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The angular distribution of photoelectrons with a given spin orientation and produced on

absorption of polarized light is obtained for the case when there is a single electron in a state with a
definite total angular momentum j =/+4-1/2 in the subshell with an orbital momentum /> 1, or
when the shell is filled and the ion produced after absorption of the quantum possesses a definite
total angular momentum J =/+1/2. If /=1 and j =J =1/2, the photoelectrons produced on
absorption of circularly polarized light and emitted in the direction of the quantum angular
momentum will in both cases be completely polarized. On deviation from this direction the degree of
polarization drops. For a total electron flux with a given energy and definite angular momentum j
(or J) the degree of polarization is usually less than 0.5 and attains unity only at the point of the
Cooper cross-section minimum. Results of calculation of the degree of polarization are presented for
noble gases and in atoms. The possibility of using this process to produce beams of polarized

electrons is considered.

1. The production of beams of polarized electrons is
of great interest for different branches of physics.
Several methods of producing such beams are now
known™®1, One of them is based on photionization of
polarized atoms of alkali metals by unpolarized lightm.
Another method, recently proposed by Fano>™%, is
based on the use of weak spin-orbit interaction of elec-
trons. It is shown in '® that when circularly-polarized
light is absorbed by alkali-metal atoms, the photoelec-
trons near the minimum of the cross section turn out
to be polarized, and the degree of polarization reaches
unity.

This paper deals with cases when the splitting of
levels with different values of the total angular momen-
tum of the atom due to spin-orbit interaction leads to
the possibility of obtaining polarized photoelectrons.
These cases include, first, ionization, by circularly
polarized light, of atoms having one electron in the
outer subshell with orbital angular momentum [=1
and a definite total angular momentum j=1[+1/2 ',
Second, photoionization of atoms with closed shells
with separation of that part of the electrons which cor-
responds to the final state of the ion with definite total
angular momentum J =[x 1/2 (1 is the orbital angular
momentum of the electron prior to the absorption of the
quantum, [=1). Practical interest attaches principally
to atoms with one p electron in the outer subshell and
to atoms of noble gases with a closed outer p subshell.
For these two particular cases it has been shown that at
j=d= 1/2 the electrons emitted upon absorption of circu-
larly-polarized light in the direction of the quantum po-
larization vector are fully polarized. The degree of po-
larization decreases on deviation from this direction.

We obtain also a general formula for the angular dis-
tribution of photoelectrons with a specified spin direc-
tion for the two types of atoms indicated above. The
study of the angular distributions of the photoelectrons
is of considerable independent interest for the theory
of the atom and makes it possible to obtain additional
information in comparison with that obtained from the
total photoionization cross section. After absorption of
circularly-polarized or unpolarized light, the angular
distribution of the electrons takes the form'»®!

Otot

1(9)= 3= [1—-‘52—1)2@0513)]. (1)
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Here otot is the total cross section of photoionization

of the subshell at a given energy, 4 is the angle between
the direction of motion of the electron and the quantum
flux, Pa(cosd) =((3/2)cos®$—1/2) is a Legendre poly-
nomial, and B is the coefficient of angular asymmetrym:

L) diey + () (42) A, — 6L(1H1) dicsdiys 005 (B i—Bi-y) @
b= @I+ [de_ +@+1)d,, ] '

141

d;+1 is the radial part of the dipole matrix element:

gy = jr’Rn,(r) Re,s4 (r)dr, (3)

Rp; and Re :+1 are the radial parts of the wave func-
tions, ReJ(r) is normalized to an energy § function and
has the following asymptotic form at large r:

Ra(r) ~ (-%) vz%sin (kr—%l'f‘ﬁr) ) (4)

where” €=k?/2. As seen from (2), the coefficient 8 de-
pends on the phase difference of the wave functions of
the continuous spectrum (4).

In the last few years, many theoretical and experi-
mental papers have been devoted to the angular distribu-
tions of photoelectrons'” **, and the calculation results
agree well with experiment. However, practically no
attention has been paid to polarization effects. The
formulas derived in the present paper determine the
probability with which an electron, after absorbing a
polarized quantum, is emitted at a given angle 4 to the
quantum flux and has a spin directed along a certain
vector s. The quantum energy is assumed to be small
enough so that the dipole approximation can be used.
The influence of two-electron processes is disregarded.

