PHYSICAL REVIEW E, VOLUME 65, 016407
Simulations of a hydrogen-filled capillary discharge waveguide
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A one-dimensional dissipative magnetohydrodynamics code is used to investigate the discharge dynamics of
a waveguide for high-intensity laser pulses: the gas-filled capillary discharge waveguide. Simulations are
performed for the conditions of a recent experimental measurement of the electron density profile in hydrogen-
filled capillaries[D. J. Spenceet al, Phys. Rev. E63, 015401(R) (2001], and are found to be in good
agreement with those results. The evolution of the discharge in this device is found to be substantially different
to that found inZ-pinch capillary discharges, owing to the fact that the plasma pressure is always much higher
than the magnetic pressure. Three stages of the capillary discharge are identified. During the last of these the
distribution of plasma inside the capillary is determined by the balance between ohmic heating, and cooling
due to electron heat conduction. A simple analytical model of the discharge during the final stage is presented,
and shown to be in good agreement with the magnetohydrodynamic simulations.
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[. INTRODUCTION current densities, typically peak currents of several tens of
kA in a pulse of tens of nanosecond duration, are able to
A number of important applications, such as short-form a plasma channel by the pinch effect. This type of cap-
wavelength lasers and schemes for particle acceleration, ifltary discharge can be operated in either initially-evacuated
volve the interaction with plasmas of ultrashort laser pulsegapillaries, or gas-filled capillaries, and the channel may be
with peak intensities in the range 0% W cm 2 [1-4].  formed either in the initial compression phase of the dis-
The laser-plasma interaction length achieved in such applieharge[18,19, or after reflection of the shockwave at the
cations is fundamentally limited by diffraction to distances of capillary axis when the plasma is in dynamical and thermal
order the Rayleigh range, and in practice is often furtherequilibrium with the walls of the capillar{25-27.
restricted by refraction of the propagating laser pulse. Recently a third type of capillary discharge waveguide
In order to increase the distance over which the intensithhas been demonstrated: the gas-filled capillary discharge
of the laser pulse is maintained at a value close to that at itvaveguide[22]. In this device, a current pulse is passed
focus, it is necessary to channel the laser pulse in some matfirough a capillary with an inner diameter of a few hundred
ner [5]. A wide variety of methods for channelling intense microns, prefilled with gas at a pressure of tens to hundreds
laser pulses has been investigated, including relativistic andf millibar. The current pulse has a peak of a few hundred
ponderomotive channelling[6,7], guiding by grazing- amperes, and a duration of order 200 ns. Measurements of
incidence reflection from the walls of a hollow capillary the transverse electron density profile in a hydrogen-filled
[8-10], and plasma waveguides. In this last method, adevice have shown that a parabolic plasma channel is indeed
plasma is formed with a transverse electron density profildormed[22]. Furthermore, recently a H-filled capillary dis-
with a minimum on the axis of propagation. An electron charge waveguide was used to guide laser pulses with peak
density profile of this form corresponds to a transverse reintensities of greater than i0w/cn?, through 20- and
fractive index profile that decreases with radius, providing a40-mm long capillaries with pulse energy transmissions of
focusing effect that can counteract diffraction and refraction90% and 80%, respective[28].
A number of techniques for generating a plasma waveguide Gas-filled capillary discharge waveguides offer a number
have been studied, including, hydrodynamic expansion of af advantages for guiding intense laser pulses, such as low
laser-produced cylindrical spafd1-13, ionization of gas transmission and coupling losses, the ability continuously to
by a hollow Bessel bearfl4], and a several types of capil- tune the plasma pressure, and a long device lifetime. In ad-
lary dischargd 15—23. dition, for H-filled capillaries the plasma channel may be
Capillary discharges are an attractive method for formingfully ionized, which minimizes spectral or temporal distor-
a plasma waveguide since they require no auxiliary laser, cation of the guided laser pulse. In order to assist the develop-
be scaled to long lengths, and, for some types, offer longnent of this waveguide, it is important to understand the
device lifetimes. Three quite distinct varieties of capillary mechanisms by which the guiding electron density profile is
discharge have been used to generate plasma waveguidésmed. In the present paper we present the results of mag-
Discharge-ablated capillary waveguidd$—-17,2Q operate  netohydrodynamic simulations of the plasma dynamics of a
by ablation and ionization of the wall of an initially evacu- hydrogen-filled capillary discharge waveguide. The model
ated capillary to form a plasma with a radial profile suitableemployed was modified from one that has previously been
for guiding [23,24]. Capillary discharges with much greater used to investigat&-pinch discharges suitable for x-ray la-
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sers and waveguides for high-intensity laser pulg2s—
27,29-31,20

