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Plasma discharge in the capillary is used to develop x-ray lasers, waveguides for high power laser pulses,
and as active plasma lenses to focus high energy charged particle beams. Capillary discharges in the high
repetition rate regime are of interest for applications that require large average values, such as luminosity and/or
electric current of laser accelerated particles. In the present paper, we study the capillary discharge in the high
repetition rate regime in connection with the ultrashort laser pulse guiding for laser electron acceleration. Using
magnetohydrodynamic computer simulations and theoretical scaling, we investigate the filling of the capillary
with the gas, the electric discharge development leading to outflow of the plasma from the capillary, and the
recovery of gas distribution after the discharge end. In the next cycle, these processes are repeated. As a result,

we found the characteristic cycle time, which determines the upper limit on the repetition rate allowed by the
capillary parameters. In the case of the capillary discharges used for acceleration of sub-GeV electron beams,
e.g., needed for compact free electron lasers, an upper limit on the repetition rate is approximately equal to

10 kHz.

DOLI: 10.1103/PhysRevResearch.6.013290

I. INTRODUCTION

Compact laser-based accelerators of relativistic electrons
conceive a broad variety of applications, including compact
free electron lasers (FELs) [1-7], Compton sources [8—10],
and electron-positron colliders [11,12]. References [13—18]
demonstrate electron beam generation with laser wake-field
acceleration (LWFA) mechanism [19,20].

Plasma discharges in the capillaries are used in a variety
of applications, such as standard sources of VUV radiation
[21], x-ray lasers [22,23], waveguides for high power laser
pulses [17,18,24], and as active plasma lenses [25,26] to focus
high energy charged particle beams. In particular, capillary
discharges provide electron density distribution, which is suit-
able for guiding laser pulse drivers, used in the LWFA scheme
[17,18,24,27-31]. The capillary discharges for different appli-
cations were discussed in detail in Refs. [17,18,24-38].

Capillary discharges in the high repetition rate regime are
of interest for different applications. For example, a high rep-
etition rate (=1kHz) of the electron accelerator operation is
required [9]. A hydrogen-filled capillary discharge waveguide
for LWFA, operating at kHZ repetition rates, is considered
in Ref. [39]. Other plasma waveguides for LWFA operating
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at high repetition rates are described in Refs. [40,41]. Such
plasma channels can be used to obtaini multi-GeV electron
beams [17,18,42].

In this paper, we present the results of simulations and
theoretical investigations of the high repetition rate capillary
discharge operation and its dependence on the parameters.
We consider the following stages of a cycle: filling of the
capillary by a cold gas, dynamics of the discharge from its
ignition till almost complete recombination of the plasma, and
expansion of the gas-plasma into the vacuum region and the
gas supplying slots. We also take into account driver laser
pulse energy deposition into capillary plasma. We neglect
the effects of the processes outside the capillary discharge,
leading to potential limitation to the repetition rate of capillary
discharge, considered in Ref. [39]. As a result, we find the
characteristic cycle time, which determines the upper limit on
the repetition rate allowed by the capillary parameters.

We use the code MARPLE [43] for simulations.

II. SIMULATION SETUP

Simulations of the capillary discharge, operating in a repet-
itive regime, are performed by use of the three-dimensional
magnetohydrodynamic (MHD) code MARPLE. It imple-
ments two-temperature (ion and electron) MHD equations.
It also takes into account the electron and ion thermal
conductions, viscosity, and finite electric resistance. The phys-
ical model is described in Refs. [38,43—45]. This code has
been used in simulations connected with various experiments
[18,38,46—48].
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FIG. 1. Overall geometry of the simulation domain. It is azimuthally symmetric. It consists of (i) the capillary of D = 0.34 mm diameter
and L = 2 cm length within the region, |z| < 1 cm, with ideal rigid dielectric wall; (ii) conical orifices in ideal metal electrodes at 1.1 cm <
|z] < 1 cm; and (iii) two disklike supply channels in ideal rigid dielectric with inlets at r = 1 cm.

A full cycle of operation of the capillary discharge in the
repetitive regime consists of two phases. One corresponds to
the phase of the electric discharge, whereas the second one
corresponds to dynamics of neutral hydrogen H, gas between
the discharges. The cyclic operation of the capillary discharge
starts from a process of filling the capillary with the gas. Both
phases are simulated with the same code. However, simula-
tion of the electromagnetic field as well as simulation of the
electron component of the plasma are switched off during
the phases of neutral hydrogen dynamics simulations. The
phase of the discharge is simulated with the full MHD code
described briefly above.

We assume a circular cross-section shape capillary of
length L = 2 cm and diameter D = 2ry = 340 um. The com-
putational domain is shown in Fig. 1. It includes two supply
channels of the width D/3 at |z] = 0.8cm as well as the
electrode regions (1 cm < |z| < 1.1cm). They play a signif-
icant role in the gas and plasma dynamics inside the capillary
[45,46]. We assume the length of the simulated part of the sup-
ply channels to be equal to 1 cm because the rest of the supply
channel plays negligible role in the consequent processes of
recovering of the predischarge gas density distribution.

The considered configuration is azimuthaly symmetric. It
means, in particular, that the supply channels have a disk
shape. We assume that the capillary is made of an ideal abso-
lutely rigid dielectric, whereas the electrodes are made of ideal
absolutely rigid metals. These assumptions allow us to set the
boundary conditions on the discharge stage. Boundary condi-
tions at |z| = 1.1 cm provide free outflow of the gas or plasma.
The boundary conditions correspond to the vacuum region
outside the capillary, where gas continuously flows from the
capillary. The gas outflow is balanced, on average, by the
gas inflow provided by the supply channels. The temperature
of the capillary and the temperature of electrodes are equal
to a room temperature. Simulating the discharge dynamics,
we assume the capillary wall and electrode temperature is of
0.5 eV, which is much lower than the typical temperature of
the discharge plasma.

