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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 intensity laser pulses, which allows us to provide a pulse

guiding over a distance greater than the defocusing length.
A principal scheme of capillary discharge is extremely sim- One of the most important applications of capillary dis-
ple. The base elementis a narrow charitied radius and the charges is relevant to the production of the active media for
length are on the order of I8 cm and 10 cm, respectively the X-ray lasers. It is well known that for short-wavelength
made in a solid insulator material. The channel is ended in &aser action itis necessary to produce a highly ionized dense
longitudinal direction by the two electrodes. An external low- plasma filament. The direct generation of an amplifying
inductance forming line is used to apply a voltage betweemplasma column by a fast discharge through a capillary chan-
the electrodes and to form a short pu(aéth a typical du-  nel has been successfully used for the production of highly
ration on the order of 100 hef the electric current through ionized plasmas with the parameters that are suitable for
the cross section of the channel. The electric current heatsoft-X-ray laser$Steden & Kunze, 1990; Rocedal., 1993,
both the channel wall material and the plasma inside thd994a, 1994, 1995, 1996; Tomaset al,, 1993; Kunzeet al,,
channel and its magnetic field causes plasma pinching. Cag-994; Morgaret al, 1994, 1995; Shiet al., 1994; Hosokai
illary discharges were originally studied in nuclear fusionetal, 1997; Benwaretal., 1998; Morenet al., 1998, 1999;
researchegFisheret al, 1973; McCorkle, 1983; Sethian Rocca, 1998 This approach has obvious advantages, result-
et al, 1985. They may also be used as an intense source ahg in the development of compact, efficient, and simple
the continuum and line emission for the spectroscopy applisoft-X-ray lasers.
cations as well as for soft-X-ray microscopy and lithogra- The experiments reported are of two types. In the first
phy (Bogenet al, 1968; McCorkle, 1981 type, the capillary discharge is used to generate plasma in a

In this article we present the results of magnetohydro-channel filled with an initially preionized gdfoccaet al,,

dynamic(MHD) simulations of capillary discharge dynam- 1994a, 1996; Hosokakt al,, 1997. In the second one, a
ics. We also discuss two possible applications of capillaryplasma is created from a discharge by ionizing the material
discharges related to the physics of X-ray lasers and to thablated from the capillary wall§Steden & Kunze, 1990;
use of capillary plasma as a waveguide for ultrashort highTomasekt al, 1993; Morgaret al,, 1994; Shiret al., 19949.

The mechanism responsible for the amplified spontaneous

. emission in a capillary filled with argon is electron-collisional
Address correspondence and reprint requests to: IV. Sokolov, Labora- . . . fB-3 L in Ne-like Ar(R
tory of Plasma Astrophysics, Toyama University, Gofku 3190, Toyama,exmtanon pumping of B-3stransition in Ne-like r(Roc-

Japan. E-mail: sokolov@ecs.tomyama-u.ac.jp caet al, 1994). The X-ray laser scheme in evacuated cap-
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illaries involves the population inversion by the enhanced wy/wye)? GW. The guiding of 2 TW Jum laser pulses can
recombination of dense plasméSteden & Kunze, 1990 be achieved if the electron density is higher than>
On highly ionizing, the plasma cools rapidly by conductive 10*%cm™3. In this regime, the electromagnetic radiation is
losses to the capillary walls and then recombines in a threesubject to a host of instabilities. It is natural to expect that
body recombination process. A particular transition of inter-instead of the regular plasma wake field that is necessary for
estisthe CVIH, (n=2-3 line at 18.2 nni{from H-like C>* the LWFA operation, some irregular Langmuir oscillations
ions) for which the amplification is observed in a capillary- will be generated, as was demonstrated in the particle-in-
discharge plasm@teden & Kunze, 1990; Shat al., 1994). cell simulations by Bulanoet al. (1996. The laser pulse
The second application of capillary plasmas is related t@uiding and the excitation of the wake field with a regular
the question of how one can provide a guiding for ultrashortstructure can be provided in a plasma-filled channel created
high-intensity laser pulses over a distance greater than theside a dielectri¢such a channel can also be produced in a
defocusing length. Ultrashort laser pulses with an intensityplasma. As a result, the efficient acceleration of charged
as high as 18-22W/cm? provide a broad range of applica- particles can be achievéBulanovet al., 1996. The exper-
tions (Joshi & Corkum, 199bthat include high harmonic imental demonstration of the laser pulse guiding in a hollow
generation, X-ray lasers, nuclear fusion, and charged parteapillary and in a gas-filled capillary were reported by Ehr-
cle acceleratioriTajima & Dawson, 1979; Modenet al,, lich et al. (1996 and Hosakaet al. (2000, respectively.
1995; Nakajimaet al,, 1995; Katsouleas & Bingham, 1996 Here, we present the results of MHD simulations of plasma
In most applications, the conditions should be created fodischarge inside the capillary channel. Our main objective is
both the sharp focusing of laser radiation to a small spot of &0 obtain more complete information related to the temporal
radiusroand the transportation of the pulse over many Ray-and spatial evolution of the plasma temperature and density.
leigh lengths without diffraction spreading, which are real-In Section 2 we formulate the physical model. We present a
ized, in general, in different limits of laser pulse and plasmaset of equations of dissipative MHD, formulate the bound-
parameters. ary conditions, and describe the plasma—wall interaction. In
Inthe case of the Laser Wake Field Accelerdfajima&  Section 3 we present the results of computer simulations of
Dawson, 1979; Gorbunov & Kirsanov, 1987; Sprargflal,  the discharge dynamics inside the channelfilled initially with
1988; Esareyet al, 1993; Katsouleas & Bingham, 1996 argon and inside the initially evacuated channel in the re-
one should provide laser pulse transportation through thgimes that are typical for the experiments where the X-ray
underdense plasma over a distance on the order of the alasing has been achieved. In Section 4 we present results of
celeration lengthl,e. =~ (C/wpe) (wo/wpe) %, Without signifi-  the capillary plasma dynamics under the parameters optimal
cant spreading. Here,. = (47n.e%/m)*>? is the Langmuir  for the ultrashort laser pulse guiding. In the final section
frequency, andy is the carrier frequency of laser radiation. discussion and conclusions are presented.
The ratiowo/wpe o« Ng /2, wheren is the electron plasma
densny,_ls su.pposed tobeas Iarg@gsupew 10-100. How— 2 THE PHYSICAL MODEL
ever, this ratio cannot be too large if one needs to getinto &
regime with a fairly high rate of charged particle accelera-Within the model adopted here the discharge dynamics in
tion, since the electric-field amplitude in the wake wave isdifferent regimes are studied relating to the possible appli-
proportional ton¥2. In addition, in order for the particles cations of capillary discharges for the X-ray lasers /Amd
not to slip out of the acceleration phase in the model of unfor using capillary plasma to provide a guiding for the ul-
limited wake-field acceleration, which can be realized in atrashort high-intensity laser pulses. We investigate the dis-
nonuniform plasma with a properly chosen density profilecharge dynamics in two types of capillaries: either an
(Bulanov et al, 1993, 199@), the laser pulse should be evacuated one or one prefilled by preionized or nonion-
guided over distances larger thgp.. ized gas. Since the temperature increases in the course of
To achieve the regime of laser pulse transportation withdischarge, a gas ionization occurs, so that the discharge
outdiffraction spreading, one invokes either the self-focusingplasma consists of neutral and ionized components. The
of the high-power electromagnetic radiation in an underfollowing phenomena are essential for capillary discharges:
dense plasméMax et al,, 1974; Suret al, 1987; Borisov  the interaction of the plasma with a wall and the ablation
et al, 1992; Dufree & Milchberg, 1993r the pulse is sup- of the wall material accompanied by the ionization of the
posed to be guided inside the initially performed hollow orproduced gas as well as the interaction of the magnetic
inside a narrow channel prefilled with a plasifitajima,  field with the plasmdpinch effecj. In the parameter range
1985; Sprangletal,, 1990; Bulanoet al,, 1994; Chotet al., under consideration, it is important to describe the follow-
1995; Dufreeet al., 1995. The possibility of a laser pulse ing dissipative processes: electron thermal conductivity,
guiding resulting from relativistic self-focusing, and the elec-Joule heating, Nernst and Ettinghausen effects, the radia-
tron acceleration in arelativistically self-guided channel weretion losses, and ion viscosity. It is also important to incor-
demonstrated by Borisoet al. (1992, Dufree and Milch-  porate the degree of ionization both into the equation of
berg(1993, and Wagneet al. (1997). This regime is real- state and into the dissipation coefficients. We use the ap-
ized only with laser light intensities greater thap, ~16.5  proximation of two-temperaturéon and electron one-
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fluid MHD. We assume that the conditions for the local effects in the plasma electron component. In this case we
thermodynamic equilibrium are satisfied. These conditionswvrite the generalized Ohm'’s law in the form as follows
are used to calculate the degree of ionization. Since the

