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Abstract

Magnetohydrodynamic simulation results related to the capillary discharge dynamics are presented. The main physical
process that should be taken into account is the ablation of the capillary wall material evaporated by the heat flux from
the capillary plasma. The possible applications of the capillary discharges related to the physics of the X-ray lasers and
the use of the capillary plasma to provide a guiding for ultrashort high-intensity laser pulses over a distance greater than
the defocusing length are discussed.

1. INTRODUCTION

A principal scheme of capillary discharge is extremely sim-
ple. The base element is a narrow channel~the radius and the
length are on the order of 1022 cm and 10 cm, respectively!
made in a solid insulator material. The channel is ended in a
longitudinal direction by the two electrodes.An external low-
inductance forming line is used to apply a voltage between
the electrodes and to form a short pulse~with a typical du-
ration on the order of 100 ns! of the electric current through
the cross section of the channel. The electric current heats
both the channel wall material and the plasma inside the
channel and its magnetic field causes plasma pinching. Cap-
illary discharges were originally studied in nuclear fusion
researches~Fisheret al., 1973; McCorkle, 1983; Sethian
et al., 1985!. They may also be used as an intense source of
the continuum and line emission for the spectroscopy appli-
cations as well as for soft-X-ray microscopy and lithogra-
phy ~Bogenet al., 1968; McCorkle, 1981!.

In this article we present the results of magnetohydro-
dynamic~MHD! simulations of capillary discharge dynam-
ics. We also discuss two possible applications of capillary
discharges related to the physics of X-ray lasers and to the
use of capillary plasma as a waveguide for ultrashort high-

intensity laser pulses, which allows us to provide a pulse
guiding over a distance greater than the defocusing length.

One of the most important applications of capillary dis-
charges is relevant to the production of the active media for
the X-ray lasers. It is well known that for short-wavelength
laser action it is necessary to produce a highly ionized dense
plasma filament. The direct generation of an amplifying
plasma column by a fast discharge through a capillary chan-
nel has been successfully used for the production of highly
ionized plasmas with the parameters that are suitable for
soft-X-ray lasers~Steden & Kunze, 1990; Roccaet al., 1993,
1994a, 1994b, 1995, 1996; Tomaselet al., 1993; Kunzeet al.,
1994; Morganet al., 1994, 1995; Shinet al., 1994; Hosokai
et al., 1997; Benwareet al., 1998; Morenoet al., 1998, 1999;
Rocca, 1999!. This approach has obvious advantages, result-
ing in the development of compact, efficient, and simple
soft-X-ray lasers.

The experiments reported are of two types. In the first
type, the capillary discharge is used to generate plasma in a
channel filled with an initially preionized gas~Roccaet al.,
1994a, 1996; Hosokaiet al., 1997!. In the second one, a
plasma is created from a discharge by ionizing the material
ablated from the capillary walls~Steden & Kunze, 1990;
Tomaselet al., 1993; Morganet al., 1994; Shinet al., 1994!.
The mechanism responsible for the amplified spontaneous
emission in a capillary filled with argon is electron-collisional
excitation pumping of 3p–3s transition in Ne-like Ar~Roc-
caet al., 1994a!. The X-ray laser scheme in evacuated cap-
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illaries involves the population inversion by the enhanced
recombination of dense plasmas~Steden & Kunze, 1990!.
On highly ionizing, the plasma cools rapidly by conductive
losses to the capillary walls and then recombines in a three-
body recombination process. A particular transition of inter-
est is the C VI Ha ~n52–3! line at 18.2 nm~from H-like C51

ions! for which the amplification is observed in a capillary-
discharge plasma~Steden & Kunze, 1990; Shinet al., 1994!.

The second application of capillary plasmas is related to
the question of how one can provide a guiding for ultrashort
high-intensity laser pulses over a distance greater than the
defocusing length. Ultrashort laser pulses with an intensity
as high as 1018–22W0cm2 provide a broad range of applica-
tions ~Joshi & Corkum, 1995! that include high harmonic
generation, X-ray lasers, nuclear fusion, and charged parti-
cle acceleration~Tajima & Dawson, 1979; Modenaet al.,
1995; Nakajimaet al., 1995; Katsouleas & Bingham, 1996!.
In most applications, the conditions should be created for
both the sharp focusing of laser radiation to a small spot of a
radiusr0 and the transportation of the pulse over many Ray-
leigh lengths without diffraction spreading, which are real-
ized, in general, in different limits of laser pulse and plasma
parameters.

In the case of the Laser Wake FieldAccelerator~Tajima &
Dawson, 1979; Gorbunov & Kirsanov, 1987; Sprangleet al.,
1988; Esareyet al., 1993; Katsouleas & Bingham, 1996!
one should provide laser pulse transportation through the
underdense plasma over a distance on the order of the ac-
celeration length,l acc' ~c0vpe!~v00vpe!

2, without signifi-
cant spreading. Herevpe5 ~4pnee20m!102 is the Langmuir
frequency, andv0 is the carrier frequency of laser radiation.
The ratiov00vpe@ ne

2102, wherene is the electron plasma
density, is supposed to be as large asv00vpe'10–100. How-
ever, this ratio cannot be too large if one needs to get into a
regime with a fairly high rate of charged particle accelera-
tion, since the electric-field amplitude in the wake wave is
proportional tone

102. In addition, in order for the particles
not to slip out of the acceleration phase in the model of un-
limited wake-field acceleration, which can be realized in a
nonuniform plasma with a properly chosen density profile
~Bulanov et al., 1993, 1997a!, the laser pulse should be
guided over distances larger thanl acc.

To achieve the regime of laser pulse transportation with-
out diffraction spreading, one invokes either the self-focusing
of the high-power electromagnetic radiation in an under-
dense plasma~Max et al., 1974; Sunet al., 1987; Borisov
et al., 1992; Dufree & Milchberg, 1993! or the pulse is sup-
posed to be guided inside the initially performed hollow or
inside a narrow channel prefilled with a plasma~Tajima,
1985; Sprangleet al., 1990; Bulanovet al., 1994; Chouet al.,
1995; Dufreeet al., 1995!. The possibility of a laser pulse
guiding resulting from relativistic self-focusing, and the elec-
tron acceleration in a relativistically self-guided channel were
demonstrated by Borisovet al. ~1992!, Dufree and Milch-
berg~1993!, and Wagneret al. ~1997!. This regime is real-
ized only with laser light intensities greater thanPcrit '16.5

~v00vpe!
2 GW. The guiding of 2 TW 1mm laser pulses can

be achieved if the electron density is higher thanne .
1019cm23. In this regime, the electromagnetic radiation is
subject to a host of instabilities. It is natural to expect that
instead of the regular plasma wake field that is necessary for
the LWFA operation, some irregular Langmuir oscillations
will be generated, as was demonstrated in the particle-in-
cell simulations by Bulanovet al. ~1996!. The laser pulse
guiding and the excitation of the wake field with a regular
structure can be provided in a plasma-filled channel created
inside a dielectric~such a channel can also be produced in a
plasma!. As a result, the efficient acceleration of charged
particles can be achieved~Bulanovet al., 1996!. The exper-
imental demonstration of the laser pulse guiding in a hollow
capillary and in a gas-filled capillary were reported by Ehr-
lich et al. ~1996! and Hosakaiet al. ~2000!, respectively.

