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A systematic review is given of the phenomenon of spin polarization in electronic and atomic collisions,
which has recently been the subject of experimental investigation. These experiments are topical and
important because polarization phenomena are associated with interference and thus constitute a very
precise and sensitive means of investigating the structure and properties of matter and of analyzing
physicochemical processes. A unified theory of polarization phenomena in electronic and atomic
collisions, which includes an account of the most recent known experiments, is presented. The unified
description is achieved with the aid of the scattering amplitude matrix and the spin density matrix
formalism. Particular attention is devoted to processes in two-particle systems consisting of particles with
spins 1/2 and 1. Processes involving a change in the spin of the target, which occurs as a result of
exchange interactions, are characteristic for electron-atomic collisions. Exchange excitation of atoms and
Penning ionization processes are examples of such collisions. The theory of polarization produced in such
processes is reviewed and whenever possible, the results are compared with experimental data. Possible
future applications of polarized electrons in the physics of electronic and atomic collisions are indicated.
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1. INTRODUCTION

One of the simplest examples of a polarization effect
is the reflection of a plane electromagnetic wave from
the separation boundary between two media. The elec-
tric field of the wave is then characterized not only by
the magnitude of the field vector but also by its direc-
tion. The reflection process, which is described by the
well-known Fresnel formulas, is therefore much more
complicated than, for example, the reflection of longi-
tudinal sound waves in liquids.

Similarly, the scattering of an electron by a force
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center is much more complicated than the scattering

of a spinless particle. The scattering of spinless parti-
cles by a force center is completely characterized by
an amplitude that is a function of the angle of scattering
and the particle energy. In contrast to this, the scat-
tering of particles with spin is characterized not only
by a dependence on angle and energy, but also by a de-
pendence on the particle spin component along some
special direction before and after scattering, i. e., it
is described not by one but by several amplitudes which
together form a matrix of the spin variables. We shall

Dgpins will be given in units of # throughout this paper.
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refer to this matrix as the amplitude matrix M. For
example, when an electron is scattered by a central
force, the number of different combinations of electron
spin components before and after scattering is four.
Consequently, four amplitudes are required for a com-
plete description of the scattering situation. In the case
of a collision between two spin 1/2 particles,'’ the num-
ber of different combinations of spin components of the
projectile and the target before and after scattering is
16, so that 16 amplitudes are necessary. They form a
4 X 4 amplitude matrix. It is clear that, in general, the
amplitude matrix for the collision of particles with
spins s, and s, has the dimensionality (2s, + 1)%(2s,+1)%.

However, not all of these amplitudes are independent,
and the actual number of independent amplitudes is less
than that indicated above. It will be seen below that the
number of such independent amplitudes in the ampli-
tude matrix can be established from relatively simple
theoretical considerations based on the invariance of
this matrix.

A detailed study of the scattering of particles with
spin cannot be based simply on the differential cross
section givning the number of particles entering the
detector without reference to the spin components. We
therefore have to consider the question of the “complete
experiment”, i. e., the number and nature of measure-
ments necessary to determine the complete set of para-
meters characterizing the scattering process. Theore-
tical analysis of possible experiments on the scattering
of particles with spin is complicated by the fact that it
is practically impossible to achieve accurate spin dis-
crimipation for all particles leaving the source, i. e.,
it is impossible to produce a particular spin state of the
beam as a whole in the quantum-mechanical sense of
this phrase. All that can be done is to produce a degree
of polarization of the particle spins in the beam, which
is the analog of partial polarization of a beam of light
in optics.

The polarization of a beam of particles is usually
characterized by the average spin P =(8)/s, where s is
the maximum spin component. The factor 1/s is intro-
duced to ensure that the maximum value of [PI is unity.
It is clear that P is pseudovector. For spin 1/2 partic-
les, this is the only possible polarization characteris-
tic. For particles with higher spins, there are also
tensorial quantities formed by rotation of the coordinate
frame. For example, alignment of spin-one particles
can be described by the mean value of the components
of the symmetric tensor of rank 2 s,,=(3)(s;s;+s,5;)

- (%), so A partially polarized beam cannot be described
by a single spin wave function for all the particles.

This type of beam must therefore be described with the
aid of the density matrix' p.

Three levels of detail can be identified in the theoret-
ical analysis of the scattering of polarized particle
beams:

a) Phenomenological analysis of experiments, i. e.,
detevmination of (1) the geneval form of the dependence
of the cvoss section on the polarization characteristics
of the beams, and (2) the general connection between
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the polarization characteristics before and after scat-
tering. The general form of these relationships is es-
tablished by examining all the possible invariants,
made up of the vector and tensor characteristics of the
polarization under coordinate transformations. For ex-
ample, in the nonrelativisitic approximation, the elas-
tic differential cross section for spin 1/2 particles is

0 =0, + 0, (P, Py, (1.1)

where P, and P, are the polarization vectors of the par-
ticle beams and o,, 0, are functions of the angle of
scattering and of energy. Other invariants, containing
the momenta of the colliding particles, appear when
relativistic effects are taken into account. The general
expression for the polarization of one of the beams af_~
ter the collision, for example, P/, can be extablished
in a comparably simple way. Since three pseudovec-
tors can be made up of P, and P,, namely, P,, P,, and
P, XP,, we have

P, = aP, 4 BP, + 7 [P, XP,), (1.2)
where «, 8,y are functions of angle and of energy. This
type of simple and general consideration is sufficient
for the phenomenologic analysis of experiments.

b) Determination of the explicit form of the parame-
ters characterizing the cvoss section and polarization
i. e., quantities such as 09,0, 2, B,y in (1.1) and (1.2) -
in terms of the elements of the density matrix p and the
amplitude matrix M. The first of these specifies the
initial spin states of the colliding particles and the sec-
ond describes the collision dynamics. The analysis
is then based on formulas for the cross section
o =Sp(MpM*), averaged over the spins, and the average
of the spin operator (L)=Sp (LMpM*)/o after scattering.
These expressions are derived in Sec. b) of Chap. 3.

At this level of detail, the theory is more complicated
but, here again, it is often sufficient to use the alge-
braic structure of the amplitude matrix which is estab-
lished from general and obvious invariance properties.
Examples are given below,

c) Determination of the comnection between the ele-
ments of the amplitude matrix and the form of the po-
tential emergy of the interacting particles. General in-
variance considerations are now no longer sufficient and
the dynamics of the collision process must be examined.
At this level, the theory becomes still more complica-
ted and involves the formulation of an equation for the
wave functions of the colliding particles and, after the
corresponding partial wave analysis, the determination
of the scattering amplitude matrix.

Of course, this type of systematic approach to cross
sections and polarizations automatically yields expres-
sions that are of the same type as those determined
from invariance considerations, except that the coef-
ficients in these expressions are now expressed in
terms of variables characterizing the interaction be-
tween the particles. Examples of such expressions will
be given below,

It is important to note that, when the elastic scatter-
ing of an electron by an atom is examined, the polari-
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zation characteristics depend only on the resultant spin
of the atom, The fact that the resultant spin of the atom
congists of the spins of the individual electrons has no
effect on the polarization effects and, in this sense,

the internal structure of the atom is not relevant. The
symmetry properties of the wave function of all the
electrons participating in the process, both incident and
atomic, are taken into account through the dependence
of the scattering amplitude on the resultant spin of the
atom-plus-electron system. However, when inelastic
collisions, in which there is a change in the spin of the
atom, are examined, the atomic structure must be ex-
plicitly taken into account This is achieved by expres-
sing the amplitude matrix in terms of the Operators___
‘acting on the spin variables of all the electrons partic-
ipating in the transition.

The fundamentals of the theory of polarization phen-
omena accompanying nucleon scattering were formu-
lated in the nineteen fifties in connection with nuclear
studies (see for example, the review paper by
Bilen’kii ef al. ?). However, electron-atom collisions
have certain specific features that require further dev-
elopment of the theory.

Even the early experimental and theoretical studies
of polarized-electron scattering have shown that ex-
periments with polarized beams are both interesting
and promising. Some of them are listed below.

