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A theory is developed for the relaxation of polarization moments of excited ions in a low- 
temperature plasma due to collisions with neutral atoms, taking into account the anisotropy of the 
distribution function with respect to the velocities of the colliding particles, which results 
from ion drift. It is found that in contrast to the isotropic relaxation produced by particles colliding 
in random directions, anisotropic relaxation can cause the collisional production and 
interconversion of polarization moments of the ions, including collisional self-alignment. The 
dynamical multipole moments of the velocity distribution function are introduced in 
order to describe the deviation from isotropy and to account for the forces between the colliding 
particles. A relation is established between the dynamical multipole moments and the ion 
drift velocity in the plasma, and selection rules are found for their contributions to the production 
and interconversion of polarization moments of different orders. The anisotropic collisional 
self-alignment of the angular momenta of drifting excited ions and the collisional intramultiplet 
mixing of the fine-structure levels are analyzed. The rate constants can be expressed in 
terms of the rate constants for the analogous processes in the most anisotropic possible case of 
collisions with oppositely directed monokinetic particle beams and in terms of the 
dynamical multipole moments of the velocity distribution function. A technique is proposed for 
studying these processes experimentally in terms of measurements of the intensities of the 
polarization components of ion spectral lines in a plasma. It is applied to measurements of the 
polarizations of the spectral lines emitted by Ar I1 ions from the 4 p 2 ~ 0  and 4 d t 2 p  
excited doublet states in a low-temperature plasma to determine the ion drift velocity and find 
the rate constants for the collisional production and destruction of alignment in the J = 3 /  
2 doublet sublevels, and to determine the collisional transport of populations between the J=1/2  
and 312 sublevels. The populations of the doublet sublevels, which are far from equilibrium 
in the plasma, are determined. 

1. INTRODUCTION 

The present work is devoted to the derivation of the 
theory of anisotropic collisional relaxation of polarization 
moments in atomic particles, and to applying it to excited 
ions drifting in a low-temperature plasma. Our purpose is to 
show that this theory permits a quantitative description of a 
variety of collisional processes in plasmas which lead to 
self-alignment of electron orbital angular momenta in ions 
drifting among neutral atoms. Self-alignment of ion angular 
momenta is demonstrated experimentally, and an 
experimental/theoretical technique is proposed which allows 
measurements of the intensities of the polarization compo- 
nents of ion spectral lines to provide a nondestructive con- 
tactless method for determining the ion drift velocity in the 
plasma, the degree of anisotropy of the velocity distributions 
of the ions and neutral atoms, and the rate constants for 
collisional processes that result in production and destruction 
of angular momentum alignment of the electron orbitals of 
the ions and transport a population between fine-structure 
multiplets of their energy levels. 

These phenomena result from the drift self-alignment of 
the angular momenta of excited ions,' the mechanism for 
which depends essentially on intramultiplet mixing of their 
states in collisions with neutral atoms under conditions such 

that the velocity distribution functions of the colliding par- 
ticles are anisotropic due to the ion drift. This is reflected in 
the structure of the present paper. We start by presenting a 
theory for the collisional relaxation of polarization moments 
and self-alignment of excited ions drifting in a low- 
temperature plasma. This theory is then used to analyze our 
experimental data on the polarization of the spectral lines of 
argon ions in a gas-discharge plasma. 

2. ISOTROPIC AND ANISOTROPIC COLLISIONAL 
RELAXATION OF ATOMIC POLARIZATION MOMENTS 

The polarization of light emitted by excited atoms and 
ions is determined by the ordering of the angular momenta J 
of their electron levels. This ordering is characterized quali- 
tatively and quantitatively by the atomic polarization mo- 
ments 4, which are irreducible spherical tensor components 
of the density matrix o M M l  of the ensemble of excited at- 
oms. Their rank K assumes integer values from 0 to 27, 
where J is the total angular momentum quantum number of 
the electron shell of the excited atomic state. The projections 
Q of the polarization moments on the quantization axis run 
from -K to +K. In Refs. 2-4 it was shown that the descrip- 
tion of all possible types of ordering of the atomic angular 
momenta reduces to specifying the polarization moments &, 
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and that they completely determine the polarization of the 
light emitted by the atoms. From the selection rules for di- 
pole radiation it follows that the linear polarization of the 
light is determined by the values of five independent compo- 
nents of the rank-two polarization moment p; (the so-called 
alignment tensor), while the circular polarization is deter- 
mined by the three independent components of the rank-one 
polarization moment ph (the so-called orientation vector). 

Atomic collisions change the ordering of the atomic an- 
gular momenta. This gives rise to collisional relaxation of the 
polarization moments and hence to changes in the polariza- 
tion of the light observed experimentally. This is the basis for 
polarization-spectroscopic techniques for studying the effect 
of collisions on the internal states of atomic particles; to- 
gether with the quantum-mechanical collision theory, this is 
one of the fastest-growing areas in present-day optics. Re- 
views of research in this area can be found in Refs. 5-9. 

Most work on the effect of collisions on the ordering of 
atomic angular momenta and light polarization has been car- 
ried out under the assumption of random collisions, so that 
all directions are equally probable for particle encounters 
(and the relative particle velocities are distributed randomly, 
i.e., isotropically). In this isotropic case the overall effect of 
collisions on the density matrix of the ensemble of excited 
atoms becomes spherically symmetric. According to the fun- 
damental theorems of group theory there is no "mixing" of 
physical quantities belonging to different irreducible repre- 
sentations of the three-dimensional rotation group (deter- 
mined by the rank K of the polarization moment &) or to 
different rows of a single irreducible representation (deter- 
mined by their projections Q). Consequently, isotropic colli- 
sions cause all polarization moments p; to decay indepen- 
dently of one another with rate constants f that depend on 
the rank K, but not on the projection Q on the quantization 
axis. Among other things, this is responsible for the different 
rates of collisional destruction of alignment (K=2) and ori- 
entation (K=l), i.e., linear and circular polarization of 

when these rates are independent of the polarization 
vector and the direction of observation. 

The picture of collisional relaxation of the ordering of 
angular momenta of excited atoms and the polarization prop- 
erties of light emitted by them becomes significantly more 
complicated in the anisotropic case when the velocity distri- 
bution of the colliding particles is characterized by some 
preferred spatial direction. In this case, anisotropic colli- 
sional relaxation of the atomic polarization moments 
o c ~ u r s , ' ~ - ~ ~  giving rise to a number of interesting properties 
which differ significantly from those in the isotropic case. 
Whereas isotropic collisional relaxation has only a destruc- 
tive effect, so that it only causes collisional destruction of all 
kinds of order of atomic angular momenta and reduces the 
associated light polarization, anisotropic relaxation also has 
constructive effects. Those give rise to interactions and cause 
various kinds of ordering of the atomic angular momenta. 
The most illustrative example of this effect is the transfor- 
mation of alignment into orientation, and vice versa, accom- 
panied by the transformation of linear light polarization into 
circular. 11.12.14-N Another is the creation of alignment of 

atomic angular momenta and linear light polarization1~25-36 

under anisotropic collisional conditions. Figuratively speak- 
ing, anisotropic relaxation transports anisotropy from the 
atomic particle velocity distribution to the angular momen- 
tum distribution of the electron shells. 