Here, we present the results of MHD simulations of plasma
discharge inside the capillary channel. Our main objective is
to obtain more complete information related to the temporal
and spatial evolution of the plasma temperature and density.
In Section 2 we formulate the physical model. We present a
set of equations of dissipative MHD, formulate the bound-
ary conditions, and describe the plasma–wall interaction. In
Section 3 we present the results of computer simulations of
the discharge dynamics inside the channel filled initially with
argon and inside the initially evacuated channel in the re-
gimes that are typical for the experiments where the X-ray
lasing has been achieved. In Section 4 we present results of
the capillary plasma dynamics under the parameters optimal
for the ultrashort laser pulse guiding. In the final section
discussion and conclusions are presented.

2. THE PHYSICAL MODEL

Within the model adopted here the discharge dynamics in
different regimes are studied relating to the possible appli-
cations of capillary discharges for the X-ray lasers and0or
for using capillary plasma to provide a guiding for the ul-
trashort high-intensity laser pulses. We investigate the dis-
charge dynamics in two types of capillaries: either an
evacuated one or one prefilled by preionized or nonion-
ized gas. Since the temperature increases in the course of
discharge, a gas ionization occurs, so that the discharge
plasma consists of neutral and ionized components. The
following phenomena are essential for capillary discharges:
the interaction of the plasma with a wall and the ablation
of the wall material accompanied by the ionization of the
produced gas as well as the interaction of the magnetic
field with the plasma~pinch effect!. In the parameter range
under consideration, it is important to describe the follow-
ing dissipative processes: electron thermal conductivity,
Joule heating, Nernst and Ettinghausen effects, the radia-
tion losses, and ion viscosity. It is also important to incor-
porate the degree of ionization both into the equation of
state and into the dissipation coefficients. We use the ap-
proximation of two-temperature~ion and electron! one-
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fluid MHD. We assume that the conditions for the local
thermodynamic equilibrium are satisfied. These conditions
are used to calculate the degree of ionization. Since the
length of the capillary is much larger than its diameter, it
is reasonable to use the one-dimensional~1D! approxima-
tion. Moreover the experiments~Ehrlichet al., 1996; Rocca,
1999! show that the distribution of the discharge param-
eters along the capillary axis is uniform. The results of 1D
simulation also allow us to find the threshold of MHD in-
stabilities, even against the three-dimensional~3D! pertur-
bations with an arbitrary dependence upon all the spatial
coordinates~Neudachin & Sasorov, 1993!.

2.1. Basic equations

Owing to the large length-to-radius ratio of the capillary
~l0R0 .. 1, wherel and R0 are a length and a radius of
the capillary, respectively! a 1D approximation is consid-
ered in which all the values depend only on radiusr and
time t. The relevant MHD equations read:
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]
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Hered0dt 5 ]0]t 1 v]0]r, r is the plasma density,p 5 pe1
pi is the plasma pressure~it is the sum of the electron and ion
pressures!, v is the radial component of the plasma velocity,
B is the azimuthal component of the magnetic field inten-
sity, Pik is the ion viscous stress tensor,Ez is the axial com-
ponent of the electric field in the comoving frame in which
the plasma is locally at rest,«eand«i are the internal specific
energies of the electron and ion components of the plasma,
related to the unit of the plasma mass,Cei is the rate of ther-
mal transfer between ions and electrons, andTe andTi are
electron and ion temperatures, respectively.j 5 ~c0
4pr !]~Br!0]r is the axial component of the electric current
density,qe andqi are the radial components of the electron
and ion heat fluxes, andQr is the rate of radiative energy loss
per the unit of volume. We take full account of all dissipative

effects in the plasma electron component. In this case we
write the generalized Ohm’s law in the form as follows

Ez 5
j

s4
2 NB

]Te

]r
, ~6!

qe 5 2k4
]Te

]r
1 NBTe j. ~7!

The second terms on the right-hand side of Eqs.~6! and~7!
correspond to the off-diagonal terms in the transport matrix.
They describe the so-called Nernst and Ettinghausen ef-
fects. The influence of these effects on pinch dynamics was
investigated by Bobrovaet al. ~1992!. It was shown that the
considered effects must be taken into account if the elec-
trons are magnetized. They are of the same order as the elec-
tron thermal conductivity and the electric conductivity which
are usually taken into account. The expressions for the ther-
mal conductivityk4, the Nernst coefficientN, the electric
conductivitys4, ion viscosityh0, and the rate of thermal
transfer between ions and electrons are taken from the paper
by Bobrova and Sasorov~1993!, where the well-known sys-
tem of Braginskii equations~Braginskii, 1963! was gener-
alized for the case of a plasma with a large mean value of the
ion charge:

k4 5
neTe

menei

G1~xe,w!, ~8!

N 5 2
1

mecnei

G4~xe,w!, ~9!

s4 5
e2ne

menei

~12 G5~xe,w!!21, ~10!

h0 5 0.96ni Ti nii
21, ~11!

Cei 5 3
me

AmA

nenei , ~12!

wherene andni are the electron and ion densities,e andme

are the charge and the mass of electron, respectively,A is the
atomic number of the element of interest,mA is the atomic
unit of mass. The parameterxe5 vBe0nei is large if the elec-
trons are strongly magnetized, and it is small if the influence
of the magnetic field upon the dissipative coefficients is neg-
ligible. Then,w 5 lee0~!2zlei ! is the Lorentz parameter
for electron gas, characterizing the relative role of electron–
electron and electron–ion collisions, andGi ~xe,w! are the
functions defined in the paper by Bobrova and Sasorov
~1993!. Thus, the possible considerable difference between
lee andlei, the Coulomb logarithms for electron–electron
and electron–ion collisions respectively, is taken into ac-
count. The electron–ion and ion–ion collision frequencies
are written in the form as follows:
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nei 5
4~2p!102e4znelei

3me
102Te

302 , ~13!

nii 5
4~p!102e4z4ni l ii

3AmA102 Ti
302 , ~14!

wherez is the mean ion charge, andl ii is the Coulomb log-
arithms for ion–ion collisions. In dense, highly ionized plas-
mas there is a considerable difference between Coulomb
logarithms for electron–electron, electron–ion, and ion–ion
collisions. For the parameters typical of capillary discharges,
the classical description of the process of Coulomb colli-
sions is accurate enough. We use the following expressions
for the Coulomb logarithms:

lee5
1

2
ln

9Te
3

16pe6ne

, ~15!

lei 5
1

2
ln

9Te
3

4pz2e6ne~11 zTe0Ti !
, ~16!

l ii 5
1

2
ln

9Ti
2Te

16pz4e6ne~11 zTe0Ti !
. ~17!

At low temperatures, as long as the mean ion charge is less
than unity, there is a noticeable fraction of neutral particles
in the plasma. We renormalize the electron–ion collision fre-
quencynei by taking into account the contribution of the
neutral particles to the electron scattering, whereas the
electron–electron collision frequency is assumed to be
the same as that in the absence of the neutral atoms. To de-
scribe the electron collision with a neutral atom, we adopt the
approximationsea5 pa0

2 for the transport cross section,a0

being the Bohr radius.Thus all dissipative coefficients are de-
fined by expressions in which the electron–ion collision fre-
quency is substituted by the effective collision frequency
involving the contribution from neutral atoms. These expres-
sions have been applied to both a highly ionized plasma and
a plasma with a low degree of ionization. This procedure pro-
vides a qualitatively accurate and universal description of lim-
iting cases corresponding to strongly ionized and weakly
ionized plasmas, as well as to the transient cases.