Thus, measurements of the asymmetry of the cross
section describing the scattering of polarized electrons
by atoms can be used to investigate very interesting and
fine relativistic effects that are very elusive in exper-
iments without spin selection. Measurement of the pol-
arization of electrons can, under certain conditions,
serve as an indicator of the type of coupling between the
electronic angular momenta in atoms and molecules.

Polarized electron beams can be used to produce sel-
ective population of states with particular angular-
momentum components during the excitation of atoms
and the diagnostics of metastable states. Polarization
phenomena can be used to investigate the structure of
large molecules, surfaces, and so on.

2. METHODS OF PRODUCING POLARIZED ELECTRON
BEAMS

A. Scattering of electrons by spinless targets (mott
scattering)

Real progress in the physics of polarized electrons be-
gan quite recently—less than ten years ago—when suf-
ficiently intense beams of polarized electrons became
available., The physical conditions under which free
electrons could be polarized were first pointed out by
Mott.>* Mott used the Dirac equation to show that elec-
trons scattered elastically by spinless nuclei became
polarized as a result of the spin-orbit interaction in the
continuous spectrum. Mott estimated the degree of pol-
arization produced by this scattering process and
showed that, if the electron velocity was much less than
the velocity of light, the expected polarization should be
extremely small. This conclusion stimulated experi-
ments with fast electrons but, for a long time, the re-
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sults were inconclusive. On the other hand, the low-
energy electron scattering techniques developed in dif-
fraction experiments, and in studies of the Ramsauer
effect, would have been sufficient for the production of
high polarizations of relatively slow electrons (up to
about 100 eV) immediately after the prediction of the
polarization effect, had the right experiments been for-
mulated. In fact, the first experiments (from 1949 on-
ward’) that confirmed the presence of appreciable pol-
arization effects were performed only after the calcu-
lations by Massey and Mohr,*® who showed that the
polarization should already be quite substantial at rel-
atively low electron velocities. At present, the scatter-
ing of unpolarized electrons by spinless targets is used
as a method of producing oriented elecfron beams. The
amount of data based on Mott scattering is vast, so that
we shall confine our attention to the most typical re-
sults® (Fig. 1). It is clear from Fig. 1 that the polari-
zation is a complicated function of the scattering angle.
The energy dependence is also complicated, and this
indicates that the theoretical calculation of polarization
for real systems in not at all simple. We note that
maximum polarization corresponds to minimum differ-
ential cross section, which restricts the possibility of
further utilization of electron beams produced in this
way. However, judicious choice of the scattering angle
and collision energy does result in polarized beams
suitable for further experiments. If we take the para-
meter i=P%, where P is the degree of polarization and
t the current of scattered electrons, as the criterion for
the optimum situation, we find that i=10"° A corres-
ponds to moderate effectiveness. More complete data
on Mott scattering can be found in the literature.??
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FIG. 1. Polarization profiles P = S (6, E) for electrons scat-
tered by mercury atoms.’
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B. Photoionization of polarized atoms of alkali metals

One of the first ideas relating to the production of
polarized electrons was put forward by Fuess and Hell-
mann,'® who suggested that oriented electrons could be
produced by the photoionization of polarized alkali met-
al atoms.

The basic idea is to produce a polarized atomic beam
by passing it through an inhomogeneous magnetic field,
and then expose the atomic beam to ultraviolet radiation
in the presence of a magnetic field.

The magnetic field in the photoionization chamber
must be low enough (approximately 400 G) to ensure
that the electron and nuclear spins can be regarded as
noninteracting. If this is not so, electron polarization
is substantially reduced by the interaction with the nu-
clear spin. The best result has been reported for lith-
ium atoms.!' A pulsed source of light was used, and
an electron beam with maximum intensity per pulse
amounting to 2 X 10° and degree of polarization of 0.78
was produced. The result reported for potassium
atoms!'? is P ~0.55. When continuous light beams are
used, the current falls to 107 electrons/second.

Despite the basic simplicity of the method, it is
found to be more difficult than the Mott method in prac-
tice.

C. Photoionization of atoms by polarized light (Fano
effect)

Fano is responsible for the original idea of producing
polarized electrons without preliminary orientation of
the target atoms.'* Fano used the cesium atom as an
example to show that photoionization of unpolarized
atoms in the 25, ,, state by circularly polarized light
should result in the production of polarized electrons
because of the presence of the spin-orbit interaction
in the continuous spectrum. In accordance with the
‘selection rules, photoelectrons are produced in the
€*P, ,, and €P,,, states in the continuum. The wave
functions of these states differ from one another be-

FIG. 2. Cross sections Qq,3, Q3,2 for the photoinization of
cesium (a), and polarization P of emitted electrons ).
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cause the spin orbit interaction has differant signs for
angular momenta j=1/2 and j=3/2. Since the photoion-
ization cross sections @, corresponding to different j
are not equal, the electron beams become polarized.

It is clear that complete polarization is achieved for
light frequencies at which one of the two cross sections
@, /2 OF @, is zero. This is illustrated in Fig. 2.
Figure 2a shows the cross sections corresponding to
different directions of the photoelectron spin, and Fig.
2b shows the experimental data for cesium®* together
with the calculations.'* Apart from its intrinsic inter-
est, the Fano effect is also useful as a means of pro-
ducing polarized electrons, A pulsed laser has been
used'® to produce 3 X 10° photoelectrons per pulse with
average polarization of 0.9.

Fano’s idea, and other similar ideas, have been ex-
tensively used'®® in searches for other systems {(other
than cesium) for which the polarization of the photoelec-
trons could be high.

D. Collisional detachment of polarized atomic electron

A very promising method of producing polarized elec-
trons is based on the use of oriented atoms in meta-
stable states. As a rule, there is a high probability of
detachment of electrons from such states by collision
with other atoms or by exposure to radiation.

The orientation of atoms by optical pumping in helium
plasma is the most highly developed experimental tech-
nique.'®2! Some of the helium atoms in the discharge
are in the metastable 235, state, so that exposure to
circularly polarized light corresponding to the 1.08-pu
resonance line produces the excitation of magnetic sub-
levels with m,;=0,1,2 of the 2°P, state (in accordance
with the selction rule Am,=1). During the preexcita-
tion of this state as a result of the reverse radiative
transition (Am;=0,£1), the m ;=1 sublevel.will, of
course, turn out to be overpopulated in comparison
with the m; =0, -1 sublevels, so that the helium atoms
in the 23S, state become partially oriented. Detachment
of the electron by collision with other atoms in the gas
results in the appearance of free polarized electrons.
Penning ionization (A*+B —A +B* + ¢) is among the most
effective electron detachment processes.

The electron detachment cross section in the case of
Penning ionization is of the order of 10™** cm? for opti-
cally allowed transitions and remains of the order of
the gas-kinetic cross section if the excited atom is in
the metastable state. By suitably choosing the collision
partners, it is possible to achieve complete transfer
of the prepared atomic polarization to the free electron.
This method of producing polarized electrons was used
in the experiments by Shearer,?? in which the He(23S,)
atoms oriented by optical pumping produce the ioniza-
tion of cadmium or zinc atoms through the process

He (228,) + Cd — He (115p) + Cd* +-e.

Drukarev et al.?® have shown that the initial polariza-
tion of the atom is completely transferred to the liber-
ated electron. There are undoubtedly many other proc-
esses in which electron detachment takes place without
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depolarization. One is the following'?
He (2'S;) +Cs (28,5) — He (145,)+ Cs* +-e.

The oriented atom is in the ground state in this proc-
ess, 80 that it is possible to increase very substantially
the intensity of the polarized electrons as compared
with the usual experimental arrangement in which ori-
entation of excited atoms must first be produced. In
connection with the above idea based on the Penning
ionization of oriented ground-state atoms, we specially
~ mention the process capable of yielding highly polarized
electrons of nearly zero energy:*

O (!80)+Cs (3S1s2) = O (*Po) + Cs* +-e.
The resonance defect is AE =2169 cm™.
It is also interesting to consider the reaction
0 (180) + Rb (*8yys) — O (*FPo) + Rb* +e,

in which almost complete resonance is achieved (AE
=-115 cm™), but electron detachment occurs as a re-
sult of level crossing.

