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This paper presents some results of theoretical and experimental studies of the
electrostatic field influence on the radiation and collision processes in a gas discharge
plasma. Formulas derived for describing angular and polarization characteristics of
radiation of atoms due to dipole transition from Stark state are presented. Formula for
cross section of the atomic excitation by electrons is derived and some regularities in
the electric field influence on the amplitude of inelastic scattering are revealed. Using
formalism of polarization tensors the formulas are derived for the degree of linear
polarization of plazma emission in the electric field at the anisotropic pump by an
electron beam. The obtained formulas made a basis for a technique for determining the
electric field strength and populations of Stark states of atoms.

Experimental results on measuring the degree of linear polarization of the helium
plasma emission in a gas discharge of the beam type have shown a good qualitative
agreement with the results of theoretical calculations.

Advances reached in recent years in developing
methods for determining the collision cross sections and the
experimental techniques have made a new method of
polarization diagnostics practicable.! This method is based
on measurements of polarization characteristics and the
angular distribution of plasma radiation which bear
information about anisotropic processes in plasma.

As known? these processes result in the polarization of
atomic states what, in turn, leads to an anisotropic angular
distribution and polarization of radiation of the plasma
spectral lines. The anisotropic pump (electron and light
beams®%), anisotropic relaxation processes (ion drift in the
gas discharge plasma and the transfer of the resonance
radiation®®), and external fields cause the polarization of
atomic states.

The mechanism of polarization of isolated atomic states
has been well studied. Some methods of the polarization
atomic diagnostics have been developed for determining the
moments of the electron distribution function,’ ion drift
velocity,® and electric field strength in the gas discharge.

The anisotropic processes always occur in plasma,
they determine efficiency of pumping of the upper lasing
levels, what finally affects the efficiency and energy
parameters of lasers. Therefore, an account of the
anisotropic collision and radiative processes is needed for
solving the problems of kinetics of active media.

An anisotropic character of collisions in a gas discharge
plasma is due to the existence of the electronic field causing
the drift of charged particles. The effect of the field on
collisional and radiative processes is very complicated and it
is poorly studied. At the same time electric fields are always
observed in plasma (external fields or microfields of the
plasma); their strength can reach several hundred kV/cm,
and their effect on the atomic state polarization can be
significant. Classification of the experimental data based on
the polarization degree with the use of theoretical models
enables one to reveal some regularities of the radiative and
collisional processes that is practically important.
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We have studied radiative processes in the electric
fields in Refs. 11 and 12. Formulas for the probability of
the radiative transitions of atoms in the electric field
describing the angular and polarization characteristics of
radiation were derived there. The probability of the dipole
atomic transition producing photons within a unit solid
angle with the polarization being parallel (perpendicular) to
the field is given by the formulas

dw, 3
Eﬂ =3 w [BH sin%0 + i cos®0] , &
dw, 3
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where W is the integral probability of the transition, B and
B, are called the coefficients of anisotropy of radiation
polarized parallel and perpendicular with respect to the
field, respectively. For an isolated atom By=B,= 1/3. In
the electric field the coefficients of the anisotropy depend
on the field strength and, according to the definition,
0< By < 1 and 0 < B, <0.5. According to the selection rules
for the magnetic quantum number M, B = 0, when
AM =+ 1 and B, = 0, when AM = 0.

Maximum emission of atoms will occur in two
directions: ® =0 and n/2. When B, > B the maximum of

atomic emission occurs in the direction ® = 0, and wvice
versa. In the limiting cases (B, = 0 and BH =1, o0r B, =0.5

and B = 0) the anisotropy of emission will be maximum.

Coefficients of anisotropy are independent of the sign
M and thus the field effect on the emission is analogous to
that of alignment of atomic states.

The angular distribution of the transition probability
in general case is much more complicated than in the dipole
approximation. This results from the interference of
multipole atomic transitions. The primary contribution
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which vanishes with the field fall off comes from the
interference of electric dipole and quadrupole transitions. As
shown in Ref. 12, this contribution reaches several tens of
percents for transition forbidden by the parity condition.

Since, polarization spectroscopy is based on the
analysis of spectral line intensities, the interpretation of
experimental results should take into account the processes
forming the population of upper levels. Formulas (1) and
(2) were derived based on the assumption that the
population of Stark states is uniform. The anisotropic
processes make the analysis of the experimental data much
more difficult because the electric field changes the
mechanism of collisional population of atomic states.

In Refs. 13 and 14 we have studied the effect of the
electric field on the cross section of inelastic electron—atom
processes. In the case of high velocity of a bombarding
electron the differential cross section of atomic excitation is
given by the formula

do
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do K, |fum| (1 + 2Re nm(F)) ’ 3
where [ ("?") is the transition amplitude in the Born
approximation.
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is the factor depending on the field strength F. For the
potential of the form

|r+87|
exp—z—do

Ve,

where 8r=oaF/e (a is the atomic polarizability),

- af .
n=n, (1 +=5 cos®; ). Here n, is the factor of the plane

wave distortion by the potential of an isolated atom and ©;
is the scattering angle.

The electron impact is the basic process which makes
the population of energy levels in gas discharges and the
anisotropy occurring in this process significantly affects the
polarization characteristics!>!6 of the emitted radiation
whose polarization degree P can reach several tens of
percents. The field contribution may be ambiguous here: it
may decrease P imitating thus the relaxation effect or
increase it imitating the effect of the beam—Ilike properties
of the plasma electron component.