The basic equations for collisional relaxation follow 
from simple but rigorous symmetry concepts. As already 
noted, the angular momentum ordering of the ensemble of 
atomic particles is determined by the polarization moments 
6 found by expanding the density matrix U M M ~  in irreduc- 
ible representations of the rotation group: 

In accordance with our previous remarks, isotropic collisions 
give rise to simple truly exponential decay laws for the po- 
larization moments, described by the differential equations 

The isotropic collisional relaxation constants fl which enter 
into these equations are positive and depend only on the rank 
K of the polarization moment, not on its projection Q. 

When the velocity distributions of the colliding particles 
are anisotropic the overall effect of the collisions on the state 
of the atomic ensemble does not have spherical symmetry, 
but only axial symmetry relative to the preferred direction in 
space in which encounters between the particles occur most 
frequently (or least frequently). Accordingly, the collisional 
relaxation of polarization moments is now classified by the 
irreducible representations of the group C,,  , consisting of 
rotations through an arbitrary angle about the anisotropy axis 
and mirror reflections in the plane perpendicular to this axis. 
As a result, the anisotropic relaxation of the polarization mo- 
ments of an ensemble of excited atoms A in a gaseous me- 
dium of atoms B can be described by the equations 

Here n, denotes the number density of the atoms of gas 
B. The matrix of rate constants ( u u r l )  for the anisotropic 
collisional relaxation which appears on the right-hand side is 
diagonal in the projections Q of the polarization moments, 
but not in the rank K and K1. Consequently, anisotropic col- 
lisions mix the polarization moments of different orders but 
conserve their projections Q on the anisotropy axis. A more 
detailed analysis of the symmetry properties reveals that 
when the projection Q is nonvanishing, polarization mo- 
ments of arbitrary rank K and K1 can undergo collisional 
interconversion, whereas for Q = O  this can occur only for 
those whose ranks K and K1 are both even or both odd. 

As a result of the mixing of polarization moments of 
different ranks K and K1, and because the relaxation rate 
constants depend on the projections Q, anisotropic collisions 
exhibit polarization phenomena which are impossible in 
principle for random isotropic collisions. These include the 
examples mentioned above, collisional conversion of align- 
ment into orientation accompanied by the transition from 
linear to circular light polarization, collisional production of 
the longitudinal alignment component p; of atomic angular 
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momenta parallel to the anisotropy axis in conjunction with 
the appearance of linear light polarization, and other interest- 
ing effects as well: dependence of the rate of collisional de- 
polarization of light on the direction of polarization with 
respect to the anisotropy a ~ i s , 3 ~ - ~ ~  dependence of the effi- 
ciency of collisionally induced population transport between 
atomic states on the polarization of the light,40-49 and tran- 
sient beat polarization processes due to the simultaneous col- 
lisional relaxation of polarization moments of different 
orders.24350-53 

3. NECESSARY CONDITION FOR COLLISIONAL 
PRODUCTION OF ALIGNMENT 

Among the varied anisotropic collisional relaxation pro- 
cesses for the polarization moments we will be interested 
here primarily in collisional production of alignment of the 
angular momentum of electron shells in connection with the 
excitation of ions drifting in a plasma. Just as with other 
typical anisotropic collisional relaxation processes, this pro- 
ceeds more effectively as the degree of anisotropy of the 
velocity distribution function of the colliding particles in- 
creases; it disappears entirely for an isotropic spherically 
symmetric velocity distribution. Along with anisotropic col- 
lisions, collisional production of alignment also requires col- 
lisional transport of populations between different atomic en- 
ergy levels (collisional "mixing" just of degenerate magnetic 
M j  for a single value of J does not suffice). This implies that 
the kinetic energy of the colliding particles must be suffi- 
ciently large in order to mix the different atomic levels, pri- 
marily the J components of the atomic multiplets. This im- 
portant condition for the collisional production of 
alignmentz8 is related to the conservation of particle number 
and the symmetry of the matrix of rate constants ( v u F 1 )  in 
Eq. (3), which describe the anisotropic collisional rates of the 
atomic polarization moments. If the particle trajectories are 
rectilinear, the matrix of rate constants has a symmetry prop- 
erty associated with time reversal:54 

Let us now consider the situation in which slow colli- 
sions do not mix atomic states with different energies gJ, 
but can mix degenerate M j  levels. Then the total population 
n, of the level ZJ is related to its zeroth-order polarization 
moment by 

and does not change as a result of collisions. The contribu- 
tion of the collisions to the time derivative of this polariza- 
tion moment therefore vanishes. Using the corresponding 
equation from Eqs. (4) to express this contribution we have 

By virtue of the conservation of the occupation number n J of 
the level K J ,  the right-hand side of this relation is equal to 
zero for arbitrary instantaneous values of the polarization 
moments &(J). Consequently, all rate constants vu!K cor- 
responding to the collisional transformation of polarization 

moments of nonzero order K of level J to this particular 
occupation number n, are equal to zero. For the symmetry 
property (4) it now follows that all the rate constants (vo-fO) 
corresponding to production of the longitudinal components 
& of polarization moments of nonzero rank K for any given 
level J from this same occupation number simultaneously 
vanish. This also includes the rate constant for the production 
of the longitudinal alignment d ( ~ ) .  Thus, in the absence of 
collisional transitions between different energy levels 2YJ no 
alignment of angular momenta occurs, despite the aniso- 
tropic nature of the collisions. 

4. RATE CONSTANTS FOR COLLlSlONAL RELAXATION OF 
THE POLARIZATION MOMENTS OF IONS FOR 
TOTALLY AND PARTLY ANISOTROPIC VELOCITY 
DISTRIBUTION FUNCTIONS OF THE COLLIDING PARTICLES 

We first consider the most anisotropic possible case of 
colliding excited ions A and atoms of an admixture gas B, 
with oppositely directed monokinetic beams such that the 
relative velocity is parallel to the z axis and has a fixed value 
v. In this case the effective cross sections for the collisional 
relaxation of the polarization moments of the ions can be 
calculated directly from the solution of the system of differ- 
ential equations for the impact parameter54 describing the 
change in the degenerate excited ion state during the colli- 
sion. We have performed such calculations numerically for 
rectilinear particle trajectories, assuming that the splitting of 
the degenerate A ion energy level with orbital electron angu- 
lar momentum L in the field of the B atom at a distance R is 
given by 

Here M is the projection of the orbital angular momentum L 
of the electron shell of the A ion on the A+B direction. The 
quantity AC is determined by the A-B London interaction 
along with the orientation energy of the A ion quadrupole 
moment in the field of the B atom dipole induced by the 
charge of the A ion. 