E. Exchange spin polarization

Burke and Shey®® were the first to draw attention to
the fact that polarized electrons could be produced by
elastic scattering of initially unpolarized electrons by
oriented one-electron atoms. Clearly, in this case,
the mechanism responsible for the polarization is ex-
change scattering of the electron by the atom in which
the atomic polarization is transferred to the free elec-
tron. It is equally clear that, when a polarized elec-
tron is scattered by the atom, exchange scattering will
partially polarize the target and the scattered electrons
will become depolarized. The magnitude of exchange
spin polarization, even in the case of the simplest two-
electron systems, does not explicitly depend on the in-
teraction in the particular atomic system, so that one
cannot predict with any degree of certainty the region
in which substantial polarization will be produced. Nu-
merical calculations of polarization produced as a re-
sult of scattering of electrons by alkali metal atoms
have therefore been performed in recent years.?®2’
Typical results are shown in Figs. 3 and 4,
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FIG. 3. Electron-spin polarization profiles for electrons scat-
tered by rubidium atoms.” 1—0.8<P<1.0, 2—0.6<P< 0.8,
3—04<P<0.6, 4—0.2€P<504, 5—0€P«0.2, 6—0.1<P
€0, 7—0.3sP< —0.1.
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FIG. 4. Exchange polarization of electrons scattered by lithi-
um (a), sodium &), potassium (c), and cesium (d) as a func-
tion of electron energy and scattering angle.“

It is important to note that, in general, maximum
polarization of scattered electrons corresponds to col-
lisions for which the differential cross section is close
to its minimum.?® This means that the intensity is quite
low. For example, in the experiment reported by
Campbell at al.,*® the polarization was P~0.5 for an av-
erage current 1~10"'* A, Typical values of ¢ in the
range 1014 - 5 x 1072 A refer to low effectiveness of ex-
change scattering as a means of producing polarized
electrons,

F. Low-energy diffraction of electrons by surfaces

Spin polarization of electrons reflected from the sur-
face of solids was predicted theoretically by Jennings
and Sim® and by Feder.®® In the case of diffraction by
surfaces, the phenomenon is determined by the com-
bined effect of several factors that are absent in the
case of scattering by free atoms for which the final
result is determined by the atomic field alone. These
factors include, above all, the periodicity of the cry-
stal lattice, the surface potential barrier, and multiple
scattering. The first experimental results appear to
confirm the existence of this effect

G. Multiphoton ionization

Examples of multiphoton ionization of atoms by polar-
ized laser radiation, in which polarized electrons were
produced, have been reported.**** Thus, for an atom
in the P, ,, ground state, it is possible to choose a pho-
ton so that first absorption excites the intermediate
S, . state in which m, is equal to m, and, by virtue of
selection rules, only sublevels with m,=1/2 are ex-
cited. All the excited atoms are then completely polar-
ized and release these electrons after absorption of a
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second photon. Experimental studies of this effect were
begun by Lambropoulos et al 3® with sodium and Ze-
man®’ with cesium,

H. Emission of electrons from magnetic materials

The most obvious idea is to produce polarized elec-
trons by detachment from ferromagnets. However,
real progress in this field has been achieved only in re-
cent years as a result of improvements in cryogenic
vacuum techniques. The experimental specimen
(needle) is cooled and subjected to a strong electric
field or ultraviolet radiation. Relatively high (of the
order of 0.5) polarization has been achieved for rela-

tively low intensities.*®3°

3. SCATTERING OF SPIN 1/2 PARTICLES BY SPIN
1/2 TARGET

A. Amplitude matrix s

We shall consider the scattering of an electron by a
spin 1/2 target, for example, an atom with one electron
outside a filled shell. For brevity, we shall refer to
this as a two-electron system. As noted in the Intro-
duction, there are 16 possible amplitudes with different
spin components of the two electrons, However, not all
are independent and the determination of the number of
independent amplitudes is equivalent to the identifica-
tion of the algevraic structure of the amplitude matrix.
This structure can, in fact, be found from the general
requirement of the invariance of the M matrix. This
means that, since the amplitude matrix is a scalar, it
can include vector characteristics of the system only in
combinations that are invariant under shift, rotation,
and inversion of the coordinate frame and under time
reversal. The only vectors in the two-electron system
under investigation are the Pauli spin vectors o, and o,
and the wave vectors k and k' of the incident electron
‘before and after scattering. Three mutually perpendic-
ular unit vectors can be constructed from the two wave
vectors:

o LEXE]
“TRXETT

Y =Y (3.1)
P=T=TTr 57w

the first of which is perpendicular to the plane of scat-
tering. We also note that, by virtue of the well-known
properties of Pauli matrices, we need not consider in-
variants containing ¢, and 0, raised to powers greater

than one. We are now in a position to write out all the
invariants made up of the above vectors. Since, under
space reflection

n—n p-—>-—p q—>—¢ 00, O, — 0y,
and under time reversal
n ——n,

p—>—pm q9-+9q 0 —>—0,,0, >—0y

we can form only seven invariants, namely,
I 6,-0;,0,'n 0,0, (0, -n)o, n), (g, -pXo,p), (0, -q)0, q). (3 -2.)
Next, since

0,0, =(0,-n) (6, n) + (g, 'P) (0P, ) + (0, Q) (0,-q)  (3.3)

241 Sov. Phys. Usp. 22(4), April 1979

+le

we are left with only six variants. This leads us di-
rectly to the required result, namely, the algebraic
structure of the amplitude matrix:

M=a,l+a, (6, -n) +a; (0,-n) +a, (6;-n) (g,-n)

+as (0, -P) (0;,°P) +a¢ (0,-9) (0, -q).
(3.4)
Strictly speaking, instead of o,,0, we should write 0,
=0, ®I,0,= I® g, where the symbol ® represents the dir-
ect product, but we shall not need this more sophisti-
cated notation in the ensuing analysis.

The coefficients a,,...,qa, in (3.4) play the role of the
scattering amplitudes, and their number thus turns out
to be six. These amplitudes describe all the possible
processes that can take place during the scattering of
“an electron by a spin 1/2 target. In particular, they
include relativistic scattering, which occurs in addition
to potential scattering.

It is important to emphasize here that knowledge of
the amplitude matrix in the form given by (3.4) is suf-
ficient for many theoretical purposes. For example, it
will be shown later that this is sufficient for the analy-
sis of scattering asymmetry. However, it is also clear
that determination of the explicit form of the amplitudes
a,,...,a, can be found in the literature.* Here, we
shall confine our attention to examination of the physi-
cal meaning of these amplitudes.

To begin with, it is convenient to rewrite (3.4) in the
form

M=a,l+a; (6, +0;)n+a3 (6, —0;)n
(3.5)
+a4 (0, °n) (0, -n) + a5 (0, -p) (0, -P) + a6 (0, -9) (0,°9).

We can thenuse the properties of the operators (g, +0,) - n
and (o, - 0;) +n to show that the amplitude a} corres-
ponds to spin-orbit interaction in the system, which
conserves total spin, whereas a} represents all the in-
teractions that do not conserve the total spin of the two
electrons. The amplitudes a,, a;, and a, describe scat-
tering accompanied by a change in the component of the
total spin due to relativistic interactions in the system.
In the absence of such interactions, the amplitudes a/,
a;’ are both zero and the amplitudes a,, a5, and a, re-
tain only the part describing scattering with the conser-
vation of the particle spin component. As a result, the
M matrix reduces to

(3.6)

where the amplitudes a,b can be related to the usual
direct and exchange scattering amplitudes [see (3.4)].
Next, if the relativistic interaction can be represented
by the spin orbit interaction (0, ,0,)-L, the M matrix can
be written in the form

M = al + bo,-0,,

M = al + bo,0; + k (8, + o,)n. (3.7)

We note that the operator form of the expression for M
can, if necessary, be replaced by the matrix form.
However, the latter depends on the choice of the quan-
tization axis, so that the operator form is more con-
venient for the purposes of general analysis. Ideas sim-
ilar to those used above will be encountered in the en-
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suing sections in which the amplitude matrices for other
systems will be constructed.