Herep is the plasma density= p.+ p; the plasma pressure
(being the sum of the electron and ion pressyreshe radial
The magnetohydrodynami¢sIHD) simulations are com- component of the plasma velocitg, the azimuthal compo-
pared with measurement82] of the electron density profile nent of the magnetic field;, the ion viscous stress tensor,
in a hydrogen-filled capillary discharge waveguide, and goodt the axial component of the electric field in the comoving
agreement is found. The simulations show clearly that thérame in which the plasma is locally at rest, and ¢; the
mechanism of formation of the guiding electron density pro-internal energies of the electron and ion components of the
file is very different from that which occurs ii-pinch cap-  plasma, related to the unit of the plasma m&xsthe rate of
illary discharge waveguides. thermal transfer between ions and electrons, 8pand T;
the electron and ion temperatures, respectively,
=(cl4mr)d(Br)/or the axial component of the electric cur-
rent densityg. andq; the radial components of the electron
We investigate the discharge dynamics in a capillary preand ion heat fluxes, an@, the rate of radiative energy loss
filled by nonionized gas. During the discharge, gas ionizatiorper unit of volume. The ion component of the plasma is
occurs as a result of the increasing electron temperature, $gsumed to be unmagnetized, so for the nonzero components
that the discharge plasma consists of neutral and ionizegf the ion viscosity tensofl;, we have
components. In the parameter range under consideration, it is

Il. BASIC EQUATIONS

important to describe the following dissipative processes: 2 v duv

electron and ion thermal conductivities, Joule heating, Nernst I -3 ”O(F N ZE) ' ©)
and Ettinghausen effects, radiation losses, and viscosity. It is

also important to incorporate the degree of ionization into 2 J v

both the equation of state and the dissipative coefficients. We H‘szﬁ norzﬁ r—z 7

use the approximation of two-temperatui@n and electrop

one-fluid magnetohydrodynamics.

Owing to the large length-to-radius ratio of the capillary
(I/Rp>1, wherel andR, are the length and a radius of the
capillary, respectivelya one-dimensional approximation is
considered in which all the values depend only on radius

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

j JT
and timet. We note that in one-dimensional approximation E= J——j\/B—e, (8)
we take into account all dissipative processes. The relevant oL ar
MHD equations read oT
U=~ KoL~ + ANBT]. ©
ap 19 r
— T == (rpv)=0, (1) _ _
gt roar The second terms on the right-hand side of E§sand (9)
describe the so-called Nernst and Ettinghausen effects, re-
v v p 1. d spectively. The ion heat flux is given by
Pl o)~ ar B
aT;
1 9=~ KL (10)
_F(Hrr_]-_-[(pzp)! (2)
The expressions for the thermal conductivity, , the
Nernst coefficient\, the electric conductivityr, , ion vis-
E(E) . i(E) _ c iE &) cosity 70, and the rate of thermal transfer between ions and
at\ pr ar\pr| pror "’ electrons are taken from Ref32], where the well-known

system of the Braginskii equatiof83] was generalized for
the case of a plasma with a large mean value of the ion
charge and the possible considerable difference between the

deg deo|  Pe 0 . 19
P(_+U_)+——(fv)=JE———(fqe)—Qr
Coulomb logarithms for electron-electron and electron-ion

at ar r ar ror

+Cei(Ti—Te), (4) collisions was taken into account
Pele b ko), N Pylxew), (1D
oej oej pi ¢ Keizmv- 1(Xe, W), :_mCV- 4(Xe, W),
p( ot +v 5r)+ ; o'?l'(rv) eVei eCVej
19 14 e ) Lt 12
= —T'5(Xe,W)] ™4,
== ¢ o (1) + Cei(Te=T) ~ Iy ¢ = (1v) O T gl e
Mg .
__(H‘W_Hrr)- (5 Cei:?’A_mAneVeiv 70=0.960T; v ~, (13
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wheren, andn; are the electron and ion densitiesandm, The model described above is used for both the hydrogen
are the charge and mass of the electron, respectifka$ythe filling the capillary and for the capillary wall material. The
atomic number of the element of interest, is the atomic  approximation of local thermodynamic equilibrium is used
unit of mass. The parameter= wge/ v, is large if the elec- separately for the electron and ion components. For the free
trons are strongly magnetized, and is small if the influence oénergy of ideal free electrons, neutral atoms, and singly ion-
the magnetic field upon the dissipative coefficients is negliized ions we have