We have numerically integrated the system of 2L + 1 dif- 
ferential equations using the impact parameter method for 
different values of the orbital angular momentum of L of the 
excited A ion for a large number (500) of particle trajectories 
having different values of the impact parameter. This has 
enabled us to find the effective cross sections u;"'(v) as a 
function of the relative particle velocity v for the most an- 
isotropic possible collisional relaxation of orbital polariza- 
tion moments p,K(L) of the excited ions. The result is given 
in the form 

where a;"' are dimensionless numbers tabulated in Ref. 54. 
From Eq. (8) the rate constants for collisional relaxation of 
the orbital polarization moments of ions in the most aniso- 
tropic possible case of monokinetic collisions are equal to 
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In real situations the relative velocity distribution F(v) of the 
colliding particles is only partly anisotropic, so that there can 
be a spread in the vectors v in both their absolute value and 
the angle they make with the z axis. In each microscopically 
small volume we will regard the distribution function to be 
axisymmetric with respect to the local ion drift direction, 
which we take to be parallel to the z axis. The collisional 
relaxation of the polarization moments can now be repre- 
sented as a superposition of an infinite number of totally 
anisotropic relaxation processes corresponding to collisions 
in monokinetic beams with all possible velocity vectors v, 
taken with weights F(v). As a result we find the following 
formula for the rate constants for collisional relaxation of the 
polarization moments of the excited ions: 

X ( ~ , ~ , + ) F ( V ) U ~ : ~ ( V ) V ~  sin 6d6d#d+ 

(10) 

The polar angle 6 is measured from the z axis. Substituting 
(9) in (10) we obtain 

XP(cos 6 ) ~ ' ~ / ~ d v  sin Bd6. (11) 

The coefficient matrix a;K1 has the symmetry property54 

Using the symmetry property of the Clebsch-Gordan coeffi- 
cients we deduces5 that only terms with even 1 remain in the 
sum (11). 

We expand the velocity distribution function in Legendre 
polynomials: 

Substituting (14) into (11) yields, after integration over 
angles, the following expression for the rate constants for 
collisional relaxation of the orbital polarization moments of 
the ions: 

5. DYNAMIC MULTIPOLE MOMENTS OF THE VELOCITY 
DISTRIBUTION FUNCTION 

We introduce dimensionless quantities which we will 
call the dynamic multipole moments for the distribution 
function of the relative velocity of the colliding particles: 

To within a constant factor, these are integrals of the even 
coefficients (14) in the expansion of the velocity distribution 
function, evaluated with weight v13", obtained using the 
power (n =6) in the dynamical law (7) for the splitting of the 
degenerate energy level of the excited A ion in the field of 
the B atom. 

Using (16) we can write a formula for the relaxation rate 
constants of the orbital polarization moments (15) as fol- 
lows: 

The coefficient outside the summation sign is equal to 

From the triangle condition on the Clebsch-Gordan co- 
efficients it follows that summation over 1 in Eq. (17) is 
restricted by the requirement 

For an electron state of the A ion with angular momentum L 
the ranks K and KI of the polarization moments can assume 
values from 0 to 215. From (19) it follows that collisional 
relaxation is determined by the dynamic multipole moments 
S2/  of even order 2 1 = 0,2,4,. . . ,2L. If all even dynamic mul- 
tipole moments S 2 ,  (except the zeroth) in the relative veloc- 
ity distribution function vanish, while the odd moments have 
arbitrary values, then the collisional relaxation will end up 
being completely isotropic. 

Collisional transformation of the polarization moments 
of order K and K~ is possible only when the rate constant 
(vaKKl)  in (17) is nonzero. The ranks of the dynamic mui- 
tipole moments S Z I  of the velocity distribution function that 
take part in collisional relaxation of the polarization mo- 
ments of rank K and K, are determined by (19). This is illus- 
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TABLE I. Involvement of the dynamic multipole moments of the distribution function of the 
relative velocities of the colliding particles in relaxation processes and in interconversion of 
the polarization moments for excited atomic particles. 

0 so - - s4 

1 - So,Sz s2 S:. S4 s4 

2 s. s2 SO. s2, s4 S2.  s4 1 s?. SJ . S6 

Note. In the diagonal cells ( K =  K , )  the dynamical multipole moments which deter- 
mine the collisional damping of the polarization moments of order K are given, 
while in the off-diagonal cells ( K # K ~ )  the multipole moments which determine the 
collisional interconversion of polarization moments of order K and KI are given. 

trated in Table I, which extends over polarization moments 
of rank K from O to 8. The polarization moment with K=O is 
proportional to the population of the ion state in question 
(and to the total intensity of the light emitted from it in 
transitions); the polarization moments with ~ = 1  and 2 (ori- 
entation and alignment) determine the circular and linear po- 
larization respectively of light emitted in dipole transitions, 
while polarization moments of higher rank ( ~ = 3 , 4 ,  ...) are 
not involved in light emission, but can affect its polarization 
indirectly because its relaxation is combined with that of 
orientation and alignment. From Table I we see that the dy- 
namic quadmpole moment S2 occupies a special place 
among the dynamic multipole moments of the velocity dis- 
tribution function. It controls the most important anisotropic 
relaxation processes, collisional production of alignment 
from populations ( ~ = 2 ,  K~=O), and conversion of alignment 
into orientation (K= 1, K~ =0). 

6. THE RELATIVE-VELOCITY DISTRIBUTION FUNCTION 
FOR COLLISIONS BETWEEN DRIFTING IONS AND NEUTRAL 
IONS IN A PLASMA 

In a low-pressure discharge plasma, the velocities of the 
neutral B atoms are isotropic to a good approximation and 
are described by a Maxwellian 

where P=M$2kT. The ion distribution function in the 
plasma is less accurately known. Here we assume that in 
each macroscopically small volume of the plasma it takes the 
form of a Maxwellian with an imposed drift? 

where ff=MA12kT. Here voez denotes the ion drift velocity 
vector in the small volume, MA and MB are the ion and atom 
masses respectively, and T is the temperature. The distribu- 
tion of the relative velocities V=VB-vA is found by integrat- 
ing the product of Eqs. (20) and (21) over velocities vA and 
vB with a three-dimensional delta function @v-vA+vB). As 
a result we find 

f (v)=(  y/m)3/2 exp {- y ( v 2 + 2 v ~ o  cos e+v;)}, (22) 

where 

and 0 is the angle between the relative velocity and the local 
ion drift direction, i.e., the z axis. The distribution function 
of the relative velocities of the B particles and A ions, Eq. 
(22), is a Maxwellian displaced in the z direction. The sur- 
faces on which the probability of A-B collisions is constant 
are spheres in the space of the relative velocities with a com- 
mon center at the point v,= v, = 0, vz= vo .  When the drift 
velocity v vanishes, the relative velocity distribution (22) is 
isotropic, and it becomes more anisotropic as vo increases. 
The anisotropy can be quantified by the ratio of the ion drift 
velocity to the purely Maxwellian value of the most probable 
relative velocity between the ions and neutral particles, i.e., 
the dimensionless parameter 

As A increases, the spheres on which the distribution func- 
tion (22) is constant move farther and farther along the z axis 
from the origin of coordinates, and in the limit A+m this 
distribution approaches the most anisotropic one possible. 
This is illustrated in Fig. 1. 