The simulation is divided into three stages: stages 1, 2,
and 3. Stage 1 models the process of the capillary filling

with a molecular hydrogen gas before the discharge is ignited.
The hydrogen gas at the pressure p = 75 mbar and at room
temperature fills the capillary through the supply channels
(inlets marked in Fig. 1). The gas pressure is chosen to achieve
the electron density required for LWFA. The final almost
steady-state flow obtained at stage 1 (at t = t1, = 200 us) is
used as an initial condition for the capillary discharge MHD
simulations (stage 2). The discharge current has the following
form:

1> 1) = I _tt” exp (1 - t‘fﬁ) (1)
where Iy = 200 A and ¢, = 150ns. Its profile is shown in
Fig. 2. The detailed form of the current pulse is not important
for the considered problem. The main parameters of the elec-
tric current pulse are peak current, /, and its typical duration
(FWHM), that is, ~2.45¢, & 370ns. The latter parameters are
typical for the LWFA experiments [17,18,39]. The azimuthal
component of magnetic field at the insulator boundary is
B, = 2I(t)/(cR), where I(¢) is given by Eq. (1) and R is the
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FIG. 2. Total electric current through the capillary discharge vs
time during stage 2.
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FIG. 3. Gas density distribution during stage 1. 1D density distributions on the axis of the capillary for different time moments are shown.

The curves are labeled by the time 7.

current radius at the boundary of the computational domain.
This determines the boundary condition for the magnetic field.
Att = t3 = t15 + 2 us = 202 us, when the discharge is ended
and plasma is cooled down, stage 2 is finished. Stage 3 models
the process of recovering the neutral hydrogen distribution in
the capillary, though some capillary refilling begins by the end
of stage 2. The final state of stage 2 (at t = f,3) is used as
the initial condition for stage 3. When the steady-state density
distribution is reached, stage 3 ends at # — 3 ~ 100—150 us.
Thus, the transition between stages 1 and 2 takes place at
t =t;p =200 us, and the transition between stages 2 and 3
occurs at t = tp3 = 202 us.

The physical model implemented in the code MARPLE,
presented above, describes evolution of gas (for stages 1 and
3) or plasma (for stage 2) density, p, measured in unit mass
per unit volume, electron density, n,, which is the number of
electrons per unit volume, electron and ion temperatures, 7,
and T;, and radial and axial velocities, v, and v, inside the
computational domain. The model also describes the evolu-
tion of the azimuthal component of the magnetic field, B,,.
For stages 1 and 3, we exclude the magnetic field, B, and
electron temperature, 7,, from the system equations used in
the physical model and set T = T;. All above-mentioned val-
ues depend (in the azimuthally symmetric case) on r, z, and
t, where r is radial coordinate of the cylindrical coordinate
system, (r, ¢, z), associated with the capillary axis.

All main parameters of the three-stage simulation, a, L,
electron density on the axis n, =2 x 10'®cm™>, energy of
the driver femtosecond laser pulse, 3 J, correspond to Ref. [6].
Below we consider the set of these parameters as nominal.

The same discretization of the computational domain is
used in all simulation stages. A spatial step of #, = 5um is
used along the capillary radius and in the most interesting
regions of the computational domain in the z direction, e.g.,
the junction of supply channel and capillary. The total amount
of computational cells of 474 K is partitioned into 112 pieces
and processed in parallel.

In Ref. [45], three-dimensional simulation of initial gas
filling and discharge in a relatively short square capillary
discharge including supply channels, electrodes, and a vac-
uum external region was presented. Due to the short capillary
length (1 cm), it was possible to investigate electric current
and plasma density inhomogeneities near the connections of
the supply channels with the capillary. 3D simulations of

longer capillaries as considered in Ref. [46] is impossible to
carry out in a reasonable computation time.

To achieve the parameters of Ref. [6], we need longer
capillaries and to extend the discharge simulation up to much
longer time after the beginning of the electric current pulse.
To investigate plasma dynamics of such capillary discharges
in a repetitive regime, much longer simulations (about 20
times longer) than in Ref. [45] are required. In the considered
case, an exact three-dimensional structure of the capillary in
the vicinity of its open ends as well as outlets of the supply
channels does not affect strongly overall plasma dynamics in
the repetitive regime. So, we simplify the problem by intro-
ducing the azimuthal symmetry, which allows us to keep the
simulation time in a reasonable range. Such simplification will
not affect physical processes governing the repetition regime
and the evaluation of the allowable repetition rate.

III. RESULTS OF THE SIMULATION

A. Stage 1: Simulation of capillary filling

The main goal of this stage is to obtain a spatial distribution
of the gas at the end of the process of capillary filling when
a steady state gas flow is established. The evolution of the
gas density distribution is shown in Fig. 3. Figure 4 shows
gas-plasma density time evolution at the center of the capillary
at r = 0, z = 0 for all three stages of the simulation. The time
interval 0 < ¢ < t;5 = 200 us corresponds to stage 1. Due to
the thermal conductivity, the gas temperature is almost equal
to the capillary wall temperature, 300° K, during this stage.
Figures 3 and 4 show that the gas flow approaches the steady
state. The steady state, shown in Figs. 5-7, is established at
the time #;o, = 200 ps. Figure 5 shows gas density on the axis
versus z, and Fig. 6 shows the two-dimensional gas density
distribution in the vicinity of the supply channels and the gas
velocity field lines. Figure 7 shows axial velocity distribution
along the capillary axis. Figures 6 and 7 allow us to conclude
that the gas is almost motionless in the capillary between the
supply channels. The existence of such a steady-state gas flow
is very important for the problem of the repetition rate. The
expense of the gas in the steady state is equal to 0.14 mg/s
per channel. The process of the relaxation towards the steady
state together with the analogous results for stage 3 determine
arecovery time for the steady-state gas density distribution.
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FIG. 4. The red line presents gas-plasma density evolution at the
center of the capillary (r = 0, z = 0) during the all simulation: stages
1 42 + 3. The blue line shows the gas-plasma density evolution at
r =0, |z| = 0.8 cm, where the supply channels are.

