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Publications devoted to the polarization of the quantum states of ensembles of atomic particles in
ionized gases and plasmas are reviewed. A theoretical description of the phenomenon is given and
its relationship to anisotropic properties of plasmas is established. Methods of determining the
polarization of the states of atomic ensembles from the polarization of the line spectrum of excited
particles are described. Experimental studies of gas discharges, beam-plasma systems, and
astrophysical objects are summarized. It is shown that the polarization of the quantum states of
atoms can be observed over a wide range of plasma conditions.
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1. INTRODUCTION

The polarization of an atomic ensemble is usually un-
derstood to be the nonuniform population of the magnetic
sublevels of degenerate atomic states or, in other words, an
ordering of their angular momenta." The form of this order-
ing is described by the so-called polarization moments of the
atomic density matrix.'~ The polarization moment of rank
zero (a scalar) is the population of a state, the polarization
moment of rank one (orientation vector) determines the
mean dipole magnetic moment of the state, and the polariza-
tion moment of rank two (alignment tensor) corresponds to
the mean quadrupole electric moment. Any particular com-
bination of polarization moments that are necessary for a
description of an ensemble of particles depends on the sym-
metry properties of the processes occurring in the gas and
manifests itself in the polarization of the line spectra due to
spontaneous emission. For example, an oriented ensemble
radiates circularly polarized light whereas an aligned ensem-
ble emits linearly polarized light.

The following processes that are responsible for the po-
larization of atomic states are known at present. First, there
is anisotropic resonance optical or electronic excitation. The
polarization of states by anisotropic optical excitation is due
either to a macroscopic anisotropy of the propagation of res-
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onance radiation in the object under investigation, which is
due to its limited size in space,*™® or, for a particular suben-
semble, to the Doppler shift of the frequency of moving
atoms.*® It is known that states can be aligned in the course
of optical self-pumping in plasmas.'’® When electronic exci-
tation is anisotropic, the polarization of the state reflects the
spatial symmetry properties of the electron velocity distribu-
tion function and is determined for direct processes by the
momentum flux tensor of fast electrons.''~"* It is possible to
align atomic states in plasmas during their anisotropic colli-
sional excitation due to the drift motion of heavy parti-
cles.'>" 1838186187 Moreover, the electric and magnetic fields
that are present in the plasma not only affect the particle
kinetics, but can also lead to the transformation of its exist-
ing polarization of states.'®2! Consequently, the polariza-
tion of an atomic ensemble in plasma is closely related to the
presence of special directions within it, i.e., to the structural
properties of the plasma and the nonequilibrium associated
with them.

This fact, and the advances being made in plasma phys-
ics, including new applications of powerful gas lasers, MHD
generators, beam-plasma systems, plasmatrons, and studies
of the solar atmosphere and other objects in which the struc-
tural properties of the medium play a special part, have been
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responsible for the recent renewed interest in polarization
phenomena. Studies of the polarization of atomic ensembles
may also throw further light on charged-particle kinetics in
the peripheral regions of classical gas-discharge sources.
These regions lie next to the walls and the electrodes, and
play a key part in maintaining the plasma, in transferring
energy from the external source to the ionized gas, in energy
dissipation, and in establishing the charged-particle balance.
By virtue of their origin, they exhibit appreciable anisotropy.

Experimental studies of the polarization of atomic en-
sembles were originally confined to spectroscopy and atomic
physics.”?*?6 The fundamental feature of all these experi-
ments was the use of external sources to control the ordering
of the angular momenta, e.g., resonance optical radiation or
directional particle beams. Studies of physical effects in ion-
ized gases, due to the polarization of atomic ensembles by
external excitation, have unitl now been confined to a num-
ber of independent research areas. These include plasma ef-
fects in optical orientation,?” and also polarization phenom-
ena in plasmas interacting resonantly with a laser field.?®

The history of the polarization of excited states of parti-
cles by internal processes in plasmas has its origin in the
1920s, following the first indications that such phenomena
were possible.?® Partial intrinsic linear polarization of radi-
ation emitted by ionized gases was subsequently observed in
astrophysical objects in which these phenomena provided
the basis for remote determinations of certain local param-
eters'ﬁ,}()—fﬂ

Further work on the polarization of particle states in
plasmas was stimulated by the creation of the necessary
mathematical formalism such as the irreducible representa-
tions of the atomic density matrix, by various advances in
coherent laser spectroscopy and polarimetry, and by studies
of plasma-particle kinetics and of the cross sections for ele-
mentary processes participating in the ordering of the parti-
cle angular momenta.

Studies of the polarization of atomic ensembles in plas-
mas have now reached a mature stage and our review is the
first attempt at a summary of the subject. We shall consider
the fundamentals of the theoretical description of the polar-
ization of quantum mechanical states of an ensemble of ex-
cited particles in terms of the atomic density matrix, and will
present a general approach to the description of the electron
kinetics and of the polarization of an ensemble of atomic
particles in plasmas. We shall also analyze the characteristic
features of the kinetics of the polarization moments under a
wide range of external conditions. We shall discuss experi-
mental arrangements for observing the polarization effects
in plasmas, including polarimetric methods and methods
based on the Hanle effect (the magnetooptical method). We
shall use all this as a basis for analyzing experimental data
provided by polarization studies and leading to the following
conclusion. The polarization of particle states exists under
the same conditions as the ionized gas, i.e., in the presence of
electric and magnetic fields, directed radiation and particle
fluxes, and limitation in space. Consequently, as long as the
ionized state exists, the particle ensemble will be polarized.
The degree of this polarization can be different, and special
techniques as well as high experimental precision are some-
times necessary to detect it. Nevertheless, the phenomenon
has been observed in a wide range of objects, including the
positive column of the glow discharge,**-** the high-frequen-
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cy**?%!15 and beam-plasma discharges,’’ the hollow-cath-

ode discharge,*®?° the Knudsen discharge,*® the high-vol-
tage diode,*' the low-pressure®® and atmospheric-
pressure'>*? arc discharges, the plasmas produced by a rela-
tivistic electron beam entering a neutral gas,** and so on.
There are reasons for concluding that the phenomenon oc-
curs in the working plasma of the MHD generator** and in
the polar aurora.*’

These experiments have already identified a number of
interesting features in the behavior of plasmas, including
electron kinetics, energy transfer, and so on. They serve as
the starting point for the development of contractless meth-
ods of determining the local parameters of anisotropic plas-
mas. The theoretical treatment of the polarization of atomic
states that has been developed enables us to reinterpret exist-
ing experimental data and to achieve a deeper understanding
of physical processes in ionized gases.

2. THEORETICAL DESCRIPTION OF THE POLARIZATION OF
AN ENSEMBLE OF EXCITED PARTICLES

2.1. Polarization moments of the atomic density matrix

When radiation emitted by an ionized gas is observed,
the ensemble of atoms that is involved in the process consti-
tutes a statistical mixture of states. The most general de-
scription of this ensemble is provided by the density matrix 6
(see, for example, Refs. 46 and 47) which is a generalization
of the distribution function of classical mechanics.

In quantum mechanics, the entire information about
the behavior of a given system can be expressed in terms of
the expectation (average) values of suitably chosen opera-
tors. Since the expectation values of a quantity 4 can be ob-
tained by means of the operation Tr(p 4), the density matrix
contains the entire physically significant information about
the system. Special cases are best treated by taking the repre-
sentation of the density matrix that best reflects the physical
properties of the problem and simplifies the calculations.
When it is desirable to exploit the angular symmetry of the
ensemble, the density matrix p can be expanded in terms of
the orthogonal irreducible tensor operators T (Refs. 48 and
49).

The systematic use of tensor operators was first suggest-
ed by Fano.” It has since been extensively used in the theory
of angular correlations in nuclear physics,*® in atomic phys-
ics,»>2%%! in research into optical pumping,*** in experi-
ments on quantum beats,*” and in experiments with atoms
excited by laser radiation.”>*34

The expansion of p in terms of the irreducible basis is

p= 3 (2.1)

aa’, JJ’, ®g

et (ad, a'J’ 700 al, a'J'),
q G

where J is the total angular momentum of the state, a repre-
sents all the remaining quantum numbers that define the
state of the ensemble, T'7 is a tensor operator of rank s, and
J—=J'| << + T, — x<q<ae™

The diagonal elements pf,"’(aJ,aJ ), are often referred
to as the polarization moments and have a clear physical
interpretation. The quantity p§” is simply the normalizing
constant proportional to the total population of the state
{aJ}. The three components of the tensor with » = 1 and
g =0, + 1 transform as the component of a vector frequent-
ly referred to as the orientation vector. 1f we use (2.1) togeth-

er with the orthogonality condition of p{, we can show that
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FIG. 1. Spatial distribution of angular momentum vectors typical for ori-
ented (a) and aligned (b) systems of excited particles.

the orientation vector is proportional to the total magnetic
dipole moment of the system. The tensor p'* is called the
alignment tensor and determines the electric quadrupole
moment of the ensemble.?’

In ionized gases, the symmetry of the system under in-
vestigation is usually determined by fields acting within it, or
by fluxes of radiation and of particles. The simplest and the
most commonly encountered are axially-symmetric systems
in which there is one special direction. General laws of sym-
metry then demand that the aligned ensemble of particles is
the only one that can be formed.

The physical picture of the phenomenon can be clearly
presented as follows.*” When g = 0, there are only the diag-
onal components p,,, of the density matrix in the JM repre-
sentation, i.e., the state is completely described by the distri-
bution of populations over the magnetic sublevels. In the
semiclassical picture, a vector of length {JM} that precesses
around the z axis is associated with the state [J(J + 1)]'/?,
and its z-component is equal to M. The length of the vector
can be altered, without altering its direction in space, in such
a way that it becomes proportional to the number of particles
in the corresponding state {JM}. If we start with this model,
the aligned system can be represented by the diagram of Fig.
1 in which arrows represent the angular momentum vectors
and have certain allowed directions in space. The diagram is
axially symmetric and invariant under the operation
z— — z,i.e., vectors that have opposite directions have equal
lengths. The diagram thus shows that the total angular mo-
mentum (J ) of an aligned system is zero. In the absence of
invariance under space inversion, the states {JM} and
{J — M} have different populations, and we can have, for
example, the oriented system whose diagram is also shown in
Fig. 1. It is clear that, in this case, there is a nonzero total
angular momentum (J ) pointing along the z axis. The ori-
ented ensemble can arise, for example, when atoms are excit-
ed by circularly polarized light. The polarization moments
of the density matrix o’ are directly related to the polariza-
tion characteristics of the radiation emitted by an ensemble
of atoms as a result of electric dipole transitions. In the most
general form, the polarization of radiation is described by
the Stokes parameters 7y, 1,, 7,, 13, 7, that determine the
total intensity of radiation propagating in a particular direc-
tion and depend on population p¢ and alignment p > The
Stokes parameter 7, is the difference between radiation in-
tensities that are linearly polarized along mutually perpen-
dicular axes, and is proportional to the degree of linear po-
larization P. The parameter 7, is defined in the same way as
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7, except that it is referred to axes rotated through 45° to the
direction of the original axes.

The parameters 7, and 7, depend only on p{*, i.e., on
the mean electric quadrupole moment of the ensemble of
radiating particles. The quantity 7, corresponds to the in-
tensity difference between radiation components with right-
and left-handed circular polarizations, and is proportional
to the component p'” of the orientation vector along the cho-
sen direction of observation.

Thus, dipole radiation cannot have a polarization mo-
ment of rank higher than two. Higher-order moments can be
observed in forbidden transitions®® or in interactions be-
tween atomic systems and strong resonant fields.”®>’

2.2 Elementary polarization processes in an atomic ensemble

The polarization of an atomic ensemble can be due ei-
ther to excitation or relaxation processes. In plasmas, excita-
tion is most frequently due to resonance radiation and to
collisions with electrons.

We begin by considering the effect of resonance radi-
ation. In general, the intensity of incident radiation can be
expanded in the dipole approximation in terms of spherical
harmonics, as follows:

Iy=2u@,+ 03 3 (=

n=0 q=—%

J o @ Y0, 9.

J, J
[" b ¥ (2.2)

11 J,

where @, () is the observation tensor defined in Ref. 25
and u is the radiation flux density. The polarization mo-
ments p." that arise as a result of photoabsorption are pro-
portional to the corresponding intensity multipoles I |’ that
reflect the geometric and polarization properties of the reso-
nant optical emission of plasmas. This relationship is indi-
cated by a number of laboratory experiments and by astro-
physical observations.**¢*-0!