length of the capillary is much larger than its diameter, it j aT,

is reasonable to use the one-dimensiqidl) approxima- E.= o - A\B or’ ©6)
tion. Moreover the experimentg&hrlich et al,, 1996; Rocca,

1999 show that the distribution of the discharge param- aT, _

eters along the capillary axis is uniform. The results of 1D Qo= —ri o F NBTj. ()

simulation also allow us to find the threshold of MHD in-

stabilities, even against the three-dimensia3a)) pertur-  The second terms on the right-hand side of Efsand(7)
bations with an arbitrary dependence upon all the spatialorrespond to the off-diagonal terms in the transport matrix.
coordinateg Neudachin & Sasorov, 1993 They describe the so-called Nernst and Ettinghausen ef-
fects. The influence of these effects on pinch dynamics was
investigated by Bobrovat al. (1992. It was shown that the
considered effects must be taken into account if the elec-
Owing to the large length-to-radius ratio of the capillary trons are magnetized. They are of the same order as the elec-
(I/Ry > 1, wherel and R, are a length and a radius of tronthermal conductivity and the electric conductivity which
the capillary, respectivelya 1D approximation is consid- are usually taken into account. The expressions for the ther-
ered in which all the values depend only on radiusnd  mal conductivityx, , the Nernst coefficientV, the electric

2.1. Basic equations

timet. The relevant MHD equations read: conductivity o, , ion viscosityno, and the rate of thermal
transfer between ions and electrons are taken from the paper
dv p 1. d 1 by Bobrova and Sasordt993, where the well-known sys-
p_:7_7_187_1_[”'7—(1_[”71_[(,0(9)1 H i i i i -
dt o c or r tem of Braginskii equationéBraginskii, 1963 was gener

alized for the case of a plasma with a large mean value of the
1) ion charge:

dp _ 19 n.T
Lo ps ), @ e = T w, ®
eVei
d B c 9 e 3 1
dtor ~ prarte = LX), 9
dt pr  pr or N MoCre 4(Xe, W) 9
e Pl ) it T L () - Q@ CalT - T, @ 2
. — —(rv) =], — — — (I - il — ) en
Poat Tt ar J ror e © ¢ o= = (1 Ix(Xe,W)) %, (10)
MeVei
dSi pi 6 1 8
PE"‘TE("U): _Fg(rqi)'i_cei(Te_Ti) mo = 0.96n, T, i L, (12)
10 v Me
— 11, T (rv) — B (I1,, — Iy ). (5) Cei =3 A_mA NeVei, (12

Hered/dt = d/dt + vd/dr, p is the plasma densitp=p.+  wheren, andn; are the electron and ion densitiegndm,

p; is the plasma pressutieis the sum of the electron and ion are the charge and the mass of electron, respecti&&ythe
pressures v is the radial component of the plasma velocity, atomic number of the element of interest, is the atomic

B is the azimuthal component of the magnetic field inten-unit of mass. The parameter= wge/v4;is large if the elec-
sity, IT; is the ion viscous stress tenshy,is the axial com-  trons are strongly magnetized, and it is small if the influence
ponent of the electric field in the comoving frame in which of the magnetic field upon the dissipative coefficients is neg-
the plasmais locally at rest, ande; are the internal specific  ligible. Then,w = A../(\V22A.;) is the Lorentz parameter
energies of the electron and ion components of the plasm&gr electron gas, characterizing the relative role of electron—
related to the unit of the plasma ma€s; is the rate of ther-  electron and electron—ion collisions, afidx., w) are the
mal transfer between ions and electrons, apedndT, are  functions defined in the paper by Bobrova and Sasorov
electron and ion temperatures, respectivejy.= (c/ (1993. Thus, the possible considerable difference between
47r1r)d(Br)/or is the axial component of the electric current A..andAg;, the Coulomb logarithms for electron—electron
density,q. andg; are the radial components of the electronand electron—ion collisions respectively, is taken into ac-
and ion heat fluxes, arg, is the rate of radiative energy loss count. The electron—ion and ion—ion collision frequencies
per the unit of volume. We take full account of all dissipative are written in the form as follows:
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4(2m)Y2e%Zn A gi For the equation of state and the ionization degree, the
Vel T T amyzTaz (13 approximation of local thermodynamic equilibrium is used
separately for the electron and ion components. For a mean
A(m)Y2e4z%n; A, ion chargez > 1, the state of ionization is determined by
Vi T A T2 (14 using the Raizer approximatigZeldovich & Raizer, 1967