When deviation of the gas density at p(0,0,¢) from its
steady state value, po,, becomes less than 5%, temporal evo-
lution of the gas density at p(0,0,¢) is described by the
expression

t —t
0(0,0,1) ~ poo<1 —0.5exp ), 2

Tsim

where poo = p(0, 0, t100) = 5.26 ug/cm?, 74, = 16.9 us, and
t, = 66.7 us. Equation (2) gives reasonable approximation for
simulated p(0, O, t) at the center of the capillary for time 7}, >
t 2 t, (see Fig. 4). Below, in Sec. V A, we give a theoretical
explanation of its exponential form.

6
5.
A4-
£
53]
2
Q
2.
14 —— stagel
—— stage3
0 £ . | . .
-1.0 -0.5 0.0 0.5 1.0
z (cm)

FIG. 5. Steady-state distributions of gas densities on the axis at
asymptotically long times for stages 1 and 3.
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FIG. 6. 2D gas density distribution and lines of gas velocity at
the steady state of stage 1. A spatial domain that is near the capillary
end is shown only. In the region that is significantly to the left of the
supply channel, the gas density is constant (see Fig. 5) and the gas is
almost motionless (see Fig. 7).

B. Stage 2: Simulation of capillary discharge

We use the parameters of the steady-state gas flow, ob-
tained in stage 1, as initial conditions for plasma dynamic
simulation during the discharge stage. The considered model
cannot describe the initial electric breakdown of the cold
hydrogen gas. However, the breakdown lasts a short time, only
about 10 ns, and presumably does not affect the plasma dis-
charge properties considered in the present paper. Simulation
of the second stage begins when gas becomes weakly ionized.
Below, we consider results of the discharge simulation.

The present capillary discharge simulation differs in sev-
eral important aspects from the 1D-3D simulations, whose
results are presented in Refs. [31,45,46]. Transverse dynamics
of the capillary plasma, leading to formation of the plasma
channel suitable for laser pulse guiding, is similar to that
considered in Ref. [31], where 1D approximation has been
used. However, the 2D consideration shows that the lifetime
of the short channel is determined by plasma outflow from the
capillary ends, but not by the electric pulse duration as in the
one-dimensional or long capillary cases (Ref. [46]).
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FIG. 7. Steady state velocity, v, (0, z, 1), Vs z for stage 1.
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FIG. 8. Plasma density distributions during stage 2. We present results for the time interval, when well organized plasma channel of
sufficient length exists. 1D plasma density distributions on the axis of the capillary are shown for different time moments. The curves are
labeled by the time ¢ — #;,. We see some depletions in the plasma density distributions at |z| = 0.8 cm. They correspond to the positions of the
supply channels. See also Fig. 1. The ends of the capillary correspond to |z| = 1 cm.

Parameters of the present simulation are similar to the
case considered in Ref. [45], where it was shown that the
capillary length (1 cm) is too short to provide a sufficiently
long axially homogeneous plasma channel. The plasma out-
flow into the supply channels shortened the effective length
of axially uniform plasma channel. The latter effect was not
taken into account in the 2D (7, z)-simulation [46] because
the total capillary length was much larger than the distance
between the supply channels and the capillary ends. The
present capillary of 2 cm length is longer than the capillary
considered in Ref. [45]; other parameters are similar, hence
during a sufficiently long period, lasting about 80 ns, the
length of axially homogeneous plasma channel is larger than
0.8 cm, as seen in Figs. 8-10. Figure 8 shows distribution
of plasma density at » = 0 along the capillary axis for three
time moments ¢ — ¢t = 100, 140, and 180 ns. Figure 9 shows
radial distribution of plasma density in the capillary center
at z =0 for the same time moments. We see the plasma

4.0
—— 100 ns
—— 140 ns
3.81
—— 180 ns
—~3.61
e
9
3.4
Q
3.2
3.0
~100 —50 0 50 100
r (um)

FIG. 9. Transverse plasma density distributions at z = 0 at the
same time moments as in Fig. 8. The curves are labeled by the time
t — t1. The plasma is almost completely ionized at these moments
(see Fig. 10). We note that these profiles represent also transverse
electron density distributions.

density minimum on the axis in the considered time interval.
The plasma is completely ionized everywhere, excluding a
thin layer of about ~30wm width near the capillary wall
during the time interval ~80ns < ¢ — #1, < 300ns. Figure 10
shows time dependence of ionization degree on the axis for
different positions along the z axis. Electron density, n,, is
proportional to the plasma density at least for the part of
the capillary channel (|z| < 0.4 cm) during the time interval
t —t1p = 100-180 ns. Electron density on the axis is almost
constant and approximately equal to n, = 1.8 x 10'® cm™3.
The latter value fits the electron acceleration considered in
Ref. [6]. For 0 < ¢t — ;5 < 180ns, transverse plasma dynam-
ics in this part of the capillary is described by the 1D model
[31]. Outside this region, plasma density distribution is af-
fected by the plasma outflow of the open ends of the capillary
and the gas supply channels. Two-dimensional distributions of
the plasma parameters close to the orifices at# — ¢;, = 140ns
are shown in Figs. 11 and 12. They show that disturbances
of the permanent gas flow in the supply channels do not
propagate far from the capillary channel. At the time shown in

1.0

0.8

0.6 1

0.4+

0.2

0.0 T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
t -tz (us)

FIG. 10. Time dependencies of the mean ion charge Z on the axis
for several positions along the axis during stage 2, labeled by z. Well-
formed plasma channel for laser pulse guiding exists only while Z is
of the order of 1.
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FIG. 11. Plasma density distribution in the vicinity of the orifice
att — t;; = 140ns (stage2).