The ion component of the plasma is not assumed to be
magnetized; hence the viscosity coefficientsh3 andh4 ~Bra-
ginskii, 1963! are neglected. In such a formulation, the axial
and azimuthal velocity components vanish if they vanish
under the initial conditions. For the nonzero components of
ion viscosity tensorPik we therefore have

Prr 5
2

3
h0S vr 2 2

]v

]r
D, ~18!

Pww 5
2

3
h0 r 2

]

]r

v

r 2 . ~19!

The expression forh0 has been already introduced.

For the equation of state and the ionization degree, the
approximation of local thermodynamic equilibrium is used
separately for the electron and ion components. For a mean
ion chargez . 1, the state of ionization is determined by
using the Raizer approximation~Zeldovich & Raizer, 1967!
and the mean-ion model. We find the degree of ionization
from the conditionx~z!1m~ r,T !50, wherem is the chem-
ical potential of an ideal free-electron gas andx~z! the ion-
ization potential of a mean ion. For 1, z, Z02, whereZ is
the atomic number of the element of interest, the average
ionization potential is defined by Sommerfeld’s formula in
the Thomas–Fermi model for the ion shell. ForZ02 # z #
Z21, the formula for the hydrogen-like ionization potential
is chosen, taking into account the screening of the ion elec-
tric field by ~Z 2 z2 1! electrons. For the casez0 # z # 1,
wherez0 5 1026 is the lowest state of ionization taken into
consideration, the simplified Saha formula is used, taking
only neutral and once-ionized atoms into account. An ideal
gas of free electrons is assumed. The nonideal behavior of
the electrons is incorporated only through the ionization po-
tential. In the approximation considered, the free energy of
the electron gas is:

Fe~V,Te! 5 2
zTe

AmA
S11 ln

1

2102p302

VTe
302

z
D1

U~z!

AmA

, ~20!

U~z! 5 5
` for z . Z

x~0! 1E
0

z21

x~ j !dj for 1 # z# Z

zx~0! for 0 # z# 1,

~21!

x~ j ! 5 5
` for j $ Z 2 1

~ j 1 1!20~2~Z 2 j 2 1!203! for Z02 2 1 # j # Z 2 1

~ j 1 1!40302 for 0 # j # Z02 2 1,

~22!

whereFe~V,Te! is the specific free energy of electron gas,V
the specific volume of the atomic cell, andx~ j ! the ioniza-
tion potential of the mean ion with chargej. All the quanti-
ties in Eqs.~20!–~22! are written in atomic units~e5 me5
\ 5 1!. The equilibrium state of ionization,z~V,Te!, corre-
sponds to the minimum free energyFe, treated as a function
of three variables,V, Te, andz:

S ]Fe

]z
D

V,Te

~V,Te, z~V,Te!! 5 0. ~23!

All expressions for the dissipative coefficients of the plasma
include the quantityzcalculated in such a manner. The spe-
cific internal energy«e and the pressurepe are defined as
follows:

«e~ r,Te! 5
1

AmA
FFeS AmA

r
,TeD2 TeS ]Fe

]Te
D

V
S AmA

r
,TeDG,

~24!
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pe 5 2S ]Fe

]V
D

Te

S AmA

r
,TeD. ~25!

We assume the ion gas to be ideal also.
For the radiation energy losses, we have used the model

description developed by Bobrovaet al. ~1996!, which al-
lows us to take into account the line radiation. However,
there is no large influence of radiation cooling on plasma
dynamics when the magnitude of the electric current is much
less than the Pease–Braginskii current value~Braginskii,
1957; Pease, 1957!. The Pease–Braginskii current value cal-
culated to take into account line radiation is on the order of
several hundreds of kiloamps, whereas in our case, the full
electric current does not exceed 30–40 kA.

In our computer simulations, we use the same set of equa-
tions to describe both the plasma inside the channel and the
adjacent region of the channel wall. This method makes it
possible to include a description of the ablation of the wall
material, the heating and ionization of this material, and the
supply of a heated gas into the plasma discharge region. How-
ever, to use this method, we need to specify the equation of
state at low temperatures and pressures with allowance for
the transition from a solid to a gas state. In our calculations,
we used a simple approximation that takes into account the
fact that the specific heat of evaporation of the wall material
and the specific heat that corresponds to dissociation of mol-
ecules into atoms are much less than the specific internal
energy of the plasma formed by the gas that was evaporated
and ionized. Thus, the capillary wall material is treated as
ideal atomic gas and, in the initial conditions of our numer-
ical model, the initial density of the wall material is equal to
the real density of this material at fairly low initial temper-
atures. Our estimates and calculations~Bobrovaet al., 1998a!
show that this approach can be correct for materials that
contain hydrogen and have fairly low melting and evapora-
tion points. So the plasma–wall interaction is modeled by
considering the material of the wall as a cold neutral gas of
high density. Within the model used, the electric conductiv-
ity of the wall material can be neglected, as in the case of
dielectric wall.

2.2. Initial conditions

Two cases of the discharge plasma dynamics for filled and
evacuated capillaries have been simulated. In both cases the
discharge is induced by the pulse of the electric current gen-
erated by an external electric circuit. In the first case, the
capillary channel is prefilled with preionized gas of uniform
density and temperature, and in the second case of the evac-
uated capillaries, the plasma inside the channel is created
from the ablation and ionization of the wall material. We
must say a few words about the initial conditions under which
the current flows in the evacuated capillary.After the thresh-
old voltage is reached, a strongly nonuniform surface break-
down happens at the wall. This stage of the discharge cannot
be described by Eqs.~1!–~5! because of the 3D effects and
the effects of the plasma quasineutrality disturbance. But

this stage is short in time and does not affect the plasma
parameters at a later time. For a correct description of the
discharge, it is actually sufficient to allow only for the fact
that the discharge begins at the wall surface. When the for-
mula for a plasma electric conductivity is used both for high
and for low temperatures, the discharge origination near the
wall is automatically ensured as the result of the thermal
instability at the surface of the wall.

After the breakdown, the impedance of the discharge rap-
idly becomes small as compared with the total impedance of
the power supply circuit. That is why the total electric cur-
rent through the pinch,I ~t !, is considered to be a given func-
tion of time. The approximation

I ~t ! 5 I0FSpt

t0
D, ~26!

whereF~pt0t0! is determined by the external electric cir-
cuit, is used. HereI0 is a peak current andt0 is an effective
half-width of the electric current pulse.

3. DISSIPATIVE MHD SIMULATION
OF CAPILLARY PLASMAS
FOR X-RAY LASERS

A plasma formation in the capillary channels with an elec-
trical discharge is used to generate soft X-ray lasers. The
experiments on capillary discharges can be divided into two
types. In the first type, the discharge takes place in a channel
filled with initially preionized gas. In the second one a sur-
face discharge occurs at the walls of an evacuated channel. It
is accompanied by the ablation of the wall material and the
creation of the plasma inside the channel.

The dynamics of the discharge plasma in the different
regimes is discussed in articles by Bobrovaet al. ~1996,
1998a!, Lee et al. ~1996!, Roccaet al. ~1994a!, Rocca
~1999!, and Shlyaptsevet al. ~1996!. Below we present
the results of numerical MHD simulations of plasma dy-
namics inside a capillary with allowance for the plasma–
wall interaction both inside evacuated capillaries and in
those filled with preionized gas.

