveguide can be described by the scaae-

componentEq. (4) with the boundary conditions at the walls
of the same typ€31), but with different perpendicular wave

vectors along the andy axes.

(E-&)* p?
a(f.P.é“:O):aOexr{—ZInz > 3
@50Timp  Kpol'o

(35

In the case of a cylindrical waveguide the problem is
more complicated as the scalar one-component field eviyherer  is the minimum radius of the laser pulse at the best
dently cannot describe the field structure inside the capillaryyacuum focuszim, is the full width at half maximum pulse
as generally speaking, the field at the boundary is a compQ4uration,ay= € Eyyay/ (MawWeC), andEgmayis the maximum
sition of S and P-polarized components, depending on thejaser electric field. The boundary conditions for the wake-
azimuthal angle. But for the field structure of the TE typefie|d potential implies thatb=1 in the unperturbed plasma

[38] excited by a linear polarized laser pul[gd], the electric

or gas in front of the pulse¢—=) and atr—oo.

field of the laser had practically one component inside the The radial profile of a gas density inside a capillary (
capillary except for a thin layer at the waveguide wall. The<p _y was assumed to be parabolic,
accurate description of the field in this boundary layer is P

necessary for the correct definition of the laser pulse energy
losses due to reflection and absorption in the wave-guide
wall [39]. But a little bit apart from the wall inside the cap-

r2

1+ —
2

Rch

Na(r)=ngao : (36)
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z (cm) density depression, which can be achieved practically by a
spin of the capillary or by using piezoceramic tubes, is usu-
1.0 . : : 1.0 ally no more than 2, the radius of the channel in B3§) for
these cases should be no less than the radius of the capillary
(Reaps=Rcp). In the results presented below the gas density
at the capillary axis was chosen to be,=1.9

X 10" cm 3¥Z, andR.,,=Rcy=125 um. In the region of
complete gas ionization the electron density produced by
OFI at the capillary axis is equal tog(r=0)=MN;=1.9

x 10 cm 3, and that for the laser wavelengthmk,
=0.8 um giveswq/wyo=30.

Figures 1 and 2 demonstrate the guided propagation of the
laser pulse in a capillarywith glass walls,e,,=2.25, and
diameter 0.25 mifilled with hydrogen. The laser pulse was
focused onto the capillary entrance with the laser wavelength

(r=0,z)l

max

E(<rt,2) ] E,

la

FIG. 1. The dependences of the normalized laser pulse energy l?ﬂ_/kozo 8 um, ro=31 um, ag=0.2, 7,,,=100 fs, P,
. ] 1 e m 1

the initial spot sizeE, (r<rg,z)/E( (lines and the maximum of =13 TW, g, =0.86x 10" W/cn?. The initial laser spot

the laser pul_se f'e.ld on the ax||amax(r=o,z)| (squar_e poinson size was matched with the channel radius by the linear con-
the propagation distance (normalized to the Rayleigh lengttk dition [41,9]

=kor3/2, bottom axis, and measured in cm, top &xiEhe solid
curve gives the laser pulse energy for the radial profile of a gas
density(36), the dashed line for the capillary with a homogeneous
gas profilen,(r <Rg,p) =Nao=1.9x10'"® cm3, and the dotted line o o _
for the case of free diffraction in a vacuum. The parameters of thavhich, in the case of preionized unbounded plasma with the
simulations are given in the text. electron density profilé36), provides a guided propagation

of a Gaussian laser pulse f& /P.<1. The solid line in
so that the density depression at the gixicomparison with ~ Fig. 1 shows the dependence of the normalized laser pulse
the gas density at the capillary walls determined by the energy in the initial spot size E (r<rg,2)/E
ratio (Reap/Ren)?  N(Reap)/Nao=1+R2,JRZ,. As the =" d&f(%al?dr(f”..d¢f e al?dr) 1 on the propagation

ro=(2Ren/Kpo) 2 (37

r (um) r (um)
50 75 100 125 0 25 50 75 100 125
L40 401 ]
(a) (©
1.50130 30 1 1.50
1.25 = 1.25
1.00 S 0158 " 530 1.00
20 v 207520 0000-060; . :
0.75 N = 0.75
650 _Qi _/J 078
00510 10- 1 0~25
i )
0 ' ; —Lo 0 , . ; 0
0 10 20 30 0 10 20 30
k r k. r
p0 PO
0 10 20 30 0 10 20 30
1.50 : : —1.50 1.50 : : —1.50
{ =7

