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Angular Momentum Transfer at the Chemo-ionization and Spin
Exchange Processes. Interaction between Spin-Polarized
Metastable Helium Atoms
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Abstract: In the collision of spin-polarized atoms, the transmission of electron polarization between colliding
particles is possible. A similar situation occurs in a collision, for example, between alkali atoms in the ground
state. Suppose one of the colliding particles is excited, and its energy is sufficient for the ionization of the collision
partner, then along with the elastic process (spin exchange). In that case, an inelastic process (ionization) is also
possible; as a result, polarization can also be transferred to the partner. Simultaneously occurring elastic and
inelastic processes at the collision between two helium atoms are possible if these atoms are in the metastable
(2%S;) state. The paper discusses the interaction between spin-polarized metastable atoms of helium-3 and
helium-4 isotopes under the condition of optical pumping of atoms. Complex interaction potentials of the atoms
under consideration were constructed, and on their basis, the spin exchange and chemo-ionization cross-sections
were calculated. Using these cross-sections, expressions for the transfer of orientation and alignment from one

atom to another were obtained.
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1. Introduction

The study of interaction involving spin-polarized
atoms is possible in experiments on the optical
orientation of atoms. The optical orientation of atoms
is the transfer of angular momentum from polarized
resonant radiation to an ensemble of atoms that are
either in the ground state or in an excited state and
have an uncompensated electron spin. As an example
of the optical orientation of atoms in the ground state,
we can consider the optical orientation of alkali
atoms. Atoms of inert gases in the ground state are
diamagnetic. At the same time, in excited (metastable)
states, these atoms are paramagnetic and, therefore,
can also be polarized. Experiments of this kind were
carried out on He, Ne, Ar, Xe, and Kr atoms *2,
Since metastable helium atoms have an electron spin
of S = 1, both oriented and aligned atoms can be
obtained in the process of optical orientation. Aligned
metastable helium atoms can be obtained by
irradiating an ensemble of atoms with linearly
polarized resonant radiation, and oriented metastable
helium atoms are obtained by interacting with
circularly polarized radiation. In the second case,
alignment also occurs in the system.

Even though studies of ionization processes involving
triplet metastable helium atoms began quite a long
time ago, they have not lost their relevance in our
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time. In there were presented very accurate theoretical
results ° of Penning ionization rate coefficients of the
excited metastable helium atoms (*He(23S) and
3He(2%9)) colliding with the hydrogen isotopologues
(H2, HD, Dy) in the ground and first excited rotational
and vibrational states.

Investigation of the spin-dipole mediated interactions
between metastable helium atoms in the spin-
polarized quintet 5T*, state to the singlet T*q state
from which autoionization is highly probable,
resulting in finite lifetimes for the atoms in a trap *.

At the interaction of metastable polarized helium
atoms in the 23S;-state with helium atoms in the
ground state, a well-known process of metastable
exchange occurs °. As a result of this process,
excitation is transferred from the metastable atom to
the atom in the ground state °. Furthermore, if the
excited atom was preliminarily polarized, then along
with the transfer of excitation, the transfer of
polarization also occurs. Possibilities of this kind are
used to obtain nuclear-polarized atoms of the 3-He
isotope, which are used in medicine for nuclear
tomography ’.

The metastable helium atom (He™), having a large
internal energy store (19.8 eV), can ionize the
molecules or atoms even at the thermal energies of
relative motion. In a collision between two excited
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helium atoms in the metastable triplet state, the
chemo-ionization process takes place &°. A metastable
helium atom has electron spin S = 1, and at the
collision between two metastable helium atoms, two
simultaneous processes are possible. These two
processes are chemo-ionization (1) and spin exchange
(2). This situation is typical for collisions of polarized
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metastable helium atoms with alkali metal atoms, for
example, with sodium atoms in the ground state *°.

In a collision of two triplet metastable helium atoms,
a quasi-molecule He,"is formed *. This quasi-
molecule can decay in two channels, with the
formation of atomic and molecular helium ions.