and the mean-ion model. We find the degree of ionization
from the conditiony (z) + w(p,T) =0, whereu is the chem-

wherezis the mean ion charge, ang is the Coulomb log- . : ) .
ge, anq g ical potential of an ideal free-electron gas ap(@) the ion-

arithms forion—ion collisions. In dense, highly ionized plas-.~" | ; ) .
mas there is a considerable difference between Coulom[f&ton pqtennal of amean ion. For<lz.< Z/2, whereZ is
logarithms for electron—electron, electron—ion, and ion—iorlt € atqmlc numper'of th? element of mterest,, the average
collisions. For the parameters typical of capillary discharges'on'zat'on potential is defined by Sommerfeld's formula in

the classical description of the process of Coulomb coIIi-fhe Thomas—Fermi model for the ion shell. B2 <z =

sions is accurate enough. We use the following expressioré_ 1, the formula for the hydrogen-like ionization potential
for the Coulomb logarithms: IS chosen, taking into account the screening of the ion elec-

tric field by (Z — z— 1) electrons. For the casmg = z= 1,
wherez, = 10°¢ is the lowest state of ionization taken into

3
Moo = 1 n gTeﬁ , (15)  consideration, the simplified Saha formula is used, taking
2 16me’n, only neutral and once-ionized atoms into account. An ideal
1 o7 gas of free electrons is assumed. The nonideal behavior of
dei==In —— , (16)  theelectronsisincorporated only through the ionization po-
2 4mzierne(l+ ZT/Ti) tential. In the approximation considered, the free energy of
the electron gas is:
1 oT;%T,
Ai =N ——— : (17)
2 16mz%en(1+ zT./T) 7T VT#2\  U(2)
Fo(V,T,) = ~am. <1+ In ez ) A (20)
Atlowtemperatures, as long as the meanion chargeis less
than unity, there is a noticeable fraction of neutral particles © forz>2Z
inthe plasma. We_ren_ormalize the electron—i_on c_ollisionfre- U@ =14 40 +fo(j)dj forl=z=7 21)
quencyw,,; by taking into account the contribution of the 0
neutral particles to the electron scattering, whereas the zx(0) foro=z=1,
electron—electron collision frequency is assumed to be
the same as that in the absence of the neutral atoms. To de- *® forj=z-1
scribe the electron collision with a neutral atom, we adoptthe x(j) =14 (j+1%@2(z-j-1%3) forz/2-1=j=Z-1
approximationr,, = a3 for the transport cross sectiom, (i +1)%32 for0=j=2z/2—1,
being the Bohrradius. Thus all dissipative coefficients are de-
fined by expressions in which the electron—ion collision fre- (22

guency is substituted by the effective collision frequency

involving the contribution from neutral atoms. These expresWhereF(V, Te) is the specific free energy of electron g¥s,

sions have been applied to both a highly ionized plasma anthe specific volume of the atomic cell, and j) the ioniza-

aplasmawith alow degree of ionization. This procedure protion potential of the mean ion with chargeAll the quanti-

vides a qualitatively accurate and universal description of imiies in Eqs(20)—(22) are written in atomic unitge = m, =

iting cases corresponding to strongly ionized and weakly? = 1). The equilibrium state of ionizatiorz(V, Te), corre-

ionized plasmas, as well as to the transient cases. sponds to the minimum free enerBy, treated as a function
The ion component of the plasma is not assumed to b€f three variablesy, Te, andz:

magnetized; hence the viscosity coefficiemiandn, (Bra-

ginskii, 1963 are neglected. In such a formulation, the axial (a_|=e> (ViT.. 2(V,T.)) = . 23

and azimuthal velocity components vanish if they vanish 9z Ve

under the initial conditions. For the nonzero components of

ion viscosity tensofT;, we therefore have All expressions for the dissipative coefficients of the plasma
include the quantity calculated in such a manner. The spe-
2 v v cific internal energye, and the pressurp, are defined as
Hrr = 5 Mo\ - — 2 — y (18) .I: ” .
r or ollows:
2 Jd v 1 Amy aF, Amy
M, = =nor2— —. 19 =— T =) —
op 3770|' or r2 ( ) Se(p:Te) AmA [Fe< P 1Te> Te((.ﬂ-e)\/( 0 1Te):|1
The expression fon, has been already introduced. (24
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(R [ Amy this stage is short in time and does not affect the plasma
Pe = 7<W>Te<T’Te>' @9 parameters at a later time. For a correct description of the
discharge, it is actually sufficient to allow only for the fact
We assume the ion gas to be ideal also. that the discharge begins at the wall surface. When the for-
For the radiation energy losses, we have used the mod#hula for a plasma electric conductivity is used both for high
description developed by Bobrowd al. (1996, which al-  and for low temperatures, the discharge origination near the
lows us to take into account the line radiation. Howeverwall is automatically ensured as the result of the thermal
there is no large influence of radiation cooling on plasmainstability at the surface of the wall.
dynamics when the magnitude of the electric currentis much After the breakdown, the impedance of the discharge rap-
less than the Pease-Braginskii current valBeaginskii, idly becomes small as compared with the total impedance of
1957; Pease, 195.7The Pease—Braginskii current value cal- the power supply circuit. That is why the total electric cur-
culated to take into account line radiation is on the order ofentthrough the pinch{t), is considered to be a given func-
several hundreds of kiloamps, whereas in our case, the fullon of time. The approximation
electric current does not exceed 30—40 kA.
In our computer simulations, we use the same set of equa- () = Ip® (ﬂ) (26)
tions to describe both the plasma inside the channel and the "\t )
adjacent region of the channel wall. This method makes it
possible to include a description of the ablation of the wallwhere® (7t/ty) is determined by the external electric cir-
material, the heating and ionization of this material, and theuit, is used. Heré, is a peak current anig is an effective
supply of a heated gas into the plasma discharge region. Hoviralf-width of the electric current pulse.
ever, to use this method, we need to specify the equation of
e i Sl . DISSIPATIVE D SIMULATION
. T L ' OF CAPILLARY PLASMAS
we used a simple approximation that takes into account the
- . . FOR X-RAY LASERS
fact that the specific heat of evaporation of the wall material
and the specific heat that corresponds to dissociation of molA plasma formation in the capillary channels with an elec-
ecules into atoms are much less than the specific interndtical discharge is used to generate soft X-ray lasers. The
energy of the plasma formed by the gas that was evaporatezkperiments on capillary discharges can be divided into two
and ionized. Thus, the capillary wall material is treated agypes. In the first type, the discharge takes place in a channel
ideal atomic gas and, in the initial conditions of our numer-filled with initially preionized gas. In the second one a sur-
ical model, the initial density of the wall material is equal to face discharge occurs at the walls of an evacuated channel. It
the real density of this material at fairly low initial temper- is accompanied by the ablation of the wall material and the
atures. Our estimates and calculatidBsbrovaet al.,, 1998) creation of the plasma inside the channel.
show that this approach can be correct for materials that The dynamics of the discharge plasma in the different
contain hydrogen and have fairly low melting and evapora+egimes is discussed in articles by Bobrataal. (1996,
tion points. So the plasma-wall interaction is modeled byl998), Lee et al. (1996, Roccaet al. (19943, Rocca
considering the material of the wall as a cold neutral gas 01999, and Shlyaptseet al. (1996. Below we present
high density. Within the model used, the electric conductiv-the results of numerical MHD simulations of plasma dy-
ity of the wall material can be neglected, as in the case ofiamics inside a capillary with allowance for the plasma—
dielectric wall. wall interaction both inside evacuated capillaries and in
those filled with preionized gas.