Electron impact, especially in the region of threshold
energies, has much in common with excitation by linearly
polarized resonance radiation.®> The main assumption that
is usually made when an elementary excitation event is con-
sidered follows from the Persival-Seaton hypothesis®® and
consists of neglecting all spin-dependent forces during the
collision time. The significance of this is as follows.

In the excited state, the orbital angular momentum L
and the spin angular momentum .S are coupled by the fine
interaction and precess around the common angular mo-
mentum J. The characteristic procession time is 7, ¢ ~#/
% s where %, ¢ is the fine splitting energy. If the collision
time (7. ~ 107 '%s) is much shorter than the precession peri-
od, the orbital angular momentum and the spin angular mo-
mentum can be looked upon as uncoupled during the colli-
sion period. The state of an excited atom after the collision
can be satisfactorily described by the LS-coupling scheme.
The inequality 7. € 7, implies that the atoms are excited
instantaneously and serves, at the same time, as a measure of
the validity of this approximation.®*=%’

When atoms are excited by a collimated monoenergetic
beam of electrons, the elements of the density matrix aver-
aged over all spins are given by*’

P (LY = 2 (— 1) Cir-mprar, v (2.3)
2 Mh
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where C74,.; _» is the Clebsh-Gordan coefficient.

The collision geometry has cylindrical symmetry in the
caseof averaging over scattered electrons. Consequently, the
properties of the excited atomic ensemble are invariant un-
der rotations around this axis, so that all moments with ¢#0
must vanish. The polarization of states then reduces to the
nonequilibrium population of magnetic sublevels, where
Pimrim =Pr — m L — a and p§ with odd x are zero, and the
dipole radiation reflects only the population and the
longitudinal alignment p§®’.

It is often more convenient to use the cross sections for
the excitation of the corresponding polarization moments.
Let Q,, represent the cross section for the excitation of a
sublevel M. We then have

Nopl® (g) QOT-t (2L +-1)12, QO = Fj Qus

PP = Npl (g) T~ ‘2(—1>L M 1L -MQars

(0)
Po

2.4)

where p{” (g) is the population of the ground state, I is the
probability of the radiative decay of the excited state, and N,
is the electron concentration. The quantity

Q® :%} (— 1M C¥uL-mQn (2.5)

then has the meaning of the cross section for the excitation of
alignment.

Let us examine how th1s cross section varies with elec-
tron energy. For threshold excitation, the incident electron
cannot transfer angular momentum to thie atom and the only
transitions are those between sublevels with the same value
of M. When the lowest state has angular momentum L = 0,
the only sublevel to be excited is that with M = 0. As the
electron energy increases, sublevels with M 0 begin to be
populated. At energies much greater than the threshold en-
ergy #,, the Born approximation becomes valid and the col-
lision can be looked upon as a fast transfer of momentum K,

=k, — k! where k, and k_ are the wave vectors of the inci-
dent and scattered electrons, respectively (see Fig. 2). The
vector K, is then the only parameter that governs the charac-
ter of the population of magnetic sublevels of the excited
state. In the coordinate frame in which the z axis is parallel to
K., the electron cannot transfer to the atom any angular
momentum along the z axis, and only a population and a
longitudinal alignment p{* (K, ) can be produced in K, sys-
tem. Rotation of the alignment tensor from the K, system to
the laboratory system gives

02 = __é_ 0 (K,) (1 — 3 cos? §),

where ¢ is the angle between the vectors K, and k.. At the
same time,

(2.6)

0% (g =SB0 o,
LOLO

00 = QW (K),

FIG. 2. Wave vector triangle for
the collision of an electron with
an atom.
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FIG. 3. Polarization of the 492.2-nm line of helium as a function of the
energy of the exciting electrons.®® Gas pressure 0.011 torr, electron beam
current 2.5 mA.

If we average (2.6) over all the possnble values of the angle ¢,
we obtain :

QN(Z) =%%: A CLOLO (13 {cos*\|)). 2.7)

> Cloco
At the excitation threshold, we have i = 0. Small-angle
scattering predominates at energies & > & ,, and momentum
is transferred at right angles to the direction of the electron
beam. Consequently, the ratio 0 is a maximum near the
threshold, but then falls to zero, changes sign, and at high
electron energies its absolute magnitude tends to half its
threshold value. The degree of polarization of the radiation
behaves in a similar way. As an example, Fig. 3 shows the
function P(&) for the Hel line with 4 = 4922 A (Ref. 68).
The expressions for {cos® 1) for allowed and forbidden tran-
sitions are derived in Refs. 70 and 71 in terms of the align-
ment parameter A~ Q'? (Ref. 69).

The values of @ ' are usually obtained in one of two
possible experiments, namely, experiments with crossed par-
ticle beams, or experiments with an electron beam injected
into a homogeneous gas. In both cases, the fluorescence in-
tensity due to excited particles is proportional to Q . In
some of these experiments, measurements are also made of
the polarization of the radiation, so that Q ‘> can be found.
This subject is reviewed in Refs. 72 and 73.

Let us now briefly consider the role of relaxation phe-
nomena in the polarization of atomic ensembles. The num-
ber of processes responsible for the relaxation of excited
states in plasmas is relatively large. They include spontane-
ous emission, collisions between particles, radiation trap-
ping, the effects of stochastic plasma fields and weak exter-
nal electric and magnetic fields, and so on. Most of them
have a high degree of symmetry, are frequently isotropic,
and cannot lead to the formation of polarized states (they
simply reduce existing polarizations). Actually, in an iso-
tropic system, the relaxation matrix performs a scalar trans-
formation and does not alter x or g, i.e.,

Iﬂm' = 'Ynanu"sqfl"

However, in many cases, €.8., in the presence of drifting ions
whose energy is insufficient for the direct excitation of atom-
ic states, the relaxation process is anisotropic.

The transport equations for the simultaneous relaxa-
tion of polarization moments with ¢ = 0 are used in Refs. 74
and 75 as a basis for an analysis of the possibility of align-
ment of narrow atomic *P doublets under the influence of
drifting ions. Estimates show that, in low-pressure plasmas,
the drift of ions under significantly nonequilibrium condi-
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tions will probably compete with other alignment mecha-
nisms because of the high cross section for the process
(10~ 12-10~ "' cm? for ion velocities v ~ 10° cm/s) . The same
process can be considered from another point of view.'” In
the coordinate frame moving together with the beam, the
ions are in a stream of neutral particles that is antiparallel to
the ion drift. Consequently, the ions also experience the ef-
fect of anisotropic collisions which, in accordance with the
foregoing, should lead to a longitudinal alignment of their
narrow multiplets. The theoretical prediction of the drift
mechanism of alignment of ions has been confirmed experi-
mentally by studies of the polarization of the line spectrum
of hollow-cathode discharges. '®'#1%7

When an ensemble of atoms experiences not only aniso-
tropic collisional relaxation, but also a weak constant mag-
netic field that is perpendicular to the ion beam axis, it exhib-
its a further interesting phenomenon, namely, the
transformation of longitudinal alignment into transverse ori-
entation.”'

The transformation of alignment into orientation is also
found to occur under typical conditions under which the
alighment of atomic states is investigated experimentally in a
dc gas discharge using the Hanle method, since the method
itself relies on the application of a weak magnetic field (see
Section 4.2).

In addition to the above mechanism, the p'*' —p'"
transition can also occur in a weak magnetic field during the
excitation of atoms by electron impact,* the recoiling of
atoms during their excitation by high energy ions,” the non-
linear interaction of atoms with an exciting light field that is
frequency-shifted relative to the center of the atomic spec-
tral line,”” or during the interaction between atoms and co-
herent resonance radiation.””’® The role of each of these
mechanisms depends significantly on the particular physical
conditions.

3. ANISOTROPY IN THE MOTION OF ELECTRONS AND THE
POLARIZATION KINETICS OF ATOMIC ENSEMBLES
3.1. Multipole expansion of the electron distribution function

The polarization of atomic ensembles in plasmas is due
to anisotropic processes which, in particular, may be duetoa
departure from equilibrium. The electron distribution func-
tion (EDF) is particularly sensitive to external effects. It
may therefore be significantly different from the equilibrium
function, but the heavy-particle distributions are often near-
ly Maxwellian.* Even for moderate values of E /p, the elec-
tron temperature may be significantly different from the
temperature of the atoms and the EDF may acquire aniso-
tropic properties, especially at high energies (%4 > T.). Asa
result, excitation by electrons is often the main mechanism
responsible for the polarization of states.

The particular feature of electronic excitation of atomic
ensembles in plasmas, as compared with the classical beam
experiments discussed in Section 2.2, is the difference be-
tweenthe angular and velocity EDF and the §-function. This
is why, in the present context, the properties of the polariza-
tion of states present themselves in a masked form. To un-
derstand them, it is essential to have a convenient method of
classifying order in the motion of electrons. This can be done
by expanding the electron distribution function in terms of
an irreducible basis. As in the case of the atomic density
matrix, this enables us to separate the angular part of the
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EDF from the energy part. This basis is usually taken in the
form of the spherical functions ¥ {*’:

fiv, i, =2 0, T, HYP 0, ¢)

%, q

(3.1)

where r is the radius vector and 8, ¢ are angles defining the
direction of the velocity vector v. The expansion coefficients
£$ are the multipole moments of the EDF, and have a clear
physical meaning: the zero-order moment f;*’ is a measure
of the number of particles per unit volume, the first moment
£ determines the velocity vector, the tensor f P deter-
mines the anisotropic pressure or momentum flux tensor,
and f* is the energy flux tensor.

Since these spherical functions (harmonics) are or-
thogonal, the moment of the density matrix of rank x, pro-
duced under direct excitation by electrons with a distribu-
tion function of the form given by (3.1), is determined by the
expansion coefficient /(' (Ref. 11):

8

o0 = Np® (&) T { 0315 (0) 0% (v) do, (32)
0

In particular, the source of alignment of excited atoms and,

hence, of the linear polarization of the emitted radiation, can

only be the electron momentum tensor.

Expansion of the EDF in terms of spherical harmonics
(more frequently, in terms of the Lagrange polynomials
P (cos ) =Y (0, ¢)) is a standard technique in phys-
ics. However, as a rule, such calculations are usually con-
fined to the first two terms of the expansion, £ and f‘",
which are used to find the electron concentration and the
transport coefficients (conductivity of the medium, diffu-
sion coefficient, thermal conductivity, and so on). The use of
the two-term approximation implies that the distribution
function is weakly anisotropic, at least no more than cos &.
Recent publications have analyzed the validity of this ap-
proximation and have noted that the presence of parameter
gradients,*>*" electric-field gradients,*' ™ and discontinui-
ties in potentials,*"'*>'"*® can complicate the symmetry
properties of the EDF and ensure that the higher-order mo-
ments become significant, so that the Boltzmann equation
may have to be modified.®' The convergence of the series
given by (3.1) must then be analyzed, and the role of each of
the harmonics elucidated. However, it is important to em-
phasize once again that it is the second moment of the EDF
that is responsible for the alignment of excited particles and
the linear polarization of their emisston. Knowledge of the
polarization of an atomic ensemble is thus seen to offer us the
basic possibility of obtaining extensive information on plas-
ma parameters, namely, the spatial distribution of the ani-
sotropy of the local electron distribution function and, con-
sequently, energy losses, instabilities, electric and magnetic
fields, and so on.

3.2. Anisotropic characteristics of the electron distribution
function in an electric field

We must now consider in greater detail the symmetry
properties of the electron distribution function in a plasma
located in an external electric field. We shall consider three
aspects of the problem, namely, alternating electric field,
anisotropy in the scattering of electrons by heavy particles,
and radial parameter gradients in collisional plasma.

The Boltzmann equation has been solved in the form of
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an expansion in terms of the Legendre polynomials® for the
case of an alternating electric field. The analysis was per-
formed for a spatially homogeneous plasma, subject to the
condition that the multipole moments of the distribution
function of rank higher than 2 could be regarded as small.'?
When

o _m?
fo ~exp (=)
then for electron energies

Via+of

$>meTgW

the motion of the electrons exhibits appreciable anisotropy
that is determined mostly by the second moment of the EDF
(v, is the electron-atom collision frequency and w, is the
frequency of the HF field). These estimates have been con-
firmed experimentally and were used in Ref. 91 to determine
the HF field by the methods of polarization spectroscopy.

The influence of anisotropy in the scattering of elec-
trons by heavy particles on the angular properties of the
EDF was investigated in Ref. 88 in the following simplified
model:

—no energy transfer in collisions between electrons and
the gas

—scattering occurs only at 0° and 180°

—the velocity dependence of the total cross section has
the form v*(p~1 — 2).