He," + ¢
He* (2S)) + He* (23s,) — He,* —> 1)
He(1'Sy) + He® &
As noted above, simultaneously with the inelastic process (1) an elastic process is also possible:
He* (23S;,m)) +He* (2°S,,m,) —> He,* —» He* (2°S,m;) +He* (23S, m,) ()

where mi and m; are the projections of the angular
moments of the atomic particles.

If collisional atoms are polarized in spin, then angular
momentum transfer from one atom to another is
possible in processes (1) and (2). It should be borne in
mind that the simultaneous occurrence of elastic and
inelastic processes leads to their mutual influence.
Although, as shown below, these two processes
significantly affect each other in particular, the cross-
sectional view of the elastic process changes
significantly. This is the case for both the cross-
section of the spin exchange and the frequency shift
cross-section.

2. Elastic and inelastic processes at the collisions
between spin-polarized atomic particles

At the collision of polarized atomic particles with
uncompensated electron spin, if at least one of them
has energy sufficient to ionize the collision partner,
then along with the elastic process (in this case, spin
exchange), the process of ionization of the collisional
partner is also possible. In the case of a collision of

fars = 55 ZiZo(L+ D]exp(2in]**) — 1] P(cos 6)

Where the phase shifts (n{"*) can be extracted from

,ts
dzgf

1(1-1) s _
ar T [kz ~Vaes — 5 ]gf =0
behaves asymptotically as
g~k sin( kR — é I + )

Here | is the orbital moment, k is the wave vector, Vg s
is the quintet, triplet, or singlet interaction potentials,
P, is the Legendre polynomials.

As noted above, both spin exchange and ionization are
possible for singlet and triplet terms, while only spin
exchange is possible for quintet terms. Therefore, the
scattering phase is real for the quintet term and
complex for the triplet and singlet terms. On the other
hand, for the term with the greater multiplicity Vg, the
ionization process (1) is forbidden in accordance with
the Wigner spin conservation rule ** since the total
spin of the initial species is 2, whereas that of products
of the reaction (1) is 1. Also, due to low collision time,

two excited metastable helium atoms in the 23S; state,
having internal energy of 19.8 eV and an electron spin
S1=S; =1, both an elastic process, i.e., the transfer of
electron polarization from one atom to another (this is
a well-known spin exchange process) and an inelastic
process (the ionization process of a metastable helium
atom) are possible. The quasi-molecule formed in
such a collision can be in one of three states with a
total spinS= 0, 1, and 2, corresponding to three
molecular terms tz+ 3x+ Sy+ (singlet, triplet, and

quintet).

Following the law of conservation of total spin
(m, +m, =m, +m,), ionization is only possible from
the states of low multiplicity, i.e., from the singlet and

triplet states, since, in this case, the total spin is the
same at the exit and entrance of the reaction.

The scattering amplitude on singlet (f;), triplet (f.),
and quintet (f,) terms may be expressed in terms of

the scattering phase (") 1%:

©)

the regular solutions of the partial wave equation:

(4)

®)

there are insufficient transitions between doublet and
quartet terms of the quasi-molecule (He)", which
allows ignoring the influence of the spin exchange
process on chemo-ionization. Hence, we might put
the phase shifts to be real for the quartet term ( %) and
complex for the triplet and singlet terms
(’71,3: Xt,s + Mt,S)_

The chemo-ionization cross-sections are as follows 2:
ol =T/ 2 N o2l + 1)[1 — exp(—44]"] (6)

Following earlier works 4%, the spin exchange cross-
section can be defined as follows. Let
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Dpere(S1,m1;S2,my) be the initial (just before collision)
wave function of the (He,)"system (S: and S; are the
electron spins of the metastable helium atoms, and m;
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and m; are the projections of spins). The asymptotic
wave function (after scattering) will be as

Yyerner (S1my; Smp)~ @peryer(Symy; Spmy,). exp(ikr) +

exp(ikr)
o
Where k is the initial wave vector, the vector
r describes the relative position of nuclei, and f(mim;;
mi'ms’ @) is the scattering amplitude through the angle
6 in the system of the center of mass.