2.2. Initial conditions

Two cases of the discharge plasma dynamics for filled ang"l' Plasma dynamics in a filled capillary

evacuated capillaries have been simulated. In both cases tltas well known that discharge excitation of capillary chan-
discharge is induced by the pulse of the electric current gemels 1.5-5 mm in diameter filled with preionized material has
erated by an external electric circuit. In the first case, theesulted inthe compression of a significant fraction of the dis-
capillary channel is prefilled with preionized gas of uniform charge power into plasma columns-e800 um diameter,
density and temperature, and in the second case of the evaaehieving the high power deposition and the good axial uni-
uated capillaries, the plasma inside the channel is createfdrmity necessary for soft X-ray lasing. It was shown that a
from the ablation and ionization of the wall material. We lasing by collisional excitation of Ne-like argon ions takes
must say a few words about the initial conditions under whictplace when the electron density reaches 0:34D'° cm™2

the current flows in the evacuated capillary. After the thresh-and the electron temperature is 60—-80Bédcca, 1998 The

old voltage is reached, a strongly nonuniform surface breakphysical process that has a major impact on the dynamics of
down happens at the wall. This stage of the discharge canntite discharge in the prefilled capillary is the ablation of the
be described by Eq$1)—(5) because of the 3D effects and wall material under the heat flux from the capillary plasma.
the effects of the plasma quasineutrality disturbance. BuThe ablated material being heated and ionized forms a high
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electric conductivity plasma that can lead to significant re- 2.5
distribution of electric current between the initially filling 1
channel argon plasma and the ablated pladoarovaet al,, |
1996, 1998). Consequently, the discharge dynamics in theE 1.5
filled capillary differ from the classical pinch dynamid3y- E

P

achenko & Imshennik, 1970 1.0

2.0

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 0 20 40 60 80 100 120 140 160 180 200 220
temperature. A current puldét) is conducted through the L ns
plasma, which is assumed to be given by €6) with ® (rt/ ’i
to) = sin(art/ty) for 0 < t < t,. 5 16 17 '8 19
The overall picture of the discharge can be described a log (electron density)
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 heat¢
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 argongg = 3.2 X 1077
g/cm?®, which corresponds to a pressure of 0.15 Torr at

0 20 40 60 B0 100 120 140 160 180 200 220

room temperature. The temperature of the argon plasma i i ns
assumed to be equal to 0.5 eV. The capillary is made o
polyacetal ((CH,0),). An equation of state with atomic m

numberZ = 7, average atomic weighk = 14, and initial 0 20 40 B0 80 100 120

Electron temperature

density p, = 1 g/cm?® is used for the wall material. The )
peak electric current in the circuit i3 = 34 kA and the
half-period of the discharge cycle is 220 ns. The param- =]} \\\k.\%
eters of the discharge are chosen to fit the experiments, th '
results of which were presented by H.-J. Kunze at the Pisi
Easter Conferenc€@pril, 1996). e

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 radiusThe 0.0 +—————— T ——T——T————1——1
propagation of a compression wave from the capillary wall 0 20 40 B0 80 100 120 140 160 180 200 220
to the channel axis and its reflection from the neighborhooc - s
of the channel axis is apparent. Behind the front of the re- :"
flected shock wave, a region of hot and dense plagea 0.00 025 050 075  1.00
nel) is formed close to the axis of the channel. Itis found that current
the distribution of the plasma density and temperature are ©
uniform inside the kernel. The kernel lasts for about 10 nsFig. 1. Results of a computer simulation of capillary discharge dynamics
The maximum p|asma parameters achieved in the kernel éﬁaS-mm-diameter channelfilled with 0.15 Torr of pureAratacurtgnt
t~ 64 ns are, ~1.1x 109 cm3, andT,~ 51 eV. 34 kA, and half-cycle time, = 220 ns.(a) Lines of constant value of

. . . . decimal logarithm of electron density measured in €énib) Lines of con-
The process of the kernel formation m.the caplllary d's_'stantvaluegofthe electrontemperatu):e measured i(té;fﬁges of constant
charge may be better understood by looking at the behaviGfaue of electric current inside the region with radiysormalized ovet,.
of the current distribution. We note that after 40 ns, a
considerable amount of the total currént30—40% is lo-
calized near the capillary wall, causing the ablation. It isnel. For this reason, the formation and the evolution of the
apparent from Figure 1c that, during the kernel formation kernel, including the converging shock wave, the increase
there is practically no current inside the region close to theof its amplitude due to the geometry of the capillary, and the

axis, and less than 5% of the full current is inside the ker- resulting increase of the plasma density on the axis, are hy-
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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 fdrg& B]
in the initial stage of the discharge. Nevertheless, after the
timet ~ 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 0.01
of kinetic energy. Then during the reflection of the converg-
ing shock wave from the central region, the kinetic energy is r.cm
converted into the thermal energy of the compressed and
heated plasma kernel. The ablation flow slowing down leads @
to an additional plasma compression for 80 ns. 2.5 0.5

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 kerr@hore than 200-folgd This
resulting compression appears to be 10 times greater ag
compared to théimiting 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 ionizatidgeee Bulanov & Sokolov, 1997