3.1. Plasma dynamics in a filled capillary

It is well known that discharge excitation of capillary chan-
nels 1.5–5 mm in diameter filled with preionized material has
resulted in the compression of a significant fraction of the dis-
charge power into plasma columns of;300mm diameter,
achieving the high power deposition and the good axial uni-
formity necessary for soft X-ray lasing. It was shown that a
lasing by collisional excitation of Ne-like argon ions takes
place when the electron density reaches 0.3–131019 cm23

and the electron temperature is 60–80 eV~Rocca, 1999!. The
physical process that has a major impact on the dynamics of
the discharge in the prefilled capillary is the ablation of the
wall material under the heat flux from the capillary plasma.
The ablated material being heated and ionized forms a high
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electric conductivity plasma that can lead to significant re-
distribution of electric current between the initially filling
channel argon plasma and the ablated plasma~Bobrovaet al.,
1996, 1998a!. Consequently, the discharge dynamics in the
filled capillary differ from the classical pinch dynamics~Dy-
achenko & Imshennik, 1970!.

3.1.1. Results of the MHD simulations
In the computer simulations, the capillary channel is ini-

tially filled with a preionized gas of uniform density and
temperature. A current pulseI ~t ! is conducted through the
plasma, which is assumed to be given by Eq.~26! with F~pt0
t0! 5 sin~pt0t0! for 0 , t , t0.

The overall picture of the discharge can be described as
follows: the current pulse heats the plasma and creates the
azimuthal component of the magnetic field, thus leading to
plasma pinching. A region of nonionized gas of very high
density is formed near the wall as the result of the solid
matter melting and evaporating. This dense gas is then heated
and ionized by the heat flux from the plasma region. Then, it
implodes radially towards the capillary axis.

The results of the MHD simulations of a capillary dis-
charge in a 5-mm-diameter channel filled with pure Ar are
presented. The initial density of argon isr0 5 3.23 1027

g0cm3, which corresponds to a pressure of 0.15 Torr at
room temperature. The temperature of the argon plasma is
assumed to be equal to 0.5 eV. The capillary is made of
polyacetal~~CH2O!n!. An equation of state with atomic
numberZ 5 7, average atomic weightA 5 14, and initial
densityr0 5 1 g0cm3 is used for the wall material. The
peak electric current in the circuit isI0 5 34 kA and the
half-period of the discharge cycle is 220 ns. The param-
eters of the discharge are chosen to fit the experiments, the
results of which were presented by H.-J. Kunze at the Pisa
Easter Conference~April, 1996!.

In Figure 1 the capillary discharge evolution is described.
Figures 1a and 1b show the lines of constant level of the
logarithm of electron density and electron temperature, re-
spectively, and Figure 1c the lines of constant level of the
electric current localized inside a region of radiusr. The
propagation of a compression wave from the capillary wall
to the channel axis and its reflection from the neighborhood
of the channel axis is apparent. Behind the front of the re-
flected shock wave, a region of hot and dense plasma~ker-
nel! is formed close to the axis of the channel. It is found that
the distribution of the plasma density and temperature are
uniform inside the kernel. The kernel lasts for about 10 ns.
The maximum plasma parameters achieved in the kernel at
t ' 64 ns arene ' 1.13 1019 cm23, andTe ' 51 eV.

The process of the kernel formation in the capillary dis-
charge may be better understood by looking at the behavior
of the current distribution. We note that aftert ' 40 ns, a
considerable amount of the total current~;30–40%! is lo-
calized near the capillary wall, causing the ablation. It is
apparent from Figure 1c that, during the kernel formation,
there is practically no current inside the region close to the
axis, and less than;5% of the full current is inside the ker-

nel. For this reason, the formation and the evolution of the
kernel, including the converging shock wave, the increase
of its amplitude due to the geometry of the capillary, and the
resulting increase of the plasma density on the axis, are hy-

~a!

~b!

~c!

Fig. 1. Results of a computer simulation of capillary discharge dynamics
in a 5-mm-diameter channel filled with 0.15 Torr of pureAr at a currentI05
34 kA, and half-cycle timet0 5 220 ns.~a! Lines of constant value of
decimal logarithm of electron density measured in cm23. ~b! Lines of con-
stant value of the electron temperature measured in eV.~c! Lines of constant
value of electric current inside the region with radiusr, normalized overI0.
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drodynamic processes, contrary to what is seen in classical
Z-pinches, where the magnetic forces play the main role in
the plasma acceleration till the moment of its maximum com-
pression, as had been shown by Dyachenko and Imshennik
~1970!. It must be noted that the formation of the converging
shock wave is due to the action of the Ampere force@ :j 3 ;B#
in the initial stage of the discharge. Nevertheless, after the
time t ; 50 ns the influence of the magnetic field on the
argon–plasma dynamics can be ignored. There are two stages
of energy conversion. In the first stage the energy of the
magnetic field is transferred to the argon plasma in the form
of kinetic energy. Then during the reflection of the converg-
ing shock wave from the central region, the kinetic energy is
converted into the thermal energy of the compressed and
heated plasma kernel. The ablation flow slowing down leads
to an additional plasma compression fort . 80 ns.

As long as the magnetic pressure does not play a signif-
icant role in the kernel formation, some additional inves-
tigation seems to be desirable to explain the high plasma
compression extent in the kernel~more than 200-fold!. This
resulting compression appears to be 10 times greater as
compared to thelimiting compression of the fully ionized
plasma in a cylindrical imploding shock wave. We explain
the enhanced compression by the plasma thermal energy
losses due to the ionization~see Bulanov & Sokolov, 1997!.

The radial distributions of the electron density at different
time moments are shown in Figure 2.Att557 ns, we see the
converging shock wave that creates a concave density pro-
file, observed by Hosokaiet al.~2000!. Upon the shock wave
reaching the axis, the local minimum of the electron density
on the axis disappears, and att 5 65 ns, we see that the
kernel is formed. Att 5 100 ns, the electron density distri-
bution becomes smooth, slightly decreasing from the axis to
the periphery of the discharge. The radial distributions of
plasma parameters inside the channel att564 ns are plotted
in Figure 3. Figure 3a shows the profiles of the electron den-
sity, the electron, and ion temperatures, and Figure 3b shows
the radial distributions of electric current density and plasma
velocity. One can see a significant increase in the electron
density, temperatures, and electric current density near the

axis of the channel. Near the walls, the plasma parameters
are also strongly nonuniform. The electron and ion temper-
atures are close to each other elsewhere, except the front of
the diverging shock wave. The radial dependence of the cur-
rent density confirms the above conclusion that the electric
current separates into two spatially independent compo-
nents flowing in the argon plasma and in the peripheral
regions of the discharge. A contact discontinuity separating
the argon plasma that initially fills the channel from the
plasma that is produced via ablation of the capillary wall
material is seen nearr ' 0.5 mm. In Figure 3b the radial
distribution of the plasma velocity is shown. Near the wall,
an expansion of the plasma towards the axis without any
shock wave is observed. The plasma flow slows down near
r '0.75 mm due to interaction with the magnetic field of the
discharge. Near the kernel boundary, a sharp discontinuity
in the plasma velocity is observed, which is associated with
the front of the shock-wave. Between the shock-wave front
and the region where the plasma flow quickly slows down,

Fig. 2. Radial distribution of electron densityneat three different moments
of time, for the same parameters as in Figure 1.

~a!

~b!