B. Density matrix for the final state

We shall now derive the basic formula used in calcu-
lations of the cross section and polarization character-
istics for collisions between oriented particles.

Suppose that a particle of spin s, collides with a target
of spin s,. The scattering process can be described by
the amplitude matrix whose elements will be denoted by

- {m{m}|M |m,m,) where m,,m, are the spin components
of the colliding particles along some given direction in
the initial state, m{ and m are the spin components in
the final state, and M is the operator acting on the spin
variables and depending on the scattering angle and col-
lision energy. The differential cross section summed
over the spin components in the final state and averaged
over the spins in the initial state is given by

(3.8)

== Z‘, (mymy [ M | mymy)* (mimg | M | mymy)
Lo
where the bar represents averaging. Since M is Her-
mitian, we have, by definition,

(mimy | M | mymy)* = (mymy | M* | mim,).

If we substitute this in (3.8), we can evaluate the sum
over m{m] (using the matrix multiplication rule). The
result is

(3.9)

To perform averaging over m,,m,, we must know the
probabilities of the different values of spin components
in the initial state.

It must be remembered that a polarized beam of par-
ticles is not, in general, described by some definite
wave function, but by a more general quantity, namely,
the density matrix p. A detailed account of how such
states can be described with the aid of the density ma-
trix is given in the well-known paper by Fano.!

o= (mymy [ M*M [ mym,).

The required probabilities are the diagonal elements
of the density matrix (m,m, |p|m,m,), which can be used
to show that the average cross section is given by

o= D) (mumy|p|mumas) (mym,| M*M | mym,), (3.10)
i. e., it reduces to the sum of the diagonal elements of
the product of p with M*M:

o= Sp (pMM*) = Sp (MpM*). (3.11)
We note that the expression p’ =MpM* may be locked
upon as the density matrix after the collision. If we use
this, we can find the average value of any quantity L
after the collision from the formula
(Ly=Le) (3.12)

We conclude this section with a summary of the form-
ulas for the scattering cross section and polarization
of the scattered electron, which will be useful later. If
we use (3.11) and (3.12) with the matrix M given by
(3.4) and the density matrix in the form
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P=';— (I+ Z Pyo01e+ E P3Oy + Z Qaa'ﬂmazu') , (3.13)

o @

where P,, and P, are the initial electron polarizations
and the elements ,, form a matrix of electron cor-
relations in the directions « and a’, respectively, we
find that the differential cross section is given by

(3.14)

where 0, is the cross section for the scattering of un-
polarized electrons by polarized atoms, P7, PJ are the
polarizations of the electrons and atoms produced dur-
ing the scattering of unpolarized particles, respective-
ly, and C,,. is a tensor made up of the amplitudes
@,...,0;. Finally, the components of the polarization
of the electron scattered by the initially unoriented
system are given by

0=0o[1-+-P§ (P, -0) + By (P, - 0) + 3] PiaPrurCoarl,

(3.15)

In the case of arbitrary initial polarizations, the form-
ula for P{,, P3, can be found in Ref, 40,

Pya=P%%,,.

C. Asymmetry of cross section and spin polarization

Farago has used (3.14) and (3.15) as a basis for a
simple method of studying relativistic effects by low-
energy scattering." The idea is that the scattering of
unpolarized electrons by oriented atoms should be ac-
companied by an azimuthal (left-right) asymmetry in
the cross section if there is interference between the
potential and the relativistic interactions. Actually,
it follows from (3.14) that, if we define the asymmetry
by

A= oo (3.16)
then, for B =0 and P, #0, we have

A= P (Py:n)=A4"(P;.n), (3.17)
or, explicitly in terms of amplitude,

ar=tRelndbod) (3.18)
The expression for P is

po— ZRo(@at tasat) (3.19)

Cq

The exact connection between the asymmetry in the
cross section and the polarization assumed by the elec-
tron on scattering by an initially unoriented system as

a result of relativistic interactions that do not conserve
the resultant spin, or the spin components, can be found
in the literature *? If we now introduce the amplitudes
ai=a,+a; and af =a, - a;, we can define the polarization

(3.20)

__ 2BRe(a;a3* 4 ajal)
=

P,

due to interactions that conserve the total spin of the
system (but do not conserve its component), and the
polarization

2 Re (n3at —a,a3%)
Oo ’

P,= (3.21)
due to processes that do not conserve the total spin of
the two-electron system in the external field. Accord-
ing to (3.19), the total polarization is P}=P_+P_ and it
then follows from (3.18) that the asymmetry is
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4 <p —p, (3.22)
This leads to the important result that the asymmetry is
equal to the polarization in all interactions conserving
the total spin. Measyrement of the asymmetry in an
oriented system is, therefore, the alternative to the de-
tection of the polarization acquired by the electron in
the unoriented system. It is clear that, under suitable
conditions, the above equality can be used as a basis for
the detection of polarization in two-electron systems.
The polarization and asymmetry in the electron + cesi-
um atom system has been calculated® by solving the
Dirac equation with the relativistic Hartree-Fock poten-
tial for Cs and the interelectron interaction in the Breit
form.

Numerical results obtained for E =1,427 eV show that
the asymmetry and polarization are practically equal
" and that A’ assumes the value of -0.587 at the
maximum. As the energy increases, the asymmetry
tends to vanish, whereas polarization retains an ap-
preciable value. Form the point of view of the above
analysis [see Eq. (3.22)], this means that processes
conserving spin and those that do not do so assume
comparable importance. It may therefore also be said
that measurement of the asymmetry and polarization
can be used for the analysis of the role of different in-
teractions in collisions. Finally, it is important to note
that asymmetry can be measured in a single scattering
experiment which can be performed without any practi-
cal difficulties.

Farago’s idea can be augmented by measurement of
asymmetry in the scattering of polarized electrons by
unpolarized atoms. According to (3.14), this should
give rise to the asymmetry

A=P2(P, n)=A' (P, n), (3.23)

which is exactly the same as the polarization of the el-
ectron after scattering by the unoriented system. Both
types of experiment in which only one of the two elec-
trons is initially polarized provides us, at least in prin-
ciple, with the possibility of determining the polariza-
tion P, produced as a result of the nonconservation of
total spin in the system. It is quite clear that this pol-
arization is specific for many-electron systems and is
fundamentally different from the polarization mechan-
ism that was discussed by Mott and is well known in
nuclear physics.

D. Scattering in the case of spin-dependent interaction

We now specialize our analysis by assuming that, in
addition to the central field, there is also the spin-
orbit interaction in the continuous spectrum. The in-
teraction potential can be written in the form

(3.24)

where L is the angular momentum operator. This in-
teraction conserves S% and L? but does not conserve the
components of the angular momenta, To find the am-
plitude matrix corresponding to this type of interaction,
we must perform the partial-wave analysis in order to
separate the angular and spin variables in the scattering
equation. This procedure can be performed in the

v=1uy(r)+ % Uy (r) (6 + 0, L= vy (r) + 0,8 -,
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standard way and yields the following result for the op-
erator M:

M =5 (3F+G) I+ (F—G)0,0,+ HS"0; (3.25)
here G,F are the scattering amplitudes in the singlet
and triplet states, respectively, and A is the amplitude
due to the spin-orbit interaction. Comparison with (3.4)
will show that (3.25) is obtained from the general ex-
pression for a,=a,, a,=a;=a,, but this qualitative re-
sult cannot, as noted above, be obtained from the invar-
iance principle; it follows from the partial-wave anal-
ysis for the specific interaction. It is also clear that
the amplitude af which describes processes with the
nonconservation of total spin will vanish, as expected,
because v conserves total spin.

Instead of G and F, which describe scattering in the
total angular momentum representation, it is possible
to introduce two other amplitudes in a natural way on
the basis of the following considerations. If we con-
struct the matrix elements of M for the different spin
states, we find that (o and B are spinors with positive
and negative components along the quantization axis)

(@B | M| By =5 (G+F) =,
(3.26)

(o |M|a1ﬁ2)=%(G—F) =g.