As follows from Ref. 16

P=P +P; (5)

where P is the polarization degree due to the anisotropy of
the collisional processes and P; describes the field
contribution.
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Here J and ]0 are the quantum numbers of the total

angular momentum of upper and lower levels, pg{)(] , J) and

pg{)(], J') are the diagonal and nondiagonal polarization

tensors, I, is constant, [ and IH are the intensities of

polarized and cross polarized components of radiation, and
C;,(M) are the coefficients of an expansion of the wave

function of the Stark states over the states of an isolated
atom. The positive sign means that the summation is done
only over positive values of M.

Formulas (6) and (7) provide the basis for construction
of the method for polarization diagnostics of the plasma in
the external field. Such a plasma occurs in the layer near
cathode in a glow discharge!® or in volume beam
discharges. 920

The mechanism of pumping helium plasma with
electrons under the action of an electric field has been
studied both theoretically and experimentally, i.e., by
comparing the measured degrees of polarization of helium
spectral lines with the values calculated by formulas (5)—
(7). The plasma was produced in a gas—discharge tube with
plane electrodes. The distance d between the electrodes
could be varied by moving grid anode. The accelerating
pulsed voltage up to U, = 10 kV or constant voltage up to

1 kV was applied to the electrodes. To improve the beam
characteristics, the cathode made of a high—resistance metal
ceramic was used, which made it possible to apply large
excess voltage to the accelerating gap that does not yet
break the homogeneity of glowing over the entire cathode
area.

The property of a discharge to generate electron beams
depends on the screening effect of the grid anode preventing
penetration of ions from the plasma jet into the accelerating
gap and on the volume processes in the gap. As is shown in
Ref. 21, helium ions have maximum concentration just
beyond the anode due to the screening effect of the grid.
This diminishes the role of ion bombardment of the cathode
in production of secondary electrons.

The screening effect of the grid disappears with
increase of the interelectrode gap and the discharge
gradually becomes an ordinary glow discharge with the
cathode drop region only several tenths of millimeter thick.

To study the electron beam generating properties of
plasma using spectral lines of discharge one should choose
the transitions whose upper levels are populated with the
direct electron hit from the ground state. In addition, a
noticeable Stark effect could also be observed at such
upper levels. In the case of helium atoms the transitions
1'S — n'P, (n >4) meet these requirements. The line
(1'S — 4'P) at A = 396.4 nm is the most intense among
them.

In the electric field the forbidden transition
4'P — 2'P (491.0 nm), whose intensity for F ~ 40 kV/cm
is comparable to that of the line at A = 396.4 nm, appears
from the level 4'P.
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As follows from theory,!” radiation intensities / . and

IH for the transition 4'P — 2'S depend only on the

.. (2) )
polarization tensors py ~ and py

) @
1”_ Py — 0.64p0
Oy By () R ) . ®
L p, +0.32p,

or when we express the polarization tensors in terms of the
elements p, and p,, of the density matrix, we obtain

1.91 + 1.09%
Y= 0.55 + 2.45¢ * ®

where & = p,/py0-
In a similar way we can derive expressions for the
polarization degree of spectral lines

0.18 (1 —¢)
Py =" 1 1.450) ) 0
~0.1262(1.33 — 1.23¢)
P = (1 + 1.45¢) ’ (an

where £ = 0.02F (F is measured in kV/cm).

The degree of polarization of spectral line emission due
to the forbidden transition 4!P — 2!P is independent of the
field strength and equals

. 03(63—¢)
Pr==e : (12)

Using measured values of y, P, and P’ we can calculate
by formulas (9)—(11) the populations of Stark states for
these transitions and distributions of the electric field
strength along the discharge gap. Since the contribution of
the electric field to polarization is small very strict
limitations are imposed on the accuracy of measurements of
I and I I

From measurements of I, and [/ | we have determined

the degree of polarization of spectral lines at A = 396.4 and
468.5 nm in a pulsed discharge (the amplitude of voltage
applied to the acceleration gap 1.8 mm long was 3.5 kV and
P =15 Torr) at maximum of the spectral line intensities as
functions of distance z from the cathode. The results are
presented in Table T.

TABLE I.
A, nm P, %
2=07mm| z=4mm |z=10.2 mmfz = 14.2 mm|
396.4 12+£5 9+3 9+3 8+5
468.5 12+£5 7£3 7+3 S£35

As can be seen from the table, the polarization degree
for both lines within the acceleration gap is higher than
that in the plasma jet. The estimate by formulas (8) and (9)
yields P,/P, = 0.08 (for U, = 3.5 kV), that is qualitatively
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confirmed by experimental data. The polarization degree for
both lines in the jet remains practically unchanged at the
distance from the cathode up to z = 14 mm then it starts to
decrease, what is indicative of the beam existence in this
region. The depth of penetration of the beam can be
estimated by the formula L =Z”/(c” N) (see Ref. 22),

where Z, is the number of inelastic acts of interactions of
electrons with atoms having the concentration N and o, is

the total interaction cross section. Under these conditions of
the discharge the calculated value of L is about several
centimeters that well agrees with measurements.
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