It is found in this approximation that, at low energies,
electron scattering occurs with practically the same proba-
bility in all directions and, hence, after the collision, the elec-
tron again speeds up in the direction of the field. Small-angle
scattering predominates at high energies, i.e., the velocity of
the electron after the collision has only a slightly different
direction, and the electron continues to speed up in the direc-
tion of the field. This means that anisotropic scattering may
be an efficient mechanism for producing runaway electrons.
Moreover, it can influence the reaction rate constants and
the transport coefficients of plasmas. It has been shown®*#
that the maximum changes in the diffusion coefficients oc-
cur for high average inelastic collision frequencies, e.g.,
when the ratio of elastic to inelastic cross sections ap-
proaches unity. Thus, even when the electron drift velocity is
appreciably lower than the thermal velocity, this cannot be
regarded as sufficient grounds for neglecting the terms with
%> 11in (3.1). A similar conclusion is reported in Refs. 93
and 94.

An analogous investigation, using realistic collision
cross sections, was performed in Ref. 87, where, in the
course of the solution of the Boltzmann equation, the colli-
sion cross sections were determined in terms of the differen-
tial scattering cross sections o'(y, € ):

F1
0. (€)=2n g o (%, &) Py (cosy)siny dy. (3.3)
0

The cross sections o (y, &) were taken from the extensive
published experimental and theoretical data®*~°° on the ni-
trogen molecule. Six terms in the expansion in terms of the
Legendre polynomials were taken into account. Comparison
with experiment showed that, for most of the transport coef-
ficients and reaction rates, it was more important to take into
account the higher-order multipole moments of the EDF
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than the anisotropy of the scattering process, but both fac-
tors had to be allowed for in exact analysis. The effect was
particularly noticeable for high values of the ratio £ /p and
high electron energies.

Apart from external electric fields, plasma-parameter
gradients, e.g., in boundary layers, can give rise to anisotro-
py in the motion of electrons. The combined effect of a radial
parameter gradient and an axial constant electric field was
discussed in Ref. 42 for axially-symmetric plasmas. Analytic
solutions of the Boltzmann equation were obtained, using
the first five terms of the multipole-moment representation,
and it was shown that, if the multipole moments of the EDF
decrease rapidly with increasing rank of the moment at low
electron energies (i.e., the distribution of thermal and sub-
thermal electrons is practically isotropic), the higher-rank
moments may actually exceed the first moment in the tail of
the distribution function.

Figure 4 shows graphs of />’ (£) as a function of & for
a number of values of the radial coordinte R and plasma
parameters corresponding to an arc discharge in argon at
atmospheric pressure (7, ~1 eV, N, ~10'7 em™%). It is
clear from the figure that the maxima of these curves are
shifted relative to the thermal energy, and occur at & ~5-6
eV. At the same time, the thermal and subthermal electrons
are virtually isotropic. The anisotropy in the motion of fast
electrons is determined by the accelerating external field and
the gradients of T, and N,. The result of this is that, in the
axial region of the plasma, in which the radial derivatives of
T. and N, are zero, the tensors /"’ have only the single
g = 0 component. All the components of /> appear as the

2R

/IR,

PR

I

0,2

sl a o b e 1

[
5 10 5 20 & eV

|
0
L.
0

FIG. 4. Radial and energy profiles of the components of the tensor f**'
(Ref. 42).
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FIG. 5. Angular distribution functions of
electrons in an arc discharge.*’

R/Ry=0.2
&= 338\/
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distance from the axis increases, and each tensor acquires
two principal axes. We shall demonstrate this by considering
the example of the momentum flux tensor f** It will be suffi-
cient to rotate the original coordinate frame through the an-
gle
0=

9£(2)
—;_— arctg -—-,—:‘—f—‘———— .
V372 fi2 — f@

In the new coordinate frame, the components f?} are zero,
but the components f*7}, which characterize the anisotropy
in the direction at right angles to the z axis, have nonzero
values, as before. Physically, this reflects the different nature
of the directed motion of electrons in the axial and radial
directions, and shows that there are two mutually perpen-
dicular and independent quasibeams of electrons.

We now turn to Fig. 5 which shows in terms of polar
coordinates the total electron distribution function (3.1),
normalized to the zero-rank moment, for three values of the
energy (£ =9, 21, and 33 eV) and four values of the radial
coordinate (R /R, = 0.2, 0.4, 0.6, and 0.8). It is clear that,
when R ~0 the main distortion of the EDF occurs in the
axial direction, and a deficit of fast electrons is observed at
large angles & and is due to the external electric field. Near
the plasma boundary, the direction of the anisotropy in the
distribution function is at an angle of 8 = 70-80° to the axis
of the discharge, which has a particularly strong effect on the
motion of high-energy electrons. It is clear that this is due to
parameter gradients (especially temperature gradients).
The role of the different moments varies with increasing dis-
tance from the axis and increasing electron energy. When
& =9eV,wehavef V>V, £ (and V> £P);at 21 eV, the
departure of the EDF from the isotropic function is very

791 Sov. Phys. Usp. 31 (9), September 1988

appreciable and is determined mostly by the second-rank
moment /%, i.e., the momentum flux and not the directed
velocity f". When & = 33 eV, the distortion of the distri-
bution function is so large that /> begins to exceed [,
whereas /" increases only slightly. Moreover, at the ex-
treme point considered in these calculations (R /R, = 0.8),
all the high-rank moments up to » = 4 increase with increas-
ing rank, and there are reasons to suppose that the series
given by (3.1) begins to diverge.”

Apart from the convergence of the series, this raises the
question of the Jocality of the distribution function and of
other possible reasons for the modification of the Boltzmann
equation. However, these complications are not of practical
importance because the number of carriers of energy & > T,
is small. Actually, calculations show that, for the conditions
corresponding to Fig. 4, the density of electrons with & 2 30
eV on the boundary of plasma (R/R,=0.8; N.
=(04x10"cm™*, T. = 1.11 X 10" K) is about 300 cm~>.
A distribution function of this kind exists on paper only, and
the beam of electrons may be replaced by occasional electron
bursts. The question of the convergence of the series and of
the modified Boltzmann equation then becomes meaning-
less. On the other hand, under the other conditions of this
example, inclusion of the second moment f® ensures that
the process will be described with sufficient precision. Of
course, there may be some special experimental situations in
which it will be essential to include higher-rank moments, or
even improve the Boltzmann equation.

Summarizing the above discussion, we conclude that
electrons with energies & = 10-20 eV will participate in the
polarization of an ensemble of atoms, since at lower energies
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the anisotropy of the EDF (/) is small, whereas at high
energies the number of electrons is small. We now turn to the
analysis of polarization processes in the presence of aniso-
tropic excitations.

3.3. Kinetics of polarization moments in plasmas

The fact that, for electrons with energies close to the
threshold for inelastic processes, the distribution function is
anisotropic, is actually valid for a wide range of objects. It is
natural to expect that, by virtue of (3.2), electronic excita-
tion can lead to the alignment of particle states in plasmas.
However, as already noted, (3.2) is valid only for direct exci-
tation processes that, in reality, are not the only ones by far.
Hence, just as the adequate interpretation of spectroscopic
data demands a knowledge of the population kinetics of the
particle states, so an understanding of polarization phenom-
ena relies on the availability of the appropriate information
on the kinetics of anisotropic excitation and relaxation.

The simplest and the most extensively investigated is
the alignment kinetics of states in low-pressure plasmas,”'
where direct electron impact has a major significance in the
excitation of atoms.*® The same process may be responsible
for the alignment of atoms in the case of an anisotropic elec-
tron distribution function. Population relaxation, deter-
mined by radiative transitions, is then accompanied by the
transfer of alignment to lower-lying states. Moreover, align-
ment will be disturbed by ground-state atoms as a result of
collisions leading to transitions to magnetic sublevels of a
given state {aJ/}, i.e., the so-called depolarizing collisions.

The situation is complicated by radiation trapping. This
can play a twofold role. First, radiation trapping leads to an
increase in the effective photon lifetime within the plasma.
The result of this is a reduction in the rate of decay of excited
states, which becomes difficult for each moment of the den-
sity matrix, and is always smaller than the reciprocal of the
natural lifetime.? Because the light flux in a bounded plasma
is anisotropic, radiation trapping may also be a source of the
polarization of states. Of course, the alignment tensor will
then have the same symmetry as the angular distribution of
radiation intensity. Optical alignment in plasmas has been
extensively investigated and has been discussed in a number
of reviews and monographs.”*>%%1% We shall not, therefore,
discuss it in detail here.

The stationary alignment of a state { in the observation-
ally most favorable situation, in which there are no cascade
transitions to the given state from higher-lying levels, no
trapping of radiation, and no external fields, can be calculat-
ed from the formula

o PRI (3.4)
PO T A/ Tyl ?
where
I'= ; Aiiv Yo= Na (Ogv}, Vo= N, (0,0),
i<i

F,; is the alignment excitation function for the state / from
the ground state, &, is the concentration of atoms in the
ground state, and o, and o, are the quenching and depolar-
ization cross sections, respectively.

In tenuous plasma, the lifetime of a state depends most-
ly on radiative processes, and y,<I". Since the ratio y,/I"
increases with increasing pressure (it may reach 10 at pres-
sures of a few torr), the degree of polarization decreases
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rapidly. This explains why the possibility of observing polar-
ization phenomena in denser media has been regarded with a
degree of skepticism. However, it follows from (3.4) that, as
the pressure increases, not only y,, but also ¥,, are found to
increase, and, when y, becomes comparable with T, the ratio
¥2/ (L' + ¥,) may not be too high. This can be explained on
the basis of simple physical considerations. In media at high
enough pressure, ¥,> I" and the relaxation of excited states is
due to quenching collisions. Since quenching and radiative
decay are statistical processes, and since probabilities for
such media are multiplied together, the probability of emis-
sion is given by the product of the probability of the absence
of quenching in time ¢ and the probability of radiative decay,
calculated on the assumption that quenching has not taken
place, i.e.,

P, =e V! (1—e-Tt),

radd

This expression has a maximum at the point
T
T =) syt
=TI (1 4 2= ) ~ 95,

so that the characteristic time at which emission occurs is
determined by quenching. Like depolarization, quenching is
not a threshold process, so that the situation in which ¢, and
¥» are of the same order of magnitude turns out to be entirely
realistic. This in turn means that a small number of depolar-
izing collisions, with little effect on polarization (if any),
will occur during the short interval of time between excita-
tion and emission. An atomic ensemble can be polarized, and
this may be reflected in the partial polarization of emission
lines, even in the case of dense media in which anisotropic
kinetic processes take place. This is a fundamental point be-
cause it substantially extends the possible range of existence
of polarized states. The phenomenon has been detected ex-
perimentally in the plasma of an arc discharge at atmospher-
ic pressure, using the polarization of a number of atomic and
ionic lines of inert gases (argon and neon).'*'* A similar
phenomenon has been observed,'?"'°? but under somewhat
different conditions, by investigating the polarization of la-
ser-induced fluorescence of flames at atmospheric pressure.

Apart from the increase in the contribution of quench-
ing, an increase in pressure produces a change in the kinetics
of excited states: direct processes yield to step-wise pro-
cesses, and radiative kinetics yields to collisional kinetics. At
high degrees of ionization, the kinetics of the population of
states is determined by electron collisions. The diversity of
alignment kinetics is then due to the energy dependence of
the anisotropy of the motion of electrons.

To gain a clearer picture of the properties of alignment
in collisional plasma, let us consider a simple level scheme
consisting of the ground state and a set of excited states. We
shall suppose that the energy difference between the ground
state and the excited states is large enough to ensure that
threshold electrons have appreciable anisotropy. At the
same time, the energy difference between the excited states
will be assumed to be much smaller than the mean thermal
energy of electrons. This situation occurs in inert gases. We
shall take the following alignment processes into account in
the approximation of diffusive coupling of states®:

—excitation from the ground state by direct electron
impact

—preferential transfer of excitation between neighbor-
ing states
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—transfer of excitation by the state (for alignment, this
always has to be taken into account when there is a state with
J=0,1/2);

—isotropic collisional relaxation.

In this mode), the kinetic equations for alignment are
written in the form

F@+ 2 By(ne®()—Ty()p®@)=0; (3.5)

J=(ix1), (i£2)

where ', () includes the probabilities of radiative and radia-
tionless transitions from the state / to all other states, and
also the frequency of depolarizing collisions. The quantities
B, (ji) are given by

J~+Jj+1

By ()= (=" @n 0 {7 7 S, (3:6)

where w, is the probability of a collisional transition be-
tween states j and i. The influx of electrons from the contin-
uum to the state / as a result of recombination should not
provide an appreciable contribution to alignment because
the recombination process involves mostly thermal elec-
trons whose distribution is nearly isotropic.