The radial distributions of the electron density at different
time moments are shown in Figure 2.tAt 57 ns, we see the
converging shock wave that creates a concave density pro-
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file, observed by Hosokait al.(2000. Upon the shock wave 0.0 — T 15
reaching the axis, the local minimum of the electron density 000 005 010 045 020 025
on the axis disappears, andtat 65 ns, we see that the ' ' " rem ' '

kernel is formed. At = 100 ns, the electron density distri- ®)
bution becomes smooth, slightly decreasing from the axis to
the periphery of the discharge. The radial distributions OfFig. 3. Radial distribution ofa) glectron densit_y1_e, and electron anq ion
pIasma parameters inside the channeka4 ns are pIotted tem_perature§'e, T, and(b) electric current _den_snyand plasma velocity
. . . . att = 64 ns, for the same parameters as in Figure 1.
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 electroaxis of the channel. Near the walls, the plasma parameters
density, temperatures, and electric current density near thare 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-
65ns rent density confirms the above conclusion that the electric
10.00 l current separates into two spatially independent compo-
nents flowing in the argon plasma and in the peripheral
1.00 \ 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
75ns material is seen near~ 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
0.01 41—+ T shock wave is obsgrved. T.he plgsma flow slows .down near
r = 0.75 mm due to interaction with the magnetic field of the
0.00 005 010 0.15 020 025 discharge. Near the kernel boundary, a sharp discontinuity
r, cm in the plasma velocity is observed, which is associated with
Fig. 2. Radial distribution of electron densityat three differentmoments ~ the front of the shock-wave. Between the shock-wave front
of time, for the same parameters as in Figure 1. and the region where the plasma flow quickly slows down,

0.10

Ne, 1018¢m-3
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2.0 60 iment. Thus, we can conclude that the adopted model of
. K 5 plasma—wall interaction can be used for simulation of cap-
15 L illary discharges.
® T - 40
5 1 .~  3.1.2. Dimensionless parameters
' 1.0 7 g The investigation of plasma dynamics in discharges from
o 1 capillaries filled with preionized gas involves many param-
05 — eters, such as the initial radius of the chariRglthe initial
) density of the plasmag, the electric current amplitudg,
and the current half-periag. Here, we address the regimes
00 in which the initial temperature of the plasma, and hence the
0.0 0.1 0.2 03 0.4 0.5

sound velocity, are low enough so that the perturbation im-
posed from the boundary propagates inside the channel as a
Fig. 4. Radial distribution of electron density and electron temperature - Strong shock wave. To simplify the investigation of the prob-
Teinside the kernel at moment= 64 ns, for the same parameters as in |em, it is of great importance to find dimensionless param-
Figure 1. 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, =

the velocity remains constant. The region< 0.1 mm  B/(4mpo)*/?, with the magnetic field® = 21,/cR,. Assum-
is occupied by high-density hot plasma. The radial dis-ng a typical time scalet. = Ro/va, We obtain
tributions of electron temperature and density inside the ker-
nel are plotted in Figure 4. This relatively short-lived dense, = (pg)¥2 ﬁ% 27
hot kernel on the channel axis is likely to be the site of the ¢ po lo
laser wave amplification. We expect that an account of two-
dimensional effects should not modify our conclusion aboufThe ratio betweei. and the half-period of the electric cur-
the formation of the dense, hot kernel with uniform plasmarentt, is the first dimensionless parameter
density and temperature in the axis of the channel. The in-

stabilities may not be very important, because the degree of te _ (mpo)“/*cRS 29
compression in the considered case is moderate. Moreover, to oty

the experiment$Rocca, 1999show high homogeneity of

the kernel plasma along the axis. There are also the other dimensionless parameters describ-

Our simulation(Bobrovaet al., 199&) of the capillary  ing the role of dissipative processes near the axis, related to
discharge with the parameters chosen to fit the experimentahe electron thermal conductivity and the plasma resistivity,
conditions of Roccat al. (1994a) shows good agreement

with experimental results. Experimental and calculated ker- Ry _ ( lo )1/2 29
nel size and lifetime were in close agreement, and the ob- My (mpo)¥2cy
served time of plasma compression has coincided with the
simulation time. and

All the simulations of the discharge dynamics were per-
formed for plastic capillaries because the adopted model of Ro _ ( lo )1/2 (30
plasma—wall interaction is valid for this material. In the case r, (mpo)Y?crpm

of a ceramic or a quartz capillary, it would be better to take

into account the specific heat of evaporation of the wall mawhere the typical scale of the temperature nonuniformity is
terial and the specific heat that corresponds to dissociation, = x /v, and the scale of the magnetic field nonuniformity
of molecules into atoms. We investigated the influence ofis r, ~ v, /va, X = k. /Cy, ¥m = C¥/4mo, andcy is the spe-

the ablation of the wall material on the discharge dynamicscific heat of the electron component.

We have simulated the faZpinch dynamics in a quartz ~ On the scales of channel radius, dissipative effects are
tube(Wagneret al, 1996. In the first run, we did not take negligible in the regimes considered in this subsection. Nev-
the ablation of the wall material into account, whereas in theertheless, close to the walls, near the channel axis, and at the
second run, the ablation was taken into account according tshock-wave fronts, dissipative effects determine the typical
the model of the plasma—wall interaction adopted in thescales of nonuniformity. It can be shown that the typical
present article. Upon comparing the simulation results forscale of the temperature nonuniformity near the wall is

the two runs with the experimental data, it is possible toycRy(7pg)*?%/1o, and the scale of the magnetic field non-
show that the ablation is significant even for quartz tubes ofiniformity near the wall is, = v,,CRy(7po) Y% l,.

a diameter of 1-2 cm. The results obtained in the first run We first briefly analyze the role of the parametgft,. In
differed greatly from experimental ones, whereas the secondhe physical situation under examination, it actually governs
run results were much closer to those obtained in the expethe dynamics of the shock wave, and determines the time at
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which the kernel is formed. Note that if the valuetgft, is
increased over a critical value, the formation of the kernel
is not observed in the time intervial At constant./ty, the

r — t plots are found to be self-similar: the dynamics of theE
shock wave are almost the same. E

We characterize the performances of the discharge in tern™ .

of the physical quantities in the kernel, in particular its max-
imum density and temperature, and determine their deper
dence on the parameters of the discharge. To do this, we fi
the value oft./ty ~ 0.35, corresponding to the experiment

631

)ﬂ A

20 40 &0 80 100 120 140 180 180 200 220

performed by Roccat al. (1994a), and investigate the be- L ns
havior of the maximum density and temperatggg,, and m
Te maxs While the other parameters are varied. From the per 15.0 16.2 175 18.8 200

formed series of computations, the following scalings are
obtained(Bobrovaet al., 199&)

0.6
Temax =~ 60 5,0 ev, (3D
to
0.4
R(/) —0.3-2.51g(Rp/t0) g E
~ 270 — Ay — 2 - 3
Pmax 0< t ) Po~ lo cm?’ (32 -
0.2
where the primed variables are normalized in the following
way: Ry = Ry (mm)/2,t{ =ty (ns) /60,14 = 1y (kA)/40, and |

po = po (png/cm?)/1.37.