Fig. 3. Radial distribution of~a! electron densityne, and electron and ion
temperaturesTe, Ti , and~b! electric current densityj and plasma velocityv
at t 5 64 ns, for the same parameters as in Figure 1.
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the velocity remains constant. The regionr , 0.1 mm
is occupied by high-density hot plasma. The radial dis-
tributions of electron temperature and density inside the ker-
nel are plotted in Figure 4. This relatively short-lived dense,
hot kernel on the channel axis is likely to be the site of the
laser wave amplification. We expect that an account of two-
dimensional effects should not modify our conclusion about
the formation of the dense, hot kernel with uniform plasma
density and temperature in the axis of the channel. The in-
stabilities may not be very important, because the degree of
compression in the considered case is moderate. Moreover,
the experiments~Rocca, 1999! show high homogeneity of
the kernel plasma along the axis.

Our simulation~Bobrovaet al., 1998a! of the capillary
discharge with the parameters chosen to fit the experimental
conditions of Roccaet al. ~1994a! shows good agreement
with experimental results. Experimental and calculated ker-
nel size and lifetime were in close agreement, and the ob-
served time of plasma compression has coincided with the
simulation time.

All the simulations of the discharge dynamics were per-
formed for plastic capillaries because the adopted model of
plasma–wall interaction is valid for this material. In the case
of a ceramic or a quartz capillary, it would be better to take
into account the specific heat of evaporation of the wall ma-
terial and the specific heat that corresponds to dissociation
of molecules into atoms. We investigated the influence of
the ablation of the wall material on the discharge dynamics.
We have simulated the fastZ-pinch dynamics in a quartz
tube~Wagneret al., 1996!. In the first run, we did not take
the ablation of the wall material into account, whereas in the
second run, the ablation was taken into account according to
the model of the plasma–wall interaction adopted in the
present article. Upon comparing the simulation results for
the two runs with the experimental data, it is possible to
show that the ablation is significant even for quartz tubes of
a diameter of 1–2 cm. The results obtained in the first run
differed greatly from experimental ones, whereas the second-
run results were much closer to those obtained in the exper-

iment. Thus, we can conclude that the adopted model of
plasma–wall interaction can be used for simulation of cap-
illary discharges.

3.1.2. Dimensionless parameters
The investigation of plasma dynamics in discharges from

capillaries filled with preionized gas involves many param-
eters, such as the initial radius of the channelR0, the initial
density of the plasmar0, the electric current amplitudeI0,
and the current half-periodt0. Here, we address the regimes
in which the initial temperature of the plasma, and hence the
sound velocity, are low enough so that the perturbation im-
posed from the boundary propagates inside the channel as a
strong shock wave. To simplify the investigation of the prob-
lem, it is of great importance to find dimensionless param-
eters describing the relative role of different processes.

The velocity of the shock wave inside the channel can be
estimated to be on the order of the Alfvén velocity,vA 5
B0~4pr0!102, with the magnetic fieldB 5 2I00cR0. Assum-
ing a typical time scale,tc 5 R00vA, we obtain

tc 5 ~pr0!102
cR0

2

I0

. ~27!

The ratio betweentc and the half-period of the electric cur-
rent t0 is the first dimensionless parameter

tc
t0

5
~pr0!102cR0

2

I0 t0
. ~28!

There are also the other dimensionless parameters describ-
ing the role of dissipative processes near the axis, related to
the electron thermal conductivity and the plasma resistivity,

R0

rx

5 S I0

~pr0!102cxD102

~29!

and

R0

rs

5 S I0

~pr0!102cnm
D102

, ~30!

where the typical scale of the temperature nonuniformity is
rx 'x0vA, and the scale of the magnetic field nonuniformity
is rs ' nm0vA, x 5 k40cV, nm 5 c204ps, andcV is the spe-
cific heat of the electron component.

On the scales of channel radius, dissipative effects are
negligible in the regimes considered in this subsection. Nev-
ertheless, close to the walls, near the channel axis, and at the
shock-wave fronts, dissipative effects determine the typical
scales of nonuniformity. It can be shown that the typical
scale of the temperature nonuniformity near the wall isrx 5
xcR0~pr0!1020I0, and the scale of the magnetic field non-
uniformity near the wall isrs 5 nmcR0~pr0!1020I0.

We first briefly analyze the role of the parametertc0t0. In
the physical situation under examination, it actually governs
the dynamics of the shock wave, and determines the time at

Fig. 4. Radial distribution of electron densityne and electron temperature
Te inside the kernel at momentt 5 64 ns, for the same parameters as in
Figure 1.
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which the kernel is formed. Note that if the value oftc0t0 is
increased over a critical value, the formation of the kernel
is not observed in the time intervalt0. At constanttc0t0, the
r 2 t plots are found to be self-similar: the dynamics of the
shock wave are almost the same.

We characterize the performances of the discharge in terms
of the physical quantities in the kernel, in particular its max-
imum density and temperature, and determine their depen-
dence on the parameters of the discharge. To do this, we fix
the value oftc0t0 ; 0.35, corresponding to the experiment
performed by Roccaet al. ~1994a!, and investigate the be-
havior of the maximum density and temperaturermax, and
Te max, while the other parameters are varied. From the per-
formed series of computations, the following scalings are
obtained~Bobrovaet al., 1998a!

Te max ' 60
R0
'

t0
' eV, ~31!

rmax ' 270S R0
'

t0
' D20.322.5 lg~R0

' 0t0
' !

r0
'304 I0

'
mg

cm3 , ~32!

where the primed variables are normalized in the following
way:R0

' 5 R0 ~mm!02, t0
'5 t0 ~ns!060, I0

'5 I0 ~kA!040, and
r0
' 5 r0 ~mg0cm3!01.37.

3.2. Capillary discharge in an evacuated channel

In the evacuated capillaries, a surface discharge occurs at
the walls of the channel. It is followed by the ablation of the
wall material and the creation of a plasma inside the chan-
nel. The possibility of obtaining a laser wave amplification
by collisional recombination in capillary discharge plasmas
was proposed by Roccaet al.~1988!, who analyzed the case
of amplification at 18.2 nm in the 3–2 line of H-like C. Ev-
idence of lasing has been reported in several discharge-
pumped recombination laser experiments~Steden & Kunze,
1990; Shinet al., 1994; Dussartet al., 1999!. However, in all
cases only a small increase in the line intensity has been
observed.

3.2.1. Results of the MHD simulations
The results of MHD simulations of discharge dynamics in

an initially evacuated channel are discussed. The plasma in-
side the channel is produced from the polyethylene walls.

In Figure 5 the evolution of the capillary discharge is de-
scribed. The parameters of the discharge are chosen to fit the
experiment performed by Shinet al. ~1994!. The radius of
the channel isR0 5 0.6 mm. The electric current in the ex-
ternal circuit is determined by Eq.~26! with F~pt0t0! 5
sin~pt0t0! for 0, t , t0, I0525 kA, and the half-periodt05
220 ns. Figures 5a and 5b show the lines of constant value of
the logarithm of plasma density and the plasma temperature,
respectively, and Figure 5c displays the lines of constant
value of the electric current localized inside a region of ra-
diusr. At the initial stage, a fast plasma compression occurs
from a channel’s periphery to its axis. Subsequently the

plasma density changes smoothly in time. The transient pro-
cess is easily seen in Figure 5. In the outer region of the
discharge, plasma contraction changes to plasma expansion
that is governed by both the reflection of the shock wave and

~a!

~b!

~c!