Zmlmz Doy (S1my; Somy) . f(mymy; mymy; 6)

U]

According to the other angular moments coupling
scheme, the spins S; and S, should give the total spin
S with the values 0, 1 or 2 and the magnetic quantum
number Ms, which corresponds to the molecular wave
function Z(S,Ms), that yields

Wherne (Symy; S;m)~ B Coms.s,my E(S, MS). [exp(ik.1) + £,(6) 22D (®)

S1mySam;

here Ms=mi + my, €3S ¢ the Clebsch — Gordan
coefficients, and fs@) is the amplitude of elastic

scattering for the singlet, triplet, or quintet term.

M 5" Mg
fmymy; mymy; 0) = X Slmslszmz slmss m/fs(g)

The cross-section of the spin exchange process
mimz —s m;'m; when scattering by the angle @ is then
given by the expression:

o(mymy; mimy; 0) = |f (mymy; mimy; 0)% (10)

From (7) and (8), one can conclude that the amplitude
of changing the atom’s spin coordinates should be
connected with the scattering amplitudes on
molecular terms through the wvector coupling
coefficients as

©)

Using the Clebsch — Gordan coefficients values for
the angular moments Si=land S:=1 leads to the
conclusion that in such a case, all cross-sections for
spin exchange of collision partners should be the
following:

1
01(6) = 0(1,0,0,1) = 0(0,1;,1,0) = 0(~1,0;0,~1) = 0(0,~1;~1,0) = 5 [fe = f;["

03(0) = 0(1,-1;

Thus, o1 is determined by the interference of elastic
scattering amplitudes on triplet and quintet terms,
o2 on singlet and quintet terms, and o3 on all three
terms. Integration concerning the angle 6, taking into

tr _ 2n1/4f;|ft _fq|2

similarly, using (11) one can obtain expressions for

1
L) =0(-111,-1) = 3673

-1) =4(0,0;0,1) = %|fs - fq|2 ()
1 2
t gfq

account expression (3), leads us to the following form
of a complete cross-section of spin exchange at the
collision of polarized metastable helium atoms (for
example, for the cross-section o1"):

=T/,2 X20(2L + D[1 — 2exp(=225) cos(x, —nf') + exp(—441)] (12)

the spin exchange cross sections ¢, and o3

=T/ 2 B2e(2L+ 11 — 2exp(=24F) cos(xf — 1f) + exp(—449)] (13)
" = T/gp2 o2l + 1D[1 = 2exp(—24]) cos 2(x§ —n}') + exp(—41)] (14)
o = o3 (2L + D1 — 12 exp(—24] — 245) cos2(xf — x{) + 4 exp(—245) cos 2(nf — x7) —

6 exp(—24) cos 2(n] —

The above formulas 4°'and " are the imaginary

and real parts of the complex phase
(= x>t +iA]") of scattering on the singlet and
triplet terms of the quasi-molecule. n/lis the scattering
phase on the quintet term.

Thus, to consider the transfer of polarization in the
collision between metastable helium atoms, one needs
to know the values of the cross-sections of spin
exchange and chemo-ionization, i.e.,
following (13)-(15) and (6), one can calculate the

xt) + 4 exp(—425) + 9exp(—24)] (15)

scattering phases on a singlet, triplet, and quintet
potentials.

3. Complex potentials

Collisions of two metastable helium atoms can be
described using complex interaction potentials of the
He," quasi-molecule. Since the metastable helium
atoms in the 23S;-state have the electron spin S=1, in
the process of their interaction, a quasi-molecule is

formed in the states’X", *X*, °=* (corresponding
to the total spin S=0, 1, and 2). The ionization process
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is possible only in states with lower multiplicity, i.e.,
in the singlet and triplet states; then, these states can
be described by a complex interaction potential of the
form

V(R) = UR) — 5T (R) (16)

Where the real part of the potential (U (R)) describes
the scattering of particles upon collision, and the
imaginary part (T (R)) describes the destruction of
particles in the ionization process.

The process of ionization (Penning, associative, etc.)
causes a decrease in the number of particles compared
to the number of them that have entered the reaction.
This particle absorption can be described
phenomenologically by introducing the imaginary
part of the potential energy, i.e., based on the
integrated interaction potential (16).

