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Two types of plasma channel structure in high pressure pulse discharge

in cesium
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Simulation of the pulse-periodic high pressure cesium discharge is performed on the basis of equations of radiative
gas dynamics. It is shown that in the discharge it is possible to implement two different types of structure of the
plasma channel. At the beginning of the current pulse, the plasma discharge channel has a centered structure. At
the same time, most of the plasma is concentrated near the discharge axis. The concentration of charged particles
decreases along the radius.Then, if the current amplitude is large enough, during the plasma heating process, a
transformation from the centered to the shell structure of the channel occurs. In this case, most of the plasma is
concentrated on the periphery of the discharge and its concentration increases along the radius from the axis to the
walls of the tube. It is shown that the transition from one channel structure to another occurs at a time when the
specific heat capacity of the plasma near the axis reaches a deep minimum corresponding to a completely single

ionized e—i-plasma.
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A high-pressure pulse gas discharge bounded by solid
walls is used widely to produce efficient and intense sources
of ultraviolet, visible, and infrared radiation. Regimes with
a plasma channel assuming the simplest centered structure
(when plasma is concentrated mostly in the near-axial
region) have been examined in earlier studies into such
discharges [1-5]. Recent research [6-9] indicates that the
plasma channel in a high-pressure pulse-periodic discharge
(PPD) in cesium may assume different forms. In the present
study, a PPD in cesium is used as an example to examine
the transformation of the plasma discharge channel from a
centered structure to a shell one in the process of plasma
heating by a current pulse.

A long ceramic Al,O3 discharge tube with inner radius
R =2mm is modeled. The steady-state regime with a
current pulse of predetermined amplitude | n,x = 100 A and
duration t, = 50us passing periodically (with frequency
v = 1400 Hz) through plasma of the ,routine” discharge
sustained by DC current lo = 1.0A is examined. The
amount of cesium in the tube is defined by saturated
vapor pressure Psar in the coldest end of the tube. At
Psat = 75—500 Torr, the pulse plasma pressure reaches a
value of p =400—1200 Torr, the wall temperature of the
gas-discharge tube is T,, = 1300—1500K, and the on-axis
plasma temperature is as high as 17000K. Plasma with
these parameters is in local thermodynamic equilibrium,
and the Saha—Boltzmann equations are applicable to it. The
equations of radiative gas dynamics written with account for
the substantially subsonic velocities of plasma motion and
the discharge symmetry are used to model a PPD in cesium:
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Here, r is the radial coordinate; kg is the Boltzmann
constant; T is temperature; n,, V,, and p, = n,kgT are
the concentration, the radial velocity, and the par-

tial pressure, respectively, of plasma component «
(¢ =a,i,e); n;, m, and n3 are the concentrations
of singly, doubly, and triply ionized cesium atoms;

Ne=n;+2n4+3n3; N =n;+ny+n3; E; is the exci-
tation energy of atoms averaged over the Boltzmann
distribution; njE; =n1E; + nz(El + Ez) + n3(E1 + B + E3);
E;=3.89eV, E; =23.15eV, and E; = 33.4eV are the
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energies of the first, the second, and the third ionization
of cesium atoms [10]; E; is the intensity of the longitudinal
electric field in plasma; and K;(T), Ky(T), and K3(T) are
the equilibrium constants from the Saha relation [11,12].
The procedure outlined in [3] was used to calculate the
coefficients of electric conductivity e, thermal conductivity
A, and friction r, for partially ionized plasma. The
expressions for A and e from [13] were used in the case of
fully ionized plasma containing ions of various multiplicity.

It is assumed that the radial current to the gas-discharge
tube walls is zero and the radial velocities of electrons
and all types of ions are the same (Vi =Vg). A low-
current discharge, where the effect of self-constriction by
the intrinsic magnetic field is negligible, is considered.

The values of radiative plasma energy losses Wrag were
calculated by direct integration of the radiative transfer equa-
tion [14]. Absorption coefficient k;, which corresponds to
the processes of photoionization of excited states of cesium
ions, was calculated in the hydrogen-like approximation [11].
The method from [3] was used to calculate k; in all other
cases.