Hence, it follows that the amplitudes f and g can be in-
terpreted as the direct and exchange scattering ampli-
tudes. In a completely similar way, we can establish
that the amplitude H describes scattering in the triplet
state with a change in the component of the total spin.
In fact, if we denote the spin functions for the triplet
states by x,,,, we can show that

(Xur | M | x10) =V 2 ieloH., (3.27)

We note, for comparison, that, in the case of scatter-
ing of an electron by a spinless target, the amplitude
matrix takes the form

M =m 4 ho'nm, (3.28)

and that (8|M |a)=ie**h enables us to interpret & as the
spin rotation amplitude. Thus, the spin-orbit interac-
tion in two-electron systems will rotate the spin,
whereas, in one-electron systems, it will turn it over
(this is the well-known spin-flip phenomenon).

We also note that the operator M can be written in an~
other way in terms of the singlet and triplet projection
operators:

0= (I—aw0y), I =%(3I+uloz). (3.29)
We thus obtain ’
M == Gily+ FI1, + HSn. (3.30)

In the absence of the spin-orbit interaction (4 =0), the
structure of this expression gives us a recipe for con-
structing the operator M for colliding particles with ar-
bitrary spins, namely, M =ZGg ﬁs where f[s are the
projection operators onto states with total spin S, and
Gy are the scattering amplitudes in these spin states.
We conclude this section by evaluating the cross section
symmetry due to the spin-dependent interaction. If one
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of the particles is polarized prior to collision, the scat-
tering cross section is given by

0 =4 (3FF+GG)+ 2HH + (FH + FH)Pin =0, (8) + 5 () Pm. (3.31)

Hence the asymmetry is given by

A4=39 pp = 4'Pn.

= (3.32)

It is clear from this that nonzero asymmetry arises as
a result of interference between potential scattering in
the triplet state and scattering due to the spin-orbit in-
teraction. Measurement of this asymmetry is, there-
fore, a direct means of detecting the presence of inter-
actions differing from the central interaction.

If we evaluate the polarization of the electron after
scattering by the unoriented system, we find that
P, =250

1 0, () * )

(3.33)

Comparison of the last two results will show that A’ =P/,
which is in agreement with the general relation given

by (3.22) for interactions that conserve total spin (P,
=0),

E. Exchange polarization

At low energies, when the spin-orbit interaction can
be neglected, the exchange in the polarization of the
initially oriented system occurs as a result of exchange
scaftering. In fact, exchange scattering in the two-
electron system leads to the process “atomic electron
= free electron.” An unpolarized electron beam thus
becomes partially polarized as a result of scattering by
an oriented atom, and the atom itself is depolarized.
Similarly, the atom can become polarized as a result
of a collision with a polarized electron beam. Exchange
redistribution of polarization will, in general, take
place when both electrons are initially oriented. This
type of polarization is referred to as exchange polari-
zation. This also emphasizes the fact that polarization
effects are consequences of the Pauli principle and
are unrelated to the spin dependence of the interaction.

The quantitative theory of exchange polarization is
based on the amplitude matrix :

(3.34)

and the spin density matrix given by (3.13). Calcula-
tions first reported by Burke and Shey® lead to the fol-
lowing expressions for the scattering cross section and
electron polarizations:

oP, =n(8) P.+ p(0) P+ ig (8) (P.X P, }

M=Gﬁ0+mh

oP; =n(8) P+ p (8) P.—ig (8) [P. XPu], (3.35)

0=0,(8)+m(8) (P, - Py),
where
n(8) = (2FF +-FG + FG), )
p(®) =+ @FF—FG—FO),
9() = (FG—FG), (3.36)
04 ()= (3FF + GB),

m (8) = - (FF —GG).
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It is clear that the exchange interaction does not pro-
duce polarization in an oriented system (P,=P,=0).

The new feature encountered in the physics of atomic
collisions, which is connected with the use of polarized
electrons, is that such experiments can be used to sep-
arate direct from exchange scattering, and to determine
I7], |&|, and the phase difference between these ampli-
tudes. All that needs to be done is to determine the
scattering cross section for the unoriented system

o (®) =5 (F+ g8+ |1~ (3.37)
from the experimental data, and to measure o,=/f and
Oox=48-

Experiments designed to determine o, are convention-
al, whereas the determination of ¢, and o, involves
measurement of the depolarization of electrons scat-
tered by an unoriented target and the resulting polariza-
tion P, of the target.

Let us verify this. When P, =0, (3.35) yields

2O —n @ =|tP— 3 (e+1D)

2QF  p©O)=lgh—3 (e +13)- (3.38)
From these expressions, we obtain

|Elz=°n (1 ""';'j‘) == Oy,

|1 1=co(1—3&) =0a (3.39)
which establishes the above propositions. Measurement

of the three cross sections as indicated above will thus
yield [f{% [g|’ and |[f-g|? which, in turn, means
that three of the four parameters in the complex quan-
tities f= |f]e'* and g=|g|e'®, have been determined,
namely,

Uit|ef—]f—el

2ifHel (3.40)

11 18l cos(p—¢)=
Systematic calculations of the exchange polarization
P,=p(6)/0y(0) produced by scattering by Li, Na, K, and

Cs atoms in the strong-coupling approximation have
been performed by Karule. % The results are shown in
Fig. 4.

One further interesting result follows from these cal-
culations, namely, that the energy E_ at which com-
plete polarization P, =P,is achieved is proportional to
the atomic number: E, ~constxZ.

A general proof of this result has not yet been given.
4. SCATTERING OF PARTICLES IN TRIPLET STATES
BY SPINLESS PARTICLES

The initial spin state of spin 1 particles is character-

ized by the vector and tensor polarizations

Py= '% Sp (0, 010+ 0sa),

4.1
Qoo = Sp (0, 04003q7)-
The density matrix for the triplet state is
o ;“:‘ [1+ 2 Po (010 +02a) + Z ocm'UmGza'} ’ (4.2)
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where
(4.3)

The amplitude matrix for the scattering of this parti-
cle by a spinless target can be constructed from the two
amplitudes F and H if the interaction is described by
(3.24) and can be written as follows in operator form:

(4.4)

It is clear from the general form of the operator M
that scattering will polarize metastables. Calculation
of this polarization in accordance with the scheme des-
cribed above yields

P20 (4.5)
where oy=FF +(8/3)HH. It is also a relatively simple
matter to verify that, in the case of scattering of an
oriented metastable by a spinless target, the cross
section is given by

; Qua= (0405) = 1.

M = FIli,+ HS-p.

G =0y + 28 @) P-1, (4.6)
and, consequently, we have the asymmetry
P25
A= 4.7
which is related to the polarization as follows:
A’ = 2P, (4.8)

This result is a consequence of the fact that triplet-
singlet transitions are forbidden in the above interac-
tion. It can also be verified that, for the same reason,
the change in the tensor polarization of the atom oc-
curs so that @, =const, i.e., this quantity is con-
served in the collision.

Polarization studies involve an interesting aspect of
collision theory, namely, the use of optical potentials
and the determination of the parameters of these po-
tentials. In fact, for energies corresponding to the
maximum value of the polarization, inelastic channels
are energetically open and their influence on elastic
scattering can be taken into account within the frame-
work of the optical model. In particular, if we suppose
that : :

Ki2%
+ 0,)-
=+ (0 +0y)-L,

u—v1(1+z§)+n 4.9

we can show?* that scattering produces vector polariza-

tion P'=P(¢,k, 6), whose dependence on ¢ is as fol-
lows:
, 8Lnk? sin? 0
P= N3 ;*n—:— szlc*nz sin 6)° (4.10)

This, by determination of the polarization, establishes
the parameter ¢ in the optical potential, which can then
be used for various problems in the physics of atomic
collisions. Measurement of polarization, used in con-
junction with (4.8), can in turn replace measurement of
asymmetry.