Substituting (24) into (14) and performing the integra- 
tion, we find the coefficients of the multipole expansion of 
the velocity distribution function: 

where Z1+l12 is a Bessel function of imaginary argument. 
Substituting this result into (16) yields the following explicit 
expression for the even dynamic multipole moments of the 
velocity distribution function: 
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FIG. 1. Shape of the surfaces on which the relative velocity distribution of 
the drifting excited A ions and neutral B atoms is constant in a low- 
temperature plasma for different values of the anisotropy parameter 
A = V ~ [ M ~ M $ ~ ~ T ( M ~ + M , ) ] ~ ' .  All the relative velocity vectors v whose 
points lie on the indicated surfaces are equally probable. The z axis is 
parallel to the ion drift velocity vo. a) A=O, isotropic relative velocity dis- 
tribution; b) h = l ;  c) A=2; d) h=3. 

This contains the confluent hypergeometric function and 
the gamma function I'. For small values of the anisotropy 
parameter A the dynamic multipole moments S,, are propor- 
tional to A", while for large values of X they behave as A ~ ' ~ .  
The dynamic multipole moments S o ,  SZ, S4, S,, and S, cal- 
culated from (26) are plotted versus A in Fig. 2. 

7. ANISOTROPIC COLLISIONAL RELAXATION OF THE 
POLARIZATION MOMENTS FOR INTRAMULTIPLET MIXING 

In Sec. 3 we saw that collisional alignment of the atomic 
angular momenta is impossible when collisions do not in- 
duce transitions between different energy levels gJ. The 
situation changes when the anisotropic collisions mix differ- 

FIG. 2. Dynamic multipole moments S1, of different orders for the relative 
velocity distribution function of the drifting excited ions and neutral atoms 
with a degenerate ion energy level split according to A E = A C I R ~  as a 
function of the anisotropy parameter A: a) So@); b) Sz(A); c) S4(X); d) Sa(A); 
e) Ss(A). 

ent J states. The derivatives of the populations n~ of the J 
levels in Eqs. (6) then fail to vanish, and anisotropic colli- 
sional alignment can be produced from the occupation num- 
bers nJ . To calculate this process we must find the rate con- 
stants that appear in Eq. (1) for collisional relaxation of the 
polarization moments, which describe the ordering of the 
angular momenta J=L+S of the fine structure of the level 
8 ~ .  

For narrow fine-structure multiplets, these rate constants 
can be expressed in terms of the relaxation rate constants 
(v u~"')(L) of the orbital polarization moments p,K(L) (Refs. 
57-59). Assume that the splitting A 8  of the multiplet is con- 
siderably less than the kinetic energy of the colliding par- 
ticles, and that the condition 

holds. The latter implies that the frequency of the multiplet 
splitting is small compared with the angular frequency asso- 
ciated with the passage of the B particle past the excited A 
particle at a typical collisional separation R.  Then to a good 
approximation we can assume that during the collision the 
coupling between the L and S vectors is disrupted, and the 
orbital angular momentum vector L is reoriented. The direc- 
tion of the latter determines the A-B interaction energy in 
Eq. (7). But the spin S of the electron shell, whose direction 
does not depend on this interaction, does not affect the short- 
lived collision process, and it maintains its ~rientation.'~ 
Consequently, in collisions only the orbital polarization mo- 
ments p,"(L) relax directly. Their relaxation laws are given 
by Eq. (17). After the collision the disrupted (L,S) coupling 
is re-established, and the polarization moments of the fine 
structure of the EJ level form again. 

These disruption and re-establishment processes for the 
(L,S) coupling are completely described by the algebra of 
angular momenta. As a result we find the following expres- 
sion for the rate constants for anisotropic relaxation of the 
polarization moments of the J-component multiplet's fine 
structure: 
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The ranks of the polarization moments of the J levels are 
denoted by K and K , ,  and their projections by Q, while K, 
K*, and q denote the ranks and projection of the purely or- 
bital polarization moments p i ( L ) .  

The equations for anisotropic collisional relaxation of 
the polarization moments of the fine-structure multiplets can 
be written in the form 

8. ANISOTROPIC COLLlSlONAL ALIGNMENT OF A NARROW 
*P DOUBLET 

Now we consider the collisional alignment of the J =312 
level of a narrow 2~ doublet of an excited ion resulting from 
its own drift through the neutral atoms in the positive column 
of a gas discharge. 

In accordance with (9, the populations of the J= 112 and 
312 levels of the doublet can be expressed in terms of the 
corresponding zeroth-order polarization moments: 
nln=\/Z&1/2), n3,=2p:(3/2). We will describe the longitu- 
dinal alignment of the J=3/2 level by the quantity 
a3n=2&(3/2). Focusing on the block with Q=O in the sys- 
tem of equations (29), which describes collisional relaxation 
of the populations of the doublet levels together with longi- 
tudinal alignment of the J=3/2 level, we obtain the system 
of equations 

Here we have introduced the abbreviated notation (va,) for 
the rate constant for for transport of population between the 
J = 112 and J =3/2 levels, (v a,) for collisional production of 
alignment, and (vud) for collisional destruction (depolariza- 
tion) of alignment. These are positive quantities and can be 

KK expressed in terms of the rate constants ( v a p  ')(J,J1) 
which appear in Eqs. (28): 

(vo,)= - fi(v0;~)(1/2,3/2)= - fi(va;O) 

The radiative damping constant is denoted by ro in Eqs. 
(30); Fl, and F312 are the joint intensities for population of 
the J=1/2 and 312 levels of the doublet by processes in the 
plasma. 

In Eqs. (30) the rate of collisional transport of population 
from the J=1/2 level to the J=3/2 level is twice the rate of 

transport in the opposite direction; these rates are inversely 
proportional to the statistical weights LJ+1 of the levels. 
The fact that the ratio of the direct and inverse population 
transport rates does not depend on the multiplet splitting ACT 
is a shortcoming of the extreme simplification in the (L ,S ) -  
coupling disruption model during collisions. Specifically, it 
follows from the principle of detailed balance6' that 
collision-induced transitions between levels in which the en- 
ergy increases by are "inhibited" in comparison with 
the inverse transitions, where the magnitude of this "inhibi- 
tion" is given by the Boltzmann factor 

where Teff is the effective temperature of the ensemble of 
colliding particles. It is determined by the mean squared rela- 
tive velocity, T , ~ = M ~ M ~ ( v ~ ) / ~ ~ ( M ~ + M ~ ) .  For the d o c -  
ity distribution (22) this mean value exceeds the pure Max- 
wellian value by the square of the drift velocity v i .  Hence 
the effective temperature of the collisions exceeds the aver- 
age temperature T of the plasma particles and is given by 

In normal fine-structure multiplets the J =3/2 level lies above 
the J= 112 level. For these, the y factors from (32) should be 
included in the terms of Eqs. (30) describing collisional tran- 
sitions J = 112 -+J = 312 with an increase in energy. Thus we 
obtain equations for the combined anisotropic relaxation of 
the populations and longitudinal alignment of the levels of a 
narrow 2~-doublet, we find by means of the principle of 
detailed balance: 

From these equations we deduce several important con- 
sequences for combined anisotropic collisional relaxation of 
populations and longitudinal alignment of the levels of a 
narrow fine-structure multiplet. 