Fig. 5. Results of computer simulation of capillary discharge dynamics in
a 1.2-mm-diameter evacuated channel at a currentI0 5 25 kA, and half-
cycle timet0 5 220 ns.~a! Lines of constant value of decimal logarithm of
electron density measured in cm23. ~b! Lines of constant value of the elec-
tron temperature measured in eV.~c! Lines of constant value of electric
current inside the region with radiusr, normalized overI0.
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plasma heating in the region close to the axis. Then the ra-
dial distribution of plasma density and temperature inside
the channel becomes smoother. The variation characteristic
scale is on the order of the capillary diameter. The pinch
occupies almost the whole channel.

The electric current flows in the vicinity of the channel
axis during the first stage of the discharge, then the radial
distribution of the electron current density becomes smooth,
as shown in Figure 5c.

In Figure 6 the radial distributions of the plasma param-
eters att 5 200 ns are given. This time is chosen to show the
typical plasma parameters distribution in the quasiequilib-
rium stage, when there is both mechanical equilibrium~the
Ampere force is balanced by the plasma pressure gradient!
and thermal quasiequilibrium~Joule heating is balanced by
the heat outflow due to thermal conductivity and radiative
energy losses!. The radial distributions of the plasma param-
eters are in good agreement with the experimental data. The
difference between the calculated values of the plasma den-
sity and temperature and those obtained in the experiment is
not substantial. Our model gives somewhat overestimated
plasma temperature and underestimated density of the dis-
charge plasma. According to the estimates, the plasma in the
central region of the discharge is at a mechanical equilib-
rium for a time that markedly exceeds the characteristic
Alfvén time, and the dissipative processes are not so impor-
tant on this time scale. In these conditions the different ideal
and dissipative MHD instabilities can be expected to occur
inside the channel~Bobrovaet al., 1996!. These instabilities
can lead to the excitation of MHD turbulence, and a change
in the transport processes. In Bobrovaet al. ~1996! we in-
vestigated the possible influence of an anomalous transport
on the parameters of the capillary discharge under the con-
ditions corresponding to the experiment by Steden and Kunze
~1990!. Our simulations showed that by incorporating the
additional turbulent transport as well as the correspondent
Joule heating, we decrease the plasma temperature and in-
crease the density. Comparing the results of calculations with
experimental data we can conclude that MHD turbulence

plays an important role in discharge dynamics in evacuated
capillaries for X-ray lasers.

We pay attention to the contradiction between the maxi-
mum electron temperature obtained in simulations and mea-
sured in experiments, on one hand, and the temperature
required for explaining the presence of a noticeable fraction
of highly ionized C51 carbon ions, observed in the experi-
ments, on the other hand. The possible mechanisms of gen-
eration of C51 ions were discussed by Kunzeet al. ~1994!,
Bobrovaet al. ~1996!, and Bulanovet al. ~1997b!. We as-
sume that the existence of C51 ions can be explained by the
properties of the plasma implosion in the evacuated channel.

3.2.2. Formation of the hot plasma region near
the channel axis

We can see that the temperature of the plasma after con-
vergence of the plasma flow towards the channel axis is sig-
nificantly higher in the initially evacuated channel than in
the case of the channel initially prefilled by a plasma. This
can be explained if one takes into account a specific prop-
erty of the convergent plasma flow to create a high-entropy
region. Such a phenomenon in the case of 1D plane geom-
etry has been predicted by Stanyukovich~1960!. The case of
cylindric symmetry has been studied recently by Askar’yan
et al. ~1999!.

The formation of the high-entropy region with an ex-
tremely high temperature at the channel axis after the plasma
flow converges is neither due to acceleration of the flow~the
flow velocity, v, is finite! nor due to plasma heating at the
shock-wave front~the temperature growth is proportional to
v2!, but with the specific behavior of the entropy at the shock
front: the entropy can tend to infinity even for a finite dif-
ference between the value of the temperatures ahead and
behind the shock front, if the plasma density ahead of the
shock front vanishes.

To demonstrate this property we assume that the plasma
density inside the channel changes fromr0 near the chan-
nel wall down tor1 ,, r0 at the axis. Converging toward
the axis, the plasma flow is slowing down at the shock
front. At the shock front the plasma density increases in a
factor ~g 1 1!0~g 2 1! ' 4; meanwhile the plasma temper-
ature behind the shock front is proportional tov2, being
on the order ofT0. The characteristic for the entropy value
T0rg21 increases up toT00r1

g21. It tends to infinity when
r10r0 r 0. Later on when the plasma pressure at the axis
grows adiabatically up to the value'P0, the temperature
increases up toT0~ r00r1!~g21!0g .. T0; meanwhile the den-
sity becomes on the order ofr0

10g r1
~g21!0g.

4. DISSIPATIVE MHD SIMULATION OF
CAPILLARY PLASMAS FOR GUIDING OF
INTENSE ULTRASHORT LASER PULSES

As we noted in the Introduction the channel produced in a
solid insulator and prefilled by plasma~the channel can also
be produced in the plasma! provides optimal conditions for
both the guiding of the laser pulse and for the excitation of

Fig. 6. Radial distribution of electron densityne and electron temperature
Te at momentt 5 200 ns, for the same parameters as in Figure 5.
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the wake field with a regular structure. The dynamics of a
capillary discharge to achieve the optimum conditions for
the guiding of laser pulses have been studied by Bobrova
et al.~1998b, 2000!. The experimental demonstration of the
laser pulse guiding in a plasma waveguide formed near the
axis of the capillary discharge was reported by Ehrlichet al.
~1996! and Hosakaiet al. ~2000!.

4.1. Parameters of the capillary required
for laser pulse guiding

Let us write the expressions for the acceleration length,
l acc, and effective radius of the region in which electromag-
netic radiation is localized,rw, in a plasma channel with
the parabolic profile of the electron densityne~r ! 5 ne~0! 1
ne
''~0!r 202:

lacc 5
l

2p S ncr

ne~0!D302

, ~33!

rw 5 ~lR0!102S ncr

2p2ne~0!D104S ne~0!

ne
''~0!R0

2D104

. ~34!

Here the radius of the channel,R0, is supposed to be larger
than rw, and the critical density, defined by the condition
vpe 5 v0, ncr , is larger thanne~0!. Herev0 is the carrier
frequency. We see that the transverse size of the electromag-
netic mode localization,rw, in the parabolic density channel
is on the order of~ne~0!de

20ne
''~0!!104, wherede 5 c0vpe.

In the case of the glass laser with the wavelength of the
radiation equal to 1mm, we need to use the waveguide with
rw ' 10 mm. The channel is supposed to be filled with a
plasma of the density on the order of'1019cm23 at the axis.
In the case of the CO2 laser with the wavelength of the ra-
diation equal to 10mm, one needs to use the waveguide with
rw'100mm, filled by a plasma with the density on the order
of '1017cm23 @see the discussion in an article by Pogorel-
sky et al. ~1996!# .

The plasma configurations with such parameters can be
produced in the capillary discharges. Our MHD simulations
of the capillary plasma dynamics~Bobrovaet al., 1996! re-
vealed the regimes in which the plasma parameters are close
to those required for the laser pulse guiding.

Since the plasma dynamics in the capillaries show very
complicated dependence on the wall material, the composi-
tion of the plasma inside the channel, and on the external
electric circuit~Bobrovaet al., 1996, 1998a, 1998b!, exten-
sive studies of the capillaries for the laser pulse guiding are
needed. With MHD simulations we want to demonstrate the
range of the parameters in which the suitable conditions for
the laser pulse guiding and the wake-field excitation can be
reached.