3.2. Capillary discharge in an evacuated channel

In the evacuated capillaries, a surface discharge occurs
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 Roced 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 dischargeS
pumped recombination laser experimgi8teden & Kunze,
1990; Shiretal,, 1994; Dussaret al., 1999. However, in all
cases only a small increase in the line intensity has bee

lag (electron density)

(@

60 80 100 120 140 180 180 200 220
t, ns

e

o 100 200 300 400 500

electron temperature

(b)

observed. 007111
4] 20 40 680 80 100 120 140 160 180 200 220
3.2.1. Results of the MHD simulations - e
The results of MHD simulations of discharge dynamicsin m
an initially evacuated channel are discussed. The plasma it 0.0 0.2 0.5 0.8 1.0

side the channel is produced from the polyethylene walls.
In Figure 5 the evolution of the capillary discharge is de-

current

(©

scribed. The parameters of the discharge are chosen to fit thry. 5. Results of computer simulation of capillary discharge dynamics in
experiment performed by Shat al. (1994). The radius of = a 1.2-mm-diameter evacuated channel at a cutlgent25 kA, and half-

the channel iR, = 0.6 mm. The electric current in the ex- cycle timety = 220 ns.(a) Lines of constant value of decimal logarithm of

t | ci it i od t N d by E 26) ith <1>( t/t ) . electron density measured in cf(b) Lines of constant value of the elec-
grna Circuit Is determine y 01 wi ™ o/ tron temperature measured in €¢) Lines of constant value of electric
sin(rt/ty) for 0 <t <to, lo=25kA, and the half-perioty = current inside the region with radiusnormalized ovet.

220 ns. Figures 5a and 5b show the lines of constant value of

the logarithm of plasma density and the plasmatemperature,

respectively, and Figure 5c displays the lines of constanplasma density changes smoothly in time. The transient pro-
value of the electric current localized inside a region of ra-cess is easily seen in Figure 5. In the outer region of the
diusr. At the initial stage, a fast plasma compression occurslischarge, plasma contraction changes to plasma expansion
from a channel’'s periphery to its axis. Subsequently thehatis governed by both the reflection of the shock wave and
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30 JEEp— - 70 plays an important role in discharge dynamics in evacuated
1 7. e Leo capillaries for X-ray lasers.
25 — . L .
o e i We pay attention to the contradiction between the maxi-
o 20 Tt [ %0 mum electron temperature obtained in simulations and mea-
mE ] ~ 40 sured in experiments, on one hand, and the temperature
S 15 ] B/ N 0 Z required for explaining the presence of a noticeable fraction
° 404 - of highly ionized C™ carbon ions, observed in the experi-
o - 20 ments, on the other hand. The possible mechanisms of gen-
57 - 10 eration of C* ions were discussed by Kunz¢al. (1994,
i Bobrovaet al. (1996, and Bulanowt al. (19970H. We as-
0 T T T T 1 0 . . .
0.0 o 02 03 04 05 06 sume that the existence oPCions can be explained by the

S properties of the plasma implosion in the evacuated channel.

Fig. 6. Radial distribution of electron density and electron temperature  3.2.2. Formation of the hot plasma region near
Te at moment = 200 ns, for the same parameters as in Figure 5. 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
plasma heating in the region close to the axis. Then the rahe case of the channel initially prefilled by a plasma. This
dial distribution of plasma density and temperature insidecan be explained if one takes into account a specific prop-
the channel becomes smoother. The variation characteristrty of the convergent plasma flow to create a high-entropy
scale is on the order of the capillary diameter. The pinchregion. Such a phenomenon in the case of 1D plane geom-
occupies almost the whole channel. etry has been predicted by StanyukovitB60. The case of
The electric current flows in the vicinity of the channel cylindric symmetry has been studied recently by Askar’yan
axis during the first stage of the discharge, then the radiagt al.(1999.
distribution of the electron current density becomes smooth, The formation of the high-entropy region with an ex-
as shown in Figure 5c. tremely high temperature at the channel axis after the plasma
In Figure 6 the radial distributions of the plasma param-flow converges is neither due to acceleration of the fltve
eters at = 200 ns are given. This time is chosen to show theflow velocity, v, is finite) nor due to plasma heating at the
typical plasma parameters distribution in the quasiequilib-shock-wave frontthe temperature growth is proportional to
rium stage, when there is both mechanical equilibrigiee ~ v2), but with the specific behavior of the entropy at the shock
Ampere force is balanced by the plasma pressure gradientront: the entropy can tend to infinity even for a finite dif-
and thermal quasiequilibriuttdoule heating is balanced by ference between the value of the temperatures ahead and
the heat outflow due to thermal conductivity and radiativebehind the shock front, if the plasma density ahead of the
energy lossesThe radial distributions of the plasma param- shock front vanishes.
eters are in good agreement with the experimental data. The To demonstrate this property we assume that the plasma
difference between the calculated values of the plasma demiensity inside the channel changes frppmear the chan-
sity and temperature and those obtained in the experiment izel wall down top; < pg at the axis. Converging toward
not substantial. Our model gives somewhat overestimatethe axis, the plasma flow is slowing down at the shock
plasma temperature and underestimated density of the di§ont. At the shock front the plasma density increases in a
charge plasma. According to the estimates, the plasma in tHactor (y + 1)/(y — 1) ~ 4; meanwhile the plasma temper-
central region of the discharge is at a mechanical equilibature behind the shock front is proportionaluté, being
rium for a time that markedly exceeds the characteristicon the order offy. The characteristic for the entropy value
Alfvén time, and the dissipative processes are not so impof¥/p”~! increases up td,/p7 . It tends to infinity when
tant on this time scale. In these conditions the differentideap,/po — 0. Later on when the plasma pressure at the axis
and dissipative MHD instabilities can be expected to occugrows adiabatically up to the valueP,, the temperature
inside the channéBobrovaet al., 1996. These instabilities  increases up td( po/p1) 7Y > T,; meanwhile the den-
can lead to the excitation of MHD turbulence, and a changsity becomes on the order pf/” pi? /7.
in the transport processes. In Bobraataal. (1996 we in-

vestigated the possible influence of an anomalous transpoat. DISSIPATIVE MHD SIMULATION OF

on the parameters of the capillary discharge under the con-
ditions (F:)orresponding tothe (fxper)i/ment by gteden and Kunze CAPILLARY PLASMAS FOR GUIDING OF

