Journal of Engineering Physics and Thermophysics, Vol. 73, No. 6, 2000

HOMOGENEITY OF THE ELECTRIC-DISCHARGE
PLASMA IN A COAXIAL FLASH LAMP

B. A. Barikhin” and Yu. I. Kryshalovich UDC 533.9.082.715+681.7.069.24

The main factor that sharply decreases the efficiency of the employment of a pulsed-discharge xenon
plasma as an emitter in electric-discharge sources of pumping of dye lasers is a macroscopic loss of
stability of the discharge in the temperature and pressure ranges selected. It has been established that
in the pressure range of 1-10 torr, an increase in the temperature of a pulsed-discharge xenon plasma
results in the mechanism of conduction becoming purely collisional. Sabilization of macroinstabilities
in the plasma has been attained using a sectioned return current conductor in a flash coaxial lamp. It
has been verified by experiment that uniformity of the sectioning ensures a high degree of homogeneity
of the electric-discharge plasma in the discharge space.

A current flow in an electric-discharge plasma is aways associated to some extent with local distur-
bances of its quasineutrality and deviations from equilibrium. Here different kinds of wave motion, which in
the equilibrium state are at the level of thermal fluctuations, can be initiated in the plasma. In particular, in the
region of the velocity spectrum within which an ordered charge transfer is performed, the distribution of the
eectrons by velocities can markedly differ from a Maxwell distribution. In the case where the velocity of the
ordered motion v, differs from the most probable velocity of the thermal motion v;, on the equilibrium-distri-
bution profile there arises a second maximum near Ve. The larger the difference between ve and v;, the more
pronounced this maximum (even for a low density of the discharge current) [1]. It was experimentally estab-
lished for xenon [2] that in the range of brightness temperatures 10* < T < 3M0* K the strength of the external
electric field in the interelectrode space varies, within the limits 0.2[10° < Ej < 1.8010° VV/m, with the square of
the temperature of an equivalent source of equilibrium radiation TS? for which the most probable value of the
velocity V& is approximately equal to Ve Consequently, (Vo/V)? = Tp/ Ty and, in accordance with the data of
Table 1, a Ty = 1.410* K in the range of xenon pressures 1.0 < Pxe< 10 torr this ratio decreases to 102>
(Ve/vt)zz 10", Because of this, at the low-temperature boundary of the temperature range, particles with ve-
locities v, ~\; are practicaly absent and hence electron energy cannot be transferred by plasma oscillations,
which in this case, too, are not higher than the thermal background. As the temperature increases to 3[10% K
in the above-mentioned pressure range, the velocity ratio increases significantly, 1= (Ve/vt)zz 1072 In this
situation, the number of electrons moving with a velocity v ~\ is fairly large and energy should be transferred
from the dectronic component to a wave whose phase velocity differs insignificantly from v;. This can build
up plasma oscillations. Here the damping of oscillations with a wavelength longer than the Debye radius will
be weak, which can lead to the appearance of instability.

It was established in [3] that the average brightness temperature of an electric-discharge plasma over
the pulse is approximately half the temperature attained at the maximum of the pumping pulse. Because of this,
for example, in a laser based on an alcoholic solution of rhodamine 6G, for which the optimum value of the
brightness temperature of the pumping source is = 1.3010% K [3], even at the leading edge of the excitation
pulse, beginning with c=2010* K (Table 1), the electric-discharge plasma can become unstable. Since the
brightness temperature continues to increase after the appearance of the ingtability, the latter can develop up to
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a jump-like change to another state and disintegrate. In particular, for the above-mentioned pressure an increase
in the temperature of the pulsed-discharge xenon plasma leads to a change in its conduction [2] because of the
change from the mechanism of compensation for collisional conduction by conduction that is due to the Ram-
sauer effect to a purely collisona mechanism. As the conduction of the plasma increases, the release of Joule
heat in its bulk increases proportionally to E%, since j2/0e = OsE%; but, this results in an increase in the rate
of the temperature rise, i.e, in the plasma a distinctive thermal instability arises. In this smplified considera-
tion, any equilibrium in which the conduction o, and hence the temperature T, of the plasma and its density
(in the case where the plasma is not fully ionized) change in space should be unstable. In this case, the model
can be refined firgt of al by taking account of the equalizing action of heat conduction, for example, along the
magnetic-field lines. Thus, besides the development of the instability representing an oscillation process with
an amplitude increasing with time, there is the possibility of an "aperiodic" development that gives rise to a
deviation from the initial state that increases monotonically with time [4].

