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CONDUCTION AND RADIATION OF A XENON
PLASMA IN ELECTRIC-DISCHARGE PUMPING SOURCES

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

A quantitative analysis of the conditions of stabilization of the conduction of a plasma at the leading
edge of an electric-discharge pulse in xenon is performed. The ranges of gas pressures and plasma
temperatures in the region of stabilization are estimated. It is established that the homogeneity of the
discharge plasma is the deciding factor for stabilization of its conduction. It is noted that under certain
conditions self-structurization of the plasma is attained. The role of impurities in the formation of the
mechanism of conduction and their influence on the plasma radiation are evaluated. Calculated data
are compared with data of experiments.

In electric-discharge sources of pumping of lasers, radiation from the electric-discharge plasma is usu-
aly used to excite the active medium; the plasma serves as an alternating resistive load of the discharge cir-
cuit. Because of this, the properties of the optical radiation from the plasma are prescribed by the spectral
characteristics of the active medium, first of al, by the parameters of the absorption band (band profile, char-
acter of broadening, absorption coefficient, optical density of the medium, and others). To simplify the calcu-
lations, it is convenient to go from the dimensional spectral density of the radiation energy
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to the dimensionless spectral density [1]
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which depends on the dimensionless frequency y represented in the form v = y10™ sec™, which is optimum
for the optical range and on the dimensionless temperature t,, which, in problems on the pumping of optical-
range electric-discharge lasers, is conveniently defined as Ty = t 10% K. In this case, the constants in (2) have
the following values: A = 6.1797710 % J(m®Sec?) and a = 4.7993. For example, Fig. 1 shows the optical
density of an acoholic solution of rhodamine 6G zj(y) in the absorption band from v; = 0.500% sec™ to v, =
1.500% sec™’. The pumping efficiency is defined as the ratio between the intensity of the electric-discharge
plasma radiation absorbed in this band

Y2
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and the intensity of the plasma radiation throughout the entire spectral range

*) Deceased.
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Fig. 1. Optical density of an acoholic solution of rhodamine 6G. z, and
y, dimensionless quantities.
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Fig. 2. Spectral density of the pumping radiation (a) and efficiency of use
of the pumping-radiation energy (b) at Ty = 1.3010% K (curve 1) and Tl
= 1.110% K (curve 2).
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on the temperature of the source is shown in Fig. 2b by curves 1 (z(y) = 1, Ty = 1.110* K) and 2 (zy) #
const; Ty = 1.300" K). The maximum value of the ratio ny, = 0.2 is attained at Ty = 1.300" K (curve 1), the
maximum value of the ratio n,, =0.68 without the active medium (z(y) = 1) is redized at Ty = 1.110* K
(curve 2). The spectral distribution of the pumping radiation ¢(y) (in dimensionless frequencies) at Ty =
1.300% K is shown by curve 1 and, at To = 1.110* K, by curve 2 in Fig. 2a In the development of the
leading edge of the excitation pulse, pumping is realized due to quite definite changes in the conduction of the
discharge plasma in this time interval [2]. In order that the induced losses in the active medium of the laser be
stabilized after breakdown of the interelectrode space of the pumping source, the conduction must increase rap-
idly (in a time of <1 usec for a laser with a rhodamine 6G solution [3]) and, thereafter, be practicaly constant
up to the moment when the maximum of the discharge-current strength is attained. As was shown earlier [4],
the stabilization of the energy release in the active resistance of the circuit required for this purpose, with the
maximum efficiency of the energy stored in the storage (=0.7), is attained in the case where o, increases by an
exponential law with an exponent y= 1.6.

The conduction of a fairly heated (ty >1) and fully ionized (ae = a; = 1) Coulomb electric-discharge
plasma increases by the law T;/F due to eectron-ion collisions [5]:
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where € = 8.854(10 2 F/m is the dielectric constant; me and e are the mass and charge of the eectron; ne and
n, are the electron and ion concentrations, respectively; A is the Coulomb logarithm for eectron-ion colli-
sions; 6y = kgTyy is the plasma temperature in energy units, kg = 1.38107% JK is the Boltzmann constant.