_ 125 (b) 1.25 z 1.25 (d) r12s

Z  1.00- L1.00 = 1.001 L 1.00

= E

= 075 L0.75 = 0.75- L0.75

=)

S 0.50- L0.50 0.50- L0.50
0.251 L0.25 0.251 L0.25
0.00 . . : . 0.00 0.00 . . . . 0.00

0 25 50 75 100 125 0 25 50 75 100 125
r (um) r (um)

FIG. 2. Normalized electron plasma densitfr, ¢)/ N, (gray scale mapand the laser fielda(r,£)| (contour lines at the entrance of
capillaryz=0 (& and at the propagation distanze 3Zg=1.13 cm(c), and also the radial profiles of the plasma density produced by OFI
No(r,&— —x)/ N, at the same propagation distanzes0 (b) andz=1.13 cm(d). The parameters are the same as in Fig. 1.
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z (cm) 1.50
0.0 0.5 1.0 15 20

12 > 1.25

12

) . T
TR
\\\\%ﬁ;\“\\\\\

I
!

Amplitude

FIG. 3. Normalized laser pulse energy in the initial spot size
E (r<rg,2)/E_( (solid curvg, the maximum of the laser pulse
field on the axi§an,.{r=0,2z)| (square poings and the maximum
of the wake-field potential on the axis behind the pulk, .«
=®,,,,{r=0,2)—1 (dashed ling as functions of propagation dis-
tance. The parameters of the simulation are given in the text.

la(r,&)!

distancez (normalized to the Rayleigh lengtty=Kkor3/2).

For comparison, the same dependences are shown for the
capillary with a homogeneous gas profilg(r <R:,p) =Ny
=1.9x10"® cm 2 (dashed lineand for the case of free dif-
fraction in vacuum(dotted ling. The scatter square points
are the maxima of the laser pulse field on the axis. The
periodic oscillations of the normalized laser pulse energy
clearly seen in Fig. 1see also Figs. 3 and are caused by

the dependence of the matching condititor the laser pulse .
propagation in a parabolic plasma channel without distor- FIG. 4. Surface plots of the electron plasma density, )/ Ny

. R . (@ and the normalized laser fielé(r,&)| (b) at the propagation
tions) on the laser pulse powe?, (¢), which is different in distance z=4Zg~1.2 cm for the laser pulse witho=27

d|fferent_cross sections o_f_the puIse._As was show_[m&], a jum, ag=0.64, 1yn,=45 fs, PL=10 TW, q_=0.88< 10° W/cn?
small mismatch of conditiori37), which is determined by ;. "c;me asin Figs. 1-3 capillarg (= 2.25,R,,,= 125 um) filled
P_(§)/P., leads to harmonic oscillations of the laser pulse,iy, hydrogen. P

intensity in the plasma channel with the periedy in con-
formity with the oscillations in Fig. 1.

Figure 2 illustrates the typical structures of the electron z (cm)
plasma density and also the laser field at the entrance of the 0.0 0.5 1.0 1.5 2.0
capillary (a),(b) and at the propagation distan@e=3Zg 12 ' ' ' ' 12

=1.13 cm(c),(d). As the capillary diameter exceeds sub- o 104 la_@=0,2) a‘iﬁﬁ L 1.0
stantially the initial laser spot size, only the internal part of "g g Fhid° \smo

the gas at the capillary axis is ionized initiallyigs. 2a) and = 0.81 ﬁﬁg ¥ E"ﬁ iﬂ ¢ i r 08
2(b)] producing the radial profile of the electron plasma den- &< 0.6- - 0.6
s[ty specific for a leaky channel. Sp, after propagation over a 5 04] 80 @=0,2) [ 04
distance of the order of the Rayleigh length, a small part of -