gible. The Lorentz parameten=\../(1/22\;), character-

izes the relative role of electron-electron and electron-ion me T\ 722V
collisions, and thd';(x.,w) are the functions defined in Ref. F(V.Te,Ti,2)=2Zxo—2Te) 1+In o2 Tz
[32] and are of the order of 1 in the case under consideration. ™
The electron-ion and ion-ion collision frequencies are written Am,T, 325\
as follows: —2zTi{1+1In —
2mh? z
4\2me'Zini\e 4mezin\; (14) AT |32 v
pgm=————— = 2 LT :
0 3Ym. TR " 3JAm,T? —(1-2)Ti{ 1+1In = ]
2mh 1-z
wherezis the mean ion charge; =z for z=1 andz,;=1 for < YAERERY!
z<1, and\; is the Coulomb logarithm for ion-ion colli- + 0 2+(_°> _3_0}_ (18)
sions. In dense, ionized plasmas there is a considerable dif- 6 v v

ference between the Coulomb logarithms for electron-

electron, electron-ion, and ion-ion collisions. For theHere xo is the ionization potential of the neutral atoi,
parameters typical of gas-filled capillary discharges, the clas= AmMa/p is specific volume of the atomic cell, azds the
sical description of the process of Coulomb collisions is suf-degree of ionization or the mean ion charge. The first term on

ficient, and we use the following expressions: the right-hand side of Eq18) describes the energy of ion-
ization, whereas the next three terms are the sum of free
1 9T§ energies of ideal gases of electrons, ions, and atoms. The last
Aee:ilnM’ (15 term on the right-hand side of E(1.8) describes the nonideal
e

correction to the free energy of a gas of atoms. We use the
. simplest form of the nonideal equation of state. It takes into
1 9T, account the phase transition from condensed matter to

xei:§|n4ﬂzzeen (1+2,TJT)’ (16) atomic gas, but neglects all phase transitions in the con-
e trel densed phase and all processes of aggregétisassocia-
9T2T tion) of atoms into molecules. The specific heat capacijty
N 1 i'e is chosen to be constant. The free energy of ions tends to the
N 17
I

2|n16wz‘1‘e6ne(1+lee/Ti)' free energy of an ideal ion gas wher-0. The parameter
Vo=Amy/pg is related to the densityyg, of the condensed

At low temperatures, as long as the mean ion charge isaterial at zero external pressure and at zero temperature.
considerably less than unity, there is a noticeable fraction oThe parameteg, is related to the energy per atom of full
neutral particles in the plasma. We renormalize the electronsublimation and dissociation to separate atomsTatO,
ion collision frequency,; by taking into account the contri- which is equal to£,/3. Hydrodynamic ablation of the wall
bution of neutral particles to the electron scattering. Thus alaterial starts at abouf;~T=3"2¢,. However, for the
dissipative coefficients are defined by expressions in whiclpresent case the final lattice temperature appears to be much
the electron-ion collision frequency is substituted by the ef{ess thanT,, and as such the exact form of the equation of
fective collision frequency involving the contribution from state afT;~ T is unimportant. In the case of #D; ceramics
neutral atomgsee Ref[34]). These expressions have beenA~20, p,~3.5 g/cnt, &, is assumed to be about 4 eV. For
applied to both a highly ionized plasma and a plasma with ahe hydrogeng, andV, are chosen to be sufficiently small
low degree of ionization. This procedure provides a qualitathat the nonideal corrections to the hydrogen equation of
tively accurate and universal description of limiting casesstate are negligible.
corresponding to strongly ionized and weakly ionized plas- Equation(18) gives all necessary thermodynamic func-
mas, as well as to the intermediate cases. tions. The equilibrium state of ionizatiom, corresponds to

The model description of the equation of state and thehe minimum free energy at giveR,, T;, andV
ionization degree has been elaborated and used for simula-
tion of capillary discharges and denZepinches in plasmas JF
with arbitrary atomic number of the element of interéstnd (E
the degree of ionization(see, for example Reff25,29,34).
But the case of the hydrogen-filled capillary discharge wave-
guide, that is a plasma consisting of free ideal electrons anBiquation (19) generalizes the Saha equation for a plasma
nonideal gas of atoms and singly-ionized ions, has not beesomposed of atoms and singly ionized ions to the case when
considered previously. This we do below. T#Te.

) =0. (29
VT T

016407-3



N. A. BOBROVA et al. PHYSICAL REVIEW E 65 016407

For the ion (lattice) thermal conductivity we write the The initial hydrogen pressure in the capillary was measured

interpolation formula to be 67 mbar at room temperature.
For the simulations we consider an alumina capillary with
3 -|—i5/2 & p R_0=150 pm, prefilled with pure hydroge_n_ of uniforr_n den-
Ki=3.9—= —F——— g? —, (20 sity and temperature at an initial density of
4w ZletAym, i Po 5.6x 10 © g/cnt. Fort>0 the current pulse is taken to be