As it is known, in optics, the complex reflection
coefficient is introduced to describe the reflection of
light from an absorbing medium. For this reason, the
imaginary part of the complex potential (16), which is
quite similar to the width of an atomic level with a
finite lifetime, is called the potential width or
autoionization width. The complex or optical
potential method has become widespread in nuclear
and molecular physics and is applied to describe the
chemo-ionization process 67,

V(R), a.u.
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At the same time, the quartet state of a quasi-molecule
can be described by the real interaction potential of
the form

V(R) = U(R) 17)

As noted above, the interaction of two metastable
atoms of helium atoms with electron spins Si2= 1
results in the formation of the He,* quasimolecule,
which can be described by three interaction potentials
Vs, Vi, and Vg, corresponding to the total S=0, 1, 2. For
singlet and triplet terms, both elastic scattering (in our
case, spin exchange (2)) and absorption of the original
particles  (chemo-ionization (1)) are possible.
However, for a quintet term, only elastic scattering is
possible. This is because, in the case of the process (1)
for the quintet term, the Wigner rule ** would be
violated, i.e., the law of conservation of the total spin
S during the reaction (1) (for the initial products, the
total momentum was 2, and for the reaction products
only 1). On the other hand, the Wigner rule holds well
for particles with zero orbital momentum, which is
confirmed by experiments on the optical orientation
of atoms *. Thus, the singlet and triplet terms of the
He,* quasimolecule can be represented in the
form (16), and the quintet term in the form (17). As
usual, the autoionization width can be represented as
an exponent function.

Figure 1 shows the real parts (U (R)) of the potentials
of a quasi-molecule in the singlet, triplet, and quartet
states *°.

0,10 -

0,05 +

0,00 :

-0,05 — T

15 20

R, a,

Figure 1. Real parts of the interaction potentials of the He,* quasi-molecule. ((1) is the =" state, (2) is the 3X*
state, and (3) is the 5T* state; the distance R is given in Bohr radii)

Figure 2 shows the imaginary parts (I" (R)) of the

singlet and triplet terms (autoionization widths) °.
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I'(R), a.u.
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Figure 2. Imaginary parts of the interaction potentials of the He;*quasi-molecule. ((1) is the 'Z* state, (2) is the
Sy*state, and the distance R is given in Bohr radii)

Thus, using the interaction potentials of the
He,"quasi-molecule together with the expressions for
the cross-sections (13) - (15) and (6), one can
calculate the cross-sections.

4. Redistribution of spin polarization at the
collision of polarized metastable helium atoms

The interaction of two metastable polarized helium
atoms can be considered in the approximation of the
density matrix. For example, the following equation
can describe the evolution of the density matrix of
atom A:

%p = [(%) se. T (%) ci. t (%) aif t (%) light] (18)

Here, the first term describes a change in the density
matrix due to spin-exchange collisions of atoms A and
B. The second term represents a change in the density
matrix due to chemo-ionization in collisions between
atoms A and B. The third term describes a change in
the density matrix because of collisions of atoms A
with other particles in a gas discharge. The fourth term
corresponds to the influence of diffusion on the

d(S,)’
<d:> = —NBV|:(1O'1tr +10g +2G§rj+(lafbs +E6t

absorption-chamber walls. Finally, the last term
corresponds to the influence of pumping light.

Taking into account the first two terms in equation
(18), it is possible to move from the equation for the
density matrix to the equations for the observed
experiment values. These values are the longitudinal

orientation and alignment: where<SA>Z is the
longitudinal ~ orientation  of  the  particle
AL(S,)" =(p1,—ps)]. (Sg) is the longitudinal
orientation of the particle B [((S5 )" = (P, —P3;)

1 <QB>ZZ is the longitudinal components of the

electronic alignment of the particle

Y24 1
B [<QB> = E(|:>1l + P,,) — P,, ). Here Piiand pii are

the diagonal matrix elements of the density matrices
P and p, describing atoms A and B.