At the leading edge, the temperature increases in proportion to the time of increase [2, 6] in the quan-
tity By ~xP (b = congt, it was assumed that the time is the dimensionless variable x = uxt, wy is the frequency
of the discharge-current oscillations), and b can take values from 1.5 to 2.5 according to the estimates in [6].
Because of this, the conduction increases by the law 0. ~ X%, where the constant ¢ can take values from =2 to
=4 according to [4, 7], i.e, in dl cases, c>Vy and, in principle, the most efficient contribution of the stored
energy to the electric-discharge plasma cannot be realized. However, this holds only for the law epr-

To stahilize the plasma conduction, it is necessary to switch on a mechanism of conduction that differs
from the collisional mechanism and decreases the conduction equally effectively. Such a mechanism is pro-
vided by the known property of the Ramsauer effect [8] — an increase in the cross section of elastic scattering
of "dow" eectrons by neutra atoms of heavy inert gases. In this case, it is assumed that "sow" eectrons are
electrons with a kinetic energy from =0.5 to =10 eV, which corresponds to the values of the dimensionless
brightness temperature of the plasma 0.5 <ty < 10. According to the evaluations of [8-10] and measurement
data obtained in experiments on determining the parameters of an electric-discharge plasma [6, 10], its conduc-
tion resulting from elastic scattering of electrons by neutral Xe atoms is determined, in the range of gas pres-
sures 0.1 < Pxe< 25 torr, by the semiempirical expression

o & a (1-ay) &P B/ 22Uy
~ > ,
= Virna naOZ)z(e V-epl

where q; is the degree of plasma ionization; zx. is the atomic number of the chemical dement; g, is the clas-
sical radius of the first Bohr orbit; Uy is the first ionization potentia of Xe.

In the case of full ionization of the plasma, this mechanism switches off; therefore, to effectively com-
pensate for the increase in the conduction by the law 0%, it is necessary to decrease the working-gas pressure
in the chosen range. This increases the nonideality of the plasma. As follows from the estimates (see Table 1),
the criterion of plasma idedity

(7)

|y <<l<<rp<<lg, (8)

(where |5 is the Landau length, m; 1 is the mean distance between the charged particles, m; rp is the Debye
radius, m; | is the free path length in electron-electron collisions, m) takes the form of the ordinary inequality

I <1<rp<lg 9

and practically ceases to be fulfilled, and the strong-nonideality condition is not yet fulfilled, i.e., the plasma is
weakly nonideal. Here, according to the estimates presented in Table 2, only starting with the pressure
Pxe= 15 torr at the temperature Ty = 2010* K, is full ionization of the plasma attained. However, the plasma
remains fairly dense, which is evidenced by the fact that at the temperature Ty = 18EI104 K and the pressure
Pye= 15 torr the frequency of the electron-atom collisions Ve, (in units of 10'2 sect in Table 2) is still =0.2
of the frequency of the electron-ion collisions vg (in units of 10* sec’d).

After full ionization of the plasma, its conduction O = G + Og, (in units of (QM) ™ in Table 2) is
described just by the law o4 ~672 %2 Experlment and calculation showed that in the ranges of gas pressures
1 < Pye< 10 torr and plasma temperatures 10* < To < 2010% K this regularity is fairly distinctly compensated for
by the Ramsauer effect. It is clear that scattering will be more effective, the greater the number of plasma
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Fig. 3. Dependence of the electronic conduction of the plasma o on the
temperature at Pye = 1 torr (straight line 1), Py, = 5 torr (straight line 2),
Pxe = 10 torr (straight line 3) (a), Pxe = 15 torr (b), Pxe = 20 torr (),
and Pxe = 25 torr (d). ge, S; Ty, K.

electrons that have an energy from 0.5 to 10 €V, which corresponds to the position of the maximum of the
Maxwell distribution of the electron component within the range 10%< T0® < 10° K. At smaller values of
T the number of electrons with the energy required for resonance scattering is significantly decreased. As
To® increases, an increasing number of electrons fail to interact with the potential well of an Xe atom. The
number of electrons scattered by the well can be increased by two independent means: first, by increasing the
working-gas pressure until concentration saturation of the Ramsauer effect by the plasma electrons occurs; sec-
ond, by increasing the temperature of the plasma in the discharge space of the pumping source to values at
which the plasma is till partially ionized. According to the data in Table 2, necessary conditions for stabiliza-
tion are realized in the ranges of xenon pressures 1 < Py < 10 torr and plasma temperatures 10 < To < 210
K. This conclusion is supported by the results of the measurements in [6, 10].