Figs. 11 and 12, the distance is of the order of 1-2 mm. This
distance is about 3—4 mm in three-dimensional simulations
in Ref. [45]. In any case, it is considerably less than the total
length of the supply channels in the present simulations. Thus,
we conclude that the simulated length of supply channels
(1 cm) is sufficient for the simulation of the discharge recov-
ering period for the considered capillary.

Figure 8 shows that plasma channels longer than 1 cm exist
for a shorter time, 100ns < ¢ — #;, < 140ns.

The present simulation of the capillary discharge is ex-
tended till the moment of almost complete recombination of
hydrogen. The further simulation of neutral gas behavior in
the capillary till the next pulse of electric current is considered
below in Sec. III C. High plasma pressure during the discharge
and right after it leads to an outflow of almost all gas from
the capillary. Figure 13 shows plasma density on the capillary
axis versus time for several positions along the z axis (|z| = 0,
0.8, and 1 cm). The time dependencies of the axial density at
the capillary ends and at the supply channel outlets, |z| = 1
and 0.8 cm, respectively, differ significantly from the time
behavior of the axial plasma density in the main part of the
capillary and, in particular, at the middle of the capillary, z =
0. Compare this time behavior with Fig. 8, where earlier mo-
ments are presented. This difference is caused by significant
outflow of the plasma with considerably higher pressure than

0.1

r (cm)

l
Te (eV)

w

w O,
—

0.7 0.8 09 z(cm) 1 1.1

FIG. 12. Electron temperature distribution in the vicinity of the
orifice att — 1, = 140 ns (stage 2).

0 | | | . . . |
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
t -tz (us)

FIG. 13. Time dependencies of plasma density on the axis during
stage 2 for several z.

the gas, initially filling the capillary and the channels, toward
the open ends of the capillary, as well as toward the supply
channels. The initial plasma density decrease on the axis
occurs during the beginning of the discharge ( < 80ns) and
corresponds to radial redistribution of the plasma density [31].
The redistribution leads to formation of the electron density
radial profile (see Fig. 9), necessary for the laser guiding. The
plasma temperature behavior during the discharge is shown
in Fig. 14. Further plasma dynamics is determined mainly by
plasma outflow from the capillary and by initial stage of its
refilling. The gas-plasma pressure is diminishing due to the
gas-plasma outflow and plasma cooling to the value, lower
than the pressure inside the suppliers. The refilling starts ap-
proximately at r — #;, ~ 500-700 ns near the suppliers and at
~1.25 — 1.5 us at the middle of the capillary. The gas-plasma
outflow is caused by plasma heating during the discharge. This
process takes place in time interval t1, = 200us <t < f3 =
202 us (Fig. 4).

0.00 0.25 050 0.75 1.00 1.25 1.50 1.75 2.00
t -tz (us)

FIG. 14. Time dependencies of electron temperature on the axis
during stage 2 for several values of z.

013290-6



CAPILLARY DISCHARGE IN THE HIGH REPETITION ...

PHYSICAL REVIEW RESEARCH 6, 013290 (2024)

T (eV)

0.01 T " ; ,
1073 1072 1071 10° 10! 102

t - ta3 (us)

FIG. 15. Time dependencies of gas temperature on the axis dur-
ing the beginning of stage 3 for several positions along the axis,
labeled by values of z.

The plasma outflow is accompanied by the plasma cooling
due to the thermal conduction to the cold capillary walls (see
Fig. 14) and, hence, by the recombination (see Fig. 10). After
the time ¢ — #1, = 2 us the ionization degree becomes less than
0.2, and we end the simulation of stage 2.

C. Stage 3: Recovering of neutral gas distribution
after the plasma discharge

We start stage 3 of simulation at the time t = f,3 = 202 ps.
The difference between stages 3 and 1 is as follows: (i) initial
gas temperature in the capillary is considerably higher than
the wall temperature (see Fig. 14); (ii) initial gas density is
not zero, though is significantly lower than the steady state
density at the first stage; and (iii) initially, the supply channels
are not empty.

In the simulation of gas-plasma dynamics during stage 2,
we use a plasma equation of state. This equation of state
takes into account only atomic neutral particles. Simulating
stage 3, we use equation of state, describing neutral molecular
hydrogen, H,. These two different equations of states are not
conjugated in the intermediate range of temperatures. So, we
cannot exclude discontinuities at the time of the transition
from stage 2 to stage 3. We set the gas-plasma density and
pressure to be continuous functions of time at every spatial
point. This approach provides absence of any mechanical
shocks at the transition. Nevertheless, the gas temperature
has a discontinuity at the transition time, #,3. However, this
leads to a negligibly weak change in the gas flow parameters
during a few microseconds after the beginning of stage 3.
Figure 15 shows that the temperature relaxes on the timescale
of a few microseconds to the capillary wall temperature. This
relaxation time is considerably less than capillary refilling
characteristic time (100 ps). As a result, such a temperature
jump does not influence our main statements.

A similar problem occurs at the transition from stage 1 to
stage 2. However, due to a very high rate of energy deposition
during the electric breakdown of hydrogen at the onset of the
electric current pulse, this period is very short and introduces
much less inaccuracy into the simulation.

2_
14 —— stagel
—— stage3
0 25 50 75 100 125 150 175 200

t (us)

FIG. 16. Comparison of the gas density relaxation processes at
the capillary center (r = 0, z = 0) for stages 1 and 3. The plot for
stage 3 is shifted to the left by 144 us for more clear comparison.