! . : . INTENSE ULTRASHORT LASER PULSES
(1990. Our simulations showed that by incorporating the
additional turbulent transport as well as the corresponderis we noted in the Introduction the channel produced in a
Joule heating, we decrease the plasma temperature and iselid insulator and prefilled by plasnigne channel can also
crease the density. Comparing the results of calculations withe produced in the plasmprovides optimal conditions for
experimental data we can conclude that MHD turbulencéoth the guiding of the laser pulse and for the excitation of
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the wake field with a regular structure. The dynamics of aradial profiles if necessary values of electron density on the
capillary discharge to achieve the optimum conditions foraxis and the transverse size of the electromagnetic mode
the guiding of laser pulses have been studied by Bobrovécalization,r,,, can be achieved.

etal.(1998&, 2000. The experimental demonstration of the
laser pulse guiding in a plasma waveguide formed near th
axis of the capillary discharge was reported by Ehréthl.
(1996 and Hosakaéet al. (2000. 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 itis necessary to find discharge regimes that will
be free of MHD instabilities. It is well known that-pinch

Let us write the expressions for the acceleration lengthwith strong electric current in the absence of walls is unsta-
lace: and effective radius of the region in which electromag-ble against various MHD modes. At the same time, a suffi-
netic radiation is localized,, in a plasma channel with ciently symmetric first compression is achievable in many
the parabolic profile of the electron densiiy(r) = ns(0) +  experiments. We expect that capillary discharge is free of

4.2. Capillary discharge free of instabilities

4.1. Parameters of the capillary required
for laser pulse guiding

nZ(0)r%/2: MHD instabilities for the regimes when the electric current
inside the plasma has already decayed after the first plasma
_ i( Ner )3/2 (33 compression. In this case, the plasma density distribution
e 27 \n0) ) ’ with parabolic profile can remain unchanged.

To achieve such a regime of capillary discharge dynam-
- (/\Ro)l/2< Ner )1/4< Ne(0) )1/4 (34  ics, itis necessary to switch off the electric current at a cer-
v 27%n,(0) n(O)R3 tain moment of time. It is well known that-pinch is stable
during the first compression and subsequent expansion till
Here the radius of the chann®g, is supposed to be larger the moment at which the pinch radius becomes maximum.
thanr,, and the critical density, defined by the condition Consequently, if we switch off the current during the plasma
wpe = wo, N, is larger tham(0). Herewy is the carrier  expansion after the shock wave has converged on the axis,
frequency. We see that the transverse size of the electromagiren MHD instabilities will not develop. Even if MHD in-
netic mode localizatiorr,,, in the parabolic density channel stabilities have developed during the current pulse, they are
is on the order ofn.(0)d3/nZ(0))”*, whered, = ¢/wpe. damped after the pulse is switched off. To receive an aperi-
In the case of the glass laser with the wavelength of thevdic current pulse, the external electric circuit formed by the
radiation equal to lum, we need to use the waveguide with capacity of the sourceg, and the inductance of the circuit
rv =~ 10 um. The channel is supposed to be filled with aitself, L, should be supplemented by the Ohmic resistance
plasma of the density on the orderel0'°cm™3 at the axis.
In the case of the COaser with the wavelength of the ra- R = 2(L/C)¥2 (35)
diation equal to 1@xm, one needs to use the waveguide with
rv~2100um, filled by a plasma with the density on the order Then the current pulse is shaped as:
of ~10%" cm3[see the discussion in an article by Pogorel-
sky et al. (1996)]. [(t) oc te™ Vo, (36)
The plasma configurations with such parameters can be
produced in the capillary discharges. Our MHD simulationswheret, = (LC)Y? = t;,,/(#/3), andty» is a half-period of
of the capillary plasma dynami¢Bobrovaet al,, 1996 re-  current pulse in the absence of Ohmic resistance.
vealed the regimes in which the plasma parameters are closeTo describe the capillary discharge dynamics, we use the
to those required for the laser pulse guiding. dimensionless parametey't, = (7pg)Y2cR3/(loty), Which
Since the plasma dynamics in the capillaries show verys the ratio between the typical plasma time s¢abnd the
complicated dependence on the wall material, the composkexternal circuit time scalg. Heret, is the time for a shock
tion of the plasma inside the channel, and on the externalkave to reach the channel axis. We have already noted that
electric circuit(Bobrovaet al,, 1996, 1998, 199&), exten-  at a constant value of the paramet¢t,, the trajectories of
sive studies of the capillaries for the laser pulse guiding ar@lasma elements in thiet plane are found to be self-similar.
needed. With MHD simulations we want to demonstrate theAs it follows from MHD simulations by Bobrovat al.
range of the parameters in which the suitable conditions fof1998) the dynamics of the shock wave are almost the same
the laser pulse guiding and the wake-field excitation can béor different capillary discharges with constant valuegf
reached. to. This indicates that, under the conditityyt, ~ 1, the
We can see in Figure 6 the formation of a smooth plasm@lasma in experimental devices with parameters similar to
density profile with the local minimum of the electron den- those considered below should be free of MHD instabilities.
sity on the channel axis. This radial profile is typical for the We also choose the pulse to be short enough so that MHD
late stages of capillary discharge dynamics. An efficient guidinstabilities have no time to develop. Then, after switching
ing of the laser pulses can be expected in channels with sualff the current, the plasma remains stable. Below we shall
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keep the parametey/t, constant. Subsequent slow cooling nZ R3/n., which is a function of time. In the cases under
of the current-free capillary plasma surrounded by the abeonsideration it is on the order of 1 and it is possible to
lating cold capillary wall causes typical spatial distribution find a time interval of~50 ns during which the R3/n,
of plasma density and temperature with almost constanthange is not significant.
pressure. 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 itis better to fill the capillaries with hydrogen or deu-
To optimize the values of electron density on the axis anderium, although, in such channels, the conditigit, ~ 1 is
the radius of the electromagnetic mode localizatignwe  far more difficult to satisfy.
performed simulations of the discharge dynamics in the cap- The results of MHD simulation of a capillary discharge
illary filled with the nitrogen. The dimensionless parameterin a channel filled with pure deuterium are presented. The
t./to was on the order of 1. version for a CQ laser corresponds to a capillary with ra-
For a CQ laser with a wavelength of 18m, we choose diusR, = 2.8 mm, initial plasma density, = 3.5 10"’
the following initial conditions. The radius of the channel is g/cm? and electron temperature of 1.0 eV. The capillary is
R, = 2.5 mm. The electric current in the external electric of polyacetal((CH,0),). An equation of state with atomic
circuit is determined by Eq36) with peak electric current numberZ = 7, average atomic weighk = 14, and initial
lo = 32 kA andt, = 20 ns. The channel is filled with pure densityp, = 1 g/cm? is used for the wall material. The
nitrogen at an initial densitp, = 3.0 X 1077 g/cm3 The  peak current in the circuit i = 30 kA and the external
capillary walls are of polyaceta(CH,0),). Att = 200 ns,  circuit characteristic time it = 23 ns.
when electric current had already vanished and plasmais in In Figure 8 the evolution of the capillary discharge is
guasiequilibrium, electron density on the axis equals described. Figures 8a and 8b show the lines of constant
2.5 X 107 cm™3, the radius of the electromagnetic mode value of the logarithm of electron density and the electron
localization equals, =140um, and electron temperature is temperature, respectively, and Figure 8c the lines of con-
T. = 28 eV. These parameters, slightly changing, exist forstant value of the electric current localized inside a region
approximately 50 ns. Spatial distributions of the electronof radiusr. Plasma dynamics are very similar to those of
density and temperature are shown in Figure 7. The plasniéled capillaries already discussegompare Fig. 1 and
dynamics in such capillaries will be discussed below for theFig. 8). We can see the propagation of a compression shock
capillary filled with deuterium. wave from the wall toward the axis of the channel, the
For a 1um laser we considered the capillary dischargereflection of this wave from the region near the axis, and
with peak electric curreni, = 30 kA andt, = 6.6 ns, in a its turn into a diverging shock wave. The contact disconti-
0.6-mm-diameter channel filled with nitrogen at an initial nuity, where the plasma arising during the ablation of the
densityp, = 5.2 X 107° g/cm®. At t = 60 ns the electron wall material comes into contact with the deuterium plasma
density radial distribution has a parabolic profile, the elec-that filled the channel initially, is easily seen in Figure 8a.
tron density on the axis equahg = 1.5 x 10'° cm™3, the  The fall of the electron density near the channel wall is
radius of the electromagnetic mode localization equgals caused by the decreasing of plasma temperature and state
20 wm, and the electron temperatureTis= 15 eV. It is  of ionization while plasma density is increasing. Figure 8c
necessary to pay attention to the fact thatdepends on displays lines of constant value of the electric current in-
side the region with radius, normalized over the peak
current in the circuity. After t = 100 ns, the electric cur-
rent vanishes and plasma inside the capillary is in quasi-

