
Chapter 7
Plasma Dynamics in Capillary Discharges

P. V. Sasorov

Abstract Capillary discharge plasma is used frequently as a source of UV radia-
tion, as active media for EUV and soft X-ray lasers, for the formation of plasma
wave-guides to transport high power laser beams, and as plasma lens to focus
beams of accelerated charged particles. A brief review of main physical processes
responsible for dynamics of plasma in capillary discharges is presented in this
chapter. The review takes into account results of a lot of MHD simulations as well
as their comparisons with different experiments. Two quite different types of cap-
illary discharges that are used in many experiments are considered. Main physical
processes that play an important role in plasma-wall interaction and determine wall
material evaporation rate, are also considered.

7.1 Introduction

A through duct in a dielectric filled initially with a gas may conduct electric current
that leads to the formation of plasma from the gas inside the duct. Such form of gas
discharge is called usually as capillary discharge. Capillary discharge plasma has
different applications: (a) as a source of UV radiation [1]; (b) as an active media for
EUV and soft X-ray lasers [2, 3]; (c) as a plasma wave-guide for long enough
transportation of power laser beams in laser particle accelerators [4]; (d) as a plasma
lens to focus beams of accelerated charge particles [5, 6]; etc. This talk presents a
review of physical processes that govern the main properties of capillary discharge
plasma. This review is based on a lot of MHD computer simulations and their
comparison with experimental data.
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7.2 General Properties of Capillary Discharges

We list here ranges of typical parameters of the capillary discharges:

• capillary length, 3–30 cm;
• its diameter, 0.2–2 mm;
• capillary materials: plastic, glass, ceramic, sapphire, etc.;
• peak electric current, 100 A–40 kA;
• electric current half period, 30–500 ns;
• filling: H2, Ar,…;
• initial gas pressure, 0.3–50 mbar.

The main physical processes determining parameters of the capillary plasma and
its dynamics can be sorted between the following types: mechanical, electromag-
netic, thermal, and others. Two mechanical forces that move the plasma are gradient
pressure force and Ampere’s force (∝ j × B). The capillary discharge is distributed
along its radius inductance and resistance. They determine electromagnetic prop-
erties of the discharge and, in particular, characteristic time of electric field pene-
tration into the discharge. The main thermal processes that govern plasma
temperature are Joule heating, electron thermal conduction and radiation of the
relatively hot plasma. Other physical processes may play an important role in the
dynamics of the capillary discharge plasma. We mention among such processes:
ionization (recombination) and capillary wall material evaporation. The latter
process is caused by energy deposition in the wall due to energy flux from the
capillary plasma.

All of these physical processes for the capillary discharges are taken usually into
account in the frame of magnetic hydrodynamics (MHD). A two-temperature
one-dimensional version of such an MHD model is described for example in [7, 8].
It takes into account possible differences between electron and ion temperatures.

7.3 Two Types of Capillary Discharges

Electric current and the magnetic field caused by it leads to the following two
effects that affected plasma dynamics. The first of them is the Ampere’s force
(∝ j × B), and the second one is Joule heating (j2/σ) that heats the electron
component of plasma. The relative importance of these two effects for plasma
dynamics is determined by the following dimensionless parameter, magnetic
Reynolds number:

Rem =
av
νm

, ð7:1Þ
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where a is typical size of the plasma (capillary diameter); νm = c2 ̸ 4π σð Þ is the
so-called magnetic viscosity, defined by the electric conductivity, σ; and v is typical
velocity of plasma motion, that is usually of the order of Alfven velocity, cA:
c2A =B2 ̸ 4π ρð Þ. Here B is magnetic field, and ρ is plasma density.

If Rem ≫ 1, then:

• Effects of the Ampere’s force are much stronger than the effects caused by the
Joule heating;

• Plasma pressure due to Joule heating cannot be prevented from magnetic
compression;

• Plasma is detached from the capillary walls;
• There is a strong pinch effect;
• Plasma is heated mainly by shock waves; and
• Plasma is screened from electric and magnetic fields due to strong skin-effect.