Another aspect connected with oriented metastables
can be seen in Penning ionization processes. For ex-
ample, the radiation emitted by Cd* ions in the process

He (255) + Cd —He (1'8) + Cd* + e,

is characterized by an intensity asymmetry I, between
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the right and left circular polarizations. In particular,
for the 52D;,, - 5°D, ,, transition (\=4416 A) in Cd*, the
radiation asymmetry A is related to the initial polariza-
tion of the metastable by A=(l,-1)/(I,+1.)=0.7P.
Measurement of the radiation asymmetry in an optical
experiment can thus be used to obtain the initial polar-
ization of the atom.

5. SCATTERING OF AN ELECTRON BY A SPIN 1
TARGET

The scattering of an electron by an atom or molecule
in the ground or a metastable state with s=1 has not
been extensively investigated. In this section, we shall
review some of the basic results of the theory of polar-
ization for such systems.**'

The requirement of invariance demands that, in the
nonrelativistic approximation, the amplitude matrix
must have the structure

M = AI 4+ Bs.o. (5.1)

Since (8.0)=1 when the total spin is j=3/2 and (s . 0)
=-2forj=1/2, we can rewrite (5.1) in the form

M=t@ri6) I+t (F-6)se

(5.2)

=G4 (1—8"0)+ F.p (2 +5-0) = Gil,, + Fll,

where F and G are, respectively, the quadruplet and
doublet amplitudes, and II;,, and II;,; are the projec-
tion operators acting on spin functions with total spin j.
By analogy with the two-electron system, we can re-
place F and G with the direct and exchange scattering
amplitudes f and g through the relations

<——1|M|—1>*
<_i1|M|70> 6 =-—172g.

The second of these expression shows that exchange
scattering leads to the appearance of the oppesitely
directed spin in the scattered beam, i.e., it stimulates
the relativistic phenomenon of spin flip. The M matrix
in these amplitudes has the form

M= (f—g1—gso.

We shall write the density matrix in the form of the
product p=p,;p,, where p=31(I+P,0) is the spin density
matrix of the electron and p; is the corresponding
matrix for the target. Let us take the basis matrices
in the expansion for p, in the form of the matrices s;
corresponding to spin 1 and the components of the sec-
ond-rank tensor

‘3‘
YZ (5.2)
3

(5.3)

Sij:";‘ (sis_,—i—s,s,-)—%ﬁuf, (5'4)
subject to Zs;;=0. We then have
=51+ S Pus+33 0], (5.5)

where P,; =(s,) are the components of the polarization
vector describing orientation and @,,=(s;,) are the
components of the polarization tensor describing align-
ment of the target. The spin state of the target with
s=1 is thus, in general, characterized by eight real
parameters instead of the three used in the case of
spin 1/2 particles. If the initial polarization of both
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particles is arbitrary, the
izations are given by

o= |f—gP+2eglP+Q@IgP—Tg—12) (P.-P,),

. sections and polar-

oPyu=(|f—gl—%1el) Put@leP—Tg—12) P

+i(fe—Tg) (P Pki+ 2| g2 3 0P,

(5.7)

OPau=—5 (318 —TFe—12) Pa-+(|f—gl*+|2[) Pu
+4 (T2 —12) (Pe Pli— (Tg+ f2) 3}, QisPos.
i

(5.8)

The results can be used to classify experiment for the
determination of |f|, |g|, and the relative phase y of
these amplitudes. Measurement of the depolarization
of electrons by an unpolarized target can be used to
find the cross section for pure exchange scattering:

au=%00(1——%)53|g|2. (5.9
The direct cross section 0,=| f|* is found by measur-
ing the resulting polarization of the target

3P{,)'

"d=°°(1_zp,

(5.10)
If, in addition, we measure the cross section for scat-
tering without polarization

o=I{fR+3tgl—{g+fa), (5.11)

we can obtain the quantities |f|%, |g|? andfg+fs
from these three measurements, and, hence, |f|,

lg|, and cos y. It is clear from the foregoing formu-
the foregoing formulas that the polarization of the atom
after the scattering event does not exceed (2/3)P,,
whereas the scattering of an unpolarized beam of
electrons by an oriented atom may be accompanied by
the complete transfer of polarization to the electron.

Finally, we note the following general points. Ex-
change scattering by an unoriented system does not
produce polarization. An electron beam becomes po-
larized only if the target has a vector orientation.
Tensor polarization is insufficient for the appearance
of P,#0. The scattering of polarized electrons pro-
duces only the vector polarization P,=(2/3)P, in the
unoriented target. It may also be verified that the
maximum polarization of the beam is achieved for
energies and scattering angles for which the cross
section is close to its minimum. Experiments on the
scattering of polarized electrons by atoms in triplet
states have not as yet been performed. Figure 5
shows the results?® of calculations of the polarization
produced by scattering of electrons by the metastable
He(2°S).

These results can be used to describe the scattering
of polarized electrons or molecules. We note a pos~
sible application of polarized electrons to the study of
electronic states of molecular negative ions. Many of
the processes that occur during the scattering of elec-
trons by molecules are resonant in character because
of the formation of molecular negative ions during the
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(5.8)

I 55 B¢
B 1 N7

F1G. 5. Exchange polarization of electrons scattered by heli-
um atoms. 1—0.8€P<1.0, 2—0.6<P 0.8, 3—04< P % 0.6,
4—0.2<P< 04, 5—0.0sP 0.2, 6—0.2<P<sg 0, 7T—0.45<P
€ -0.2.

intermediate stage of the reaction. Measurement of
the depolarization of electrons scattered by unpolari-
zed spin-1 molecules (for example, O,, NH, SO, S,,
etc.) can be used to establish the multiplicity of the
molecular ion. Thus, in terms of the doublet and
quartet amplitudes G and F, the electron depolarization
is given by [see (5.6)=(5.7)]
- 5FF—2FG—2FG — GG

3(2FF 4 GG) * (5.12)

Hence, it follows that, when the collision energy cor-
responds to the energy of the intermediate doublet
state, the depolarization should be close to its mini-
mum value of ~1/3, whereas D approaching 5/6 sug-
gests the presence of scattering through the quartet
state of the molecule. The most desirable type of
experiment is measurement of depolarization in in-
elastic processes because the above resonances are
than most clearly defined.

To conclude this section, let us consider the in-
fluence of target structure on polarization effects. It
is noted in the Introduction that polarization charac-
teristics depend only on the total spin of the target and
are independent of the fact that this total spin is made
up of the spins of the individual electrons. This is
valid provided the target spin is conserved during the
collision process. However, when exchange or rela-
tivistic interactions lead to a change in the target spin
(singlet-triplet transitions in the system), the ampli-
tude matrix must include the spin operators of all the
electrons. For example, in the three-electron sys-
tem, the most general invariant expression for the
nonrelativistic M matrix is

M = al + bo; 6y + 0y 05 + do, -0y, (5.13)
where a.. ., d are the scattering amplitudes. Direct
though tedious calculations show that the three-part-
icle approach based on (5.13) is equivalent to the two-
particle approach based on (5.1) when the spin of the
target is unaffected by collision. However, in inelastic
collisions, the exchange interaction produces triplet-
singlet transitions and the only adequate approach to
this case is the description based on the three-particle
matrix (5.13) which explicity includes the structure
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of the target (see Sec. A. of Chap. 8 for further de-
tails).

Interesting features are also associated with relativ-
istic interactions in the three-particle system. Gen-
eral considerations show that such interactions produce
polarization of the incident electron in the unoriented
system. It is possible to distinguish three mechanisms
in this phenomenon that lead to the appearance of or-
ientation. The first of these is connected with the
change in the component of the spin of the incident
electron and is completely analogous to the polarization
mechanism examined by Mott. The second is connec-
ted with a change in the total spin of the system (doub-
let-quartet transitions) and is analogous to the mech-
anism noted above in the case of two-electron systems
[see (3.21)]. In this case, therefore, we are con-
cerned with the change in the total spin of the system
as the reason for the appearance of polarization.
Finally, electron polarization may arise as a result of
a change in the spin of the target (singlet-triplet trans-
ition) due to relativistic interaction with the incident
electron. The resultant polarization which accom-
panies the change in spins and their components is
quantitatively related to the asymmetry in the elastic
electron scattering cross section of the vectionially
polarized target. Detailed analysis of these questions
will be given elsewhere. Here, we merely note the
desirability of experimental studies of polarization
and asymmetry in the interests of further development
of the physics of electron-atom collisions.