Taking into account the statistical weights of the doublet 
levels and the Boltzmann factor under thermal equilibrium 
conditions, we find that the populations of the doublet levels 
are related by yn (1/2)n312) =O. Here the terms describ- 
ing collisional transport of the populations n~ between levels 
J = 1/2*3/2 vanish. This can be seen from the first two equa- 
tions of Eqs. (34), and agrees with the principle of detailed 
balance. 

The first two terms on the right-hand side of the third of 
Eqs. (34) describe the anisotropic collisional production of 
a3/, alignment from the populations. Since they both contain 
the same rate constant (vu,), the efficiency with which 
alignment is produced is proportional to the quantity 
An=ynl,2=(1/2)n312, i.e., to the amount by which the 
populations of the doublet levels deviated from their equilib- 
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rium values. In other words, anisotropic collisions can give TABLE 11. Rate constants for the processes for collisional 
production of alignment, ( v o , ) ;  destruction of alignment, rise to from nonequilibrium P ~ P ~ ~ ~ ~ ~ ~ ~ ~  of 
(vod);  and transpan of popu~ations, ( vo , ) ,  for the 

fine-structure multiplet levels, and the efficiency of this pro- of the narrow Zp doublet of excited ions drifting in a 
cess increases when the populations deviate from their equi- 
librium values. 

Finally, the third terms in square brackets on the right- 
hand sides of the first two of Eqs. (34) describe the effect of 
alignment of the angular momenta of the ensemble of ions in 
the J=3/2 state on the rates of transitions induced by colli- 
sions between the fine-structure multiplet levels. This phe- 
nomenon was predicted theoretically in Ref. 41 for the gen- 
eral case of anisotropic collisions. Like other characteristic 
features of anisotropic collisional relaxation, the effect of 
alignment on transport of populations is more pronounced as 
the distribution function of the velocities of the colliding 
particles becomes more anisotropic. show 
that in the most anisotropic possible collisions with oppo- 
sitely directed beams, the efficiency for collisional transport 
of population between levels of a fine-structure multiplet var- 
ies as a function of the magnitude and sign of the alignment 
of the J=3/2 level by a factor of 5-10. For quantitative 
calculations of the combined anisotropic relaxation of popu- 
lations and alignment of doublet levels according to Eqs. 
(34), we need to know the rate constants (vup), (vud), and 
(vu,) that appear in them. We have used Eq. (17) to calcu- 
late these constants using the expression (26) for the dy- 
namic multipole moments S2, of the distribution function of 
the relative velocities of the excited ions in the 2~ state drift- 
ing in a medium of neutral atoms. The values of the quanti- 
ties a;K1 were used in Ref. 54. Table I1 displays the rate 
constants calculated in this manner which determine the 
combined isotropic collisional relaxation of the populations 
and alignment of the levels of a narrow 'P doublet of drifting 
ions in a plasma with different values of the anisotropy pa- 
rameter h given by (24). 

9. RELATION BETWEEN THE RATE CONSTANTS OF THE 
COLUSIONAL PROCESSES AND THE POLARIZATION 
PROPERTIES OF LIGHT 

In a plasma, a wide variety of physical processes take 
place simultaneously. This greatly complicates the analysis 
because we do not know the values of the corresponding 
(sometimes numerous) parameters which determine the 
plasma state in each specific experimental situation. Hence 
the polarization-spectroscopic technique is worthy of atten- 
tion. This technique, proposed in Ref. 30, allows one to de- 
termine the ion drift velocity, the rate processes for processes 
by which alignment is produced and destroyed collisionally, 
and the transport of population between fine-structure sub- 
levels of the ion multiplets to be determined just from mea- 
suring the relative intensities of the polarization components 
of the light emitted by excited ions. We briefly describe the 
theoretical basis for this technique. 

The intensity of light emitted in the transition 
(J,L)+(Jo ,Lo) and polarized in the direction of the unit 
vector e is equal to 

- 
plasma as a function of the anisotropy parameter A. 

Note. The rate constants are expressed in units of 
( A C ~  12'5 ?'lo. 

J J K  K 1 
e* e p K ( ~ ) .  

1 1 2 [ 1  1 J ] [ - Q  q1 tj 9 l  9z  

The coefficient C(L,Lo) depends on the oscillator strength 
of the transition; under the condition that the splitting is 
small in comparison with the frequency of the optical tran- 
sition, it is independent of J and J o ;  here e9 ,  and e denote y 2  
the components of the polarization unit vector e projected on 
the circular unit vectors. For the case of interest to us, in- 
volving optical transitions from the levels of the 2~ doublet 
(L =1, J=1/2 or 3/2), Eq. (35) yields the following relations 
which connect the populations of the doublet levels and the 
alignment of the J =3/2 level to the experimentally observed 
light intensities I,, I,, , and I ,  polarized parallel to the Car- 
tesian axes: 
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Now we consider a plasma in steady state, where the 
time derivatives on the left-hand side of Eqs. (34) vanish. 
From the third equation of this system it follows that in 
steady state we have 

Here we have expressed the density of the neutral atoms in 
terms of the pressure p and temperature T in the plasma. It is 
essential that this ratio be independent of the rates F112 and 
F3/2 of the plasma processes populating the levels of the 
doublet, whose magnitudes are generally unknown. Now we 
express the quantities a,/,, nl12, and n3/2 in terms of the in- 
tensities of the polarized light using the relations (36). As a 
result we obtain a formula which directly relates the rate 
constants for collisional production of alignment (va,) and 
its destruction (v ad) with the experimentally observed inten- 
sities of the polarized light components. 

In the experimental part of this work we studied the 
polarization of the spectral lines emitted in transitions from 
the J levels of the excited 4d' 'P doublet of the argon ion to 
the 4p '  2~!12 level or from the J levels of the 4p 'PO doublet 
to the 4s 2 ~ 3 1 2  level. In the former case we have 

and in the latter we have 

The subscripts 112 and 312 indicate the value of J associated 
with the level from which the light is emitted. 

FIG. 3. Cylindrical hollow cathode and its associated coordinate system for 
polarization radiation observed from a macroscopically small negative glow 
region of the discharge plasma. 

Equations (38a, b) are the key to the theoretical interpre- 
tation of measurements of the polarization of ion lines in a 
plasma. The results of these measurements and their analysis 
are given in the next section. 