The type of instability of the pulsed-discharge plasma in xenon at a pressure 1.0 < Py < 10 torr with
a brightness temperature 10*< To < 310% is predominantly determined by the character of its imperfection,
which is described by three similarity numbers [4] — the hydrodynamic Reynolds number Rey = Ty/T, magnetic
Reynolds number Rey, = 1,/ T, and Peclet number Pe = 1,/1. These ratios involve the time scale T = Lo/ Ve,
which was 0.5< 1 < 10 Msec in the experiments [3], the characteristic time of the "hydrodynamic diffusion”
Ty = Lize/v, the characteristic time of the "magnetic diffusion” 1, = Lize/Em, and the characteristic time of the
"convective diffusion” T, = L2/¥;, where Lie=0.5 m is the length of the interelectrode space of the coaxial
flash lamp [3]; V is the kinematic viscosity of the plasma, estimated in [3] as v ~10™> m?/sec; ¥; is the thermal
diffusivity of the plasma, estimated in [3] as X;~0.1 m?/sec; Ve = €EeTs/Me is the mean velocity of the di-
rected motion of electrons, whose values measured in [3] are given in Table 2; &, = €0C%/ 0, is the magnetic
viscosity of the plasma, expressed in terms of its conduction o The values of &, caculated from the experi-
mental data of [3] are given in Table 3 and the corresponding values of the magnetic Reynolds number are
given in Table 4. For the brightness temperature of the plasma T, = 1.410* K in the investigated range of
xenon pressures, Ve~ 10% m/sec and &, = 10° m?/sec.

Thus, a Reyg>>1, Pe >>1, and Rey, = 50 the slight disruption of the plasma perfection can be due to
the increased magnetic viscosity, which enhances the dissipation of the magnetic field energy, i.e., the "unstick-
ing" of the plasma from the field lines. This disruption is not related to the pinching of the entire plasma
cylinder in the range 5 < Py < 10 torr, as follows from the results given in Table 5; however, at Pyo=1 torr
the Bennet criterion is already fulfilled for the entire volume of the plasma Conseguently, the probability of
local pinching in this region, even a the expense of fluctuations that are due to the "unsticking," is signifi-
cantly increased, i.e., discharge contraction can occur.

Because of this, the main factor sharply decreasing the efficiency of the employment of a pulsed-dis-
charge xenon plasma as an emitter in electric-discharge sources of pumping of dye lasers [2, 5] is macroscopic
loss of gtability of the discharge in the temperature and pressure ranges sdlected. If there is no macroscopic
stabilization of the discharge, any attempts to suppress the microinstability in the discharge plasma lose their
meaning. The coaxia design of the pumping source usualy requires [5, 6] the use of a coaxial solid return
current conductor and a coaxia cylindrical plasma layer. The magnetic-field fluctuations are predominantly due
to the Taylor instability of the discharge current flow in the metal surface layer of the return current conductor.
The stability of the flow is usually determined [4] by the critical value T of the Taylor number
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(for arigid cylindrical surface T, = 1700), where ARy, is the thickness of the clearance between the coaxia
cylinders; Aqg is the mean magnitude of the disturbance;
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Fig. 1. Chronogram of the distribution of the radiation intensity along the
perimeter of the cross section of the discharge space of a lamp. The time
interval between the frames is 0.5 psec.

07

0o 0 20 40 40 0 1

Fig. 2. Time dependence of the coefficient of filling of the cross section
of the discharge space with the plasma for different values of the voltage
across the capacitor bank: 1) 18 kV; 2) 15; 3) 12, 4) 9; 5) 6. Y, %; t,
psec.

Fig. 3. Rdative distribution of the magnetic pressure in the cross section
of the discharge space of a lamp: 1, 2) inner and outer quartz pipes. The
distance between the force lines and the relative magnetic pressure are di-
mensionless quantities.

o:H
H2 — uo f

2
T @

is the Hartmann number sguared, which depends on the conduction of the current-conductor materia o, the
strength of the magnetic field in the clearance Hy g, and the dynamic viscosity of the electron gas in the metal

[7]
ZC = 0.4Té_né€': . (3)

Here ny=8.47010%° m™3, 1,=2.700™ sec, and &= 1.12110*® J [8]; consequently, {. =103 PaSec and
H? ~10". Even if the mean magnitude of the disturbance is Aqg ~ ARy g, then T/ T ~10*>> 1 and the bound-
ary of the current-flow stability in the return current conductor is significantly exceeded, and the disruption of
the stability is macroscopic in character.