The solution of (3.5) for one of the excited states con-
tains a number of terms that can be divided into several
groups. The first group contains the term F,, /I, (i) that de-
scribes direct excitation from the ground state. The second
group contains terms of the form F B, (ji))/F,(/))T5(5),
that describe two-quantum transitions. The third group con-
tains terms corresponding to three-quantum transitions.

Analysis shows that the ratio B, /T, ~0.1 is smaller by
an order of magnitude than the contribution of direct excita-
tion from the ground state. The remaining terms are smaller
still:

Bw (il) By (1))
IYURU)

~ 0,01,

and so on. Their combined contribution to alignment will be
reduced by the further fact that, depending on J; and J;, the
quantities B, (if) can have different signs and partially can-
cel out. Hence, the longer and the more tortuous the path of
the electron between successive states, the less memory re-
mains of the initial order in the angular momenta, i.e., the
alignment efficiency is reduced.

This is the fundamental difference between the kinetics
of alignment and the population kinetics of excited states.
When the role of external processes in the population and
depletion of levels is small, the motion of bound electrons in
the energy space of the atom may be looked upon as a contin-
uous flow that is constant for all states.*” However, this is
not valid in the case of alignment transfer for the following
three reasons: (a) partial depolarization due to the symme-
try properties of the transfer process, (b) loss of order in
each intermediate state due to depolarizing collisions, and
(c) total loss of memory of alignment when a state with
J =0,1/2 is reached. The result is that direct processes be-
come sharply more important. This was confirmed experi-
mentally in Ref. 42, which demonstrated the absence of ar-
gon-ion alignment in the dc arc discharge at atmospheric
pressure.
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4, EXPERIMENTAL METHODS FOR INVESTIGATING
POLARIZATION EFFECTS

4.1. Polarimetry techniques

As noted above, the polarization of an atomic ensemble
manifests itself in the polaization of the radiation emitted by
it. The polarization properties of this radiation are investi-
gated in polarimetry. The properties of the radiation emitted
by plasma are such that a substantial improvement in polari-
metry has become necessary. The polarization composition
of this radiation can be very complicated, and little a priori
information about it is usually available. Since we are nor-
mally interested in radiation with a narrow spectral interval,
we have to deal with low intensity signals for which photon
statistics becomes significant and measurements are per-
formed near the sensitivity threshold. At the same time, even
for relatively small fluctuations in radiation intensity, both
the temporal and spatial fluctuations in the polarization sig-
nal may become significant,'> which gives rise to a further
complication of the measurement problem. It is also impor-
tant to note that polarization studies, and plasma spectros-
copy generally, are based on the solution of ill-posed prob-
lems.'® In the present case, this means that small
uncertainties in the measured quantities may correspond to
considerable uncertainties in the plasma parameters to be
determined. High precision of measurement is therefore a
further requirement that has to be satisfied.

We must now formulate the criteria for the measuring
equipment used to investigate the polarization of atomic en-
sembles, based on the above properties of plasma radiation:

— possibility of simultaneous measurement of all the
Stokes parameters of fluctuating radiation

— the absence of moving parts and, consequently, rapid
response and high precision of measurement

— minimum possible loss of light

— possibility of combination with a high-resolution
spectrometer.

Advances in the techniques used to measure the polar-
ization of plasma radiation proceeded for a long time sepa-
rately from the substantial advances in ellipsometry.'%4-'%¢
A large number of different polarimeters'?’~'** for plasma
studies was developed between the late 1920s and 1970s, but
they were all based on the comparison of light intensities
with particular orthogonal plane polarizations. The final re-
sult was calculated from formulas such as

. )(I_L” : ) 1
N D R I | S ,

I, I;
where the superscript ¢ labels calibration measurements.
The quantities /; and /, could be measured simultaneously,
so that the experimental arrangement usually employed the
splitting of the light flux associated with a particular spectral
line into two beams, using polarizing prisms or crystal
plates. The radiation passing through the analyzer was re-
corded simultaneously by two photodetectors (usually pho-
tomuttipliers), and the signals were fed into a difference cir-
cuit. In another method, the intensities with perpendicular
polarizations were measured in succession, and were pro-
duced by rotating the analyzer.'%'* It is readily seen that
even when instrumental uncertainties are reduced, these
methods are suitable only for measurements of high degrees
of polarization. The uncertainty in the calculated polariza-

(4.1)
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tion P exceeds by a substantial factor the uncertainty in the
measured radiation intensity.

The common feature of the above methods, which is a
universal source of uncertainty in the measured degree of
polarization, is the different transmission of the spectral de-
vice for perpendicularly polarized beams of radiation. These
uncertainties are usually removed by depolarizing the radi-
ation incident on the entrance slit of the spectrometer. This
is done by depolarizing prisms,''? or suitably oriented
quarter-wave plates.''*

In addition, each scheme has its own particular sources
of uncertainty. In the arrangement using beam splitting, un-
certainties are due to the nonuniformity of the plasma radi-
ation over the beam cross section as well as differences be-
tween optical channels, including differences between the
sensitivities of the photodetectors. The last of these can be
eliminated by suitable calibration. The arrangement in
which the beams of light are recorded simultaneously is pre-
ferred in investigations of stationary objects. The specific
uncertainties introduced in this method are associated with
the nonuniform rotation of the analyzer and beats of its axis.
Moreover, when the plasma parameters are subject to strong
fluctuations and drift, so that the radiation is similarly af-
fected, this method requires a long averaging time or gives
only qualitative results.

A polarization spectrometer for the investigation of low
radiation intensities from inhomogeneous plasmas was pro-
posed in Ref. 112 and combines the advantages of the above
two methods. The two beams of light with orthogonal polari-
zations are recorded by channel-switching counting circuits,
so that rotating elements are avoided.

The polarimeter described in Ref. 114 employs the si-
multaneous detection of the radiation fluxes and performs
absolute measurements of the degree of polarization for in-
homogeneous nonstationary objects with a low level of opti-
cal signal. The two orthogonal plane polarizations are sepa-
rated by a Rochon prism which produces a beam divergence
angle of 5.7°.

In addition to the deficiencies of the above methods that
we have already mentioned (low precision, low sensitivity,
and slow response), they suffer from one further disadvan-
tage. In principle, they are capable of measuring only two
Stokes parameters that correspond to plane polarized radi-
ation, and even then they require a priori information on the
position of the axes of the polarization ellipse. It follows that
the quality of the final results always depends on the validity
of the adopted assumptions. Moreover, the range of modern
techniques used in complete polarimeters, i.e., polarimeters
that simultaneously measure all the Stokes parameters, is

very restricted. A new Fourier polarimeter for plasma inves-
tigations, which satisfies the above criteria was therefore de-
veloped.'* A block diagram of this polarimeter is shown in
Fig. 6, and we shall now describe it in detail.

The radiation to be analyzed is collimated and then in-
tercepted by a linear electro-optic modulator (EM) supplied
by an alternating voltage from the oscillator OSC. The inci-
dent wavefront is then divided into two by the analyzer con-
sisting of the two polarizing prisms P1, P2 mounted so that
the optical axes of one them (P1) coincide with the optical
axes of the modulator (a = 0), whereas the axes of the other
are at an angle of 45° to them. Since the polarizing prisms
divide the incident radiation into two beams with perpendic-
ular polarizations, the analyzer has four optical outputs. Ra-
diation from these outputs is first wavelength selected and is
then intercepted by photodetectors PH1-PH4.

We shall use the Miiller matrices to describe the oper-
ation of the system. At any of the four analyzer outputs the
Stokes vector is a function of the incident-wave Stokes vec-
tor |9|:

(0= [M1[R ()] [Ms] 0],

where [ M, ],[ M, ] are the Miiller matrices of the analyzer
and phase modulator, respectively, and [R(a)] is the rota-
tion matrix. Substituting the corresponding matrices and
solving (4.2) for the intensity of light at the analyzer out-
puts, we obtain

(4.2)

21); == M + Ny €08 2a + (1, cos 8+ ngsin §) sin 20, (4.3)

Let us now suppose that the phase angle § varies periodically
with frequency w. Expanding sin § and cos § into a Fourier
series, and neglecting the higher-order harmonics, we obtain
the following signals at the four photodetector outputs, re-
spectively:

1 (a=0°)=—,t—(no+m), (4.4)

1
1, (@ =90°) =7 (Mo— M)
I, (o= 45°) =—Z— [to -+ M2 (2.72 cos 2wt + J~O) + 21]3.7‘ sin wt],
I, (0=135°) = % (e +Ma (2J~2 cos 2wt + .70) —21]3.7, sin wt];

where J, are Bessel functions. It is clear from these equa-
tions that only two of the four polarimeter channels need be
used to measure the Stokes parameters uniquely. The pa-
rameters 7, and 7, are determined from the constant compo-
nent of the photodetector current, 7, is determined from the
component at frequency 2w, and 7, from the component at
frequency w. The use of four channels removes the depend-

| '}
I
I
! I ) INT
PH1 | 1 )
| I ]
Tid : l
-> o —| PH2 L { IN2 I' 3 FIG. 6. Fourier electro-optic phase polarimeter.***?
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- EM _ . I { Y2 I
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ence of the results on small misalignments, and increases the
sensitivity of the instrument. The algorithm used to process
the photodetector outputs is based on the simple scheme il-
lustrated in Fig. 6.

Since the optical channels are identical, their transmis-
sion characteristics are also identical. The polarimeter can
therefore be combined with a spectrometer that has several
optical channels and is placed between the polarizing prisms
and the photodetectors. The polarization transmission char-
acteristic of the spectrometer must then be taken into ac-
count in the relevant equations. The speed of response of the
instrument is then restricted by the frequency characteristic
of the electrooptic modulator and by the response time of the
signal detection system. In principle, a response time of a few
tens of nanoseconds can be achieved.

The entire system has to be run by a computer because
of the need for higher experimental precision, statistical
analysis of several runs, and real-time processing of the data.
An apparatus for the investigation of polarization spectra,
based on these principles, is described in Ref. 117. It incor-
porates a somewhat simplified version of the Fourier polari-
meter described above, and is capable of measuring the pa-
rameters 7,97, and 7,. The electro-optic modulator is a
DKDP crystal activated by a high-voltage acoustic oscilla-
tor. The analyzer consists of two polarizing prisms with op-
tic axes at 45° to one another. Spectral analysis is performed
by a DFC-24 double spectrometer, which analyzes simulta-
neously the two optical channels. The decoupling between
the channels is — 50 dB. Two optical-fiber lightguides are
mounted on the input slit of the spectrometer and are cou-
pled to cooled photodetectors. Synchronous detection at
combination frequencies is used to isolate the useful signal.

The outputs of the synchronous detectors are fed into a
CAMAC system working in conjunction with the Elektron-
ika-60 microcomputer. The system records the polarization
spectra of individual spectral lines and of segments of the
continuum in their neighborhood, and performs a statistical
analysis of the data. Examples of the recorded polarization
spectra are shown in Fig. 22.

4.2. Magnetooptical method

In the polarization spectrometry of low-pressure gas
discharges, the magnetooptical technique is used in addition
tothe direct measurement of the polarization of spontaneous
emission. It is based on the measurement of the polarization
of spontaneous emission of an atomic ensemble as a function
of a weak magnetic field H applied to a portion of the dis-
charge under investigation. The weak magnetic field modi-
fies the electric and transport properties of the object and
destroys the transverse components of the alignment of the
quantum states of the particles, so that the spontaneous line
emission spectrum is found to exhibit a characteristic de-
pendence of polarization on field strength. This dependence,
which we shall also call the alignment signal, is the Hanle
effect, well known in atomic physics.”-22* "%

The advantages of the magnetooptical method, which is
effective for low-current pressure laboratory objects, include
the possibility of measuring not only the absolute degree of
polarization, but also its dependence on a variable external
parameter. Moreover, the form of the signal can be used to
investigate (without altering the detection channel) the dis-
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tribution of local alignment axes in different parts of the
plasma, and thus reconstruct the spatial features and the
character of the anisotropy of kinetic processes.

We must now analyze the Hanle signal for specific con-
ditions. In the traditional arrangment, the degree of polar-
ization of spontaneous emission in the direction parallel to
the external magnetic field is investigated. In the approxima-
tion defined by p"”'> p'* (3 > 0), the degree of polarization
is then given by

. 'l/"r5 {1 1 2~ {1 1 0 }—1
P &)= 200 Wy Jy Jaf Jy Ty Ja
(2)(0) 2Qr2

i ( PIH*Z/{QZ T Trraoe Im p” (0)) )

(4.5)

where (1 is the Larmor frequency.