2. We consider the ionization by circularly polarized
light, of an atom having one electron in the outer sub-
shell and in a state with definite total angular momen-
tum j=71+1,[=1. For the sake of argument, let the
projection of the angular momentum of the quantum on
the direction of motion be equal to +1, i.e., we assume
right-hand circular polarization. We choose the coordi-
nate system with the Z axis in the direction of motion
of the quantum flux. Let us find the probability that an
electron emitted at an angle ¢4 to the quantum flux will
have a specified spin projection u on the Z axis. The
wave function of the initial state of the electron in the
atom is represented in the form
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LYy
m p —m;

W= Y (1) = 3 VB A () ( ) @ume (), (5)
where p’ is the spin projection and @nimp’

= Rn/(r)Ym(4,®)xu’. After absorbing the quantum,

the electron moves at large distances from the atom in
a definite direction. The wave function of the final state
should therefore be chosen to be (pi, which contains in
the asymptotic form a superposition of a plane wave
propagating in the direction k and a converging wave:

Y=o =Y o', m)gun(®), (6)

where
al',m’y=4n(i)" e~ ¥ (k/k), )
67 is the phase defined in (4). We use these wave func-
tions to calculate the dipole matrix element:
{py|rsinde®| > = V—2j+_1(—1)""‘“"’/
l ‘/1 ] oy ’ 1 .
XE E (1w ) &P @umslCllgum s (g)

T, @) = [4n/ 2L+ 1) 1Y, (8, ).

The matrix element that enters in this expression can
be calculated easily "**':
WG 90 = V271 Y (=)t Yy (U m)

. . (9)
X(rrlz f: —]m,v) (—lm’11 rln) !

where g=(I—1'+1)/2 and I5=max{l,1'}.

The cross section of the process as a result of which
the photoelectron is emitted at an angle ¢ and has a
spin projection p on the Z axis is proportional to the
square of the modulus of this expression, averaged over
the initial states:

1,(8, 1) ~ Z (=1)5*9 V1o Lo dy dy @ (L, m) a(le, m) -

N L L1t (10)
X (m—1 " —mj) (—m 1 m—1)(—m 1 m—1)‘
When summing over [ and m, we use the relations
given in 71, As a result of the summation we obtain
1;(9, u)=-&[1 + A signp— (i-i-'{. signu)P,(cosﬁ) ] , (11)
8n 2 :

where °Jtot is the photoionization cross section of an
atom situated in a state with definite angular momen-
tum j,

— (—1)i-t=" li+1) d,:,,—d,z_,
A= S A D, (12)
. 2Al+1)
= (—1)i-t="
=T S T @ D
o (1 2)dd — (1~ 1)d, + 3d,. dioy 008 (Buys — Bic) 13)

d_+(+1)d

1+

and B has been defined earlier in (2). Replacing the
right-hand circular polarization by left-hand polariza-
tion, i.e., C} by C!, in (8), and going through the same
steps, we find that in this case the signs of A and v, in
the angular distribution (11) are reversed. On this
basis we can rewrite the result (11) in more general
form. We introduce a unit vector e in the direction of
the quantum polarization vector, and a unit vector s
directed along the electron spin. Then

Otot

1,9, p,)=-g{1+A(es)—[%+11(e5)]l’z(cosﬁ)}. (14)
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This expression gives the angular distribution of the
electrons with a definite value of the spin projection on
the direction of the angular momentum of the circularly
polarized quantum.

Let us find the degree of polarization of the electrons
as a function of the angle #:
1,(8,',) = 1,(8, —'/2) _ A —1,Pa(cos®)
1;(8,%/,) + 1;(8,—/:) 1 —"/:pPr(cos )

Pi(8)= (15)
Substituting the expressions (12) and (13) for the coeffi-
cients A and 7,, we find that the ratio of the degrees of
polarization at j=1+ 1/2 and j=l—1/2 is inversely pro-
portional to the statistical weights of these states and
does not depend on the energy of the quantum or on the
angle:

P, (8) / Py, (8) = —1/ (I +1). (16)

Then, after summing over j, no polarization effects oc-
cur, as should be the case, and the angular distribution
(14) goes over into (1).