In conclusion we note that this approach is also appli- 
cable for describing polarization phenomena in the case of 
more complicated excited multiplets (not necessarily 'P dou- 
blets) of the drifting ions. 

10. EXPERIMENTAL OBSERVATION OF THE DRIFT SELF- 
ALIGNMENT OF IONS IN LOW-TEMPERATURE 
PLASMAS 

For polarization effects associated with ion drift to be 
observable, the drift velocity must be large in the radiating 
part of the discharge. This condition is not satisfied in normal 
gas-discharge systems (the positive column of a constant- 
current discharge or a capacitive high-frequency discharge), 
where the ion drift velocities are typically low in this region. 
For this reason we chose to study the gas discharge inside a 
hollow cathode. 

The electric field profile in such a discharge is very non- 
uniform: its strength falls off sharply as a function of dis- 
tance from the cathode surface toward the center of the 
discharge.62 Mass-spectrometric studies have showd3 that 
essentially all positive ions are formed in the negative glow 
region and diffuse (when the mean free path is of order lo-' 
for pressures of order 0.1 torr) toward the cathode, acquiring 
kinetic energy at its surface, which determines the potential 
drop in the discharge gap. At the periphery of the negative 
glow region near the cathode dark space there is a transition 
region of finite extent, in which there is a sizable potential 
gradient and high ion drift velocities. 

We have studied a gas discharge in argon with a cylin- 
drical hollow aluminum cathode having a diameter of 1 cm 
and a length of 5 cm at a discharge potential of 80-100 V, 
discharge current of 10-60 mA, and pressure 0.1-0.4 torr. 
We measured the intensities I ,  and I ,  of the linear polariza- 
tion of the spectral lines emitted by the discharge along sight 
lines parallel to the x axis of the cathode (Fig. 3) and by 
using a diaphragm to isolate narrow regions (with cross sec- 
tion less than 1 mm2) of the discharge emission at various 
distances from the cathode surface. The intensities of the 
individual linearly polarized light components were mea- 
sured by means of a photomultiplier tube connected to an 
electronic integrator, and the small difference I , - I ,  in the 
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FIG. 4. a) Qualitative sketch of the equipotential surfaces in a discharge with a cylindrical hollow cathode (following Ref. 62).  b) Radial dcpcndcncc of the 
total light intensity I=I ,+ l ,  and the polarization signal 1,-I, for the Ar I1 spectral line h=3819 A (4d'  * ~ , , , - 4 ~ '  'D,,,) in the discharge of a hollow 
cathode. c) Radial dependence of the total light intensity I ,=I+I ,  and the polarization signal I,-I ,  of the Ar I1 ion spectral line h=4764 A 
( 4 p  ' ~ & ~ - 4 s  ' p I l 2 )  in the discharge of a hollow cathode. 

intensity of light linearly polarized along the radius of the 
cylindrical cathode and parallel to its surface respectively 
was measured using a magnetic polarization spectrometer.64 

In accordance with the comments made in Sec. 3, colli- 
sional alignment can be expected in the case of narrow spec- 
tral multiplets effectively mixed by collisions. We therefore 
studied narrow doublets of excited Ar' ions. For calibration 
purposes, in addition to the ion spectral lines we also studied 
the lines of neutral Ar atoms. The aggregate of experimental 
data which we obtained for different Ar' and Ar ions and in 
different geometrical arrangements of the observation region 
enabled us to draw two general conclusions. 

1. The peak of the total radiation intensity I , + I ,  both 
from ions and from neutral atoms under our experimental 
conditions occurs in the central region of the hollow cathode, 
i.e., in the region with the highest density of the fast elec- 
trons that excite them (see Fig. 4). 

2. For the ion lines the polarization signal I , - I ,  in- 
creases rapidly as we scan the observation region from the 
center of the discharge toward the cathode surface, and it 
attains its largest value at the edge of the negative glow 
region adjacent to the cathode dark space at a distance of 
about 1.5 mm from the cathode surface (Fig. 4). But the 
intensity of these same ion lines as a function of the location 
of the observation region is qualitatively quite different and 
is described by a bell-shaped curve. It is noteworthy that the 
polarization signal I , - I ,  for the ion lines in the boundary 
region of the negative glow is more than a factor of ten 
stronger than the corresponding signal for the neutral atoms, 
despite the enormous difference in the densities of the neu- 
tral atoms and the ions (see Fig. 5a, b). 

The first of these facts points at collisions with fast elec- 
trons as the general reason for excitation of ions and neutral 
atoms. The second fact implies that there exists a very dif- 
ferent explanation for the alignment of angular momenta of 
the neutral atoms and the ions at the edge of the glow region. 
Whereas for the neutral atoms alignment is produced by an- 
isotropic electron collisions, the self-alignment of ion angu- 
lar momenta is due to collisions with the neutral atoms, 
which are anisotropic in nature because of the ion drift, 
whose velocity reaches its peak value in this region. 

We have studied two groups of spectral lines of the Ar+ 
ions in greatest detail. corresponding to optical transitions 

from the 4d'2~112,312 and 4p2~y12,312 levels of the excited 
Ar I1 doublets respectively to the 4p '2~;12  and lev- 
els. The splitting of the levels of the first of these excited 
doublets is equal to AZ=0.01 eV=llO K, while that of the 
levels of the second doublet is equal to Ad=0.07 eV=770 
K. 

From the experimentally measured total intensities 
I, + I ,  and the polarization signal I ,  - I ,  we found the values 
of I ,  and I ,  appearing respectively on the right-hand side of 
Eq. (38a) (for the two 4 d ' 2 ~ , 1 2 , 3 , z - 4 P ' 2 ~ ~ , 2  spectral emis- 
sion lines) or on the right-hand side of Eq. (38b) (for the two 
4p2~~12 ,312-4s2~312  spectral emission lines). Representing 
this combination as A  ( I ,  ,I ,)  for brevity we have from Eqs. 
(38a) and (38b) 

For specified temperature T and pressure p and constant ra- 
diative damping To, the left-hand side of this relation de- 
pends on the anisotropy parameter A through the rate con- 
stants ( v u , )  and ( v u d ) ,  whose evaluation was described 
above (see Table 11). For an arbitrary gas-discharge regime 
this enables us to use measurements of the linearly polarized 
spectral line intensities to determine the anisotropy param- 
eter A, and along with it [using Eq. (24)] the ion drift veloc- 
ity v o .  The value of A thus obtained was used to calculate the 
dynamic multipole moments S Z I  of the velocity distribution 
function from Eq. (26), and then using Eq. (17) to calculate 
the rate constants for collisional production of alignment 
( v u , )  and for its collisional destruction (depolarization) 
( v  ud), and the collisional transport of populations ( v  rP) 
between levels of the excited fine-structure multiplet of the 
drifting ions being studied. 