We can see in Figure 6 the formation of a smooth plasma
density profile with the local minimum of the electron den-
sity on the channel axis. This radial profile is typical for the
late stages of capillary discharge dynamics.An efficient guid-
ing of the laser pulses can be expected in channels with such

radial profiles if necessary values of electron density on the
axis and the transverse size of the electromagnetic mode
localization,rw, can be achieved.

4.2. Capillary discharge free of instabilities

Because the fluctuations of electron density caused by the
MHD turbulence can destroy a regular structure of the plasma
wave, they may prevent a proper acceleration process. For
this reason it is necessary to find discharge regimes that will
be free of MHD instabilities. It is well known thatZ-pinch
with strong electric current in the absence of walls is unsta-
ble against various MHD modes. At the same time, a suffi-
ciently symmetric first compression is achievable in many
experiments. We expect that capillary discharge is free of
MHD instabilities for the regimes when the electric current
inside the plasma has already decayed after the first plasma
compression. In this case, the plasma density distribution
with parabolic profile can remain unchanged.

To achieve such a regime of capillary discharge dynam-
ics, it is necessary to switch off the electric current at a cer-
tain moment of time. It is well known thatZ-pinch is stable
during the first compression and subsequent expansion till
the moment at which the pinch radius becomes maximum.
Consequently, if we switch off the current during the plasma
expansion after the shock wave has converged on the axis,
then MHD instabilities will not develop. Even if MHD in-
stabilities have developed during the current pulse, they are
damped after the pulse is switched off. To receive an aperi-
odic current pulse, the external electric circuit formed by the
capacity of the source,C, and the inductance of the circuit
itself, L, should be supplemented by the Ohmic resistance

R 5 2~L0C!102. ~35!

Then the current pulse is shaped as:

I ~t ! @ te2t0t0, ~36!

wheret0 5 ~LC!102 5 t1020~p03!, andt102 is a half-period of
current pulse in the absence of Ohmic resistance.

To describe the capillary discharge dynamics, we use the
dimensionless parametertc0t0 5 ~pr0!102cR0

20~I0 t0!, which
is the ratio between the typical plasma time scaletc and the
external circuit time scalet0. Heretc is the time for a shock
wave to reach the channel axis. We have already noted that
at a constant value of the parametertc0t0, the trajectories of
plasma elements in ther-t plane are found to be self-similar.
As it follows from MHD simulations by Bobrovaet al.
~1998a! the dynamics of the shock wave are almost the same
for different capillary discharges with constant value oftc0
t0. This indicates that, under the conditiontc0t0 ; 1, the
plasma in experimental devices with parameters similar to
those considered below should be free of MHD instabilities.
We also choose the pulse to be short enough so that MHD
instabilities have no time to develop. Then, after switching
off the current, the plasma remains stable. Below we shall

MHD simulations of capillary discharge dynamics 633

https://doi.org/10.1017/S026303460018406X Published online by Cambridge University Press

https://doi.org/10.1017/S026303460018406X


keep the parametertc0t0 constant. Subsequent slow cooling
of the current-free capillary plasma surrounded by the ab-
lating cold capillary wall causes typical spatial distribution
of plasma density and temperature with almost constant
pressure.

4.3. Results of MHD simulations

To optimize the values of electron density on the axis and
the radius of the electromagnetic mode localizationrw, we
performed simulations of the discharge dynamics in the cap-
illary filled with the nitrogen. The dimensionless parameter
tc0t0 was on the order of 1.

For a CO2 laser with a wavelength of 10mm, we choose
the following initial conditions. The radius of the channel is
R0 5 2.5 mm. The electric current in the external electric
circuit is determined by Eq.~36! with peak electric current
I0 5 32 kA andt0 5 20 ns. The channel is filled with pure
nitrogen at an initial densityr0 5 3.03 1027 g0cm3. The
capillary walls are of polyacetal~~CH2O!n!. At t 5 200 ns,
when electric current had already vanished and plasma is in
quasiequilibrium, electron density on the axis equalsne 5
2.5 3 1017 cm23, the radius of the electromagnetic mode
localization equalsrw5140mm, and electron temperature is
Te 5 28 eV. These parameters, slightly changing, exist for
approximately 50 ns. Spatial distributions of the electron
density and temperature are shown in Figure 7. The plasma
dynamics in such capillaries will be discussed below for the
capillary filled with deuterium.

For a 1-mm laser we considered the capillary discharge
with peak electric currentI0 5 30 kA andt0 5 6.6 ns, in a
0.6-mm-diameter channel filled with nitrogen at an initial
densityr0 5 5.23 1025 g0cm3. At t 5 60 ns the electron
density radial distribution has a parabolic profile, the elec-
tron density on the axis equalsne 5 1.5 3 1019 cm23, the
radius of the electromagnetic mode localization equalsrw 5
20 mm, and the electron temperature isTe 5 15 eV. It is
necessary to pay attention to the fact thatrw depends on

ne
''R0

20ne, which is a function of time. In the cases under
consideration it is on the order of 1 and it is possible to
find a time interval of'50 ns during which thene

''R0
20ne

change is not significant.
However the capillaries filled with nitrogen do not pro-

vide optimal conditions because of the laser pulse depletion
due to the ionization of the gas. To diminish the ionization
losses it is better to fill the capillaries with hydrogen or deu-
terium, although, in such channels, the conditiontc0t0;1 is
far more difficult to satisfy.

The results of MHD simulation of a capillary discharge
in a channel filled with pure deuterium are presented. The
version for a CO2 laser corresponds to a capillary with ra-
dius R0 5 2.8 mm, initial plasma densityr0 5 3.53 1027

g0cm3, and electron temperature of 1.0 eV. The capillary is
of polyacetal~~CH2O!n!. An equation of state with atomic
numberZ 5 7, average atomic weightA 5 14, and initial
densityr0 5 1 g0cm3 is used for the wall material. The
peak current in the circuit isI0 5 30 kA and the external
circuit characteristic time ist0 5 23 ns.

In Figure 8 the evolution of the capillary discharge is
described. Figures 8a and 8b show the lines of constant
value of the logarithm of electron density and the electron
temperature, respectively, and Figure 8c the lines of con-
stant value of the electric current localized inside a region
of radiusr. Plasma dynamics are very similar to those of
filled capillaries already discussed~compare Fig. 1 and
Fig. 8!. We can see the propagation of a compression shock
wave from the wall toward the axis of the channel, the
reflection of this wave from the region near the axis, and
its turn into a diverging shock wave. The contact disconti-
nuity, where the plasma arising during the ablation of the
wall material comes into contact with the deuterium plasma
that filled the channel initially, is easily seen in Figure 8a.
The fall of the electron density near the channel wall is
caused by the decreasing of plasma temperature and state
of ionization while plasma density is increasing. Figure 8c
displays lines of constant value of the electric current in-
side the region with radiusr, normalized over the peak
current in the circuitI0. After t 5 100 ns, the electric cur-
rent vanishes and plasma inside the capillary is in quasi-
equilibrium. The time evolution of the electron density and
temperature on the axis are plotted in Figure 9, showing
that aftert 5 150 ns, electron density on the axis is con-
stant for ;100 ns. The electron temperature on the axis
slowly decreases with time. Note that, for the electron den-
sity and temperature to evolve so smoothly, the governing
characteristics of the current pulse, channel radius, and ini-
tial gas density should be adjusted accordingly. Otherwise
we should observe relaxation oscillations, in the course of
which the plasma density and temperature change on the
time scale required for the shock wave to propagate over
the distance on the order of the channel radius. The radial
distributions of electron density and temperature att 5
250 ns are plotted in Figure 10. Electron temperature slowly
decreases to the walls of the capillary. In the vicinity of
the axis it is uniform. The contact discontinuity between

Fig. 7. Radial distribution of electron densityne and electron temperature
Te at momentt 5 200 ns in a 5-mm-diameter channel filled with nitrogen
with initial densityr05 3.031027 g0cm3 at a currentI05 32 kA, andt05
20 ns.
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the deuterium plasma and the ablated plasma is seen atr 5
1.8 mm. The electron density in deuterium plasma has a
parabolic profile with the minimumne 5 2 3 1017cm23 on
the axis. The radius of the electromagnetic mode localiza-

tion equalsrw 5 170 mm, and the electron temperature is
Te 5 18 eV.