If ¢ is equal to zero or to 7, we obtain from (15)*’
— _ 4 -1 () i~l+" 2
PA0)= )= st = () (17)

In the particular case /=1 and j= 1/2, it follows from

(17) that P,,2(0)=P,,2(m)=1, i.e., all the electrons emit-
ted along the direction of the quantum flux have spins

directed along the quantum polarization vector '*®'. In-
tegrating the numerator and denominator of expression
(15) with respect to the angle ¢, we obtain the degree of
polarization of the total electron flux at a given energy:

Py=A. (18)

Usually dj+1 >dj-1, and we therefore obtain from (12)
that the degree of polarization of the total electron flux is
|P;-1/21=1/2 and | P1+1/21=1/2(1+1). On the other
hand, if dj4+1 <dj-1 (this can occur, for example, in the
vicinity of the Cooper minimum of the cross section
where dj+1=0), then | Pj-1/21=(1+1)/21 and |P+1/2!

= 1/2. We see that at /=1 and dj-1>dj+1 we have

P,2 %1, i.e., the electrons turn out in this case to be
almost completely polarized, regardless of the angle ¢
at which they are emitted.

3.We now find the probability that an electron emitted
at an angle ¢ has a spin directed along an arbitrary
vector 8. We shall consider, as before, atoms with one
electron in the outer shell. We are interested in the
states of an atom with a definite total angular momen-
tum j, and only the helicity operator commutes with
the total-angular-momentum operator 171 The wave
function of the outgoing electron must therefore be taken
with a definite helicity 2, i.e., with a definite projection
of the spin on the direction of motion of the electron:

o= (= Y o', m) gun D™ (W/E),

m'u

(19)

where D% is the finite-rotation matrix "". The dipole
matrix element between the wave functions (5) and (19)
for right-hand circular polarization of the quantum is
equal to

<¢! | rcll | 1p|> _ VZ] +1 2 (_1)'Iz—l—m/+l'—-m'+5 VZdl,

U mop

ky/! Y. ro1
N A
x @', m) D (k )(m n —mj)(—m' 1 m) ’
The cross section of the process as a result of which
the electron is emitted at an angle 4 with a spin directed

(20)
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along s is proportional to the average value of the spin
operator (1/2)(1+ 80) (0 is the Pauli-matrix vector), cal-
culated with the wave functions (19), and to the square

of the dipole matrix element averaged over the initial
states:

1,(8,8) ~ 2

(=) oremi=mt Y Loa (L, my")a(ls, m.')
LYy )( LYy )
my py, —m; m, g, —m;

« L o1l )( L 11

(-m,’ 1 m, —m," 1 mz)

(the summation is over I, mi, I, ms; my, mp, (1, Me;
)\1, }\2, m]).

We define a coordinate system XYZ such that the Z
axis coincides with the direction of the quantum flux,
and the electron moves in the XZ plane. We choose the
moving system of coordinates £(n¢ in such a way that
the ¢ axis coincides with the direction of the electron
momentum, and the Y and 1 axes coincide with each
other (see Fig. 1). We denote by ¢; and ¢, the spherical
coordinates of the vector s in the system £ng, and by
a the angle between the vector s and the Z axis. We
note immediately that

x didi D, (1 + 56) s, Dy, ( (21)

cos % = cos ¥ ,cos ¥ — sin Oy sin ¢ cos ¢y,

(22)
since in accordance with the construction the Z axis

has <€ =7 in the system &n¢. Using the expression for
DHMA ”], we can easily sum over the helicities A
and ;.

When summing over the remaining indices in expres-
sion (21), we separate first the terms with u;=pu,. For
these terms, the summation is carried out in exactly
the same manner as was described in the preceding
section, and their contribution is equal to

17 (9,8)= [dZ, + (L + 1) di] [1 f%Pz(cosﬂ)]

4n {
320+ 1)
3l(I+1)cosa

— (= )
@j+1)@2i+1)

[di =+ 1)dh —(@—1)dicos* s (23)

+ 1+ 2)dis cos* § + diydis (3cos?® — 1) cos (8rsy — 61-1) 1 }

In the terms with u, # u,, we change over from the
spherical function Ylm(k/k), which enters in a(l, m),
to associated Legendre polynomials, for which the
following relations hold: :

l—m+1)! W m l—=m+1)! iy
(_.,T—)p,__lp,_:": Z_(_.._)pmp‘_‘;

(I+m—1) I+m—1)!
=—(—1)I(I+1)sin®cos ¥, (24.1)
(l—m+1)! mombt (l—m"l'i)! moom4t
mlePH‘ - mpl—lpul
=I(l+1) (I +2)sind cosd. (24.2)

Using these relations, we carry out the summation in (21)
for terms with p; # u,:

4al(l+1)
(2 +1) (2L+1)*
— 3di_4diy4 €08 (8141 — 81—y) ] [cos® B cos a — cos T, cos O]
+ (2l + 1) diy1di-y $in (8141 — 8:y) sin ® cos ¥ sin 9, sin ¢,).