described byl (t) =1, sin(nt/ty), where =250 A, andt,

which describes the contributions from plasma and lattice=200 ns. Initially, there is no electric current inside the
thermal conductivities. The factdi, /T; in the second term channel, and hence in order to initiate the discharge, the hy-
in Eq. (20) is found from the theory of thermal conductivity drogen is assumed to be slightly ionizef.£0.3 eV) att
of dielectrics for temperature above the Debye temperature=0. The initial breakdown of the discharge, which lasts
[35]. The factorp/pq is introduced to suppress the contribu- about 10 ns, cannot be described by Eas-(5) because, as
tion of the second term in Eq20) in the plasma region. is well known, the breakdown exhibits three-dimensional
Here the constarg is chosen for the thermal conductivity of structure. In addition, the effects of plasma nonquasineutral-
alumina to be approximately equal to the experimental valuéy are important. However, the initial stage is short com-
at the relevant temperaturd86]. Thus g (& /T100=25 pared with the full time of the discharge and it does not
wm~1 K1 whereT,y=2373 K corresponds to 100 °C. substantially affect the plasma parameters at later times.

For the radiation energy losses we have used the approxi- Figure 1(color) presents quantitative information about
mation formula, which takes into account bremsstrahlunghe temporal evolution of the calculated radial distribution of
and recombination radiatidi87]. However, the influence of plasma parameters inside the channel. The first frame of Fig.
radiation cooling on plasma dynamics when the magnitudd shows ani(,t) diagram of the trajectories of fluid elements
of the electric current is significantly less than the Peasein the MHD simulation. The second and the third frames
Braginskii current valu¢38,39 is negligibly small, as is the show the distribution in ther(t) plane of the electron den-
case for the H-filled capillary discharge under considerationsity and temperature, respectively, and the fourth frame

The physical model described in this section or its modi-shows the distribution of the degree of ionization.
fications have been used to simulate the dynamics of d&nse The general properties of the discharge can be described
pinches[40—42 and both discharge-ablat¢d7,29,3] and as follows. After the breakdown the current pulse heats the
Z-pinch capillary dischargef25,26,29,30,3% In all cases plasma and creates an azimuthal component of the magnetic
the simulations showed good agreement with experimentdleld. However, pinching of the plasma is negligibly weak
results [31,30,41,42 and we conclude that the model since the plasma pressure is much higher than the magnetic
adopted is adequate. For the computer simulations we usditld pressure. The maximum plasma pressure is found to be
the MHD codepricA [26,34]. approximately 46 bar. The plasma is confined from expan-
sion in the radial direction by the elasticity and the inertia of
the capillary walls. We do not see the propagation of a com-
pression wave from the capillary wall to the channel axis, in

The capillary is taken to be prefilled with nonionized gascontrast to the existence of such a compression wave for
of uniform density and temperature. The discharge is initi-gas-filled capillaries operated at higher current densities
ated by a pulse of current driven by an external circuit. Thg25 26,29,30
total electric current through the dischardét), including In detail, there are three stages of plasma evolution inside
that which flows through the capillary wall, may be consid-the capillary. The first stage lasts approximately 50 ns, dur-
ered to be a given function of time. We parametrize the totalng which the radial distributions of the electron density,

Initial and boundary conditions

discharge current in the form, temperature, and the degree of ionization remain homoge-
i neous. As the electric current increasgs T, andz grow
I(t)=|o¢(l>, (21) with time up to the moment of almost full ionization of hy-
to drogen att~55 ns = 0.85, 0.95, and 0.99 &t="50, 55,

and 60 ns, respectivelyThe characteristic time of the pen-

where the functiond (7t/ty) is determined by the external etration of electric field in plasma, the skin timg,
electric circuit,| o is the peak current ant) is an effective =4, R5/c?, is of the order of 1 ns. As a result, the radial
half-width of the electric current pulse. distribution of the electric field is homogeneous and conse-
quently the electric current penetrates the plasma very
quickly, and plasma is heated and ionized locally. The
plasma parameteB=8m(p.+ p;)/B?, which characterizes

We have used the physical model described above tthe relative contribution of the magnetic pressure, is of the
simulate the discharge under the conditions of the recent exarder of 100. As such the plasma pressure is much greater
periment to measure the electron density in a H-filled capilthan the magnetic pressure, and as a result there is no pinch
lary dischargg22]. In that work the capillary was formed effect.
from alumina, with an inner diameter of 3Qom. The dis- The situation changes significantly at the time of almost
charge current pulse was approximately sinusoidal, with @omplete ionization of plasma, which occurs whén
half-period of approximately 200 ns and a peak of 250 A.~2 eV. The redistribution of plasma across the capillary