The version for a 1-mm laser corresponds to a capillary
with radiusR0 5 0.23 mm, initial density of deuteriumr0 5
4.53 1025 g0cm3, and electron temperature of 1.0 eV. The
electric current in the external electric circuit is determined
by Eq.~36!, with peak electric currentI0 5 10 kA andt0 5
10 ns.

In Figure 11 the evolution of the capillary discharge is
described. In the case under consideration, the process of the
converging and reflecting of the compression shock wave
takes a relatively short time, then the plasma column oscil-
lates, but the oscillations decay with time. Aftert 5100 ns,
plasma is in quasiequilibrium with slightly decreasing elec-
tron density and temperature. Figure 11c shows that, for these
moments of time, plasma is free of electric current. The con-
tact discontinuity between the deuterium plasma and the
plasma arising during the ablation of the wall materials is
near the walls and does not move to the axis. It means that
after the transition period, the ablation stopped. The time
evolution of the electron density and temperature on the axes
are plotted in Figure 12. The radial distribution of electron

~a!

~b!

~c!

Fig. 8. Results of a computer simulation of capillary discharge dynamics
in a 5.6-mm-diameter channel filled with deuterium with initial density
r0 5 3.53 1027 g0cm3 at a currentI0 5 30 kA, and external circuit char-
acteristic timet0 5 23 ns.~a! Lines of constant value of decimal logarithm
of electron density measured in cm23. ~b! Lines of constant value of the
electron temperature measured in eV.~c! Lines of constant value of electric
current inside the region with radiusr, normalized overI0.

Fig. 9. Temporal evolution of electron densityne and electron temperature
Te on the axis, for the same parameters as in Figure 8.

Fig. 10. Radial distribution of electron densityneand electron temperature
Te at momentt 5 250 ns, for the same parameters as in Figure 8.
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density and the temperature near the axis att 5 100 ns are
plotted in Figure 13.The electron density in deuterium plasma
has a parabolic profile with the minimumne 5 2.03 1019

cm23 on the axis. The radius of the electromagnetic mode

localization equalsrw 5 20 mm, and the electron tempera-
ture isTe 5 10 eV.

5. DISCUSSION AND CONCLUSIONS

We have investigated different regimes of the capillary dis-
charge dynamics. In regards to the capillary discharges for
the X-ray lasers, we have analyzed the two regimes of the
capillary discharge dynamics inside the channel. In the first
case, the channel is filled with preionized gas; in the second
one, the material in the plasma comes from ablation of the
wall.

In the first regime, the hydrodynamical effects play the
main role, despite the fact that the acceleration of the plasma
towards the channel axis is caused mainly by the Ampere
force. We found that the kernel close to the channel axis is
likely to be the place where the amplification in an experi-
ment~Roccaet al., 1994a, 1995, 1996! can take place. The
kernel is the region with a diameter on the order of;1025 of
the channel diameter uniformly filled with hot, dense plasma.
The initial plasma density increases by a factor of about 200,
compared to the initial plasma density. But this is not a pinch
effect as, due to the lack of the electric current in the channel

~a!

~b!

~c!

Fig. 11. Results of a computer simulation of capillary discharge dynamics
in a 0.46-mm-diameter channel filled with deuterium with initial density
r0 5 4.53 1025 g0cm3 at currentI0 5 10 kA and external circuit charac-
teristic timet0 510 ns.~a! Lines of constant value of decimal logarithm of
electron density measured in cm23. ~b! Lines of constant value of the elec-
tron temperature measured in eV.~c! Lines of constant value of electric
current inside the region with radiusr, normalized overI0.

Fig. 12. Temporal evolution of electron densityne and electron tempera-
tureTe on the axis, for the same parameters as in Figure 11.

Fig. 13. Radial distribution of electron densityneand electron temperature
Te at momentt 5 100 ns, for the same parameters as in Figure 11.
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center, electromagnetic forces do not play any role at this
stage. In the absence of the current no MHD instabilities,
typical of Z-pinches, can occur. Therefore we can conclude
that the plasma behavior in the kernel can be described in the
frame of hydrodynamics. The physical nature of the com-
pression can be described in terms of the dynamics of com-
pression flows generated by converging shock waves. The
radial distributions of plasma density and temperature in-
side the emitting kernel are uniform. The electric current
distribution inside the channel is nonuniform. A fraction of
the electric current flows close to the wall and causes heat-
ing and subsequent ablation. Another fraction of the electric
current is localized near the channel axis. Plasma accelera-
tion and compression at the initial stage of the discharge are
both caused by this fraction of electric current. The fraction
of the electric current localized close to the wall does not
take part in the plasma acceleration, but only in heating the
wall. The investigation of the capillary discharge dynamics
allows us to identify the formation of a plasma kernel re-
sponsible for X-ray amplification and to determine its spa-
tial and time localization. From the set of simulations, simple
scalings of electron temperature and plasma density have
been obtained.

In the second regime, the capillary discharge fills in the
channel with plasma of uniform density and slightly non-
uniform temperature. Plasma is in a quasiequilibrium state.
The Ampere force is balanced by the pressure gradient, and
the Joule heating is compensated by energy losses via
electron thermal conductivity and radiation. This situation
is unstable against typical MHD instabilities ofZ-pinches.
The characteristic value of the plasma temperature is found
in good agreement with experimental data; however it is
not high enough to explain the existence of C51 ions, for
which recombination-pumped gain was reported by Steden
and Kunze~1990! and by Shinet al.~1994!. We assume that
the existence of C51 ions can be explained by the properties
of the plasma implosion in an axially symmetric geometry.

In the discussion of the capillary plasma for laser pulse
guiding, we investigated the dynamics of a capillary dis-
charge using the one-dimensional MHD simulation code to
achieve the discharge regime optimal for guiding of high-
intensity ultrashort laser pulses.

We have revealed the discharge regime where, after a short
transient process is completed, the plasma configuration
reaches dynamical and thermal equilibrium. In the first stage,
the fast compression, that is, the radial pinching of a plasma,
and the reflection of the shock wave occur. The transient
process being completed, when all MHD perturbations de-
cay, the plasma is in dynamical and thermal quasiequilib-
rium. At this stage, the electric current vanishes and the
Ampere force equals zero. The plasma pressure inside the
channel is uniform and electron density has a parabolic pro-
file with the minimum on the axis, where the plasma tem-
perature is maximum.

This plasma configuration is free of MHD instabilities
and therefore the small-scale plasma density fluctuations are
damped. Consequently, we have shown that in the course of

capillary discharge dynamics, plasma configuration optimal
for the guiding of high intensity ultrashort laser pulses can
be generated. We have demonstrated in a certain range of
capillary discharge parameters, a laser pulse can be guided
in the region whose transverse dimension is about 10 wave-
lengths of the laser light.
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