I7(9,8)=(—1)""*" ([@—1)d, —(+2)diy

(25)

Adding (23) and (25) and reducing the normalization to
the form (1), we obtain ultimately

15({},5)=2{1 ——?—Pz(cnsﬁ)-FAcosa—

8n 2 (26)

—41(*/2cos 0, cos & — /2 cos &) — Y. 8in ¥ cos ¥ sin &y sin @y ¢,

where A, B and y; were defined earlier, and
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3l(l + 1) @dl—i Sill(61+| - 61—1)

oy =(—1)i=1="h
(=1 G+1 [ +Q+DaE,]

(27)

When the quantum polarization direction is reversed,
the signs of the third and fourth terms of (26) are re-
versed. This enables us to write the result in more gen-
eral form, using the unit vectors e and s, and also
K=k/k—the unit vector in the direction of the electron
momentum. For circularly polarized light, the cross
section of the process as a result of which the photo-
electron is emitted at an angle s and has a spin di-
rected along the vector s is given by”

3
e @, =2 i B[ 2 (- 3]+ ace)
8n 2L 2 2
(28)*
—Y1[¥2(ex) (sx) — !/2(es) ] - y=(s[ex]) (ex) }

We consider an analogous problem for linearly po-
larized light. We choose the coordinate system XYZ
such that the Z axis coincides with the quantum polari-
zation vector e, and the Y axis coincides with the di-
rection of the quantum flux. We choose the moving co-
ordinate system £n¢ in such a way that the ¢ axis
coincides with the electron momentum vector (Fig. 2).

In the expression for the dipole matrix element (20),
only the projection of the quantum angular momentum
changes:

Oy lrCot 19 = V27 +1 2 (—1) tmt=mpbt=n vay]_

Ky i Y1l (29)
dz"l’, Do [ — 2 v 3
X dva(l'ym’) D (k)(mp,—.m,)(—rrt'Om)
The summations are carried out in analogy with the
summation considered above. The terms with u;=pu,
give a result that does not depend on the direction of
the spin:
4n 2 2
I(9, S)=m‘[ld1—s + (1 +1)diy J{1 + pP.(cos 9) ), (30)
In the summations in the terms with u; # u, we use
the relations
(l—m+1)! m m—1
Trmogr PP
(l—m+2)! .
L TEanrT T P =0, (8L1)

(Il—m+1)! n—t om
m(z —mA )PP,
_ (I—m+2)! M 1 h
= (Tm—D I+ m)P, Pl_,—z—l(l+1)(2l+1)sm0cosﬁ.

(31.2)

As a result we obtain

FIG. 1
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4al(l+1)
2j+1)21+1)
— 8i-4)sin® cos & sin O, sin @,.
The angular distribution of the electrons with a speci-
fied spin direction s, following absorption of linearly
polarized light, is ultimately given by the expression

3
Otot

8n

I} (9,8)=(—1)i-"+" dipy diy sin (84

(32)

i 3 1

1" 0,9 == {1+p[-(en)*— 5| ~ntelexD @}, (33)
It is easy to write down the degree of polarization of

the electrons along the direction s as a function of the

angle #:

_ _Ta(slex]) (ex)

lin, _
P06 )= ——p (o)

(34)
Integrating this expression over all the directions of
the vector k, we find that P%m(s)=0. Therefore, to

observe the polarization it is necessary to separate
electrons emitted at a definite angle. In addition, the
polarization of the electrons vanishes when the quantity
(s-ex«k) (e- k) vanishes, i.e., when the vector s lies in
a plane defined by the vectors e and «, and also when
klle and kle.

4. If the orbital angular momentum of the outer elec-
tron of the atom is =0, then, as shown by Fano [2], the
electrons become polarized after absorption of circularly
polarized light. The Fano effect is based on the fact that
the wave functions of the outgoing electron, meaning also
the dipole matrix elements, differ from each other for
the states with j=1— 1/2 and j=1+ 1/2. 1t is of interest
to obtain the angular distribution of electrons with
specified direction of the spin s also for the Fano ef-
fect. An examination of this process is analogous in
many respects to that of the preceding one. The wave
function (19) must be transformed in the following
manner:

w=Y e+ (”lz :L _jmj) ( ,ln u/ _jmj) (35
xa(l’, m’)q;fl.m"u'v(r)D:;. (ik) ,

where one sums over I', m’, u,j, mj, m”, and p”,
while the index j of the wave function identifies the
state qﬂel'jmj from which it is obtained. Since we have

alkali atoms in mind, we put immediately [’=1 and
I=0. The dipole matrix element between the functions
(5) and (35) is, for right-hand circular polarization,

wlrcilpo= Y (2’;1) a-(z',m')D‘L;(k_k) 4
(36)
1Y jo\ /L Y g
hx(m' u —m,) ( 1u” —]m,)'
where -
&= R ()R ()1 dr. (37)
o