A noteworthy feature of the compensation is the change from one mechanism of conduction to another.
An increase in the voltage applied to the interelectrode space produces the following effects. In a compara
tively weak external field, up to attainment of concentration saturation of the Ramsauer effect directed charge
transfer is predominantly performed by electrons participating in thermal motion. Because of this, the process
of relaxation of scattered electrons will be practically equilibrium in character and the regime of mixed Ram-
sauer and collisional conduction of the plasma, represented by straight lines 1 (Pxe = 1 torr), 2 (Pxe = 5), and
3 (Pxe = 10) in Fig. 3a and straight line 4 (Px. = 15) in Fig. 3b, corresponds to mutual compensation of these
two mechanisms. When the strength of the externa field reaches a certain critical value that is conveniently
expressed in units of temperature, Toe = 2.400% for Py, = 10 torr and Ty = 1.6010* K for Py, = 15 torr,
scattered electrons are aso involved in charge transfer. The mechanism of mixed conduction becomes thermo-
dynamically unstable (straight lines 3 in Fig. 3a, 4 in Fig. 3b, and 5 in Fig. 3c) since it cannot provide di-
rected transfer of charge that is increased according to the increase in the voltage, i.e., a change to a
thermodynamically stable regime (curves 4' in Fig. 3b, 5 in Fig. 3c, and 6 in Fig. 3d) that is more favorable
for such an increase occurs. The nonanalytic behavior (break) of the coefficient of transfer (conduction) at the
critical plasma temperatures To is anaogous to the behavior of thermodynamic functions in a phase transition
of the second kind, in particular, when a gas passes to a state of full ionization. Such a state arises spontane-
oudy and is cooperative in character [11]. A jump-like increase in the conduction can arise under the consid-
ered conditions only from simultaneous (cooperative) involvement of the scattered Ramzauer electrons in the
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Fig. 4. Dependence of the eectronic conduction of the plasma on the
plasma temperature and the xenon pressure. Py, torr.

charge transfer. In this case, the electric field of the gas ions in the plasma must be self-structurized by the
moment of involvement, which in turn will lead to "metallizing" of the plasma, in part, and a jump-like in-
crease in its conduction. In the states Tsy and Ty, the metallic structure formed will decompose because of its
overheating.

This model of a self-organizing plasma is supported by the estimates given in Fig. 4, where the plasma
conduction is plotted as a function of the working-gas pressure Py, and the plasma temperature Ty, which is
directly related to the value of the energy stored in the discharge-circuit storage through the dependence on the
working voltage Up [6, 10] (Ty ~VUp) and, correspondingly, on the strength of the electric field between the
electrodes of the discharge space. On the surface 0¢(Pxe Tp) (see Fig. 4) we can separate a region convention-
ally bounded by the values 1<Py<18 torr and 104sTp| < 200" K, which represents a plateau of
0c=0.16[10" S. It is seen that the shift of the conduction from the plateau to other regions is jump-like in
character in the range of gas pressures 18 < Pyxe< 30 torr. Consequently, in the range found, self-organization
of the discharge plasma must occur.

It is necessary to indicate immediately two circumstances limiting the degree of generdity of the re-
sults of the anaysis performed, which are supported by the experimenta data of [6, 10]. First, comparison of
the contribution of electron-ion collisions and the Ramsauer effect to the formation of the electronic-conduction
mechanism can be brought to the level of quantitative evaluations only in a homogeneous electric-discharge
plasma, first of al, because of a different form of the dependence of 04 and Og, on By, the independence of
the collisional conduction from the electron concentration in the single-ionization approximation, and the de-
pendence of the Ramsauer conduction on the concentration of neutral atoms (the degree of plasma ionization).
Second, the existence of easily ionized metal impurities arising as a result of electrode erosion that can even
be observed visually distorts the basic plasma parameters [5, 6]. Furthermore, the presence of impurities in the
working gas for which the Ramsauer effect is absent leads to smoothing of the breaks at the critical points of
the electronic-conduction curves and, with a high concentration of impurities, can suppress the Ramsauer
mechanism so much that self-organization of the plasma will not occur.