IIl. RESULTS OF MHD SIMULATIONS
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FIG. 1. (Color Results of computer simulation of capillary discharge dynamics for an alumina capillary g&®0Mner diameter
prefilled with 67.0 mbar of pure hydrogen. The current pulse is taken to be sinusoidal with a peaky,va& A and half-period time
to=200 ns. The first frame shows the,{) diagram of the trajectories of hydrogen plasma elements. The second and the third frames show
the distributions in ther(t) plane of electron density in units of ¥ocm™2 and temperature in units of eV, respectively. The fourth frame
shows the distribution of the degree of ionization of hydrogen. The scales on the right-hand side of the figures show values of electron
density, temperature, and the degree of ionization of hydrogen, respectively.

channel is clearly seen in Fig. 1 during the intervab0—80  neous, but the plasma radial distribution of temperature is
ns. The rising electric current leads to an increase of plasmmhomogeneous since the plasma is cooled near the wall.
temperature and heat flux due to thermal conduction. Duringdence during this second stage of plasma evolution thermal
this phase of the discharge the thermal conduction tipe, conduction becomes significant.

=R2c,/ke, , decreases and becomes comparable to, and During the third stage of the discharge the plasma remains
subsequently less than, the characteristic time of the electri@lmost immobile in the radial direction. FaE=80 ns the
discharge. The skin time remains of the same order as in thacoustic (-5 ns), thermal conduction~10 ns), and skin
first stage of the discharge. The plasma pressure is homogé--2 ns) times are much less than the discharge time. For

016407-5



N. A. BOBROVA et al. PHYSICAL REVIEW E 65 016407

c 3 :

= 2 ;

W ]

0 50 100 150 03.__.|..__|._..|._...

t(ns) 0 50 100 150 200
FIG. 2. Calculated temporal evolution of the axial electron den- r (uwm)
sity n, and temperaturd,. The dotted lines show the results ob- ~ FIG. 4. Calculated radial profiles of electron temperaflydor
tained with the simple model described in Sec. IV. the same values dfas in Fig. 3.

this reason the radial distribution of plasma parameters COlsstaplished after about 65 ns. and indeed poor-quality chan-
responds to a quasi-steady-state equilibrium at a given ele¢|ling of radiation may be possible && 60 ns(see Fig. 3
tric current. This radial sf[eady—state equilibrium |nd|catesov\,ing to the steep rise in the electron density profile near the
that the plasma pressure is almost homogeneous due 10 tRgyijiary wall. During the interval 80 rst<150 ns the ra-
condition3>1. The plasma temperature at this stage has it§jjg| distribution of electron density is almost constant—at
maximum on the axis, as a consequence of the fact that coolsast to the extent that longitudinal plasma flow may be ne-
ing due to radiation plays a negligible role, and the Ohmicgjected. The axial electron temperature reaches its maximum
heating is balanced mainly by thermal conduction to the relaz; the time of maximum electric current, thereafter decreas-
tively cold capillary wall. Since the hydrogen is fully ionized i glightly with time. The radial distribution of the electron
and at constant pressure, a monotonic radially decreasingmperature also changes only slightly within this time inter-
temperature results in an axial minimum in the electron deny, i we do not take into account longitudinal plasma flow,
sity profile of the plasma. , _ the approximately parabolic electron density profile exists
The temporal evolution of the axial electron density and | the recombination of the hydrogen that occurs when the
temperature are plotted in Fig. 2, showing that after gjectron temperature becomes less than 1—22627.
~80 ns the axial electron density is constant. The axial elec- |, Fig. 5 we compare the measured and calculated elec-
tron temperature is found to decrease slowly with time aftet,on gensity distributions fot~60 ns. The electron density
t~100 ns. A8tt~6_(; ns the electron density on the axis is profile was obtained using laser pulses of approximately 8 ns
ne~2.8x10'® cm™® and the electron temperature &  dyration, and by averaging several experimental curves re-
~3.4eV. S ] corded fort close to 60 ns. Hence the measured profiles
The radial distributions of electron density and temperaorrespond to an average of the electron density profile over
ture at different moments of time are plotted in Figs. 3 and 4geyeral nanoseconds. The simulation shows that tfor
An axial minimum in the radial electron density profile is —gg ns the electron density profile changes rapidly. Figure 5
also shows the calculated electron density profile for

6 T T ]
i \ ] 45 T T T T
5 - s C1 I’:
(?,-\ - 80, 100, 150 ] N -o\ g
£ 4 - ) g ]
) [ ] £ 3.5 -
@ b (5] .. -3
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FIG. 3. Calculated radial electron density profilesfor t= 40, FIG. 5. Comparison of the simulated and measured electron

60, 80, 100, and 150 ns. The curves are labeletibbyanoseconds. density profiles. Open circles correspond to experimental results.
The electron density profile is found to be almost constant in theThe dotted line shows the electron density radial profile tfor
interval 80 ns<t<150 ns, and the difference between the curves=55 ns, the solid line fot=60 ns, and the dashed line faor

for t=80 ns, 100 ns, and 150 ns is small. =65 ns.
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=55 ns andt=65 ns. It is seen that the measured electron S e S L R
density profile is reasonably well bracketed by these two 0.06
simulations. We conclude, therefore, that allowing for errors
in measurement of the timeof approximately+5 ns, and
averaging over the duration of the probe pulse used in the 0.04
measurements, the simulations are in good agreement with 3
the measurements.