Kinetic equations for the longitudinal components of
orientation and alignment have the form

sy

1
3 3 3 9 3 3
1 abs 1 abs z 1 r 1 r 1 r 1 abs 1 abs z u (19)
+(905b +601b]:|<85> +NBV|:(30I —60; —30-;j+(—1805b +120tbj:|<sA> <QB> +
1 r 1 r 1 r 1 abs 1 abs z 7z
+NBV[(_SJ; ot lor)e(om s Lo H<SB> Q)
d “ 24 24
<QA> =—NBV (01"+(T;r)+(10_:bs+10tam} <QA> +NBV (Gltr+0;r>+[_10:bs+1O.tabsj <QB> +
dt 9 3 9 6 (20)

3 . (1w 1w e 1
+NBV{20; +(605b +Zotb H(SQ (Ss) +NBV{20'

tr i abs_i abs z z
o por o o)
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The explicit form of the cross-sections 6" and Gs
are represented by the expressions (6) and (13) — (15).
Here Nag is the concentration of the particles A and
B, v is the relative thermal velocity of atoms.

Consider expressions (19) and (20). Square brackets
in expressions (19) and (20) characterize the change
in the orientation of atom A as a result of its collision
with atom B. In this case, the sign (-) before the
bracket indicates the loss of orientation of the
ensemble of atoms A during the collision. The sign
(+) before the bracket corresponds to the acquisition
of orientation by atom A. Parentheses, which include
sections with the index tr, are associated with the spin
exchange process. The chemo-ionization process
determines those that have sections with the index
abs. The last two square brackets in (19) and (20) are
connected with the influence of alignment <Q> on the
change in the orientation of atoms A in the processes

tr tr tr
o' =01/ 0/ 20,
or 3 3 3"
abs O_;abs N Gtabs
O-or - 9 3 '

tr __tr tr
O-al —O'l +62

abs abs
o = s / +9 /
al 9 9

Here, the subscripts “or” and “al” refer to the
orientation and alignment, s and t denote singlet and
triplet terms. Below there are the results of calculating
the chemo-ionization and spin exchange cross-
sections.

m = [F(R)IR- [F,(R)R

whereRO *

S 3 B _(I+1/2)2
Fy (R)—[Zﬂ(E Vs (R) TR )}
S =s,t,q,

F(R) = {ZyE —04_:2'4)2}

Here, E is the kinetic energy, Ro and Ro" are the roots
of the equations F1° (R) = 0 and Fo(R) = 0 (the larger
root is taken for F;5), and Vs(R) is the interaction
potential corresponding to the total spin S.

The scattering phases obtained in this way were used
to calculate the cross-sections of spin exchange and
chemo-ionization  following the ratios (6)
and (13)-(15). This system's cross-sections were
calculated earlier, considering the slight difference
between singlet and triplet terms ‘2. In this case, the
cross-sections of spin exchange and chemo-ionization
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of spin exchange and chemo-ionization. Since the
value of orientation and alignment in experiments on
the optical orientation of helium atoms, as usual, is not
large (<10%), the terms with the product <S><Q> can
be neglected.

The destruction of the orientation of A atoms as a
result of spin exchange and chemo-ionization
collisions with atoms B is determined by the first
square bracket in equation (19). The destruction of the
alignment of A atoms as a result of spin exchange and
chemo-ionization collisions with atoms B is
determined by the second square bracket in equation
(19). Therefore, we can introduce the cross-sections
ooral®™ and  oora™ which, according to
Egs. (19) - (20), characterize the destruction and
transfer of orientation and alignment of colliding
particles as a result of chemo-ionization and spin
exchange processes as follows:

(21)

The scattering phases were determined by the
Jeffrey’s approximation modified by Langer ’ in the
collision energy range of E =102 - 10%a.u.:

(22)

(23)

included in equations (19) and (20) can be represented
as

bs :O_tabs abs

ad

40f" = 90f" = 360L" = o'" (24)

=0

Table 1 shows the calculation results and Maxwell
averaging of the cross-sections 6" and ¢**. The cross-
sections were calculated in distances between atoms
from 3 to 15 ag. The collisional energies were from E
=10"2to 6:103a.u.
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Table 1. Spin exchange 6" and chemo-ionization 62 cross-sections for collisions of helium isotopes®He and “He,
taking into account (24) 7.

TK 50 100 150
o 10*cm? 25,2 40,1 45,7

o™ 107%cm? 1158 1515

Without considering the equality of singlet and triplet
interaction potentials, the cross-sections included

o, a.u.
1400

160,8

200 250 300 350 400
48,5 49,9 50,6 50,7 50,2

162,6 161,0 157,6 152,8 147,2

in (19) and (20) are shown in Figure 3.