Stabilization of steady-state finite disturbances in an electric field is most effectively performed by
means of their localization by increasing the depth of the potential well. In particular, this can be attained in
the case where the return current conductor is made in the form of an aggregate of current-carrying pipes in-
sulated from each other and positioned axially relative to the discharge space of the lamp. It is apparent that
in this geometry, the density of the magnetic-field energy near the pipe is increased and it suppresses the de-
velopment of azimuthal currents that appear in the basic conductor as a disturbance of the electric field be-
tween the electrodes. The stability of a current flow in a sectioned current conductor is regulated fairly
automatically, since the density of the current in each pipe is significantly higher than the mean density of the
current in the cross section of a solid cylinder having the same diameter. If the pipes are distributed uniformly
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Fig. 4. Oscillograms of the discharge—cu}rent strength (&) and the optical

pumping pulse (b) in the two-pulse regime at Ugy = 35 KV and ty = 100
usec; the time base is 20 psec/div.

aong the perimeter of the discharge space, the necessary degree of homogeneity of the electric-discharge
plasma in the discharge space can be attained, which has been vierified by experiments [3, 9] in which stabi-
lization of macroscopic disturbances was attained due to a technica design developed based on an anaysis
performed in the course of engineering work on the lamp. This is evidenced by chronograms of the distribution
of the radiation intensity along the perimeter of the cross section of the discharge space of the lamp [3, 9], one
of which with a time resolution of 0.5 psec between the frames is shown in Fig. 1. Results of photometric
measurement of the chronograms are given in Fig. 2, where the time dependence of the coefficient of uniform-
ity of filling of the cross section of the discharge space with the plasma is shown for different values of the
voltage across the capacitor bank of the power source. Figure 3 shows a qualitative picture of the distribution
of the magnetic pressure in the cross section, calculated for a set of 12 current-carrying pipes, in reation to the
pressure produced as a result of a current flow in a coaxial formed by two infinitely thin cylinders. The totality
of al the experimental and calculation data points to stability of the current flow in the pulsed-discharge
plasma of a lamp with a sectioned return current conductor.

A no less convincing proof of this is the similarity of the electrophysical and optical characteristics of
the pulses in the case of commutation of two sections of the capacitive storage to the lamp [10]. Processing of
the experimental data shows that in the regime of series connection of two pumping pulses with a delay be-
tween the pulses of up to =1 psec the differences between the pulses are small, and they are not fundamental
in nature: for the maximum current, the active resistance of the discharge plasma in the second pulse is =1.3
times that in the first pulse. In the experiments we used two sections of the storage with a capacity of 75 puF
each with a controlled delay between pulses 10<ty< 10° usec; the level of the working voltage Ugg, across
each section could be selected independently. Figure 4a shows an oscillogram of the strength of the discharge
current at Ucy, = 35 kV and a delay between the pulses of 100 psec, while Fig. 4b shows an oscillogram of
an optical pumping pulse under the same conditions. The difference between the pulses became even smaller
when the working voltage across the second section was somewhat higher than that across the first section. For
example, for the experimental conditions (see Fig. 4) such a decrease was attained even at a working voltage
across the second section of 40 kV.

Thus, a high degree of homogeneity of a discharge plasma makes it possible to obtain the maximum
attainable energy of its radiation at the leading edge of the pumping pulse. By optimization of the discharge
regime, up to 0.7 of the energy stored in the storage can be released in the active resistance [5]. In a regime
with compensation for plasma conduction [2] achievedd by optimum selection of the brightness temperature
and the working gas pressure, a large amount of luminous pumping energy can be obtained in the absorption
band of the laser active medium, for example, for an alcoholic solution of rhodamine 6G, up to 0.25 of the
total energy of the plasma radiation. Suppression of finite disturbances of the discharge current provides the
minimum level of losses by excitation of instabilities in the discharge plasma. Moreover, a high degree of
plasma homogeneity increases the uniformity of irradiation of the outer surface of the active medium by the
pumping radiation in a cylindrical geometry.
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NOTATION

Ta, plasma temperature; T, Taylor number; T, critical value of the Taylor number; Pye, Xenon pres-
sure; H, Hartmann number; Ucy, Working voltage across the capacitor bank; Eie, strength of the external elec-
tric field in the interelectrode space; 0., conduction of the eectronic component of the plasma; jie, density of
the current in the interelectrode space; ne, density of electrons in the metal; 1., electronic relaxation time; €,
Fermi energy for copper; &y, diglectric constant; ve, velocity of the directed motion of electrons; v, mean ve-
locity of the thermal motion of electrons; (., dynamic viscosity of the electron gas in the metal; c, velocity of
light in vacuum; Hg, permeability of vacuum; e, electron charge; ny. Xenon concentration; me, €lectron mass;
B, threshold of plasma pinching; T, mean time between two collisions of an electron and an ion; N, number
of electrons per cm of the plasma length; Yy, cross section of the discharge space; t, time. Subscripts and
superscrips: max, maximum; eq, equivalent; e, electron; pl, plasma; t, therma motion; ie, interelectrode; Xe,
xenon; cr, critical; ¢, conductor; cap, capacitor; d, delay; m, magnetic; d.sp, discharge space; sp, space.
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