For practical applications of H-filled capillary discharge 0.02
waveguides, it is important that the capillary has a long life-
time. The thermal flux due to electron thermal conduction
penetrates the capillary wall, leading to partial ionization of 0.00 — . .1
the wall and heating of the free electrons. The lattice of the 0.2 0.4 0.6 0.8 1
wall material is heated by energy exchange between these X
free electrons and the lattice. Our simulation shows that di- FIG. 6. The numerical solution of E¢25).
rect heating of the lattice due to ion-lattice thermal conduc-

tion plays only a secondary role in comparison with heatingyherex,, is the electron thermal conductivity, and is the
via free eleCtronS -|n the wall materl.al. For=100-150 r_1$, - electric Conductivity, given by expressiofm) and (12)’ re-
the degree of ionization of atoms in the wall material isspectively. Equatiori22) is a nonlinear ordinary differential

found to be of the order of I¥ in a layer of ~0.8 um  equation, the boundary conditions in this case being
depth. The electron temperature in this layer is of the order

of 1.8 eV, whereas the lattice temperature grows from almost aT

room temperature &t=50 ns to about 200 °C dt=100 ns ol =0 Tler=T", (23)
and to about 500°C &t=150 ns. Lattice temperatures of r=0

this magnitude do not lead to melting or disruption of the
wall material. This finding agrees well with the experimental
observation that after 20discharge pulses the increase in
capillary diameter was less thanuin [22].

0.05

0.03

0.01

o

whereT* is equal to the temperature of the wall. We may
further simplify this equation as follows. Assuming the Cou-
lomb logarithms to be constafthey are between 3 and 4 in
the presented simulatipnthe electron thermal conductivity,
and the electric conductivity vary as,, =x,T>? and o,
=0,T%? where k, and o are constant values. Assuming
that ke, T|;—o> Keilr:RoT* (in the case under consideration
Ker T|r=r,~100ke T|;—o), the temperatureT* in the
The results of the MHD simulation presented above showyoundary condition(23) at r=R, can be considered to be
that, in contrast to previously discuss&epinch capillary  zgrq.
waveguides, the pinch effect is insignificant under the con- |ntroducing a new variablé=r/R, and a new function

ditions of the gas-filled capillary discharge waveguide. Fur(¢) which is related to the temperature by
thermore, fot=80 ns the following conditions are found to

be fulfilled. There is no screening of the axial electric field, T(&)=Au(&)?", (24)
and consequently it is uniform across the diameter of the

capillary. The magnetic field pressure is much less than thg;itp A= (70oR2E%2k) M2 we may rewrite Eq(22) in the
plasma pressurés0-100 times less in the present simula- o,y

tion), and hence the plasma pressure can be considered to be

IV. SIMPLE MODEL OF PLASMA EQUILIBRIUM INSIDE
THE CAPILLARY CHANNEL

constant across the capillary. The electrons are unmagnetized 1d/ du
(x=0.04), and consequently the influence of Nernst and —d—(gd—) =—u¥", (25)
Ettinghausen effectissee Eqs(8) and(9)] can be neglected ¢ dg ¢

(i.e., we may letN—0). There is no difference between
electronT, and ionT; temperatures. As a result of these
conditions, the distribution of plasma inside the capillary is

and the boundary conditior(3) as

simply determined by the balance between Ohmic heating, % =0, ul;—;=0. (26)
and cooling due to electron heat conduction. This allows us d¢ £=0

to formulate a simple model of the plasma under such equi-

librium conditions. The unique nontrivial solution of E¢25) with the bound-

First, we introduce a plasma temperatdre T,;=T,. To  ary conditions(26) is found numerically and presented in
obtain the radial profile of the plasma temperature we starkig. 6. As discussed below, for further analysis we need to
from the equation for heat flow know the following three parameters of the solutif0)

~0.067,u’(1)~—0.107, and

dT

1
r el dr

1
+o, E?=0, (22 mo= JO Eu”?(¢)dg~1.55. (27

d
dr
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As we already mentioned above, we suppose that the 2 3 L 2 3 ,
pressurep is constant across the capillary, so that in the case | =27REA UoJO uP(§) édE=2mREEA  ao|u’ (1)].
of full ionization z=1, (35)

P=2ne(r)T(r)=2n¢(0)T(0), (28) This result may be used to wrig in the form

whereng(r) andT(r) are the values of the electron density

and temperature at radius The average electron density _ 1 KSMO |25
(ne) is equal to E= 7310Y10,: 2151 (1)(25 Ug/m@s* (36)
1 (Ro
(ng)= —zf ne27rdr. (299 O