In the opposite case, when Rem ≪ 1, we have that:

• Effects caused by the Joule heating is more important than the effects caused by
the Ampere force, tending to compress the plasma;

• Ampere’s force is of relatively small effect;

• Plasma pressure tends to be constant across the discharge;

• Plasma is confined by the capillary walls;

• It is heated by the Joule heating, that is balanced by the thermal conduction
towards relatively cold capillary walls; and

• There is no skin-effect, and electric current distribution is smooth across the
discharge.

We will call the capillary discharges of the first type, when Rem ≫ 1, as
pinching capillary discharges, whereas the capillary discharges of the second type,
when Rem ≪ 1, as dissipative capillary discharges.

We may say very roughly that the type of capillary discharge is controlled
mainly by the amplitude of electric current. We have exemplary dissipative capil-
lary discharge at the peak current of 0.3 kA [4], while for 40 kA we have
exemplary pinching capillary [2]. The transition between these two types takes
place approximately at a few kilo-amps.

7.3.1 Capillary Discharges with Strong Pinch Effect

The typical capillary discharge of the pinching type is the capillary discharge used in
[2] in the 46.9 nm Ar laser. It was used to compress strongly Ar plasma at the axis of
a polyacetal capillary of 4 mm diameter and to get hot and dense Ar plasma with
temperature of about 60 eV and electron density of about 4 ⋅ 1019 cm−3. These
parameters are favourable for Ne-like lasing in Ar plasma. To obtain such Ar plasma
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a current pulse with 40 kA amplitude and 60 ns duration was applied to the poly-
acetal capillary of 4 mm diameter prefilled with Ar gas of 0.85 mbar initial pressure.
The volume compression of the Ar gas-plasma was as high as about 200 times.

Many teams performed 1d MHD simulations of such discharges. See, for
example [9–11]. The MHD codes take into account all physical processes men-
tioned above, accompanied by simulation of atomic levels population dynamics and
by simulation of laser beam propagation. Such simulations show good agreement
with experiments. Scaling laws describing plasma parameters at stagnation as
function of initial Ar gas pressure, capillary diameter and amplitude and duration of
the electric current pulse were obtained in [7] using such MHD simulations.

The capillary discharge used in [2] and simulated in [7, 9–11] leads to evapo-
ration of polyacetal walls. This evaporation leads, in turn, to the formation of a
plasma sheath. It begins capturing part of the total electric current, so that the
ablated plasma takes part in Ar plasma compression. This effect leads to less
effective compression of Ar plasma and hence demands higher electric current.
Using more refractory capillary materials [3] such as ceramics allows applying
considerably lower electric current, providing complete absence of wall material
evaporation and 46.9 nm Ar lasing. MHD simulations of such discharges are sig-
nificantly simpler.

Assuming absence of plasma ablation from the capillary walls, we may achieve
in MHD simulations lasing for much shorter wavelength. See for example [12, 13]
and the experiments [14].

7.3.2 Dissipative Capillary Discharges

Dissipative capillary discharges tend, as it was explained above, to mechanical and
thermal equilibrium, with the Ampere’s force being negligible. As a result, such
discharges have a maximum of electron temperature at the axis and a minimum of
electron density. Such long-lived radial electron density distribution is favourable
for optical guiding. This property of dissipative capillary discharges was first
demonstrated in [15]. They used initially evacuated plastic capillary. As a result,
plasma of the discharge was formed from wall material, and hence its chemical
composition was poorly controlled. Usage in [16] of ceramic capillary prefilled with
hydrogen demonstrated almost complete suppression of capillary wall evaporation,
that leads to the well-controlled chemical composition of plasma wave-guide. This
situation is suitable for long transportation of power femtoseconds laser pulses, and
hence to acceleration of electrons due to wake field effects. It was demonstrated in
[4]. A 4.2 GeV electron beam of high quality was produced by propagation of
0.3 PW laser pulse in capillary discharge of 9 cm length and 0.5 mm diameter with
0.3 kA peak current of ∼300 ns duration. The sapphire capillary was filled with
hydrogen up to ∼40 mbar initial pressure.

Owing to the existence of mechanical and thermal equilibrium, and tendency to
its establishing for the dissipative capillary discharges, there are very simple
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scalings [8] that describe plasma parameters in the capillary discharges of this type
as well as profile of refraction index in this optic wave-guide. They were checked
with the MHD simulations as well as in part experimentally.