4.3. Results of MHD simulations

8 | %0 equilibrium. The time evolution of the electron density and

7 - L 0 temperature on the axis are plotted in Figure 9, showing

1 I that aftert = 150 ns, electron density on the axis is con-

% ] Te L a0 stant for~100 ns. The electron temperature on the axis
N s4 T L m.: slowly decreases with time. Note that, for the electron den-
2 e L oo < sity and temperature to evolve so smoothly, the governing
c” 4 L characteristics of the current pulse, channel radius, and ini-
s ] n, Lo tial gas density should be adjusted accordingly. Otherwise

| L we should observe relaxation oscillations, in the course of
2 : T r I . , . 0 which the plasma density and temperature change on the

0.0 05 1.0 15 2.0 time scale required for the shock wave to propagate over

r, mm the distance on the order of the channel radius. The radial

. o . distributions of electron density and temperaturet at
Fig. 7. Radial distribution of electron density and electron temperature . .
Te at moment = 200 ns in a 5-mm-diameter channel filled with nitrogen 250 ns are plotted in Figure 10. Ele(_:tron temperatgrg .S|0W|y
with initial densitypo = 3.0x 10-7 g/cmP at a currento = 32 kA, andto=  decreases to the walls of the capillary. In the vicinity of
20 ns. the axis it is uniform. The contact discontinuity between
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Fig. 8. Results of a computer simulation of capillary discharge dynamics
in a 5.6-mm-diameter channel filled with deuterium with initial density
po=3.5%x10"7 g/cm® at a currenty = 30 kA, and external circuit char-
acteristic timep = 23 ns.(a) Lines of constant value of decimal logarithm
of electron density measured in cfa(b) Lines of constant value of the
electron temperature measured in @Y.Lines of constant value of electric
current inside the region with radiusnormalized ovety.

the deuterium plasma and the ablated plasma is sees at

1.8 mm. The electron density in deuterium plasma has a

parabolic profile with the minimum, = 2 X 10*’cm™2 on

635
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Fig. 9. Temporal evolution of electron densityand electron temperature
Te on the axis, for the same parameters as in Figure 8.

tion equalsr,, = 170 um, and the electron temperature is
To =18 eV.

The version for a Jzm laser corresponds to a capillary
with radiusRy = 0.23 mm, initial density of deuteriupy, =
4.5x107° g/cm? and electron temperature of 1.0 eV. The
electric current in the external electric circuit is determined
by Eq.(36), with peak electric currerly = 10 kA andty =
10 ns.

In Figure 11 the evolution of the capillary discharge is
described. Inthe 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. After 100 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

?

£
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~

-
(=
-

[
c

1.0

r, mm

Fig. 10. Radial distribution of electron densityand electron temperature

the axis. The radius of the electromagnetic mode localiza¥, at moment = 250 ns, for the same parameters as in Figure 8.
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Fig. 11. Results of a computer simulation of capillary discharge dynamics ,

in a 0.46-mm-diameter channel filled with deuterium with initial density
po=4.5Xx10"° g/cm?® at currently = 10 kA and external circuit charac-
teristic timety = 10 ns.(a) Lines of constant value of decimal logarithm of
electron density measured in cfa(b) Lines of constant value of the elec-
tron temperature measured in €¢) Lines of constant value of electric
current inside the region with radiusnormalized ovety.

density and the temperature near the axis=atL00 ns are

plotted in Figure 13.The electron density in deuterium plasma

has a parabolic profile with the minimum = 2.0 X 10%*°

N.A. Bobrova et al.
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Fig. 12. Temporal evolution of electron density and electron tempera-
ture T, on the axis, for the same parameters as in Figure 11.

localization equals,, = 20 um, and the electron tempera-
ture isT, =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 channelis 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
kernelis the region with a diameter on the orderdf/ 25 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 currentin the channel

£
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-
(=3
—

0.10

0.15

r,mm

Fig. 13. Radial distribution of electron densitix and electron temperature

cm 2 on the axis. The radius of the electromagnetic moder, at moment = 100 ns, for the same parameters as in Figure 11.
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center, electromagnetic forces do not play any role at thigapillary discharge dynamics, plasma configuration optimal
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