Let us now consider in greater detail the simple case of
uniaxial alignment p{>’ (n), with principal axis defined by
the vector n. In the laboratory frame, the polarization mo-
mentp5” (0) in zero magnetic field, in which we are interest-
ed here, is given by

. ‘/G (2}

P ()= —5 P {(n) sin%0-exp (2ip),

where 6 and @ define the direction of the vector n. We then
have

1 s
PQ=P-— Py (4.6)
where
x:%{a—, P = DP;sin?0.cos2¢, P'= Pysin?0.sin2e,

and P, is the degree of linear polarization of the radiation
emitted by a locally defined ensemble of atoms, observed in
the direction perpendicular to the alignment axis”":

3]/% P (m) 1 1 2 {1 1 0}—1
PO: 8 o’ {Jb Jy Ju} Jop Jp Ja :

The function given by (4.6) is the superposition of Lorentz
and dispersion type profiles whose relative contribution to
the overall signal is determined by the orientation of the
principal alignment axis in the coordinate frame in which
the radiation is observed. When ¢ =0, 7/2,..., we have
P’ =0 and, according to (4.6), the Hanle signal is purely
Lorentzian. When ¢ = #/4, 37/4,..., we have the pure dis-
persion type signal. A mixture of the Lorentz and dispersion
profiles is observed in all intermediate cases.

Let us now consider the basic arrangement of the polar-
ization spectrometer based on the Hanle effect (Fig. 7). A
lens whose optical axis is parallel to the magnetic field is used
to focus the image of the source on the entrance slit of the
spectrometer. The monochromatic radiation is then split by
an interference polarizer into two beams with mutually per-
pendicular linear polarizations along the x and y axes and
the difference signal shown in Fig. 8 is generated.

The signal is recorded by a synchronous detector or a
multichannel pulse-height analyzer operating at low count-
ing rates.’' A modernized version of this system, with syn-
chronous data acquisition and averaging by a computerized
measuring complex, was used in Refs. 120 and 189. A peri-
odic stepwise increasing saw-tooth voltage was produced
during signal acquisition. The instantaneous value of this
ramp was proportional to the magnetic field and, at the same
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FIG. 7. Functional diagram of a magnetic Hanle spectrometer'*’: 1—
source, 2—Helmholtz coils, 3—lens, 4—monochromator, S—interfer-
ence polarizer, 6—photodetectors, 7—differential amplifier, 8—measur-
ing and computing complex F-36, 9—current amplifier, 10—stripchart
recorder.

time, defined the address of the corresponding channel of the
storage unit. With signal acquisition times of 20-30 min, the
sensitivity of the system used to measure the degree of linear
polarization was of the order of 10,

4.3. Inverse problems in polarization spectroscopy

Two problems must be successively solved when the
polarization of atomic states is investigated experimentally.
First, integrated quantities such as intensities with different
polarizations, degrees of polarization, and Stokes param-
eters must be converted into the corresponding local quanti-
ties. The known polarization composition of the radiation
emitted by an ensemble of atoms is then used to determine
the character of its polarization and to establish its relation
to the plasma parameters.

In ordinary spectroscopy, the determination of local
quantities from measured integrated quantities involves the

Zy-4, rel. units

e ¥

L 1 _ 1

T 6§ 5 ¢ 3 ¢

7721, Oe
FIG. 8. Typical Hanle signal from the gas-discharge plasma of a capaci-

tive high-frequency discharge in argon, recorded at 763.5 nm (Ref. 189).
Field frequency 100 MHz, field amplitude 200 V, gas pressure 8 mtorr.
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solution of the Abel type Volterra integral equation of the
first kind.'®® There is a number of well known methods that
can be used to accomplish this, and we shall therefore not
discuss them in detail here.

Formally, polarization measurements do not introduce
any fundamental changes into the formulation of the prob-
lem. If we measure the degree of polarization, then

2

R
Pw)=+ (e P,(Nr e —ppyar, 4.7)
v

where P(r) is expressed in terms of the components of the
local relative alignment p** (r)/p'”(r) and we have used the
condition p'” > p* which is usually satisfied in plasma phys-
ics. It is clear from (4.7) that, to determine P(r), we must
know the radial emittance distribution (). If we use a com-
plete polarimeter, i.e., one that measures simultaneously all
the Stokes parameters, we must solve four equations of the
form

R
@) =2 (e ()r 2 —yirdr
v
5 m
x(m— a0 =0 1,2 3), (4.8)

one for each of the Stokes parameters.

The determination of local polarization characteristics
is seriously complicated by the presence of reabsorption,
especially when the absorption coefficients for orthogonally
polarized radiation are appreciably different, which occurs,
for example, in strong magnetic fields.'*' In general, we have
to solve the complicated propagation problem for polarized
radiation in a nonisotropic medium. '

The measured polarization characteristics of the spon-
taneous emission of an atomic ensemble are determined not
only by the distribution of the radiating atoms within the
plasma volume, but also by the variation in the local symme-
try properties of the alignment tensor along the line of
sight.®>'*® Despite the fact that the problem of reduction to
local parameter values is more complicated than in ordinary
spectroscopy, modern experimental techniques based on
Fourier polarimetry'? and the magnetooptical technique'®®
have successfully solved the problem.

The close connection between the polarization of an
atomic ensemble and the kinetic processes that determine
the energy and structural properties of a plasma formation
can be exploited for diagnostic purposes. For example, when
an external source of polarization is present, studies of relax-
ation processes enable us to determine the temperature or
concentration of the perturbing particles.'”> When colli-
sional relaxation is anisotropic, the polarization of the emit-
ted radiation carries information about the even moments of
the particle distribution function.?' It was shown in Section
3 that direct excitation of particles by fast electrons is impor-
tant, and sometimes decisive, in producing ordered angular
momenta of excited states. The alignment tensor, which de-
termines the linear polarization of the emitted radiation, is
then related to the electron momentum flux tensor. There is
now very considerable interest in the anisotropy of the elec-
tron distribution function in different plasma objects, and we
shall therefore examine this problem in some detail. With
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this in mind, we rewrite (3.2) in the more convenient form

e (1) = Nep? () Ty ()1 S EQ® (&, &u) 1" (€)dE, (4.9)
€t

where 7 labels the excited states and & ,; is the excitation
energy of state /. It follows from (4.9) that the determination
off ;2’ (#) from polarization data requires the solution of an
integral equation and, in general, is an ill-posed problem. A
review of existing methods for solving inverse problems in
plasma diagnostics is given in the monograph of Preobraz-
henskii and Pikalov.'" The inverse problem for the polariza-
tion diagnostics of the electron momentum flux tensor was
first formulated in Ref. 91. We shall consider a number of
formulations of this problem.

When the polarization of several lines has been deter-
mined, (4.9) can be looked upon formally as a Volterra
equation of the first kind with respect to fff’ (%). Its solu-
tion provides information on anisotropy in the motion of
electrons in the energy range [# ,,%,], where &, is the
threshold energy and %, is the minimum energy at which the
integral (4.9) is cut off. An analogous formulation was used
to determine the isotropic part of the EDF, f{” (&), from
the measured total line intensities due to plasma in coronal
equilibrium.'?* When compared with this problem, the case
of polarization measurements has two advantages, namely,
(a) thecrosssections Q?'(#’) and (b) even in a highly colli-
sional plasma, the main source of alignment, in contrast to
population, is direct excitation from the ground state, which
means that, here again, we can use (4.9). The complicating
factor is that the kernel of the integral equation (4.9) does
not have a constant sign, which means that the stability of its
solutions must be examined separately.

With the same degree of reliability one can determine
fP(#) from the measured polarization of radiation, using a
smaller number of spectral lines. However, this requires in-
dependent information about the isotropic part of the EDF.
Using (4.9), and recalling that a similar equation can be
written for £ and that

o™ (i

ﬁI‘P(Pz)’

we obtain

Eu | O (Eq—8) I (€) dE
— | (€~ 80O (€ —8) 1 () 08

=0 (P [€u § QO (Eu—8) i (8) dE

oo
a

— 3 (Evi —€) QO (&; — &) Y (&) df]
-~ (4.10)
Using the convolution theorem'?® and applying the inverse
transformation, we can obtain the required energy depend-

ence of the momentum flux tensor /{*’(&). We note that
this procedure is also ill-posed and requires the use of the
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appropriate regularization techniques.

The problem of finding /(%) can be substantially
simplified and converted into a well-posed problem when
a priori information is available about the form of this func-
tion. Measurements of the polarization of several lines in the
emission spectrum can then be used to determine a similar
number of parameters characterizing f\*’ (%), or to ensure
higher precision in the determination of one parameter.

Whatever the particular formulation of the inverse
problem, reliable values of the alignment excitation cross
sections must be available if the momentum flux tensor is to
be determined. Unfortunately, although the literature de-
voted to the excitation cross sections of different atomic
states is quite extensive, there are no direct measurements or
theoretical calculations of this quantity. Nevertheless,
Q@?(#%) can be determined from experimental data taken
from other fields of research, namely, electron-photon coin-
cidences,'?” or the excitation of atoms by monoenergetic
electron beams,”® in which the degree of polarization of flu-
orescence is determined as a function of the energy of the
incident electrons. However, both types of experiment cover
only a limited number of states of different elements.

In this connection in Ref. 128 a relatively simple ap-
proximate method has been developed for calculating the
cross section Q2 (% ). It makes use of the extensive theoreti-
cal and experimental data’'?*'*" on the inelastic differen-
tial electron scattering cross section Q(y,% ). The calcula-
tion is based on isolating from Q(y,# ) the quadrupole part
in the coordinate frame in which the z axis lies along the
momentum vector K, (see Fig. 2), and then transforming
the resulting tensor to the laboratory frame. Conservation of
momentum

K:=Fk+ k2 — 2kek.cos y,
and conservation of energy
ke _ (8—8i\V2_ 4 _ s i (5, — B3
ke ‘( 3 ) =(1=8)"* (5= 5 )
in the electron-atom collision then lead to the following

computational formula:
£

Q2 (&) = (—1)” €350 [ Beos2x—1)

0

x[z —

3sin? g
2v6$—2 (1 A—éi)llz cos ]

X Q (&) sin y dx. (4.11)

Asanexample, Fig. 9 shows the cross section Q (%) calcu-
lated from the differential cross sections for two states of the
argon atom. The energy dependence of the differential cross
sections in these states was taken from Ref. 131.

The extensive available data on intermediate-energy
electrons can be used to calculate Q /(). At high electron
energies, the Born approximation gives good results. An
analytic expression can then be found for Q¥ (%) by using
(2.7) for the cross section Q **' and the angle ¢ (Fig. 2). Itis
shown in Ref. 71 that, for optically allowed transitions and
high electron energies,

{cos? Py = In~! % )

whereas for forbidden transitions’>
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FIG. 9. Cross section for alignment by electron impact in the case of the
2p, (1) and 2p, (2) states of argon®' as a function of energy.

{cos® ) = —2} )

where B, and B, are certain constants. The electron energy
# , at which Q*®( %) changes sign is a more convenient pa-
rameter than B, and B,. It follows from (2.7) that this ener-
gy corresponds to the condition

{cos? Py = —
Expressing B, and B, in terms of % ,, we obtain

JOJO [1
JOJO

0(2) (8

1
s sy | 00 6 412

for allowed transitions and

Q> (€)= 1 — _ZL) QO (8)

JDJO ( (4.13)

for forbidden transitions.

Therefore, by calculating @ “’(%) from the Born for-
mula,'*® and by determining &, from a preliminary calcula-
tion based on (4.11), we can extend the function 0 ? (%) to
energies & > &,

5. POLARIZATION SPECTROMETRY OF IONIZED GASES
5.1 Positive column of the glow discharge

We now turn to the polarization of atomic ensembles in
particular objects, and begin with one of the simplest labora-
tory sources of low-temperature plasma, namely, the low-
pressure dc gas discharge. This object has been extensively
investigated both experimentally and theoretically,'3*'*?
and is therefore of interest from a methodological point of
view.