Stage 3 differs from stage 1 mainly in the initial conditions.
In both stages, the initial gas densities are much smaller than
steady-state ones. It is necessary to note that the initial gas
densities in the supply channels are different. In stage 1, the
initial gas density in the channels is equal to zero. In stage 3, it
is of the order of the steady-state density except for the regions
of the supply channels near the capillary. The geometry of
the supply channels provides a small deviation of the initial
density distribution in the supply channels right after the dis-
charge from a steady-state distribution. The difference in the
initial channel densities leads to delay of the filling process by
60 — 70 us in stage 1 compared to stage 3 (see Fig. 4).

The initial gas temperatures are also different. It is ap-
proximately 2.2 eV in stage 3, and depends on r and z.
Then gas temperature quickly relaxes to the wall temperature.
Figure 15 shows that the relaxation process lasts about a few
us. The capillary refilling time is about 100 us. Comparing
these times, we conclude that the higher initial temperature in
stage 3 does not influence the recovering process.

Steady-state gas density distribution on the axis, obtained
in the simulation at the end of stage 3, is shown in Fig. 5.
We consider the distribution at t = t30, = fp3 + 148 us as a
steady-state one. Relaxation of the central density, p(0, 0, t)
towards its steady-state value, p, is shown in Fig. 4 (see also
Fig. 16 below). When deviation of the gas density, p(0, 0, 1),
from its steady-state value, po, becomes less than 5%, tempo-
ral evolution of the central gas density at is described by the
following expression:

(0,0, 1) ~ ,ooo<1 —0.5exp t), 3)
Tsim

where ps = p(0,0, 1300) = 5.20 ug/cm?, 7, = 17.5 us, and
t, = t)3 + 8.0 us. Equation (3) gives reasonable approxima-
tion for simulated p(0, 0,¢) at the center of the capillary
for time ¢t > t, (see Fig. 4). Below, in Sec. V A, we give a
theoretical explanation of its exponential form. We note that
the parameters p, and g, are almost the same for stages 1
and 3. This expression describes the relaxation of p(0, 0, ¢)
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FIG. 17. Deviations of parameters of the gas flows from their
steady-state values for stages 1 and 3 at the moments, when the
relative deviations of the gas densities at the capillary center (r = 0,
z = 0) are equal approximately to 0.05 of their steady-state values,
0(0, 0, 15 ). The upper panel shows §(z) = [p(0, z, ts%,) — p(0, z,t =
1)1/ 0(0, 0, t-,) for stages 1 and 3. The dashed line shows a fit of the
form similar to the theoretical expression Eq. (7). The lower panel
shows 8v,(z) = v,(0, z, 5%) — v;(0, z, t5) for stages 1 and 3. The
dashed line shows the fit of the form Eq. (8). The theoretical fits
in both panels are relevant only at |z| < 0.8 cm.

with a moderate accuracy up to times ¢ = t,, when the de-
viation from the steady-state value becomes about 0.5 p.
At t — 3 > 100 us, the relative difference of the density
distribution inside the capillary from the steady distribution
becomes well below 1%. So, we estimate the neutral hydrogen
distribution recovery time after the discharge for considered
capillary parameters as 100 ps. It corresponds to the 10 kHz
repetition rate. The problem of the repetition rate will be
considered in more detail below, in Sec. V.

D. Comparison of stages 1 and 3

Figure 16 shows relaxation of the gas density to steady
state at the capillary center(r = 0, z = 0) for stages 1 and 3.
To compare the plots, we shifted the third stage plot to the
left by 144 us. We see that the plots approximately coincide.
The difference is greater at the beginning of the stages, when
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FIG. 18. Time evolution of the capillary plasma parameters after
the driving laser pulse energy deposition. The upper panel shows
electron temperature, the lower panel shows the plasma density at
the capillary center (r = 0, z = 0). The solid lines correspond to the
simulation with the laser pulse energy deposition, dashed lines to the
simulation without the energy deposition.

the influence of the initial conditions is more important. The
plots are approximated by Egs. (2) and (3), when deviation of
the gas density, p(0, 0, t), from its steady-state value becomes
less than 5%. It is necessary to note that simulations of the
first and third stages result in almost the same values of gy
and po.

Thus, the relaxation to the steady-state flow develops in
both stages in quite similar ways. Figure 17 shows the relative
deviations of gas density and velocity along the axis from
their steady-state values on the axis for both stages at the
moment, when the relative deviations of the gas density and
gas velocity along the capillary axis at the capillary center
(r =0, z = 0) from their steady-state values are 5%. We see
that the distributions of gas density and velocity along the axis
at the axis in both stages are similar.

We showed that the relaxation to the steady-state flow does
not depend on a significant difference in the initial conditions.
So, we can end the simulation of capillary discharge in the
repetitive regime at the third stage because, if we continue
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FIG. 19. Comparison of distributions of the electron temperature, 7, (left panel) plasma density, p, (central panel) and plasma velocity, v,
(right panel) along the capillary axis at the time ¢ = #, + 230 ns. The red and black dashed lines correspond to the versions with and without

the laser pulse deposition, respectively.

to simulate the next discharge stage and then the recovering
of the neutral gas distribution stage, we simply repeat the
simulation of stages 2 and 3.

IV. EFFECT OF THE ENERGY DEPOSITION
BY THE DRIVER LASER PULSE

The femtosecond laser pulse driving the wake wave de-
posit energy into the capillary plasma due to the generation
of intense plasma wave and consequent termalization of this
energy into the internal energy of the electron component.
The generation of the wake wave is a key point of the LWFA
process, and its parameters are adjusted so the considerable
part, ¢, of the laser pulse energy is spent for the plasma wave
generation. Typically, this energy deposition is considerably
larger than the energy deposited by the electric current pulse,
creating the capillary plasma, and much higher than the cur-
rent capillary plasma energy. It could be assumed that the
dominating energy deposition leads to a considerable change
of capillary plasma dynamics, however, it is not so. Below, we
explain why we can neglect the effects from the femtosecond
laser pulse.