7.4 Evaporation of Wall Material

Possible wall material evaporation is an important feature of capillary discharges.
The evaporation is caused by energy deposition in a relatively thin layer of the wall.
The deposition is caused, in turn, by the contact of discharge plasma with the wall.
Sometimes, it is an unavoidable effect (for discharges in initially evacuated capil-
laries, for example), and sometimes, it is a parasitic one.

It is useful to introduce the term “cost of evaporation”, W. It can be measured for
example in mJ/cm2. It is important that it does not originate from specific heat of
evaporation of wall material. The latter value can be usually neglected, because it is
much lower than the specific energy of discharge plasma. Instead of this, the value
of W says: how much energy should be deposited into the wall (per its unit area) to
heat a certain thin layer of it to sufficiently high temperature, so the saturated vapour
pressure becomes comparable with the discharge plasma pressure.

For reasonable evaluation of W, we should consider transport of heat into the
capillary wall and determine a depth of this layer. This process was considered and
simulated in [10, 11] simultaneously with the MHD simulations of the discharge
plasma. The simulations show that a small fraction (∼3 × 10−4) of electrons from
the valence band in the wall dielectric layer of about 0.5 μm thickness is exited into
the conduction band, and that temperature of the electrons component
becomes ∼1.5–2 eV, that is much higher, than typical lattice temperature, several
hundreds of K. The lattice temperature grows gradually in time due to energy
exchange between electrons and lattice. The layer thickness is determined by this
energy exchange and by transport of heat due to electron thermal conduction and
radiation.

Typical value of W for fused materials like plastics is of the order of 10 mJ/cm2,
whereas for refractory ceramics or sapphire, it is of the order of 100 mJ/cm2. This
value depends on many factors like impurities and current pulse waveform. The
above numbers are presented for orientation only.

It is important that time-integrated energy flux towards the capillary wall
(F) during the important part of the electric current pulse is determined completely
by the capillary plasma dynamics and not by processes in the capillary walls. It is
the consequence of that typical temperature of the capillary plasma that is much
higher than the temperature of the solid capillary wall.

The process of evaporation is easily simulated in two cases: F ≫W , and
F ≪W . The former case corresponds to the situation when the evaporation is
limited only by the energy flux from the discharge plasma [10], whereas the latter
one corresponds to the complete absence of evaporation [8]. The case F ∼ W
demands detailed simulation of heating of the thin layer of wall.
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The capillary wall evaporation supplies admixtures to the capillary plasma.
Radial distribution of highly ionized heavy impurities in the discharge was con-
sidered in [17]. See Fig. 7.1.

7.5 Conclusions

We may conclude that theory of the capillary plasma dynamics is presently well
developed. We mean here 1D radial MHD dynamics of the plasma in thin and long
capillaries. The only unresolved problem is quantitative description of capillary
wall evaporation, when time-integrated energy flux toward the wall is close to the
threshold of the beginning of intensive evaporation: F ∼ W. We have good
description of the evaporation process in two limiting cases: F ≫ W and F ≪ W .

It is now a good time for the beginning of 2D and 3D MHD simulation of
capillary discharges to have an adequate description of electron density distribution
in the vicinities of open ends of capillaries and gas supplying channels. Another 2D
MHD problem, that could be interesting for applications, is discharges in capillaries
of noncircular cross sections. See postal presentation by G. Bagdasarov et al. at this
conference.
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Fig. 7.1 Radial distributions
of electron (ne), hydrogen
(nH) and carbon (nC) densities
across the capillary discharge

50 P. V. Sasorov



References

1. Shevelko, A.P., Sobel’man, I.I., Yakushev, O.F., Knight, L.V., Turleyb, R.S.: A capillary
discharge plasma source of intense VUV radiation. Quantum Electron. 33(1), 3–6 (2003)

2. Rocca, J.J., Shlyaptsev, V., Tomasel, F.G., Gortazar, O.D., Hartshorn, D., Chilla, J.L.A.:
Demonstration of a discharge pumped table-top soft-X-ray laser. Phys. Rev. Lett. 73, 2192
(1994)

3. Heinbuch, S., Grisham, M., Martz, D., Rocca, J.J.: Demonstration of a desk-top size high
repetition rate soft X-ray laser. Opt. Express 13, 4050–4055 (2005)