1200 —
1000 —
800 —
600 —
400 —

200 ~ 4

0 T T T T T

60 80 100

E. 10%a.u.

Figure 3. Energy dependencies of the spin exchange and chemo-ionization cross-sections

1- 61abs, 2 — 62abs, 3-6" 4 - 62", 5 — 63"
(The collisional energy E is given in atomic units, and
the cross-section & is given in atomic units).

The cross-sections were calculated in distances
between atoms from 3 to 30 ao. The collisional
energies were from E = 1072 to 10™*a.u. Figure 3
shows the dependences of the spin exchange ((3)-(5)),
and chemo-ionization ((1),(2)) cross sections
calculated by the relations (13)-(15) and (6) using
interaction potentials of the form (16) and (17). The
chemo-ionization cross-sections were calculated
using standard formulas for the chemo-ionization
cross-section (6). These cross-sections characterize
the destruction of metastable atoms in a collision. In
the case of a collision of two metastable atoms, the

(@EW) _ 1
W  (kT)?

o(T)=

Here E is the collisional energy, k is the Boltzmann
constant, T is the temperature, ¢ (E) and o(T) are the
dependences of the cross sections on the energy and
temperature, and v is the relative velocity of colliding
particles.

TJ(E)EeXp(— E/KT)dE

spin-exchange cross sections differ significantly from
when the spin-exchange process is not accompanied
by chemo-ionization. The simultaneous occurrence of
elastic and inelastic processes leads to the spin
exchange cross-section depending on the inelastic
process. This manifests itself in the presence in
expressions (13)-(15) of the imaginary parts of the
complex scattering phase (5= yts + ilis). Since the
real and imaginary parts of the singlet and triplet
potentials are close in value®$, the chemo-ionization
cross sections are also close.

In order to get the cross sections included in equations
(19) and (20), it is necessary to carry out the
Maxwellian averaging of the presented in Figure 3
Cross sections:

(25)

The destruction of a metastable helium atom's
orientation due to chemo-ionization and spin
exchange processes occurs with the cross sections,
which are determined by expressions (21)
(60rabs and 6orlr).
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40 -
2
20
100 200 300 400 500 600
T.K
Figure 4. The spin-exchange (6ortr) and chemo-ionization (Gorabs) cross-sections are dependent on
temperature

1- 60 (this work)

2 - 6o (this work)

3 - 60 (from work'’)
work?®)

4 - 62 (from work?°)

5- 6orts (from work®®)
6 - 6o (from work!®)
7 - 6o (from

Up to now, it is possible to compare the results
obtained in this work only for chemo-ionization cross
sections since all previous experiments were carried
out with unpolarized particles. As seen from Figure 4,
the chemo-ionization cross section obtained in this
work is in good agreement with the literature data
(considering that the accuracy of the experiments
declared in the cited works is about 10-20%). In
Figure 4 the results of our previous work ‘? (for
chemi-ionization cross section) are also presented. As
follows from Figure 3 and Table 1, the cross sections
calculated in 2 were significantly underestimated.
This is because, as mentioned above, the calculation
in ' was carried out for internuclear distances of 3-15
ao and at the collisional energies from2-10to 4 - 6-10-
3 a.u. Such limitations led to a significant
underestimation of the studied cross-sections

5. Conclusions

As follows from the paper, the polarization transfer in
the collision of polarized metastable helium atoms is
due to the simultaneous processes of spin exchange
and chemo-ionization. These two processes influence
each other.