To investigate the influence of the laser pulse energy depo-
sition on the capillary plasma dynamics, we simulate pulsed
energy deposition during the discharge (stage 2). The MHD
code cannot simulate the plasma wave generation, damping,
and energy transformation into plasma thermal energy. The
duration of these processes (<0.1 ns) is much shorter than the
duration of the electric current pulse (1). Then we consider
that the hydrodynamic timescale duration of these processes
is negligible. We set that an energy deposition takes place
at t =ty. At this moment of time, the electron temperature
becomes T, = T, in the vicinity of the axis, where r < ry.
The ion temperature, plasma densities, and velocities are not
changed. Then we continue the simulation of stage 2.

We set for the present simulation: t;, =t + 150ns, Ty =
500eV, and r, = 100 um. These parameters correspond to
¢ ~ 3 x 107 for the 3 J laser pulse.

Figure 18 shows time evolution of the electron temperature
and plasma density at the capillary center, r = 0, z = 0, for
the cases with and without the femtosecond laser pulse. We
see that after approximately # ~ 15-20 ns after the laser pulse,
the state of the capillary plasma returns back to the state
without laser energy deposition. Nevertheless, small oscil-

lations in temperature and plasma density last for a longer
time, about 30-50 ns after the laser pulse. Such behavior is
determined by the plasma dynamics in the radial direction. For
the considered capillary discharges, the characteristic time of
this dynamics is much shorter than the electric current pulse
characteristic time [31]. A similar problem is discussed in
Refs. [18,36,38], where additional laser heating of capillary
plasma is investigated to provide more pronounced guiding
plasma channel.

The simulations show (see Fig. 19) that plasma parame-
ters distributions at t — #;, = 230 ns remain almost the same
as without the laser pulse. The difference between the sim-
ulations with and without laser pulse is negligible and we
conclude that the laser energy deposition does not effect the
recovery dynamics considered in Secs. III C and III D. The
laser energy deposition leads to minor change of the overall
capillary plasma dynamics. Figure 19 shows that at the time
t =t +230ns, the contribution of the energy deposition
to the plasma parameters is less than 2%. It leads to 0.5%
variation in the recovering time.

In Fig. 18 (upper frame), we do not show the very short
peak of electron temperature approximately equal to 500 eV
and lasting about 0.03 ps in our hydrodynamic approxima-
tion after the almost instantaneous energy deposition from
the driving laser pulse. This very short peak imitates in our
simulations the energy deposition from the driving laser pulse
as explained above in this section. During a short time after
the energy deposition, when the ions can be considered as
immobile, and the electron temperature is governed by ther-
mal conduction, the electron temperature behaves as T,
(t —t,)7%, and the typical temperature relaxation time is
proportional to 7,7/, This time becomes too short in the limit
of large enough temperature to lead to any significant effect
on the ion motion. Thus, the obtained results remain valid for
any very short-time high-energy deposition. Hence, when ¢ 2
10~* the considered simulation gives a sufficiently accurate
description of disturbed plasma dynamics at the timescales
1 —20ns.

V. CAPILLARY DISCHARGE PARAMETERS
DETERMINING THE REPETITION RATE

In this section, we present a theoretical model giving the
neutral gas density distribution recovering time and consider
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the influence of the processes in the capillary plasma on the
capillary wall heat balance. In this paper, we do not discuss
the process of establishing the heat balance in the capillary
walls [39]. Nevertheless, we consider here energy deposition
from the capillary plasma to the wall.

A. Recovering time of the filling gas steady-state distribution
in the capillary

The process of filling of the capillary with gas, shown in
Figs. 4 and 16, does not posses oscillations. This can be a
consequence of the significant role of viscosity in gas dynam-
ics, and the gas flow can be considered a Poiseuille flow [49].
Then we consider the locally established Poiseuille flow [49]
at each cross section of the capillary as a zero-order approxi-
mation, neglecting the role of the gas inertia. This yields the
following expression for the total mass flow, ¢, through each
cross section of the capillary [49]:

S%p S?p
q= —kTazP = —k73z,0- 4)

Here S is the capillary cross section area, p is the gas den-
sity, n is the viscosity coefficient, and p is the gas pressure.
According to the results, presented in Secs. III A, I C, and
IIID, we set the gas temperature equal to the capillary wall
temperature. The gas pressure and density are constant across
the cross section. The numerical coefficient, k, is of the order
of unity. It depends on the form of the cross section. For
the circular form cross-section capillary, the coefficient is
k =1/8m =~ 0.040 [49]. We assume that the gas is ideal with
constant heat capacity.

Using the mass conservation (9,Sp + d,g = 0), we obtain
the diffusion type equation for the gas density, p:

S
dp =k az<7pazp). )

To estimate the relaxation time to the steady-state flow, we
consider this equation in a close vicinity of the steady state:
p(z,1) = poo + P1(2, 1), (p1 K poo). Here p; obeys the linear
diffusion equation,

3,,01 = Daf,ol, (6)

where the diffusion coefficient equals D = kSp/n. The latter
linear equation has the lowest mode solution with the slowest
relaxation rate:

e TZ

p1 = Apce "7 cos R (7
kL T

v (r=0)=A—— /" sin = ®)
TeT L

Here k = 2 for the circular cross section capillaries, L is the
capillary length, and the relaxation time is

= L_2 — L '7_L2 9)
72D kmn? pS’
The solution Eq. (7) satisfies the following boundary condi-
tions at |z| = L/2: py = p1 = 0.
Equations (4) and (9) are obtained under the conditions

r2 L
T > pTO > = (10)

Cs

Here, ¢, = +/p/p is isothermal sound velocity of the gas.