The influence of impurities on the radiation of an electric-discharge plasma is even more substantial
[5]. For xenon, the energy of the braking radiation W, ~NeNiZ2/VTe equals the energy of the recombination
radiation W ~neniz.-4/TI'e at the plasma temperature Ty = 10* K. Here, n; and z are the concentration and the
charge of the positive ions, T, is the temperature of the electronic component. The presence of easily ionized
impurities significantly changes n;, ne, and z and leads to marked disturbance of the balance between the brak-
ing and recombination radiations, for example, the existence of doubly ionized metal atoms in the plasma can,
in the case of a significant concentration of them (even near the electrodes), increase the recombination radia-
tion intensity by approximately an order of magnitude. Thus, a situation can occur where the recombination-ra-
diation mechanism works in the near-electrode volume of the discharge space, and the braking mechanism
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works in the remaining portion of the plasma column. This points to the fact that there is no way to construct
amodel of xenon-plasma radiation in the region 10° < T < 2110* K even a the level of qudlitative evaluations;
construction of a model of the radiation from a plasma without impurities accomplishes nothing, since the de-
gree of generality of such a model is no higher than the degree of generaity of any other model. Because of
this, reliable values of the xenon-plasma parameters in the indicated range can be obtained only by way of
physical measurements. The single reliably established result of both the analysis [5] and the experiments per-
formed earlier [6, 10] can be that the radiation spectrum of a xenon plasma in this region is with good accu-
racy continuous and, in the visible and near-UV and IR regions, is practically identical to the radiation
spectrum of a blackbody. Because of this, energy measurements of the plasma radiation can be performed
using the smplest calorimetric methods.

Direct calorimetric and calibration measurements in a discharge circuit with a capacitance of 120 puF
and an inductance of 0.3 uH whose load was a coaxia flash lamp [6] have shown that the brightness tempera-
ture of the plasma integrated over the pulse is related to the working voltage across the storage Ug by the
relation

Ty =B VU, (10)

for B=1.06010° K/VY2, and processing of spectrochronograms made it possible to determine the relation be-
tween the brightness temperature at the pumping-pulse maximum T,5 and the working voltage across the stor-
age:

T = CV3U, (11)

for C = 10% K/VY2. Comparison of the coefficients in (10) and (11) provides support for the above assumption
of afairly rapid increase in the brightness temperature at the leading edge of the pumping pulse of an electric-
discharge laser.

NOTATION

To, plasma temperature; TIX  maximum temperature of the electronic component of the plasma; Tq,
critica plasma temperature; Tney, temperature at the pumping-pulse maximum; ty, dimensionless temperature
of the plasma; t, dimensionless temperature; u, spectral density of the plasma-radiation energy; Ug, initial volt-
age across the storage; ¢, dimensionless spectral density of the plasma-radiation energy; ¢(y), spectral distri-
bution of the pumping radiation; v, frequency; y, dimensionless frequency; J;, plasma- radiation intensity
throughout the entire spectral range; J,, intensity of the radiation absorbed by the active medium; n,,, pumping
efficiency (ratio J/Jy); Y, exponential parameter; z,(y), optical density of the active medium; a4, €ectron-ionic
conduction of the plasma; O, €lectron-atomic conduction of the plasma; 0., €eectronic conduction of the
plasma; Vg, frequency of eectron-ion collisions; ve,, frequency of eectron-atom collisions; X, dimensionless
time; Pye, Xenon pressure; Wi, energy of the xenon braking radiation; W, energy of the xenon recombination
radiation; a, A, B, and C, coefficients; h, Planck constant; c, velocity of light. Subscripts: a, active medium; rh,
rhodamine 6G; Xe, xenon; cr, critical; br, braking; rec, recombination; pl, plasma; e, electron; i, ion; n, neutral;
max, maximum; 0, initial vaue; 1, 2, 3, and 4, enumeration indices; t, total; ' and ", unsteady and steady
mechanisms of conduction.
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