There is an extensive series of publica-
tions?>34124134-143.193 deyoted to polarization studies of the
dc discharge. The experiments were carried out in inert gas-
es, using a magnetic polarization spectrometer. The align-
ment of 2p states corresponding to different degrees of exci-
tation was studied by analyzing the Hanle signal as a
function of the discharge conditions. For neon pressures
0.3-10 torr,**!3%13% argon pressures 0.2-2 torr, '3 kryp-
ton pressures 0.05-0.3 torr,’**!*! and xenon pressures 0.01-
0.05 torr,'4*143 the alignment signal could be satisfactorily
described by a Lorentz curve, whose parameters were deter-
mined by the relaxation time of the upper state involved in
the atomic transition. At lower pressures, the signal was
found to have a narrow component of opposite sign, whose

798 Sov. Phys. Usp. 31 (9), September 1988

Ll AR, V','

P, rel. units

Tinvest>case
Ainvest

[ | [

H, Oe

FIG. 10. Hanle signals due to the 2p, level of krypton (4 = 587.1 nm) in
the positive column of a dc discharge as function of pressure.'*' P = 100
(1), 30 (2), and 20 (3) mtorr; discharge current 30 mA.

amplitude increased with decreasing pressure. At the same
time, the relative contribution of the broad component de-
creased, and vanished altogether at the lowest pressures.
Figure 10 shows typical alignment signals due to transitions
from the 2p, state of krypton at different pressures. This
behavior suggested that the two components of the complex
signal had a different physical origin.'®” The broad compo-
nent was found to be related to the alignment of the 2p state
asaresult of the reabsorption of the resonant radiationin 1s-
2p transitions.*>** As the pressure was reduced, the reduc-
tion in the population of atoms in the intermediate 1s states,
in which the resonance radiation was absorbed, was accom-
panied by a reduction in the efficiency of this mecha-
nism. '**'** The signal of opposite sign was due to the cas-
cade transfer of alignment, which was confirmed by the
observed alignment of highly-excited states that were opti-
cally related to those considered here.'*''”® This selective
alignment of states with energies exceeding a particular val-
ue has been observed at pressures of 0.07-0.7 torr'®* in neon,
at0.015-0.3 torrin argon,'”* and at 0.004-0.08 torr in xenon
and krypton.'*® Subsequent analysis showed that, at low
pressures, the alignment of atoms in the positive column of
the discharge should be related to the anisotropy in the mo-
tion of exciting electrons and not to resonance photoexcita-
tion. At the same time, the absence of alignment of the deep
p-states indicated that, at lower energies, the motion of the
electrons was nearly isotropic. Detailed examination of
alignment and emission signals from peripheral regions, and
observations on the discharge axis, yielded the distribution
of alignment by electron impact within the discharge (Fig.
11).

The qualitative picture of electron kinetics in the posi-
tive columns at low pressure, deduced from polarization
measurements, is as follows. A large potential discontinuity
V, occurs across the plamsa-wall boundary. Slow electrons
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FIG. 11. Spatial distribution of
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with energies lower than the wall discontinuity are reflected
elastically from it, and their motion can be regarded as weak-
ly anisotropic. For particles with energies exceeding V|, and
moving at right angles to the wall, there is a nonzero proba-
bility that they will escape from the plasma and will be lost to
the pipe wall in a time 7~ R /v,.. The resulting deficit of fast
passing electrons, with velocities perpendicular to the wall
defines the loss cone in the velocity distribution of fast elec-
trons, which in turn leads to the energy selectivity of align-
ment.'*® Control experiments with an electron beam have
confirmed that the high-energy states are excited by elec-
trons moving preferentially along the axis of the discharge.
The deviation of the alignment axes from the axial direction,
and the effect of the discharge current on the deviation angle,
are a consequence of the fact that the radial electric field in
the column leads to the rotation of the loss cone through a
small angle.'*® Since the characteristics of the loss cone in a
given cross section are determined by the local value of the
potential, the potential distribution in the plasma can be esti-
mated by investigating the distribution of the polarization of
excited atoms in the radial direction.'”"

6.2. High-frequency capacitive discharge

Despite the long history of research into physical pro-
cesses occurring in the high-frequency low-pressure dis-
charge, these phenomena are still the subject of constant dis-
cussion in the literature.""” In an earlier series of theoretical
papers, the properties of the plasma in the high-frequency
discharge were analyzed in terms of the Boltzmann trans-
port equation, using a sufficiently general approximation
that provided no hint of unexpected features. The electrons
were thought to oscillate relative to the stationary atoms and
ions with the oscillation frequency being equal to the field
frequency. The oscillating electrons received energy from
the field, which was converted into thermal energy by colli-
sions. The result was an almost Maxwellian distribution
function, with a weak anisotropy along the field. However,
subsequent experimental examination of the discharge near
the electrodes revealed the presence of strong constant elec-
tric fields whose magnitude could not be explained by ambi-
polar particle diffusion.'** Measurements of the potential
distribution in the plasma within the discharge gap showed
that, when the field frequency was much lower than the elec-
tron plasma frequency, the field was localized near the elec-
trodes. The interaction between the high-frequency voltage
and the wall discontinuity in the potential has a number of
important consequences.'*® Because the current-voltage
characteristic of the layer near the electrodes is nonlinear,
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the high-frequency voltage becomes rectified, and this in-
creases the constant potential difference between the medi-
um and the electrode (or the dielectric wall in the case of a
discharge with external electrodes). Electrons entering the
boundary region acquire further energy and their motion
becomes anisotropic in the direction perpendicular to the
electrodes. Thus, a group of fast electrons with velocity ani-
sotropy was recorded in Refs. 150 and 151, and was inter-
preted as a quasibeam propagating towards the center of the
discharge. It is precisely these electrons that are found in the
tail of the distribution function and provide the maximum
contribution to direct ionization and excitation of neutral
particles. At the same time, they can lead to the alignment of
the states of these particles. The polarization of the spectral
lines emitted by them must then increase in the direction
between the center of the discharge and the electrodes.

Polarization studies of the E-type high-frequency dis-
charge in inert gases were performed in Refs. 12, 36, and 115
by the magnetooptical method. The discharge was main-
tained in spherical vessels 3.5 and 4 cm in diameter. The
frequency of the alternating field was 100 MHz. The gas
pressure in the vessels was varied in the range 0.02-3 torr.

The physical nature of the alignment of excited atoms
was investigated in preliminary experiments, using the dif-
ference between the symmetry properties of resonance pho-
toexcitation and the distribution function of exciting elec-
trons. At pressures of 0.1-2 torr, the spatial distributions of
the degree and direction of polarization, and also of the radi-
ation intensity, were close to those expected for the optical
alignment mechanism, i.e., they were spherically symmetric.
The measured absorption coefficients were also found to
support the optical mechanism.'”® When the pressure was
reduced to 0.1 torr or less, the intensity distribution obtained
for all the spectral lines was found to tend to the uniform
distribution independently of the excitation energy, and
there was an increase in the degree of polarization of the
radiation emitted by the central part of the discharge. This
suggested a greater role of direct electron excitation in the
production of alignment.

Polarization measurements on the 794.8 and 811.5 nm
argon lines in the central part of the discharge were reported
in Ref. 91 in the case of alignment by electron impact. The
data were then used to determine the amplitude of the alter-
nating electric field. Assuming that the zero-order moment
of the distribution function was Maxwellian with a tempera-
ture of about 5 eV (Ref. 152), and that the anisotropic EDF
was determined by the high-frequency electric field, it was
found that the electron momentum flux tensor could be writ-
ten in the form®’

157 (€)= AELY (€),

where
_ 2(eBR
A= meT2 (0f +v2,) °
Substitution of this expression into the Boltzmann equation
then yielded the magnitude E of the electric field, which was
found to agree with probe measurements performed under
similar conditions.'*’

An increase in the degree of polarization near the elec-
trodes had already been found in spherical low-pressure dis-
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FIG. 12. Polarization anomalies near the electrodes in the radiation from
a cylindrical capacitive high-frequency discharge in argon at 100 MHz
(A = 603.2 nm, gas pressure 5 mtorr).'*

charges. The region near the electrodes was investigated in
greater detail in a cylindrical discharge in which the distri-
bution of radiation had a well-resolved structure reflecting
the nonuniformity of the object. A dark space was observed
near the electrodes. Its thickness amounted to a few millime-
ters and was found to increase rapidly as the pressure was
reduced. At pressures in excess of 15 mtorr, a maximum was
observed on the intensity distribution of spectral lines along
the discharge axis near the boundary of the dark space. This
maximum was found to broaden and shift towards the center
as the pressure was reduced. At pressures below 15 mtorr,
the axial density distribution became monotonic. The polar-
ization distribution was also found to have a sharp peak that
lay closer to the electrode than the intensity maximum (Fig.
12). The degree of polarization rose with decreasing pres-
sure, and the polarization maximum shifted towards the
center. An increase in the degree of polarization was ob-
served throughout the discharge as the high-frequency vol-
tage was increased, but the position of the maximum re-
mained unaltered.

The interpretation of these observations, which indi-
cate that processes occurring near the electrodes play a
dominant part in forming the anisotropy in the motion of
electrons, is given in Ref. 153 in terms of the following mod-
el. The high-frequency field is localized in the layer near the
electrodes and amounts to a few hundred V/cm. The layer
consists of an oscillating space-charge that is practically free
of electrons, and the concentration of ions is close to the
mean over the discharge.'**'*> The boundary layer oscil-
lates with the frequency of the external field and amplitude
equal to one-half of the layer thickness. The fall in electric
potential near the boundary of the positive space charge is so
rapid that most of the plasma electrons are reflected elasti-
cally from the layer boundary and do not enter it. The result
is a quasibeam propagating away from the electrodes and
toward the center of the discharge.!>*'?® The electron distri-
bution function in the electrode layer that corresponds to
this model was used in Ref. 192 together with polarization
measurement to estimate the power transferred to the dis-
charge, and to construct the energy balance for the object.
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5.3. The region of interaction between a moving plasmaand a
gas

Polarization spectroscopy was used in Refs. 113, 114,
157, and 158 to investigate the non-steady-state interaction
between a beam of hydrogen plasma and a cloud of neutral
helium in a magnetic field. The interest in such objects lies
outside the scope of purely laboratory problems, and is due
to their similarity to astrophysical systems. The evolution of
the ionization of a neutral gas, the particle kinetics, and the
electron heating mechanisms have been examined by Alf-
ven'*® as processes governing the formation of the solar sys-
tem.

In the above experiments, a cloud of plasma was formed
in an electrodeless plasma gun and traveled along a drift tube
in a constant magnetic field. The magnetic field strength did
not exceed 5 kG, and its direction at the end of the drift tube
was perpendicular to the beam axis. The particle density in
the beam was 10''-10'? cm ~ and the beam velocity on entry
into the gas was 500 km/s. The dimensions of the helium
cloud were 5 5x 5 cm? and its pressure was 3 mtorr. The
frequency of electron-atom collisions in these experiments
was of the order of the reciprocal of the time of interaction
between the plasma and the gas, i.e., 1.3 X 10°-50X 10%s~'.
This meant that the only significant collisions were those
between free electrons and helium atoms.

These experiments resulted in the discovery that a num-
ber of the Hel lines were polarized (501.6, 492.2, 471.3, and
438.2 nm). The degree of polarization of the radiation emit-
ted as a result of 'D-'P transitions was about 7%. Figure 13
shows the primary data for the 492.2-nm line. The direction
of preferential polarization corresponded to the alignment of
'D states by a beam of fast electrons moving along the mag-
netic field. This excitation geometry ensured that there was
no depolarization by the magnetic field, and there was no
distortion of information on the anisotropy of the moving
electrons.

Comparison of these experimental results with inde-
pendent polarization data on the spontaneous emission of
helium excited by a beam of monoenergetic electrons,'%'¢!
and also parallel spectroscopic observations, showed that
the energy of the electron beam produced in the interaction
region was close to 100 eV, whereas the energy of plasma
electrons was of the order of 5 eV. The difference between
the measured polarization and the maximum possible at 100
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FIG. 13. Pulsed polarization signals recorded for the 492.2-nm helium
line.' 13,114
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eV was an indication of the presence of randomly moving
intermediate-energy electrons that could also participate in
the excitation of states.

These experimental results lead to a model of the plas-
ma-gas interaction. According to this model, helium ions are
produced by direct ionization when the hydrogen beam is
injected into the gas. These ions excite plasma instabilities
with the accompanying strong electric field. Ions produced
as a result of secondary ionization are accelerated by the
electric field and, in turn, maintain this field. It is precisely
this phenomenon that is thought to be responsible for the
rapid deceleration of the plasma beam from 500 km/s at
entry into the gas down to 40 km/s in the interaction region.
The gas remains neutral outside this region, and excess
charge accumulates on its boundary. This charge is responsi-
ble for the potential discontinuity at the boundary. The elec-
trons are trapped in the resulting potential well, and reflec-
tions from the walls of the well produce the heating of
electrons and the formation of the observed electron beams.