~ (4

the laser pulse diffracts up to the capillary walls. Due to 0.2 4 \\[\,\ YA \4\ - 0.2
reflection from the capillary walls a small intensity standing- 0.0 T e L 0.0
wave pattern of the laser field produces by OFI a multilayer ) 0 1 5 3 4 5 ¢ 7 )
tubular structure of the electron density in the radial direction 2/2,
[Figs. 4c) and 2d)]. The obtained plasma density profile
provides the guided propagation of the laser pulse over many g s peak normalized laser pulse field on the dais,(r
Rayleigh lengths and effectively isolates waveguide walls— g 7)| (square points the maximum of the wake-field potential on
from the high intensity part of the pulse, with the laser in-the axis behind the pulsé® .= ® mayr =02)— 1 (dashed ling
tensity contrast between the axis and the vicinity of the capand the normalized transmission of the laser pulse energy through
illary wall of order 10°°. the capillary walls(dashed-dotted lineas functions of propagation

Figures 3 and 4 demonstrate the guided propagation of distance. The parameters are the same as in Figs. 3 and 4, but the
more powerful laser pulse withry=27 um, a, capillary is filled with helium.
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r (um) r (um)
O 25 50 75 100 125 0 25 S0 75 100 125
3 35 357 35
s (@) = (d
;] 30. 30 [l] 30 30
- 25 la(r, E)I P
25 la(r, &) 25
20 |
0 10 . 20 30 20 25 10 20 30 20
r k r
0 00 FIG. 6. Counter lines of the

normalized laser field|a(r,¢)]
(a),(d), surface plots of the elec-
tron plasma densityn(r,£&)/Ny

E (b),(e), and the wake-field poten-
SO tial &= (r,&)—1 (c),(f) at the
\;; propagation  distances z=Zx

~0.29 cm and z=5Zz~1.43
cm, respectively. The parameters
are the same as in Fig. 5: laser
pulse with ry=27 um, 7y,
=45 fs, P_.=10 TW in the cap-
illary (&y,=2.25,Rcqp=125 um)
filled with helium.

3P, &)
3@, &)

=0.64, 7ipp,=45 fs, PL=10 TW, g, =0.88x 10 W/cm? the capillary walls is equal to 0.5% after propagation over a
in the same capillary &, =2.25, R;,p=125 um) filled  distance of 2 cm. If the same laser pulse wif=27 um

with hydrogen. As the laser pulse power was comparabl&vould propagate in a comparatively narrow capillary with
with the critical one for relativistic self-focusingP( /P,  Rcap~r/0.65=42 um, which satisfies the condition of the
~0.7) the laser pulse spot size was chosen slightly less thapest coupling into the main mod&8,21], the lowest energy
the matched radiués7). Figure 3 shows the dependences onlosses(for the monomode propagation in a vacuum capil-
the propagation distaneethe normalized laser pulse energy lary) in accordance with Eq(34) would be more than an

in the initial spot size(solid ling), the maxima of the laser order of magnitude higher<7.5% for the same propagation
pulse field on the axi¢scatter square pointsand the maxi- distance, 2 cm

mum of the wake-field potential on the axis behind the pulse The propagation of the same laser pulse as in Figs. 3 and
(dashed ling Figure 4 illustrates the typical structures of the 4 in the same capillary &(,=2.25, R.;p,=125 um) but
electron plasma densityFig. 4@] and also the laser field filled with helium is illustrated in Figs. 5 and 6. Due to
[Fig. 4b)] at the propagation distanee=4Zz~1.2 cm. The substantial increase of the ionization potentf@r a total
comparison of Figs. 1 and 3 shows that self-focusing of theonization of helium, the fully ionized plasma channel is
laser pulse with the maximum power slightly below the criti- smaller in diameter than the channel diameter in the capillary
cal one leads to increased oscillations of the laser pulse witfilled with hydrogen[compare Figs. @) and @b) and Ge)].