6. SCATTERING OF PARTICLES WITH SPIN 1

Collisions in optically pumped helium plasma
He(2%S) are an example of this type of process. The
complete description of all possible processes in
systems of spin-1 particles is shown by partial wave
analysis to involve 19 different scattering amplitudes.
In the nonrelativistic approximation, the amplitude
matrix contains only three amplitudes and, in oper-
ator form, is given by the following invariant ex-
pression:

M = al + bs;8, + ¢ (8, 55)% (6.1)
This expression can be rewritten in terms of the spin
projection operators:

o= — 4 U —(s:)2,
=t (2 —ss,— (357, (6.2)
Ty = 127 4 35,5, -+ (5:5,)21.
If we also introduce the amplitude
(6.3)

Gs= 211‘;; D QL+ 1) TsLPy (cos9),
L

which describes the scattering for total spin §= 0,1,2,

we obtain, instead of (6.1),
M= g Gls. (6.4)

Taking the density matrix in the form p= p,p,, where
p,,. are defined by (5.5) with @;,= 8, ,@;, we obtain the
following expression for the cross section:
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o= A+BP-P,+C 3 Q0. (6.5)

The expressions for the coefficients in this result,
given in terms of the amplitudes G, and the formulas
for the polarizations of the particles after scattering,
can be found in the literature.*® These results can now
be used to formulate an experiment for the determina-~
tion of the moduli of the amplitudes and the two rela-
tive phases. To carry out the minimum program, i.e.,
three scattering experiments are sufficient to determine
the moduli of the amplitudes. One is the conventional
experiment involving measurement of the cross section
o, for the scattering of unpolarized particles. In the
other two, a determination is made of the cross section
o for the scattering of particles with the same vector
polarization P and of the depolarization D of one of the
particles after scattering. The choice of states with
only the vector polarization is dictated by the fact that
such states can be obtained experimentally by optical
pumping or by scattering polarized electrons by the
spin 1 target,’ and by the fact that the overall experi-
mental arrangement is then particularly simple. Writ-
ing 0, = Do, and noting that B= (0 ~0,)/P?, we obtain
the following formulas for the moduli of the scattering
amplitudes:

[Go [ = - (810, — 40B— 620y),
Gy 2=~ (450 -+ 20B — 260,),
|G, [P= - (— 90, — 4B+ 280,).

As expected, a further three independent experiments
are necessary if the relative phases between the amp-
litudes are to be determined.

We note in conclusion that analysis of the total 9x 9
amplitude matrix enables us to establish certain fea-
tures connected with the nature of the interaction in a
system of spin 1 particles. In particular, it turns out
that the spin-orbit interaction changes the initial state
in such a way that one can speak of the rotatipn of the
spin of one of the particles. It can be shown that the
interaction which reverses the spin of one of the part-
icles generates amplitudes of the form H=237, P
and the interaction leading to the reversal of the spins
of both particles (double spin flip) generates the ampli-
tudes R =27, P{*.

It can also be verified, following the analysis of Sec.
B of Chap. 3, that the spin-orbit interaction produces
an asymmetry of the scattering cross section which is
proportional to the polarization produced by the scat-
tering of unpolarized particles in the presence of the
spin-orbit interaction.

7. TRANSITIONS INVOLVING A CHANGE IN THE
SPIN OF THE TARGET

These collisions are characteristic for many-electron
systems in which exchange scattering can change the
spin of one (or both) partners during the collision. Ex-
amples of such collisions are given below.

We shall confine our attention to interactions which
conserve the total angular momenta and their compo-
nents. We can then introduce the operator A;, which
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transforms the initial spin state with the function Xs ‘“
(S is the total spin of the system and M s is its pro_]ec-
tion) into the final state with the function X$4g in sucha
way that

(7.1)

Asm X(" = fs/p)ds

If the process is allowed for several values of the t0£a1
spin, the amplitude matrix becomes

M= g} 451 Gs(9), (7.2)

where G ¢(8) are the amplitudes corresponding to the
values of the total spin S for which transitions with the

" redistribution of the spins of the individual particles in
the system take place.

A. Singlet-triplet excitation of the target

In the case of the singlet-triplet transition in an atom,
the total spin of the system, which includes both the
atom and the incident electron, is 1/2. Assuming that
the two-electron target is described by the LS~coupling
approximation; and constructing the spin functions
XiYsm and x{f),, for the three-electron system, we find
from (7.1) that

(7.3)

where 2, 3 label the atomic electrons. A new spin state
arises after excitation and is described by the density
matrix

p'= 3} Aiop A2 | Gra % (7.4)
MpMg

where G, is the amplitude for the transition to the

3, state and p is the initial density matrix:

p=—(I+P'0)(I—0y o). (7.5)

It is readily verified that new spin correlation between
the atomic electrons appears after the transition and
corresponds to the atomic spin s= 1. Using (7.4), we
find that

Se(ploray _ g,

T (7.6)

(0, 03) =
as expected in the triplet state. Evaluating the polari-
zations after collision, we find that the excited atom
assumes the polarization (2/3)P and the inelastically
scattered electron is depolarized so that P’/P=-1/3.

Hanne and Kessler® have reported measurements of
the depolarization of electrons due to the 'S =3P trans-
ition in the mercury atom. The depolarization differs
from ~1/3 and turns out to be a complicated function of
the collision energy. Hence, it follows that the LS-
coupling approximation is insufficient for the description
of a heavy atom in the scattering process. It is there-
fore clear in advance that, with suitable theoretical
interpretation, depolarization can serve as a character-
istic of the type of atomic coupling.

B. Atomic fine structure

Satisfactory agreement with experimental data on de-
polarization can be achieved by taking into account the
fine structure of the atom and the intermediate type of
coupling.
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If the spin-orbit interaction inside the atom can be
taken into account within the framework of perturbation
theory, with the LS-coupling approximation as the zero-
order result, the M matrix for the transition becomes

M(JM,)=ML %_ JCLsifLMsASMsGwL (9). (7.7)
Calculations with the final state density matrix
P’(J)=M2 M(TM;) oM™ (T M) (7.8)
J

[see (7.5) for p] then yield the depolarization of the elec-
trons responsible for the excitation of the individual
components of the P, triplet. Calculations of the de-
polarization D(*P ;)= P'/P of electrons scattered in

" the forward direction after the 'S - 3P, excitation in

mercury®® give

D(P)=—1, D(P)=0, D(P)=—0,4 (7.9)
Recent experimental data®* on D(*P,) show that they ag-
ree with the calculated values to within experimental

error.