5.4, Gas-filled diode

Several studies of polarized radiation produced in the
narrow gap of a cesium diode in a longitudinal magnetic field
were published in the late 1970s. These experiments were
performed under different conditions, ranging from the
Knudsen discharge*® (p~5x10"* Torr, i~0.1-0.3 A/
cm?) to the quasi-vacuum state*' (p~5x10~*Torr, i~ 34
A/cm?). In all cases, the polarization of the emitted radi-
ation was explained in terms of the nonuniform population
of magnetic sublevels (polarization of states) due to excita-
tion by fast electrons with an anisotropic distribution func-
tion. Since the electrons accelerated in the gap between the
electrodes traveled along the magnetic lines of force, the
alignment axis and the magnetic field vector were parallel,
and there was no depolarization. The magnetic field strength
H was chosen according to the condition

Q> Amim

(Aw,, is the collisional broadening of the spectral line under
investigation) with the view to reducing collisional depolar-
ization when the degeneracy of the magnetic sublevels was
lifted. The field amounted to about 1 kG.

In the Knudsen discharge, the distribution of the polar-
ization of states was as follows. There were two groups of
electrons in the diode gap, namely, quasi-Maxwellian elec-
trons and beam electrons. The first group consisted of elec-
trons trapped in the potential well in the gap'®*'** and Max-
wellized by reflections from the walls of the well. The
anisotropy was due to the loss cone in the velocity space for
electrons with energies in excess of the anode potential dis-
continuity. The second group of electrons was due to beam
instability.'® The polarization of the plasma radiation emit-
ted by this plasma should be determined by the influence of
each of these groups of electrons on the relative population
of magnetic sublevels of excited states. The preferred chan-
nel for the production of alignment was estimated from the
balance of populations of the individual sublevels, taking
into account direct, stepwise, and cascade population, and
also the effect of collisions of the second kind. The most
significant were transitions from the ground (6S,,,) and
resonance {6P;,, ,,, ) states of Csl. Since the excitation en-
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FIG. 14. Spatial distribution of polarization emitted by cesium plasma in
the Knudsen discharge at 672.3 nm in a narrow gap in a magnetic field of
310 G (Ref. 40). U, =9 V, cesium vapor pressure 0.04 torr, current
i=12 (1), 100 (2), 120 (3), and 380 (4) mA.

ergy was greater than the anode potential discontinuity, the
states were populated by electrons from the first group.

An experimental study was made of the polarization of
radiation emitted as a result of nDs,, ,,, »6P;,, ,» transi-
tions. The measured spatial distribution of polarization is,
shown in Fig. 14 for different discharge currents. Curve 1
corresponds to the initial discharge for which the width of
the cathode space is small, and there is no potential well in
the gap. The atoms are excited by electrons whose energies
are determined by the potential in the particular cross sec-
tion of the gap, and the form of P(x) reflects both the distri-
bution of potential and the function P(% ). A potential well
appears in the gap as the discharge current increases, and
this leads to the formation of a quasi-Maxwellian group of
electrons. Model EDFs were then used to calculate P(x). It
was found that the degree of polarization changed sign as the
current increased, and this was confirmed by measurements.
However, the estimated values of P were lower than the mea-
sured values. This discrepancy was explained (1) by the in-
fluence of the magnetic field, i.e., the Paschen-Back effect in
the hyperfine structure, (2) trapping in the gap of exciting
electrons traveling at large angles to the discharge axis,
whose effect on the second moment of the EDF can be con-
siderable, and (3) different reabsorption of radiation with
polarization respectively parallel and perpendicular to the
magnetic field. A further item that can be added to this list is
the possible additional polarization of states due to the dif-
ference between the cross sections for the excitation of mag-
netic sublevels, which arises when their degeneracy is lift-
ed,'®>1%¢ but was not analyzed by the authors of Refs. 165
and 166.

As lower pressures are approached, the form of the
EDF begins to be determined by the boundary conditions on
the surface of the electrodes. Figure 15 shows the experimen-
tal distributions of P along the axis of the diode for different
anode voltages, where & (x) = eU,x/d (U, is the anode
voltage, d is the separation between the electrodes and x is
the position coordinate along the discharge axis ). These dis-
tributions should correspond to the function P(& *), rede-
fined with allowance for the energy resolution A%. How-
ever, comparison of the distributions obtained for different
U, shows that a reduction in the anode voltage leads to a
reduction in the degree of polarization, and this is more ap-
preciable as the cross section corresponding to the energy %
approaches the anode surface. This was explained by the
influence of secondary electrons arriving from the anode
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FIG. 15. Polarization of one of the cesium lines as a function of position
along the axis of a vacuum diode for different anode voltages (V): 6 (1),
9.2 (2),12(3),20(4), 28 (5),40 (6), and 50 (7) (Ref. 41).

surface, whose distribution function is made isotropic by re-
flections.

5.5. Beam-plasma discharge

The beam-plasma discharge is of interest not only as a
laboratory object, but also for studies of phenomena such as
the injection of high-intensity electron beams into a gas or
plasma, and the entry of charged particles into the upper
atmosphere, which gives rise to polar auroras.

Polarization studies of the beam-plasma discharge have
been carried out®’ in helium under the following conditions:
p=107%—10"? torr, i = 25-100 mA. The measurements
were made near the wavelengths of 387.0, 401.0, 501.0, and
667.0 nm at half-widths of 6~10 nm. The polarization of the
radiation was detected only in the second spectral interval,
in which it reached 40% (Fig. 16). This degree of polariza-
tion could only have been due to the transition
4'P, -28,(A = 396.5 nm with an excitation potential of 23.6
eV. Analysis of Hel kinetics in this object'®” has shown that
the nonequilibrium population of the magnetic sublevels of
the 4'P, state was due to direct electron impact.

The anisotropic motion of fast electrons in the beam-
plasma discharge is the result of their interaction with in-
tense plasma oscillations'®*!*® which, in the stationary re-
gime, are localized in a bounded volume (HF region) much
smaller than the dimensions of the plasma. Under these con-
ditions, charged particles can be trapped near the minimum
of the high-frequency potential because of the transfer of the
energy of directed motion to the oscillations.!”>!”! Because
the beam diameter is limited, a transverse component of the
high-frequency field is found to appear, and its distribution
in space has a minimum on the axis of the system. Estimates
show that the longitudinal and transverse components are
comparable in magnitude. It follows that the high-frequency
field of the beam-plasma discharge gives rise to at least one

I P
rel. units
1,0 I
65 J
Y]
1 ]
0 0 20 x,cm

FIG. 16. Axial distribution of total intensity and polarization of spectral
lines emitted by the plasma in a beam-plasma discharge in the case of
continuous beam injection.?’
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two-dimensional potential well for the plasma electrons. If,
on the other hand, the electron energy exceeds the radial
potential barrier, the only trapped electrons are those for
which the velocity vector lies within the trapping cone, the
angle of which depends on velocity. Consequently, electrons
both in the high-frequency region and those leaving it ac-
quire anisotropic motion. Since the length characterizing
the loss of momentum by fast electrons in Coulomb and elas-
tic interactions is much greater than the dimensions of the
beam-plasma discharge, a change in the direction of motion
of the electrons is possible only by reflection from the poten-
tial barrier on the plasma boundary. It follows that each
particular plasma volume should contain two groups of elec-
trons with significantly different distribution functions. One
of them consists of electrons trapped in the potential well,
and has a nearly isotropic distribution, whereas the other
consists of fast electrons that receive energy from the high-
frequency field and have an anisotropic angular distribution
which depends on the position of the selected volume rela-
tive to the high-frequency region and the plasma boundaries.
Evidently, it is these electrons that ensure ionization and
excitation of atoms in the region in which there are no pow-
erful high-frequency fields that produce the alignment of the
4'P, state and the polarization of 396.5-nm radiation.

5.6. Plasma produced by an electron beam

Technological applications of relativistic electron
beams (REB) and of the plasma produced by them involve
the injection of such beams into a gas.'”> An important char-
acteristic of the beam-plasma system is the electron velocity
distribution function whose anisotropic properties deter-
mine entirely the conditions of interaction.

Until quite recently, experimental studies of the elec-
tron distribution function in such systems were limited by
the possibilities of probe methods. The first, and so far the
only, experiments on the investigation of the anisotropy of
the electron distribution function in the plasma produced by
a relativistic electron beam are those reported in Ref. 43,
where the methods of polarization spectroscopy were em-
ployed. The experiments were performed using a relativistic
electron beam with the following parameters'”>: electron en-
ergy 350 keV, current 15 A, pulse length 40 us. The beam
was injected into a drift chamber 30 cm in diameter and 1 m
long, filled with argon to a pressure of 25 Pa through a 1.4-
cm diameter valve. The electron density on the beam axis
was ~2X 10° cm ™3 and the plasma electron density was
~10""-10" cm . Pulses of radiation in the 488.0-nm ArII
line were examined in orthogonal polarizations (Fig. 17).
Figure 18 shows the radial distribution of polarization in this
line. Positive values correspond to polarization pointing
along the radius of the relativistic electron beam. The figure
indicates the uncertainties that characterize the reproduc-
ibility of these measurements and correspond to a 90% con-
fidence interval.

The following simple model was put forward to explain
these results. Atoms are ionized by impact when the electron
beam is injected into the tenuous gas. Secondary electrons in
the first-generation cascade are emitted preferentially across
the direction of the beam (Fig. 19), leave the beam, and are
accelerated in the radial direction by the electric field of the
space charge. At the same time, the ions are trapped in the
potential well.'"”* This process continues until a dynamic

Kazantsev et al. 802




1 W] L

0 4S8

FIG. 17. Oscillograms of pulses of radiation

equilibrium is established between the rate of escape of ions
and electrons from the beam localization region and the rate
at which they are produced. In the steady state, the positive
ion space charge compensates the negative beam charge, so
that the system as a whole becomes effectively neutral,
which reduces the effect of the radial electric field. When the
beam pulses are long enough, complete neutralization can
occur at the above gas densities, but only for the beam as a
whole: as a rule, there is no /oca/neutralization.'” An excess
negative charge appears on the beam axis during this pro-
cess. Consequently, electrons near the beam axis will, as be-
fore, experience a radial electrostatic force, but on the
boundary they will experience mostly the thermal and mag-
netic pressures.

Secondary electrons are more effective in ionizing the
gas because their energy is lower than the energy of the beam
electrons, and the corresponding ionization cross section is
higher. The mean free path is 0.5 cm for & =1 keV and 0.2
cm for € =100 eV, so that secondary electrons experience
between two and five collisions as they move in the radial
direction in the channel. Electrons in the first-generation

A%
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FIG. 18. Radial distribution of the polarization of radiation emitted by
REB plasma at 488.0 nm (ArII).*
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emitted by Arll ions at 488.0 nm in the re-
gion of injection of a relativistic electron
beam (/), 1, ) and the corresponding current
pulses [fpg, (Ref. 43). 1—line intensity
pulse, 2—plasma noise, 3—Faraday cylin-
der, 4—Rogowski belt.

cascade, which undergo strong collisions with atoms, play a
dominant part in ionization with excitation. These electrons
are scattered through small angles, so that the angular part
of their distribution function changes only slightly, and their
energy is reduced.

As far as the magnetic field due to the beam current
itself is concerned, we find that, as the necessary plasma
density is being established during the injection process, the
electric and magnetic fields associated with the beam front
induce a reverse current that produces a current, and, conse-
quently, a magnetic neutralization. In the course of time
(usually after a few tens of nanoseconds ), this neutralization
becomes weaker but, as before, the magnetic field has little
effect on the angular part of the electron distribution func-
tion because the Larmor radius is much greater under these
conditions than the transverse size of the interaction region
for all the electron groups. It follows that the secondary-
electron distribution function integrated over the current

2 RER

f @

FIG. 19. Typical angular distributions of secondary electrons.**

Kazantsev et a/. 803



£ev)
400+
o0+
200+
100 |- {
Ro
1 1) L L 1 1 l
0 0.2 a,5 1,0 R,cM

FIG. 20. Reconstructed radial energy distribution of secondary electrons
in plasma produced by a relativistic electron beam.**

pulse is anisotropic, with its axis lying along the beam radius.

To determine this anisotropy from polarization mea-
surements, we must establish, as before, the excitation chan-
nels for the 4p states of the Arllion. Estimates show that of
the three possible mechanisms, i.e., direct electron impact in
the ground state of an atom, or ion, and cascade transitions
from higher-lying levels, direct electron impact with simul-
taneous ionization and excitation of the argon atom is the
most likely. Clearly, the alignment of ionic states will also
occur in this process. Since there are no direct measure-
ments, the alignment cross sections have been estimated*’
using a model polarization function P( %) for a collimated
beam of monoenergetic electrons (Section 2.2). The experi-
mental function P(R) was then converted into the radial
distribution & (R) of the average energy of secondary elec-
trons for these conditions (Fig. 20). It is clear from the fig-
ure that the average energy of radially moving secondary
electrons decreases with increasing distance R: it amounts to
400 + 100 eV in the region of localization of the relativistic
electron beam, and falls to 110 4 30 eV at a distance of 1 cm.
This method is sensitive between the excitation threshold
(~35eV) and the ~ 1 keV limit. Thereafter, the degree of
polarization is insensitive to further increase in the electron
energy.