For the parameters presented in Sec. II and the hydrogen
viscosity coefficient (see Ref. [50]), the right sides of the
inequalities Egs. (10) are equal to 17 and 18 us, respectively,
whereas Eq. (9) gives 7 ~ 37.4us. When the inequalities
Egs. (10) are not strong, the expression Eq. (9) is an estimation
by the order of magnitude. The parameter, 7, obtained from
simulation (see Secs. III A and III C) is approximately equal
to Tgm = 17.4 us. The difference between t and 7, indicates
the accuracy of this estimation for the considered parame-
ters [51]. For longer capillaries, the inequalities are stronger,
then the expression Eq. (9) gives a more accurate estimation.
Figure 17 shows simulated profiles p; and v, for stages 1 and
3, when the amplitude of p; is about 5% p,, and the solutions
Egs. (7) and (8) for p; and v,(r = 0) at the same moment
of time. p; & A p cos(z/L), with A = —0.05. For v,, we
obtain v, & Bsin(wz/L), with

kAL

B=—. an
T

For 7 equal to the simulated value 7y, we find that B ~
3.8 x 103 cm/s, whereas the fit in Fig. 17 corresponds to B ~~
4.4 x 10° cm/s. We see that there is reasonable accordance
between the simple theory and simulation. It allows us to use
the simple theoretical model for the estimations, especially
for longer capillaries. The parts of the capillary between the
supply channels and the open ends can influence the density
distribution. The solution Eq. (7) neglects the length of these
parts. As a result, an uncertainty in the estimation of the time,
7, caused by this simplification is less than 20% for considered
parameters.

We calculated the parameters k = 0.035 and k = 2.1 en-
tering Eqs. (4), (5), (8), (9), and (11) for the square capillary
[45,52].

If we rewrite the conditions Egs. (10) in terms of the mean-
free path of hydrogen molecules, 1,,, both conditions become
equivalent to each other and can be written in the form

L ro
— > —. (12)
ro )"aa

We note that the right-hand side of the inequality Eq. (12)
very weakly depends on the gas temperature, which is ap-
proximately equal to the capillary wall temperature, but
significantly depends on the gas density.

After time approximately equal to 7y ~ 10 us after the dis-
charge, the gas density distribution relaxes to a steady-state
distribution. Let us compare this statement with Eq. (3). The
value of p(0, 0, 79) is about half of its steady-state value.
At time moment Ar =~ 4t + 1) after the discharge, the de-
viation of the gas density distribution from the steady-state
distribution is of the order of 1%. It is possible to continue
simulation of the capillary discharge in the repetitive regime
with the period At repeating simulations of stages 2 and 3
in a loop. However, it is not necessary because the deviation
of the obtained parameters from the steady state right before
the onsets of the electric current pulse is of the order of 1%
and does not possess any accumulating behavior because the
geometry, gas supply pressure, and capillary wall temperature
remain unchanged in accordance with our assumption.
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We conclude that the repetition rate

1

f_Cr+t0’

13)

where C = 4—5 ~ In 100, is sufficient for complete recovery
of neutral hydrogen distribution before the next current pulse.
For the considered parameters, the repetition rate of 10 kHz
is sufficient for the recovery. If the steady state temperature
of the capillary wall is considerably higher than the room
temperature, for example, equal to 1500 °K, then, according
to Eq. (9), the recovery repetition rate is two times higher.

B. Energy deposition to the capillary wall

In the present paper, we do not consider in detail the prob-
lems of the heat balance in the capillary. We discuss only the
contribution of the processes in plasma discharge and energy
deposition by driver laser pulse to the heat balance in capillary
walls. The repetition rate can be limited by the conditions,
necessary to maintain the heat balance.

1. Energy deposition by the electric current

Capillary plasma is almost in thermal and mechanical
equilibrium in the discharges of the type considered in
Refs. [30,31,53]. The details are presented in Ref. [31]. We es-
timate the mean power, P, per unit capillary length deposited
to the capillary wall [31] as

( IlkA] )7/ >
P[W/cm] = 85{ —— |  t.[us] f[kHz]. (14)
ro[mm]

Here, ¢, is the time duration of the electric current pulse
(FWHM) with the amplitude Iy, and f is the discharge repe-
tition rate. For the considered capillary discharge parameters.
P ~20 W/cm for f = 1kHz, whereas P ~ 200 W/cm for
f = 10kHz. The total power deposited in the 2-cm-length
capillary is W ~ 40 and 400 W, respectively. To evaluate the
importance of this effect, the latter values are compared with
the results of the heat balance simulations in the capillary
walls presented in Fig. 7 of Ref. [39].

We considered above the energy deposition rate averaged
over the repetition period. However, the deposited power
has narrow peaks during electric current pulses. They cause
pulsed heating of a thin layer of the capillary wall in each
cycle of the repetitive discharge. Such pulsed heating can
damage the capillary after several cycles of the discharge
operation. This problem was considered in Refs. [31,39,54].
Results obtained in Refs. [31,39,54] allow us to conclude
that this pulsed effect can be neglected for the considered
parameters of the capillary discharges.

2. Energy deposition by the driver laser pulse

Typical energy of the laser pulse, accelerating electrons to
~0.5 GeV, is estimated as 3 J [6]. We assume that a substantial
portion, ¢, of this energy is deposited to the capillary plasma
and is finally transferred to the plasma internal energy and
then to the capillary wall. In Ref. [18], the coefficient ¢ is
approximately equal to 0.5. As a result, total mean power
deposited to the capillary wall owing to this process equals
¢ x3 kW for f =1kHz and ¢ x 30 kW for f = 10kHz.

We discussed above that such energy deposition has a neg-
ligible effect on the recovery time of gas density distribution.
Nevertheless, if we compare the latter values with the values
presented above in Sec. VB 1, we see that the energy depo-
sition by the driver laser pulse is higher than the capillary
plasma energy contribution to the heat balance in the capillary.