The spin-exchange cross sections in the case of a
collision of two metastable helium atoms differ
significantly from the point when the chemo-
ionization does not accompany the spin-exchange
process (for example, in the case of a collision of two
alkali atoms in the ground state). The simultaneous
occurrence of elastic and inelastic processes leads to
the spin exchange cross-section depending on the
inelastic process. The effect of chemo-ionization on

the spin exchange cross section is due to the
imaginary part of the scattering phases on singlet and
triplet terms in expressions for spin exchange cross
sections.
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Appendix 1

Consider the interaction of two metastable helium
atoms in the 23S, state. Each of these atoms has an
electron spin S=1. Helium atoms are diamagnetic in
the ground state (1'So) and paramagnetic in the
metastable state (23S;). As noted above, the
interaction between elastic metastable helium atoms
(spin exchange) and inelastic (chemo-ionization)
processes occurs simultaneously. These processes

P, O 0 P P
P=l0 P, O P=|Pau Pw
0 0 Py Pz Pz

We consider the situation of the interaction of a spin
polarized metastable helium atom A (only diagonal
elements are present in the density matrix) with an
unpolarized helium atom B.

In neglecting the correlation between the P and
p matrices, the interacting particles comprise a system
that can be described by the density matrix @ as

mi, M2
S, Ms

2,2 1
2,1
2,0
2,-1
2,-2
1,1
1,0
1,-1
0,0

11 01 -11

12
1/\6

-1A2
-1A2

113

Here Si=1 and S»=1 are the electron spins of the
metastable helium atoms, and m; and m; are the
projections of spins. The spins S; and S, give the
total spin S with the values 0, 1 or 2 and the magnetic

d(D(l:Jq H c
T =—(W—|d)q)pq(l_5pq)
coll

O . is the

Where w = - Im Hpg , d = Re Hyg, 0q

Kronecker symbol.
c
F@) :rd® r
dt coll dt coll

To get kinetics equations describing the evolution of
the density matrices P and p we need to compute the
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1,0

12

12
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influence observables in the experiment quantities —
orientations and alignments.

Begin our consideration with the spin exchange
process. Since the electronic spin of the helium atom
A is S1=1, and the electronic spin of the helium atom
B is S:=1 too, the particles under study can be
described by the corresponding density matrices P
(particle A) and p (particle B) of 3x3 and
3x3 dimensionality. In this case, the P and p matrices
have the form

(A1)

O=p®P (A-2)
where the sign & denotes the direct matrix product.
The transformation 21 gives the transition to the
electron-spin-coupled representation

®° =TI (A-3)
0,0 -1,0 1,-1 0,-1 -1-1
243 16
142 142
1
12
142 12
-1A3 143

quantum number Ms = m;+mjy, which corresponds to
the molecular wave function( See Eq.(7) and Eq(8)).

The evolution of the density matrix ®° in the spin
exchange occurs according to (A-4) 2422,

(A-4)

The return to the uncoupled representation of
moments @ is carried out using the transformation

(A-5)

trace of the Eq.(A-5), for example,
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dt sdt )

Using the relations (A-2)-(A-6), we can write out the
expression for the longitudinal orientation of particle
Aand B.

In this case, the values of longitudinal orientations and
alignment can be represented in the following form:

here<SA>Z is the longitudinal orientation of particle
AL(SA) =(pu—ps)] (Sg)" isthe longitudinal
orientation of particle B [((Sy)" = (P, —P) 1.

<QB>ZZis the longitudinal components of the

electronic alignment of the

2z 1
BI(Qg)" = E(P“ +P,,) — P,,)]. Here Pji and pj; are

particle

the diagonal matrix elements of the density matrices
P and p, describing atoms A and B.

Based on the above, it is possible to construct kinetic
equations that describe the evolution of the quantities
observed in the experiment - orientation and
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(A-6)

alignment. The results are presented by expressions
(19) and (20).

Consider expressions (19) and (20). Square brackets
in expressions (19) and (20) characterize the change
in the orientation of atom A as a result of its collision
with atom B. In this case, the sign (-) before the
bracket indicates the loss of orientation of the
ensemble of atoms A during the collision. The
sign (+) before the bracket corresponds to the
acquisition of orientation by the atom A. Parentheses,
which include sections with the index tr, are
associated with the spin exchange process. The
chemo-ionization process determines those that have
sections with the index abs. The last two square
brackets in (19) and (20) are connected by the
influence of alignment <Q> on the change in the
orientation of A atoms in the processes of spin
exchange and chemo-ionization. Since the value of
orientation and alignment in experiments on the
optical orientation of atoms, as usual, is not large
(£10%), the terms with the product <S><Q> can be
neglected.