the period~ 7wZg in accord with[41], but at the same time, This leads to increased leakage of the laser energy from the
self-focusing increases the efficiency of the wake-field genchannel that involves an increase of reflection from the cap-
eration due to increased laser intensity at the capillary axid|lary walls and the laser pulse decay due to transmission
and also improves the laser pulse channeling due to decreasiough the walls. The increased reflection from the capillary
ing of the laser energy losses through the capillary walls. Fowalls manifests itself in the pronounced oscillations and dis-
the above parameters the laser pulse energy decay throutgrtions of the laser pulse as it propagates along the capillary
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same time demonstrates more efficient generation of the
wake field due to the processes of laser pulse self-focusing
and shortening. Figure(ld) shows that az=2.56 cm the
peak intensity has increased by a factor of 4 and the pulse
duration is two times less in comparison with the initial val-
ues atz=0. The growth of the laser pulse amplitude in the
back of the pulse with the sharp drop after the peak is at-
tained, and also the intensity modulation of the rear part of
the pulse with the scale of ordern2w,q point to the pro-
cesses of self-phase modulation, group velocity dispersion,
and self-modulation instabilitf10,42,43. Note that the ini-

tial pulse lengthr,,=100 fs was more than three times

0 2 4 6 ] 10 longer than the optimal length, 30 fs, for the resonant exci-
z/Z, tation of a wake field and was slightly longer than the plasma
wave period (o Timp=7.85).

;‘150 -100 -50 0 50 100 150

2004 IV. CONCLUSIONS

We investigate short intense laser pulse channeling in gas-
filled capillaries. The guided laser pulse propagation and
wake-field generation were studied in a wi@e comparison
with the laser spot sizecapillary, with a relatively small gas
density depletion on the capillary axis, which can be pro-
duced by a high-speed rotation of the capillary around its
axis or by radially propagating shock waves generated in a
piezoceramic tube. The set of basic equations was formu-
lated with allowance made for the finite pulse length effects,
plasma formation due to tunneling ionization of a gas,
atomic electron, and relativistic effects, and laser energy
losses due to optical field ionization and transmission
through the capillary walls. Special attention was paid to the
proper nonstationary boundary conditions for the one-
component linear polarized laser field at the cylindrical cap-
line) as functions of propagation distance) and (b): pulse inten-  jllary wall. The results includdi) a derivation of a single
sity on the axisq (r=0¢) at z=0 (dotted ling, z=1.43 cm  equation for the wake-field potential, which describes the
(dashed ling andz=2.56 cm(solid ling). Parameters are the same f||y relativistic plasma response in the presence of optical
as in Figs. 3 and 4 except for the longer laser pulse duratigh  fie|d jonization of a gas(ii) a demonstration of guided
=100 fs instead of 45 fs. propagation of a short intense laser pulse over many Ray-
leigh lengths in a leaky plasma channel produced by the

many Rayleigh lengths and generates effectively a regulaffu'se due to OFI in a radially inhomogeneous gas filling a

X - . apillary, and(iii ) laser pulse compressing and focusing dur-
wake field suitable for electron acceleration, as follows from. . o ; )
Figs. 6c) and 6f). It should be noted also that even en- ing channel-guided propagation in a gas-filled capillary, and

hanced transmission of the laser pulse energy through th iv) an efficient generation of a regular wake field over long
, ST . istances suitable for laser wake-field accelerators.
capillary walls (dashed-dotted line in Fig.)5still does not
exceed the minimal energy lossé¥) for the monomode
propagation in a vacuum capillary witfR.,,~r,/0.65
=42 pm. This work was supported by the Satellite Venture Busi-
A simulation similar to Figs. 3 and 4 with;;,,=100 fs  ness Laboratory of the Utsunomiya University, Japan by the
instead of 45 fs exhibits increased oscillations of the laseRussian Foundation for Basic Research, Grant No. 01-02-
pulse intensity and wake-field potent[&lig. 7(a)] but at the 16723, and by the INTAS Project No. 97-10236.

q,@=0,8 (10" W/cm’)

150 <100 -50 0 50 100 150
Ele=1-z/c (fs)

FIG. 7. Peak normalized laser pulse field on the dais.(r
=0,2)| (square poinjsand the maximum of the wake-field potential
on the axis behind the pulsé® . ,,=®,a(r=0,2)—1 (dashed

[see Figs. 5 and(6)]. Nevertheless the pulse is guided over
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