If we compare the values presented in the previous para-
graph with the results of simulations of heat balance in the
capillary walls presented in Fig. 7 of Ref. [39], we conclude
that laser energy deposited inside the capillary plasma leads
to unacceptable heating of the capillary if the repetition rate is
of the order of 10 kHz. This effect can be mitigated by the use
of nitrogen cryogenic cooling [56] and/or capillaries made of
diamond [39].

Let us consider the pulsed energy deposition in the cap-
illary walls, caused by the driver laser pulse. The high peak
temperature of the thin layer of the capillary wall after the
laser pulse during ~100 ps can lead to melting or disintegra-
tion of the internal capillary wall. This effect is not directly
related to the problem of the repetition rate. Nevertheless,
it can limit the acceptable range of the driving laser pulse
energies, capillary diameters, temperature regimes of the cap-
illary, and its materials [18,33]. The capillary can withstand
10° [30] or 107 [39] shots without the driving laser pulse,
depending on the capillary discharge parameters. A special
experimental investigation of the capillary lifetime, when the
driving laser was used [33], shows that an ablative plastic
capillary withstands 140 shots. We assume that the nonablat-
ing sapphire capillaries, regularly used in many experimental
works, demonstrate considerably longer lifetimes. Any de-
tailed consideration of this important problem is beyond the
scope of the present paper and demands a separate work.

VI. DISCUSSION AND CONCLUSIONS

The simulations of the capillary discharge in the repeti-
tive regime show the following time-dependent gas-plasma
dynamics. There is a permanent gas flow from the inlets of the
supply channels to the vacuum region outside the ends of the
capillary. The vacuum region is necessary for transportation
of the driver laser pulses. This gas flow is disturbed by the
electric current and driver laser pulse. Then the gas flow
relaxes to its steady state for about 100 us after the electric
current pulse and the pulse of the driver laser. The gas flow
is disturbed by the current and laser pulses and relaxes to the
steady state between the pulses. The disturbances, caused by
current and laser pulses, do not penetrate too far in the supply
channels. Thus, the repetitive regime depends only slightly on
the length of the simulated part of the supply channels if this
length is sufficiently large.

Simulation of one cycle of repetitive operation of 2-cm-
length and 0.34-mm-diameter capillary discharge shows that
a plasma channel for laser pulse guiding of the length 0.8 cm
and electron density on the axis about 2 x 10'® cm~3 exists for
80 ns, whereas the plasma channel of 1 cm length exists for
shorter time, approximately equal to 40 ns. These conditions
are favorable for high-quality electron beam generation with
the energy of the order of 0.5 GeV [6]. For short capillaries
the guiding plasma channel lifetime is determined by the
plasma outflow from the open capillary ends and into the
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supply channels. The electron density in the plasma channel
is provided by the stationary hydrogen gas flow >~ 0.14 mg/s
per one supply channel. This requires electric current pulse of
duration (FWHM) ~ 370 ns with the amplitude of 200 A.

The simulation is split into three stages. The first stage
models the process of the capillary filling with a molecular
hydrogen gas before the discharge is ignited. The second stage
models the capillary discharge till the cooling and recombi-
nation of the capillary plasma. The third stage models the
recovery of the neutral hydrogen distribution after significant
change during the previous stage. We show that a steady state
of the gas flow is established at the end of the first and third
stages due to permanent supply of hydrogen through the gas
inlets. The steady state flow is established with an accuracy
better than 1% after approximately 100 us after the electric
current peak during the discharge stage. It means that we do
not need to simulate further cycles of the capillary discharge
operation in the repetitive regime if the capillary wall temper-
ature, intensity of gas supply, and vacuum conditions outside
the capillary remain unchanged. If the capillary wall temper-
ature is of the order of the room temperature, the repetition
rate can be 10 kHz. It provides complete recovering of the
hydrogen gas density distributions between the consequent
electric current pulses.

A significant part of the driver laser beam energy is de-
posited into the capillary plasma due to the plasma waves
generation. This energy deposition is implemented in the
simulation. We show that the deposited energy is larger than
energy deposited into plasma by the electric current, but it
causes negligible change in general gas-plasma dynamics. It
happens because a characteristic time of transverse thermal
equilibrium establishing is considerably shorter than duration
of the electric current pulse for capillary discharges of consid-
ered type [31].

A simple model of relaxation to the steady state flow is
developed in Sec. V A. The theoretical scaling for the relax-
ation time, 7, is given by Eq. (9). This model is compared with
the simulations. The comparison shows that the simple model

gives reasonable recovery time for the parameters under con-
sideration. For the parameters of the capillary discharge from
the experiment [39], we obtain that the corresponding re-
laxation time, 7, is approximately 10 times longer than for
considered here parameters. It corresponds to the repetition
rate in Ref. [39], which was ten times less (1 kHz) than in
the present paper. Our model shows that if the capillary wall
temperature is considerably higher than the room temperature,
then the recovering time of the neutral hydrogen gas is shorter
than the time, obtained in our simulations. For larger capillary
lengths the recovering time increases considerably in accor-
dance with Eq. (9). It can be mitigated by adding extra supply
channels between the two existing ones. The hydrogen gas
pressure at the inlets of the channels should be less than the
pressure for the existing channels to exclude gas flow in the
capillary at the steady state.

We estimate the mean heat flux to the capillary wall from
the capillary discharge caused both by the Joule heating of
the capillary plasma and by the energy deposited by the driver
laser pulses. Although energy deposition by the driver laser
pulse leads only to a minor effect on the gas-plasma dynamics
in the capillary and, hence, on the recovery time, nevertheless,
this repeating energy deposition gives the main contribution to
the heat flux to the capillary walls. Another important problem
related to the energy depositions is damages of the capillary
wall after a several cycles of the capillary discharge operation
together with driving laser pulses [18,33]. This important
problem is not related with the repetition rate and is out of
the scope of the present paper.
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