7RG/ 0

- - o o . | [kA]ZIS
In the absence of longitudinal flow, it is related to the initial E [kVcm ~]=0.08 . (37

RO [mm]7/5

ion densityn;q by, {ng)=2zn,o, wherez is the degree of ion-

ization. The electron density profile is given by i )
The resistanc® per unit length of the plasma may be found

Ne(0)T(0) u(0)\?” from E=IR and is equal to
Ne(r Z—T(r) =ng ) (30
R [ohm cm 1]=0.083 [kA] *®R, [mm]~"%. (38)

Substitution of the electron density profile into Eg9) then ) _ _
yields Equation(24) then gives the temperature on the axis as

O _ 1 0.7364 (31) T(0)= U0 ! ( | )2/5

<ne> 2m0U(0)2/7 ' ’ 23/57T2/5|u/(1)|2/5 (KOO-O):L/S Ro
We see that the axial electron density is determined only by s | [KA] |\ v 39
the average electron density, which in the absence of longi- e Ry [mm] ev.

tudinal flow is determined by the initial ion density and the
degree of ionizatiorz. For the case under consideration we  The numerical coefficients in Eq$37) and (39) have

find ne(0)~2.5x 10" cm™ >, been calculated fokgg~4.4, Aoj~4.7, z~1, w~0.66, I';
Expanding the solution fou(&) we find ~3.33, andl's~0.50. These values are calculated using the
simulated plasma parameters at the axistfell00 ns, and
1d%u 2 are assumed to be constant.
u(§)=u(0)+§d—§2 T We see that the equilibrium state of the capillary dis-
¢=0 charge depends, assuming full ionization of the hydrogen,

(32 mass of hydrogen per unit length of the capillary. We can
consider the quasi-steady-state development of the capillary
, , ) discharge as an evolution of such equilibrium states as the
and hence the radial profile of the electron density becomegjectric current changes with time. Within this picture the
) axial temperature depends on the electric current, and conse-
1+O.33r— i ) . quently changgs as the discharge evolves. Ho.wever, the axial
Rg electron density does not depend on electric current, and
(33)  hence is constant in time to the extent tha constant. The
calculated temporal evolution of the axial electron density
We see that near the capillary axis the electron density profiland temperature according to E431) and (39) are shown
is approximately parabolic, which, as discussed below, alby dotted lines in Fig. 2, assumirmg= 1. It can be seen that
lows laser pulses with a Gaussian transverse spatial profile tafter t=80 ns, for both parameters the differences between

only on the electric current, the capillary radius, and the total
& ,

1
:U(O)( 1- 4u(0)4/7

Nelr) _ 1+—1 ﬁ+ ~
ne(0) |~ 1400 R |

be matched to the plasma channel. the MHD simulation and the simple model become less than
The electric field may be calculated as follows. The totalabout 10%. In Fig. 7 we compare the calculated radial pro-
electric current is given by files of the electron temperature and density for the MHD
o o simulation and th(_a equilibrium model as 109 ns. _The _
|:27Tf irdr =2mroEf "9 (34  agreement of the simple model with the MHD simulations is
0 0 quite acceptable.

Both the MHD and equilibrium simulations were per-
where the electric current density is equaljteo, E. Sub-  formed within a one-dimensional approximation in which the
stitution of T from Eg. (24) and integration of Eq(25) then  plasma outflow in thez direction through the ends of the
yields, capillary is not taken into account. We now estimate the ef-
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— 6 ser pulses was observed in the region rnea00 ns. Lon-
] gitudinal flow would not be expected to occur for this
capillary untilt~1 us.

(3L ~N oo
T T T T

V. LASER PULSE GUIDING INSIDE THE CAPILLARY

Te (eV)

A Gaussian beam will propagate through a plasma chan-
nel with a parabolic electron density profile of the form
ne(r)=ne(0)+nk(0)r?/2 with a constant spot si2&,, pro-

1 F ] vided that
ncr 1/4 I’le(O) 1/4
5| - (42
27%ne(0) na(0)R;

L
Ne (1018 cm'3)

0 50 100 150 200
r (um)
FIG. 7. Comparison of the simulated electron density and temEquation(42) can also be written in the form

perature profilegsolid lineg with those calculated from the simple
model described in Sec. I\totted lines. For both calculations ( 2 )1/4
(0)

Wiy=(\Ro)*?