C. Depolarization as a test of the type of atomic coupling

It is interesting that depolarization can be used to
test for the type of atomic coupling. Thus, consider
the situation in which the 'P, singlet state is excited in
addition to the P, triplet state. As noted above, for-
ward scattering is accompanied by the complete de-
polarization of electrons that have excited the P, state
whereas, obviously, depolarization does not occur dur-
ing the excitation of the singlet state. Consequently, in
the case of the intermediate coupling, when the singlet
state forms a definite admixture to the triplet state,
depolarization should assume some intermediate value
between 0 and 1, depending on the weight of the ad-
mixture. If we use the matrix for the transition to the
mixed state $(°P,)= ay(*P,)+ BY(*P,) which is given by

M=aM (1, M1)+5gimLﬁo, (7.10)
where g,, is the singlet amplitude for the excitation
of the 'P, level and 11, is the singlet projection aperator
[M(1,M,) - see (7.7)], we obtain the following expres-~
sion for the depolarization of electrons during the ex-
citation of the mixed state:

~0? |G P +B (] g 2+2] gus [P

Ta UG +2] GLID+B ([ a10 |’+2]€u DN

In the case of forward scattering

(7.11)

. B2l el
D= a3 |Gl |? +%’|Ew I

(7.12)
Hence, it is clear that, as the energy increases and the
contribution of exchange scattering ~| G},|* begins to
fall, depolarization tends to 1 from D= 0 at the thresh-
old, which is in complete qualitative agreement with
experiment.’? Numerical calculations®? based on (7.12)
and on some simple assumptions with regard to the
amplitude are in satisfactory dgreement with the above
experiment (Fig. 6).
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FIG. 6. Ratio of final to initial electron polarization for for-
ward-scattered electrons after excitation of the 6°P; state of the
the mercury atom, plotted as a function of electron energy:
points—experimental“, curve—theoretical %

D. Effect of molecular spin-orbit interaction on electron
depolarization

In a completely similar way, we can use depolariza-
tion of electrons that have excited the singlet-triplet
transition in a molecular to elucidate the role of spin-
orbit interaction within the molecule. One of the man-
ifestations of this interaction in molecules is the ex-
istence of the so-called mixed states which do not have
definite values of the total spin. For such states, the
transition intensity increases by several orders of
magnitude in comparison with transitions between pure
states with definite spin for which the transition is for-
bidden in the electric-dipole approximation. It may be
seen that the admixture of a state with a different spin,
for example, the admixture of the singlet to the triplet
state, will have a clear effect on the depolarization of
electrons that have excited this mixed state. Thus,
using (7.3) to describe transitions for LS-coupling, we
obtain the following depolarization after some simple
calculations:

—(4/3) a®gz - b¥ff

D=——mj}_——, (7.13)
where a,b are the weights of the pure states and g,f
are the amplitudes for the excitation of these states.
Since, with increasing electron energy, direct ex-
citation begins to dominate exchange excitation which
acts on the pure triplet state, D will vary between
—1/3 near the threshold and 1. In the absence of the
singlet-state admixture, D should remain equal to
~1/3 at all energies (there is no fine structure, i.e.,
it is assumed that we are dealing with transitions be-
tween T states).

E. Spin-orbit interaction in the continuum

Polarization of electrons through scattering by spin
0 targets which assume spin 1 as a result of an in-
elastic process is a generalization of the well-known
Mott problem. For the 1S~ 3S transition (atom without
fine structure), partial-wave analysis®® of the three-
electron system under investigation has led to the fol-
lowing expression for the inelastically-scattered elec-
tron when the spin-orbit interaction was taken into
account in the continuous spectrum:

Im (mk) |
e T (7-14)
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where m and h are the excitation amplitudes. When
the spin-orbit interaction is weak, we have -0,
and the electrons remain unpolarized.

F. Fine structure and polarization of scattered
electrons

The fact that fine structure due to the spin-orbit
interaction in the atom should be reflected in the po-
larization of the scattered electrons was predicted by
Hanne.* The polarization is perpendicular to the plane
of scattering. The distinguishing feature of this polar-
ization is the absence of a small parameter connected
with the spin-orbit interaction between the atomic elec-
trons. This effect has not as yet been confirmed ex-
perimentally. A possible experimental way of detecting
polarization of this kind is to use elastic scattering of
slow electrons by atoms with well-defined fine structure
(for example, oxygen). Low energies can be used to
exclude polarization due to Mott scattering and thus ex-
amine the effect in its pure form.

G. Penning ionization in optically pumped helium
plasma

Ionization processes in helium, namely,
He (2°S) + He (285) — He + He* + e, (7.15)

where one of the atoms undergoes a triplet-singlet
transition, form another type of process involving a
change in the spin of one of the colliding particles.
Nonconservation of the spin of the atom due to the fact
that the two-electron system can be in either triplet or
singlet states means that the problem cannot be reduced
to a two-particle problem as in Chap. 6, but must be
interpreted as a four-electron problem, i.e., with a
maximum degree of detail.

Hence, it follows, in particular, that rigorpus des-
cription of polarization phenomena involves, 16 x 16
matrices. Since the process defined by (7.15) is allowed
for total spins S= 0 and 1, it follows that, according
to (7.2), the amplitude matrix can be written in the
form

M= A,Gy+ A,G,. (7.186)

For the transition operators fis, we find, using the defi-
nition given by (7.1) and the explicit form of the spin
functions for the system (7.15), that

A= Vf (0, —0,)(0;—0,),
4, =L/4§‘(“3—°1)'(°s+ o).

(7.17)

Using the two-electron density matrices for each atom,
we obtain

0= A+ B(PPp)+C 3 Q0P

A=3(1G, 2436, 1),
3 (7.18)
B=—— (|G [2+|G.|»),

e =2 (|Gt — |G, [P

In particular, it is clear that, for a pure state cor-
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responding to initial spin S= 2 (in this case, P,P,

=1, 27Q{9Q{ = 1), the cross section for the transition
is identically zero. This result is in agreement with
Wigner’s rule on total spin conservation. The remain-
ing results given below refer to vectorially polarized
atoms. Since, for atoms with initial vector polariza-
tion Q;,= ()5, , the cross section becomes

=G, |2+2|G, |2+ B(Pys-Pp) = 0y + B (P, -Py). (7.19)
it is clear that, for atoms with the same initial polariza-
tion P,= P,= P, the moduli of the amplitudes are re-
lated to the cross sections as follows:

g—0,
p3

1Go|2=5B—0y, |Gi|?=—2B+0, B= (7.20)

This means that two experiments, namely, measure-
ment of the cross section o, of unpolarized atoms and
the ionization cross section ¢ of atoms with the same
initial polarization are sufficient to determine the mod-~
uli of the amplitudes for Penning ionization. The actual
polarization assumed by the electron after ionization

in oriented helium plasma is of considerable practical
interest. This is a topical problem in view of attempts
to use Peening ionization in oriented media as source of
polarized electrons. It is generally believed that the
initial polarization of the atom in (7.15) is completely
transferred to the electron. More detailed studies?®
show that, under typical experimental conditions, the
electron polarization is P'~(3/4)P, i.e., it is high. A
favorable feature of this process is that the polariza-
tion is practically independent of the collision energy
when the cross section for the process is large.

In view of the other features of this process, we note
that polarization studies can be used to analyze the
initial metastable states of atoms and to investigate the
effect of orientation and alignment on the various char-
acteristics of plasmas such as, for example, electrical
conductivity, luminosity, and so on.

8. CONCLUDING REMARKS

1t is clear from the foregoing that analysis of the
scattering of polarized electrons by atoms and molec-
ules is a very detailed and sensitive way of studying
elementary processes and the properties and structure
of targets. In particular, this kind of analysis can be
used to investigate new scattering characteristics (for
example, scattering asymmetry and the moduli of the
amplitudes), the role of relativistic interactions, the
properties of metastable states, the type of atomic
coupling, the geometric structure of large molecules,
the parameters of quasistationary states, and so on.
Further progress in the physics of polarized electrons
will, in the first instance, depend on the development
of new experiments with polarized electrons. The
number of such experiments has so far been exceed-
ingly small.

We conclude by listing certain types of experiment
which seem to be the most realistic for the near future:

1) Determination of asymmetry in the scattering of
electrons by oriented spin 1/2 and spin 1 targets.
Investigation of the connection between asymmetry and
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polarization accompanying scattering in unoriented
system %;

2) Studies of new mechanisms for the polarization
of electrons. This range of problems includes mech-
anisms responsible for polarization connected with
non-conservation of the total spin of the system,
changes in the spin of the target, and experimental in-
vestigation of polarization due to the fine structure of
the atom.,

3) Polarization studies under the conditions of res-
onance scattering by atoms and molecules with a view
to estimating the parameters of quasistationary states
and the classification of these states.

4) Measurement of the depolarization of scattered
electrons with a view to establishing the type of coup-
ling, the role of fine structure, and so on.

5) Studies of large molecules, simple crystals, and
the structure of magnetic materials with the aid of
polarized electrons.

The above list is not intended to be complete. There
is no doubt that new and interesting practical applica-
tions of polarized phenomena will emerge in the
course of research into the properties of polarized
electrons.
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