The measured dependence of the functions A ( 1 ,  ,I,) on 
the argon pressure at T=330 K is shown in Figs. 6 and 7 
respectively for the doublet spectral lines 
4d '2~l12,312- 4 p ' 2 ~ ~ 1 2  (A=383.0 and 381.9 nm) and 
4p2~~12 ,3 ,2 -4s2~312  (A=466.8 and 454.5 nm). We carried 
out a theoretical analysis of the experimental results using 
values of the radiative damping constants for the 
4d'2~l12,312 and 4P2~:12,312 excited doublet states, equal 
respectively to ro= 1.73. lo8 s-' (from Ref. 65) and 1.11. lo8 
s-' (from Ref. 66), and the rate constants for the combined 
London and charge-quadrupole interaction, which deter- 
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FIG. 5. Comparison of the polarization-magnetic signals 
I,(H) - Iy(H) of the ion and atomic lines at the edge of the 
negative glow region of the hollow cathode and in the posi- 
tive column of the discharge. a) Ar 11 ion line A=4545 A 
(4p 2~:l,-4s 2~,1 , )  at the edge of the negative glow of 
the hollow cathode. b) A r I  atomic line A=4300 A 
(5p[2 ,/,I ,-4s[lll,] ,) at the edge of the negative glow of 
a hollow cathode. c) Ar I atomic line A=4300 A 
(5p[211,],-4s[lll,]l) in the positive column of a 
constant-current discharge. 

mined the splitting of the degenerate excited ion level in the 
course of a collision with a neutral atom, amounting under 
these conditions respectively to AC=2150.10-~~ and 
365.10-~' erg.cm6. We calculated the quantities AC using 
the model potential method of Kratzer and ~ i m o n s , 6 ~  which 5 

is similar to the quantum defect technique. 
With this approach only one parameter remained free in 

the theoretical values of the rate constants (vc~,) and (vud) 
determined in Table 11: the anisotropy parameter A of the 
velocity distribution function. The magnitude of A was deter- 
mined from the requirement that the theoretically calculated 
left-hand side of relation (39) agree with its experimentally 
measured right-hand side. The results of the theoretical cal- 
culations of A(I,  ,I,) for both of the Ar I1 ion doublets con- 
sidered as a function of pressure are shown in Figs. 6 and 7 
by the solid traces. 

Knowledge of the anisotropy parameter A of Eq. (18), 
together with the rate constants of the anisotropic collisional 
processes, enables us also to determine the ion drift velocity 
vo. The theoretical analysis of the quantity A(Iy ,I ,)  mea- 
sured experimentally thus yields detailed information about 
the ion drift and the rate constants for a variety of different 
anisotropic collisional processes involving excited drifting 
ions in a plasma. Tables I11 and IV display the results which 
we obtained in this way for Ar' ions in the excited states 0.1 0.2 0.3 ~,~ , torr  
4 d ' 2 ~ , , 2 , 3 / 2  and 4 p 2 ~ 7 1 2 , 3 , 2  in the region at the edge of the 
negative glow, where the alignment signal of the ion lines is FIG. 6. 'l'%e quantity A(Iy ,Iz) determined from Eq. (384 as a function of 

largest. the argon pressure p, for the ArII ion doublet spectral lines 
4d' 2~11,,312-4p' 'D:,, in the discharge of a hollow cathode of diameter 

the data these from 10 mm at various distances z from the cathode axis (in mm): a) z=O; b) 0.5; 
independent experimental measurements with two different c) 1; d) 2.25; e) 2.6; f) 3. 
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1 I I 

0. I 0.2 0.3 pAr, torr 

FIG. 7. Experimentally measured and theoretically calculated quantity 
A(1, ,I,) determined by Eq. (38b) as a function of the argon pressure in the 
discharge of a hollow cathode for the Ar I1 ion spectral doublet 
4~ 2 p ! ~ z , 3 ~ z - 4 s  2 p 3 ~ z .  

excited argon ion doublets reveals good agreement between 
the ion drift velocities determined by the method presented 
here (to within 20%). 

In analyzing the data on the rate constants of collisional 
processes it should be kept in mind that when the walls of 
the discharge tube are held at a constant temperature T, the 
ion mean free path falls off as the pressure p increases. This 
is accompanied by a reduction in the average ion drift veloc- 
ity vo and the anisotropy parameter A. Along with A, the 
effective temperature Teff given by Eq. (35) for the distribu- 
tion of the relative velocities of the ions and neutral atoms 
also decreases (by almost a factor of six as we go from a 
pressure of 0.02 torr to a pressure of 0.30 torr; see Table IV), 
which corresponds to a decrease in the average relative ve- 

locity of the colliding ions and neutral atoms by almost a 
factor of 2.5. Consequently, as the pressure p increases, the 
rate constants of the collisional processes decrease. Among 
them the rate constant (vu,) for collisional production of 
alignment decreases the fastest, since this process is entirely 
due to the anisotropy of the relaxation and vanishes at A=O. 
For the rate constants of depolarization (vud) and popula- 
tion transport (vup), the pressure dependence is weaker: 
they remain nonzero even in the isotropic case, i.e., when 
there is no ion drift (at A=O). 

The intensities I, and I, of the polarization components 
of light emitted at various distances from the cathode were 
measured for the 4 d ' 2 ~ l , 2 , 3 1 2  excited doublet state, and we 
analyzed the dependence of A(I, ,I,) on the argon pressure 
as described above. As a result we determined the radial 
dependence of the anisotropy parameter A and the ion drift 
velocity vo associated with it. This enabled us to construct 
radial profiles vo(z) of the ion drift velocity at different pres- 
sures in the plasma (Fig. 8). 

In Sec. 3 it was noted that the necessary condition for 
collisional production of alignment, in addition to the anisot- 
ropy of the collisions, is that the ratio of the populations of 
the sublevels of the multiplet mixed by collisions differ from 
its equilibrium value. For 2~ doublets this equilibrium value 
is equal to 2y, where y is given by Eq. (32). For measure- 
ments of light emitted in 2 ~ ~ - 2 ~ 3 1 2  transitions the deviation 
in the level populations of the 2 ~ : 1 2 , 3 1 2  doublet from their 
equilibrium values is characterized by the quantity 

Figure 9 shows the ratio of the intensities which appears on 
the right-hand side of this relation, measured experimentally 
for the sublevels of the doublet 4 p 2 ~ 0  of Ar 11. From the 
figure it is clear that in the plasma the sublevels of this dou- 
blet are populated in a very nonequilibrium fashion: the 
J=3/2  level is depleted, while the J= 112 level has an excess 
population, which creates favorable conditions for collisional 
self-alignment of the angular momentum of the electron 
shells of the drifting ions and for observation of the associ- 
ated polarization phenomena. 