5.7. Arc discharge at atmospheric pressure

Polarization of atomic ensembles is usually investigated
in low-pressure plasmas. It had been considered that colli-
sional processes destroyed alignment as the pressure was in-

J0'Em =3
N m_{
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2,2 0,4

)
0,6 R/Ry

FIG. 21. Radial distributions of plasma parameters in an arc discharge at
atmospheric pressure. '™

creased. However, observations of atmospheric pressure
plasmas'*'**? have forced a review of established ideas and
have shown that the polarization of states in collisional me-
dia not only exists, but can be quite considerable.

Studies of the polarization of states in dense media re-
quire a medium that has been well investigated in all other
respects. The dc arc discharge is the most convenient from
this point of view because all its basic parameters have been
determined by existing methods,'’*'"? and are known accu-
rately. The radial distributions of electron temperature and
concentration are shown in Fig. 21 for an arc current of 42 A.
The experiments were performed in argon and in a mixture
of neon and 1% argon. Figure 22 shows typical polarization
spectra for the emission lines of argon atoms and ions. The
radial distributions of the Stokes parameters were obtained
for different discharge currents in 24 spectral lines of Arl,
Arll, and Nel. Figure 23 shows the degree of polarization
for three emission lines from the axial part of the plasma as a
function of current. Analysis of an extensive volume of ex-
perimental data has shown that

—the direction of anisotropy at the center of the arc is
the same as that of the discharge axis

—the polarization of radiation emitted as a result of
transitions from levels with angular momenta 0 and 1/2 is
much lower than that due to other levels, and is comparable
with the measurement uncertainties

S, rel. units

706.7 nm S, rel. units

7

433.2nmy

FIG. 22. Typical polarizations recorded in the
line emission of argon atoms (a) and ions (b) in
the axial region of an arc'*'*: 1—total line in-
tensity, 2-—vertical polarization.
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FIG. 23. Rotation of the plane
of polarization of the line emis-
sion of an arc'*'*: points—ex-
perimental, curves—calculat-

ed.

—independent determinations of p'¥/p"’ for a particu-
lar state, using measurements of the polarization of two
lines, yield very similar values

—the excited states of the ArII ion have values of p'”/
p'" that are higher by factors of 2-10 as compared with the
states of the ArI atom

—the spatial distributions of degree of polarization
shows that the polarization increases with increasing radial
distance and with the rotation of the plane of polarization
about the discharge axis through angles up to 45°.

This behavior of the polarization of radiation shows
that it is due to the alignment of the observed excited states.
Estimates of the contributions of possible alignment mecha-
nisms show that the polarization is due to anisotropy in the
motion of electrons.

The anisotropic properties of the electron distribution
function under the conditions prevailing in the arc discharge
at atmospheric pressure are examined theoretically in some
detail in Ref. 42. The directed motion of electrons along the
axis is due to the electric field of the arc current, whereas in
the radial direction the motion is controlled by temperature
gradients. The anisotropy in the motion of electrons is large-
ly confined to electrons with energies 2 10 eV, which are
responsible for the excitation of states and for their polariza-
tion. Thermal electrons with the isotropic distribution take
part only in the relaxation of alignment. The dominant role
of direct processes in establishing alignment, and the corre-
sponding relationship (3.2) between the electron momen-
tum flux tensor and the alignment tensor, are used to esti-
mate the radial distribution of the rotation of the plane of
polarization /8 for a number of ionic and atomic lines, and to
compare the results with experimental data (Fig. 24). It is

0.2 0.4 G.E  R/Rg

FIG. 24. Polarized emission by argon ions in the axial region of the plasma
as a function of the arc current'*'**?; 1—488.0 nm, 2—480.6 nm, 3—
454.5 nm; points—experimental, curves—calculated.
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clear that the calculated curves are in good agreement with
the experimental variation of 3.

5.8. Chromospheric flares

Interest in the polarization of atomic ensembles has
continued in astrophysics for nearly sixty years, ever since it
was discovered that the emission of the solar corona was
partially plane polarized. The polarization of the spectral
lines was found to be due to the alignment of the excited
states of particles absorbing resonance radiation from the
interior of the solar atmosphere. Advances in quantitative
studies of non-steady-state astrophysical processes capable
of giving rise to instabilities and occasionally to catastrophes
have resulted in an acute need for determinations of the spa-
tial and angular distributions of the magnetic field vector
and the velocities of different particles.*” For example, mea-
surements of the magnetic field and of the velocity field are
necessary for the solution of the problem of the heating of the
solar corona. Studies of acceleration mechanisms in the solar
wind require knowledge of the magnetic field and the veloc-
ity field of radiating ions in the corona. Magnetic energy is
converted in solar flares into kinetic energy by mechanisms
that are not fully understood. Studies of energy transfer and
of the transport modes require accurate knowledge of the
velocity distribution of epithermal electrons. The polariza-
tion of atomic ensembles, which transforms information on
vector quantities into observable Stokes parameters, can be
used to investigate these and many other dynamic
phenomena.

The polarization of spectral lines emitted by solar
prominences*'*? was extensively investigated in the 1960s
and 1970s. The local magnetic field was estimated by assum-
ing that the alignment of states was due to anisotropic opti-
cal excitation. The known geometry of the emission field,
due to the spherical shape of the source of the emission, was
then used together with additional information on the struc-
ture of the transition, the origin of the spectral lines, the
parameters of the ambient medium, and the atomic con-
stants, to calculate the polarization of the particle fluores-
cence in the absence of the magnetic field. Subsequent com-
parison between experimental data and the calculated values
yielded the required magnetic field strength. Simultaneous
observations of two or more spectral lines was then used to
determine the direction of the magnetic field as well.

There have been relatively few polarization measure-
ments of the particle velocity field in astrophysical objects,
and further work in this area would be of considerable val-
ue.®® Most of the existing results have been obtained by
studying local formations in the solar atmosphere.'**'*' The
problem has been to identify the mode of energy transfer
from the interior to the chromospheric flares. Energy can be
transferred by thermal conduction, by the dissipation of the
energy of fast electron beams, and by irradiation with x rays.
Studies of the relative contributions of these processes to the
energy balance in chromospheric formations provide a basis
for ideas on the global nature of solar flares.

Each of the above energy transfer channels should lead
to a different local anisotropy in the motion of electrons in
the region of a flare. The distribution function of electrons
participating in the first two energy transfer mechanisms has
a symmetry axis that points toward the center of the solar
disk. Irradiation with x rays or the far ultraviolet gives rise to
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an ensemble of photoelectrons with energies of the order of a
few tens of eV (the energy of background electrons is of the
order of a few eV) and to the preferential horizontal direc-
tion of motion.'®? Both groups of electrons can produce en-
sembles of excited particles for which the directions of the
principal axes of alignment are determined by the directions
of the symmetry axes of the corresponding EDFs. It follows
that the measured Stokes parameters can be used to choose
between different models of energy input, and even to esti-
mate the amount of transferred energy.

The above researches have shown that the characteris-
tic chromospheric lines of hydrogen and sulfur, emitted dur-
ing solar flares, are partially plane polarized. The analyzer
was the diffraction grating of a UV spectrometer, and the
radiation was modulated by a rotating wave plate. Fourier
analysis of the radiation intensity as a function of the rota-
tion of the plate was then used to determine the Stokes pa-
rameters. Measurements on the H, line'**!®' were per-
formed over 4-min intervals corresponding to the decay of
the two flares of 17 May 1980 (N 15, E 28) and 30 January
1981 (S 11, E 23). The mean polarization was found to be
2%. Figure 25 shows the polarization map for the SI sulfur
line at 143.7 nm, recorded in bright portions of the flares
during the decay phase on 15 July 1980 (S 218", E 450").'8!
The polarization vector was also found to point toward the
center of the solar disk, and the average polarization was of
the order of 12%. Independent observations in the two chro-
mospheric lines were thus found to yield similar results.

The polarization effects were interpreted as follows. '*?
The first step was to isolate the principal energy transfer
channel. Since, in all cases, the observations indicated a pref-
erential radial orientation of the electric field relative to the
solar disk, the effect of x-ray irradiation could be excluded.
The other two channels were separated by using the depend-
ence of the degree of polarization on the energy of exciting
electrons. If it is assumed that the threshold polarization is
positive, electrons with energies of 1-100 eV that participate
in the thermal conduction process should also produce posi-

[}

FIG. 25. Polarization map of the line emission of a chromospheric flare
recorded in the sulfur line at 143.7 nm (Refs. 180 and 181).
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tive polarizations, whereas energetic beam electrons with
energies of the order of a few keV should give rise to polariza-
tion of the opposite sign. These considerations and the ex-
perimental data led to conclusion that the principal channel
for energy transfer to the chromospheric flares was thermal
conduction by the electron gas.

Subsequent analysis based on a model distribution func-
tion for the electron gas'®* was used to estimate the relative
heat flux to a flare, g/q, (g, = 3N,m,v>/2). For the H,, line,
it was found that 0.16 <g/¢, <0.37. For the 143.7-nm SI
line, measurements showed that 0.13 < g/¢, < 0.33, which is
in good agreement with the results for H,. Assuming that
the electron density in this region was ~ 10'? em ™2, it was
found that g, = 8 X 107-2.3 X 108 erg/cm? s~ ! (at tempera-
tures in the range 10*-2x 10* K).'3° Thus, the authors of
Refs. 184 and 185 were able, for the first time, to use polar-
ization spectroscopy to obtain quantitative estimates for the
energy balance in chromospheric formations. This showed
that the energy transfer was of the order of the total radiative
loss in the region of the flare, and of the same order or some-
what smaller than the heat transfer in the transition zone of
the flare. These results demonstrated the importance of elec-
trical conduction in the energy balance of chromospheric
flares, and also the great usefulness of polarization spectros-
copy in studies of astrophysical objects.

6. CONCLUSION

Polarization is an exceedingly powerful concept that
can be exploited throughout science. In an ionized gas (plas-
ma), it involves the collective effect of charge separation, the
ability of atomic particles to acquire a dipole moment in an
electric field, and the ordering of field orientations in the
electromagnetic wave. Relatively recently it has become
clear that another type of polarization, namely the polariza-
tion of ensembles of atomic particles, exists in plasmas. All
these types of polarization are manifestations of departure
from isotropy in the media under investigation. Their origin
and existence must be due to common factors.

In plasmas, these common factors are the electric and
magnetic fields, the potential gradients, the radiation and
particle fluxes, the parameter gradients, and so on. These
factors are also responsible for the very existence of the plas-
ma. In fact, the fields control the energy input into the plas-
ma, and confine it to a bounded volume. The properties of a
plasma distinguish it sharply from the ambient medium,
which then unavoidably gives rise to considerable potential
gradients and discontinuities. The consequences of all this is
anisotropy in the distribution of particles and radiation,
which in turn gives rise to the polarization of the atomic
ensemble.

It is legitimate to ask: how common s this type of polar-
ization? We believe that the polarization of the atomic en-
semble in a plasma is a rule rather than an exception, and
that this is a phenomenon just as common as the collective
effect of polarization due to charge separation. For example,
the polarization of atomic ensembles was first discovered in
low-pressure gas discharges. It was considered that it could
not exist at higher-pressure plasmas because of collisional
relaxation. The polarization of such ensembles was never-
theless detected under such conditions in the course of the
last few years, and it was shown that there were fundamental
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reasons that practically excluded the influence of collisional
relaxation on the polarization of particle ensembles. The po-
larization was not readily detected because it had only indi-
rect manifestations, namely, in the polarization of emission
spectra.

The polarization spectrometry of plasmas, especially as
applied to pulsed processes, has not been as widely used in
experimental physics as it should. We hope that the exten-
sive use of this technique will confirm our belief that the
polarization phenomenon is universal. The connection be-
tween the different types of polarization that we have traced
in this review and the utilization of the corresponding ex-
perimental techniques will become powerful tools for inves-
tigating the properties of plasmas and of plasma processes
that are becoming increasingly important in modern science
and technology.

Itis our pleasant duty to thank V. N. Rebane for discus-
sions and constructive criticisms.

" Here and henceforth, unless otherwise indicated, the word atom will
refer to a particle with atomic dimensions, i.e., an atom, ion, or mole-
cule.

>’ We note that the divergence of the expansion in terms of spherical har-
monics implies, simply, that the motion of the high-energy electrons
becomes beam-like.
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