4. Leemans, W.P., Gonsalves, A.J., Mao, H.-S., Nakamura, K., Benedetti, C., Schroeder, C.B.,
Toth, CS., Daniels, J., Mittelberger, D.E., Bulanov, S.S., Vay, J.-L., Geddes, C.G.R., Esarey,
E.: Multi-GeV electron beams from capillary-discharge-guided subpetawatt laser pulses in the
self-trapping regime. Phys. Rev. Lett. 113, 245002 (2014)

5. Basko, M.M., Drozdovskii, A.A., Golubev, A.A., et al.: Plasma lens for the heavy ion
accelerator at ITEP. Phys. Part. Nucl. Lett. 5(7), 582–585 (2008)

6. van Tilborg, J., Steinke, S., Geddes, C.G.R., Matlis, N.H., Shaw, B.H., Gonsalves, A.J.,
Huijts, J.V., Nakamura, K., Daniels, J., Schroeder, C.B., Benedetti, C., Esarey, E., Bulanov, S.
S., Bobrova, N.A., Sasorov, P.V., Leemans, W.P.: Active plasma lensing for relativistic
laser-plasma-accelerated electron beams. Phys. Rev. Lett. 115, 184802 (2015)

7. Bobrova, N.A., Bulanov, S.V., Farina, D., Pozzoli, R., Razinkova, T.L., Sakai, J.-I., Sasorov,
P.V., Sokolov, I.V.: MHD simulations of plasma dynamics in pinch discharges in capillary
plasmas. Laser Part. Beams 18, 623–638 (2000)

8. Bobrova, N.A., Esaulov, A.A., Sakai, J.-I., Sasorov, P.V., Spence, D.J., Butler, A., Hooker, S.
M., Bulanov, S.V.: Simulations of a hydrogen-filled capillary discharge waveguide. Phys.
Rev. E, 65, 016407 (2002)

9. Shlyaptsev, V.N., Gerusov, A.V., Vinogradov, A.V., Rocca, J.J., Cortazar, O.D., Tomasel, F.
G., Szapiro, B.T.: Proceedings of the SPIE, 2012, vol. 99 (1993)

10. Bobrova, N.A., Bulanov, S.V., Razinkova, T.L., Sasorov, P.V.: Dynamics of a pinch
discharge in capillarics. Plasma Phys. Rep. 22(5), 349–362 (1996)

11. Moreno, C.H., Marconi, M.C., Shlyaptsev, V.N., et al.: Two-dimensional near-field and
far-field imaging of a Ne-like Ar capillary discharge table-top soft-X-ray laser. Phys. Rev.
A 58, 1509 (1998)

12. Vrba, P., Vrbova, M., Bobrova, N.A., Sasorov, P.V.: Modelling of a nitrogen X-ray laser
pumped by capillary discharge. Cent. Eur. J. Phys. 3, 564–580 (2005)

13. Vrba, P., Bobrova, N.A., Sasorov, P.V., Vrbova, M., Hubner, J.: Modeling of capillary
Z-pinch recombination pumping of boron extreme ultraviolet laser. Phys. Plasmas 16, 073105
(2009)

14. Jancarek, A.: Capillary Discharge—A Way for Recombination XUV Laser (these
proceedings)

15. Ehrlich, Y., Cohen, C., Zigler, A., Krall, J., Sprangle, P., Esarey, E.: Guiding of high intensity
laser pulses in straight and curved plasma channel experiments. Phys. Rev. Lett. 77, 4186
(1996)

16. Spence, D.J., Hooker, S.M.: Investigation of a hydrogen plasma waveguide. Phys. Rev. E 63,
015401 (2000)

17. Kocharyan, A.E., Bobrova, N.A., Sasorov, P.V.: Nonuniformity of the chemical composition
of a capillary discharge plasma. Plasma Phys. Rep. 32, 887 (2006)

7 Plasma Dynamics in Capillary Discharges 51


	7 Plasma Dynamics in Capillary Discharges
	Abstract
	7.1 Introduction
	7.2 General Properties of Capillary Discharges
	7.3 Two Types of Capillary Discharges
	7.3.1 Capillary Discharges with Strong Pinch Effect
	7.3.2 Dissipative Capillary Discharges

	7.4 Evaporation of Wall Material
	7.5 Conclusions
	Acknowledgements
	References