The boundary conditions for Egs. (1)—(6) at r =0
correspond to the condition of axial plasma symmetry.
The boundary conditions at the tube wall are written with
account for the fact that cesium mass M per a unit tube
length in the steady-state PPD regime remains constant
throughout the entire current pulse period:

R
M = 2;7zma/r(na + n;)dr = const. (7)
0

Here, m, is the cesium atom mass. Plasma temperature
T(R) is assumed to be equal to tube wall temperature T,
and is specified by relation [6]:
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Here, AR is the wall thickness (AR = 1.5mm was set
in calculations); 1,, = 13W - m~!. K~ ! and &y = 0.3 are
the thermal conductivity and the total emissivity of
sapphire [15]; osg is the Stefan—Boltzmann con-
stant; a=0.5[1/In(1+6) — 1/(5 +0.58%)]; § = AR/R;

tper
Qpl = —V of (l%)}r:R dt is the period-average heat flux

from plasma to the inner wall surface of the gas-discharge
tube due to thermal conductivity; and tper = 1/v , Qrag is
the period-average radiation energy flux absorbed by the
gas-discharge tube walls [6].

The results of simulation of a PPD in cesium performed
in accordance with (1)—(8) are presented for two
cesium pressures: Psat = 500 Torr (Figs. 1,a-3,a) and
75Torr (Figs. 1,b-3,b). These values correspond to
cesium masses M =0.06 and 0.009mg-cm~! per a
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Figure 1. Shape of current pulse |(t) and time
dependences of temperature Ty(t), heating power Q(t),

and thermal capacity Cp(t) on the discharge axis.
11— |(t)/|max, 2 — TO(t)/TO maxs 3 - Q(t)/Qmax, and
4 — cp(t)/Cpmax- a@ — Psa = 500Torr, To max = 6000K,
Qmax = 21940 W - cm™>, and Cp max = 13917 -kg™ ' - K™ b —
Psat = 75Tort, Ty max = 17 610K, Qmax = 17980 W - cm ™3, and
Cpmax = 1778) - kg™' - KL,

unit tube length. Relation Cp = (dH/0T)p—const, Where
H = (2.5p+ naEa + niEj)/p is the specific enthalpy
and p = ma(Na + ;) is the plasma density, was used to
calculate specific thermal capacity cp of plasma. Just as
W, a4, radiative energy losses W,is(r, t) in the visible range
(A =400—700nm) were calculated using the method
from [14].

It can be seen from Fig. 1, a, temperature Ty and thermal
capacity C, of plasma on the discharge axis increases
smoothly in the course of a pulse if the initial pressure is
sufficiently high. A centered structure of the plasma channel
(Fig. 2,a) is established in this case, and visible radiation
is emitted mostly from the near-axis region (Fig. 3,a).
If the pressure before the onset of a pulse is not that
high (Fig. 1,b), To grows faster, and there comes a
point when almost all gas atoms near the discharge axis
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are singly ionized, while the second ionization and ion
excitation still remain insignificant. Note that this state is
established due to the large difference between energies
of the first and the second ionization of alkali metal
atoms. Thermal capacity cp of plasma on the discharge
axis decreases sharply in this case, while the value of
Q = 6 E? — W, 44, which specifies the plasma heating power,
increases (Fig. 1,5, t/tp =0.6). This leads to a rapid
growth of temperature in the near-axis region and expulsion
of plasma to the cooler peripheral region (Fig. 2,b). A
shell structure of the plasma channel with plasma being
concentrated mostly at the periphery of the discharge forms
as a result. Visible radiation is then emitted mostly from
the dense outer shell of the channel (Fig. 3,5). The
transition from a centered channel structure to a shell
one is accompanied by a sharp reduction in the radius
of the glowing discharge channel (see [7,9]). Note that
the value of cp in the near-axis region does again go
through a deep minimum in the process of plasma cooling
after the propagation of a current pulse, and the spatial
distribution of plasma in the channel undergoes a reverse
transformation.
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Figure 2. Radial profiles of electron concentration ne(r,t) at
different times t from the onset of a current pulse. t, us: 7 — 10,
2—153—20,4—255—30,6—35 7—40,and § —
50. psat = 500 (a) and 75 Torr (b).
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Figure 3. Radial distribution of radiative energy losses W,is(r, t)
in the visible range at different times t from the onset of a current
pulse. t, us: 1 — 10,2 — 15, 3 — 20,4 — 25, 5 — 30, 6 — 35,
7 — 40, and 8 — 50. psat = 500 (a) and 75 Torr (b).

Thus, centered or shell structures of the plasma channel
may be established in a pulse-periodic discharge in cesium
depending on the initial pressure and the current pulse
amplitude. The transformation of one structure into the
other one occurs at the moment when the thermal capacity
of plasma goes through a deep minimum that corresponds
to fully singly ionized e—i plasma.
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