TABLE 111. The anisotropy of the collisional relaxation, drift velocity, and rate constants for anisotropic 
collisional processes of the 4d' 2 ~ , 1 2 , 3 , 2  doublet of ~ r +  ions in a low-pressure plasma at 330 K. 
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Drift 
velocity uo, 
10' C ~ I S  

2.43 
2.35 
2.30 
2.27 
2.09 
1.89 
1.68 
1.52 
1.26 
0.93 

Pressure, 
torr 

0.02 
0.04 
0.06 
0.08 
0.10 
0.12 
0.14 
0.16 
0.20 
0.30 

Rate constants for the collisional 
processes, lop9 cm3/s 

Boltzmann 
factor y 

0.98 
0.98 
0.98 
0.98 
0.97 
0.97 
0.96 
0.96 
0.94 
0.91 

(vn,) 
4.34 1 
4.26 1 
4.21 1 
4.13 1 
3.98 
3.77 
3.53 
3.34 
3.02 1 
2.61 

(pa,) 
2.49 
2.44 
2.40 
2.32 
2.23 
2.07 
1.88 
1.73 

Anisotropy 
parameter A 

4.65 
4.50 
4.40 
4.35 
4.00 
3.62 
3.22 
2.92 
2.42 
1.79 

(vud) 
6.84 
6.71 
6.63 
6.48 
6.28 
5.98 
5.57 
5.29 

1.45 1 4.78 
1.04 4.11 



TABLE IV. The anisotropy of the collisional relaxation, drift velocity, and rate constants for anisotropic 
collisional processes of the 4p' 2 ~ ~ 1 2 , , 1 2  doublet of AIf ions in a low-pressure plasma at 330 K. 
- -- - 

11. CONCLUSION sional relaxation developed here, encourages us to believe 

Pressure, 
I tom 

I 
0.02 
0.04 
0.06 
0.08 
0.10 
0.12 

The results obtained here show that the theory of aniso- 
tropic collisional relaxation of the polarization moments of 
atomic particles can be applied to excited ions in a plasma, 
and provides a basis for quantitative spectral polarimetric 
investigations of the drift of excited ions and a variety of 
anisotropic collisional processes involving them. In the 
model we have adopted, the anisotropy of the relative veloc- 
ity distribution function and its dynamic multipole moments 
depend on the single parameter A, whose value can be deter- 
mined by analyzing experimentally measured intensities of 
the polarization components of ion spectral lines. Knowing 
the value of A in turn enables us to determine the ion drift 
velocity and the rate constants for the collisional processes of 
production and destruction of alignment and intramultiplet 
mixing of the excited ion states. 

The internal consistency of this experimental-theoretical 
approach is supported by the good agreement (to within 
20%) in the values of the ion drift velocity obtained in this 
way from independent experimental data for two different 
excited fine-structure multiplets of Ar I1 ions, despite the 
great (more than a factor of ten) difference in the size of their 
splitting and the dispersion-polarization constants of ion in- 
teractions in these excited doublet states with neutral atoms 

- 
that this experimental-theoretical spectropolarimetric tech- 
nique is widely applicable to the study of anisotropic colli- 
sional relaxation processes and the drift self-alignment of ion 
angular momenta resulting from them in various plasmas. 

We touch briefly on the extent to which these results 
depend on the choice of the drift ion distribution function 
fA(vA) being a Maxwellian with an imposed drift, Eq. (21). 
In Sec. 4 we have seen that collisional self-alignment of 
drifting ions is determined by only one dynamic multipole 
moment of the relative velocity distribution function (22), its 
quadrupole moment S2(A), which depends on the anisotropy 
parameter A of Eq. (24). Our methodology is based on mea- 
surements of the polarization signal from the self-alignment 
of the excited ions. In consequence of this, different distri- 
butions of the relative ion-atom velocity distribution having 
the same dynamic quadrupole moment S2(A) are essentially 
equivalent. On the other hand, for a given ion drift velocity 
vo (i.e., the average value of the ordered velocity vector) the 
anisotropy parameter A and along with it the dynamical 
quadrupole moment S2(A) of the distribution function of the 
relative velocities depends rather weakly on the specific 
choice of the ion velocity distribution function fA(vA). In 
fact, the "opposite" of a Maxwellian with an imposed drift 

Boltzmann 
factor y 

0.842 
0.825 
0.807 
0.787 
0.765 
0.746 

of the ambient gaseous medium. This circumstance, as well 
as the internal consistency of the theory of anisotropic colli- 

I 
o 0.05 0.1 pAr, torr 

Anisotropy 
parameter A 

4.34 
4.07 
3.83 
3.62 
3.42 
3.25 

FIG. 8. Argon ion drift velocity as a function of the distance z to the axis of 
a cylindrical hollow cathode of diameter 10 mm, measured for the discharge 
current of 20 mA at various argon pressures (p,, in torr): a) 0.12; b) 0.16; 
c) 0.20; d) 0.30. 

FIG. 9. Deviation of the population ratio n,121nl12 of the J=3/2 and 112 
levels of the AI I1 4p 2 ~ ! 1 2 , 3 1 2  ion doublet from its equilibrium value in the 
range of argon pressures studied: a) equilibrium value of the population ratio 
(n3121nl12)=2y, calculated from Eqs. (32) and (33) using the values of the 
anisotropy parameter A measured experimentally; b) population ratio 
n312/nl12 experimentally measured from the intensities of the Ar I1 ion dou- 
blet spectral components 4p 2~y12.312-4s 2 ~ 3 1 2 .  

Drift 
velocity vo, 

l@cm/s - 

2.22 
2.09 
1.97 
1.83 
1.79 
1.70 
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Rate constants for the collisional i 
processes, cm3/s I I 

( ~ ' 0 ~ )  ' 
2.05 1 
1.98 / 
1.91 
1.85 1 
1.80 
1.75 I 

( r o c )  1 <t*ud) 

1.17 / 3.25 
1.11 3.14 
1.06 1 
1.01 
0.97 
0.93 

2.85 
2.77 



as in Eq. (21) is the monokinetic ion drift velocity distribu- 
tion 

Using the Maxwellian velocity distribution fB(vB) for 
the neutral atoms, Eq. (20), we find that this monokinetic ion 
velocity distribution (41) corresponds to the following rela- 
tive velocity distribution: 

f ( v ) = ( p l ~ ) ~ / ~  exp { - ~ ( v ~ + 2 v v ~  cos ~ + v i ) } .  (42) 

It differs from the relative velocity distribution (22) by 
having the parameter P given by (20) instead of y given by 
Eq. (23). The values of the anisotropy parameter A (24) for 
the distributions (41) and (22) are related by 

For atoms and ions with the same mass M A = M B ,  this ratio 
is equal to 1.41. Thus, even for the two different ion distri- 
bution functions (22) and (41), which are completely differ- 
ent, the anisotropy parameters differ by only 40%. Thus, 
there is reason to believe that the error in determining the 
parameter A given by Eq. (24) and the ion drift velocity v o  
associated with it resulting from the imprecision in the model 
velocity distribution function (21) of the drifting ions is no 
more than 10-20%. 

As more detailed experimental measurements are made, 
the theory can be refined by using more detailed drift ion 
velocity distribution  function^^^-^' and by going from the 
dispersion-polarization model to a more accurate description 
of the interaction between the colliding particles. 
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