=100 ns. (43

”n
Tl eNg

fect of longitudinal plasma flow using a simple model. We.wherere is the classical electron radius, which shows more

assume that the velocity of plasma along the capillary axis '%Iearly that the matched spot size does not depend on

pir?/portmngl to \;p#o.ordrl]na_te, "e"UZ:.Z/T’l whert_ar;]- From the equilibrium model presented above we find that the
=1/, andce=T./m; is the ion acoustic velocity. Then ahed spot size is given by
from the continuity equation we have

RZ 1/4
dn n WM=[28mou(0)6’7]1’4( — ) . (44
—+-==0 (40) Tl eZ Mg
dt 7
We note that although the electron density profile is not ex-
and actly parabolic, for the purposes of matched guiding it is
sufficient that the profile is approximately parabolic for
n=ngexp —t/7), (41)  =2Ww,, at which point the intensity of the guided beam is
reduced from the axial value by a factor of almost.1Dhis
with 7 being the time scale of outflow. condition is well satisfied for the device discussed here.

For 3—5 mm long capillaries, as used in the guiding ex-  Using the valuesi(0)~0.067,my~1.55, we find
perimentg 22], once the hydrogen is fully ionized is cal-
culated to be of the order of 150—250 ns. With this value of VRo [um]
7 the time for the plasma density to decrease by an order of Wi [um]~1.48x 105m
magnitude is estimated to be approximately 600 ns for a 5 10

mm long capillary. This agrees well with the experimentaland we see that the matched spot size is proportional to the
observatior{22] that the plasma density inside a 5-mm long square root of the capillary radius, but depends only slightly
capillary decayed to zero in a time of order 650 ns. Wegn the initial gas pressure and the degree of ionization. Tak-
conclude, therefore, that for the short capillaries employed iflng R,=150 xm and an initial hydrogen pressure of 67
the measurements of the electron density profile, longitudinahpar, we find thatW,,~ 42 um, which is in good agreement
plasma flow should not have affected the radial electron dengith the value of 37.5um determined from a parabolic fit to
S|ty prOf”e for t=150 ns. Further evidence for this is the the measured electron density prom@] We note that it
good agreement between the measured and calculated pighould be possible to generate plasma channels with smaller

files. The time scale of longitudinal flow is expected to in- matched spot sizes by employing capillaries of smaller diam-
crease approximately linearly with and hence for longer gter.

capillaries our simulations are is expected to be valid for
much longer times.

Fort>80 ns the simple model can be used if the length of VI- CONCLUSION
the capillary is such that the time-scale for longitudinal flow We have employed a one-dimensional dissipative MHD
exceeds the skin and thermal conduction times. We note thabde to investigate the dynamics of hydrogen-filled capillary
for capillaries with lengths of interest for guiding, i.e., tens discharge waveguide under the conditions described in Refs.
of millimetres, there exists a substantial window between th¢22,28. We have found that the evolution of the discharge in
formation of a parabolic guiding channeltat 80 ns and the this device is substantially different compared with the dis-
onset of longitudinal plasma flow. For example, in recentcharge dynamics in the discharge-ablated Z+pinch capil-
guiding experiment§28] with a 20-mm long H-filled capil- lary discharges discussed in Rdf25,26,29-31,20,34
lary discharge waveguide, high-quality guiding of intense la- We have shown that the main reason for this difference is

(45
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that in the hydrogen-filled capillary discharge waveguide thecapillary wall is not significantly ablated by the discharge
plasma pressure is always much greater than the magnetlse, which is in agreement with the long device lifetime
pressure, and as such the pinch effect can be neglected. found experimentally.
this case radial expansion of the capillary plasma is restricted The results of the MHD simulation allowed us to formu-
by the elasticity and inertia of the capillary walls. late a simple model to determine the plasma temperature and

Three stages of the plasma evolution have been identifiedlensity during the third stage of the discharge, in which the
During the first stage the magnetic field penetrates thelistribution of plasma inside the capillary is determined by
plasma on a time scale ofl ns, and the plasma is heated the balance between ohmic heating and cooling due to elec-
and ionized locally. Radial distributions of the plasma pa-tron heat conduction. We have presented the unique solution
rameters remain homogeneous. As the electric current irfor the temperature profile within the capillary, and found
creases the thermal conduction time decreases, and thernsaaling laws for the dependence of the axial plasma tempera-
conduction becomes significant at approximately the time ofure and electron density. The results of this simple model
complete ionization of the plasma. A redistribution of the were shown to be in good agreement with the MHD simula-
plasma temperature and density across the channel occurens. The key advantages of the simple model are that it
during this second stage of the discharge evolution. In th@rovides analytical expressions, in terms of the parameters of
third stage the discharge plasma is in dynamic and thermahe capillary discharge, for both the plasma distribution in-
quasiequilibrium. During this phase the plasma pressure iside the capillary, and the matched spot size of the plasma
uniform, and the electron density profile is approximatelychannel that is formed.
parabolic with a minimum on the axis, where the plasma
temperature is maximum.
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