The cross section of the process as a result of which
the electron is emitted at an angle ¢ with a spin directed
along s (see Fig. 1) is proportional to the expression

I7(8,8) ~ 2 2" +1)(2j"" +1)a* (1, my)a(1, m2)dy dy

, w (1Y j’)(i /s i')
" ' z
X Dya, (14 806) 10, Duns (m. o —my 1" —mf

(1 A )(1 Yoo )
o PR &

(the sum is over j’, mJ’, i”, m]-"; m;, Mg, K1, M2; A1y Az,

(38)
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K”). Substituting here the numerical values of the
3j-symbols and summing, we obtain

Grol b
I"(\‘),s)=8—”{1—7Pz(cosﬁ)+acosa
g (39)
1
—7(7003’0.0050——2@50(.)},
where
b 2|ds +d,|* — 2d,? _ 3ds*—"/sl2ds + di|?
27 +dz2 2dy* +d? '
’ ' 1 2 2’ ' (40)
gy = 12t dil*— 34,

2d.*+d?
The subscript 3 or 1 of the dipole matrix element de-
notes respectively j= 3/2 or j= 1/2. The angular dis-
tribution (39) can be written in a different form, using
the unit vectors defined above®:

roomgefi-tdert]
+a(es)—y [%(eu) (su)—iz(es) ]}

The photoionization cross section of alkali atoms,
starting with Na, has a minimum close to zero near the
ionization thresholds, and this minimum is due to the
reversal of the sign of the dipole matrix element. When
the spin-orbit interaction is taken into account, the wave
functions of the states with j=3/2 and j=1/2 turn out
to be somewhat different. Therefore the matrix ele-
ments dz and d, vanish at different quantum energies,
and the total photoionization cross section never van-
ishes rigorously. At the point where ds=—2d,, we ob-
tain from (40) b=0,a=1, and y=0. This means that
all electrons are polarized in the direction of the vec-
tor e independently of their emission angle ¢, and the
angular distribution is isotropic. '

We note that formula (41) is also valid in the case
of ionization of the ns® subshell. The only change in
the derivation lies in the fact that the wave function of
the final state is the product of the functions (5) and
(35), while the wave function of the initial state consti-
tutes a linear combination of s-states with different
spin projections, yielding the same dipole matrix ele-
ment (36). The photoionization cross section of the
alkaline-earth atoms also has a minimum near the
ionization threshold (see, e.g., "**72?), and the cross
section at the minimum is larger for these atoms than
for the preceding alkali atoms.

5. Let us consider the ionization, with polarized
light, of a closed shell of an atom with /= 1. We ob-
tain the angular distribution of the electrons with a
specified spin direction 8, assuming that after absorp-
tion of the quantum the ion remains in a state having
definite values of the orbital angular momentum L, the
spin S, and the total angular momentum J. The wave
function of such a final state is given by

L S J
b, = = (r = -1 S—L—M(
P =P (F) XaPrssn MEM (1) M, Mo —M

x \Pu«usu.z a(l', M"Y Qo mn(r) Dt (Lk)

) V2l +1
(42)

We calculate with this wave function the dipole matrix
element for the right-hand circular polarization of the

uantum
1 L S

Y lrCllpd= Y (—1)s-t-x ¥2l+1
Py (e e, ) P50
XZ a'(l,‘ m')D“’f‘ <(pU"’l'M"pLMLSM‘IrCI‘l¢0>)
Uom
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where i, is the wave function of the ground state of the
atom. We connect the angular momenta of the ion and
of the electron, and change over in the final state to the
wave function (1'1/2, LS; L'Mj S'M§). The dipole
matrix element is then expressed in the following
manner "

P /2y LS; L'ML"S Ms') IrC o o) = BsroBaggro (—1) &/ M +L+t+14s
L 1 0) {O 1 L’}
~M,o 10/ WL 1)
Substituting these expressions in the matrix element
(43), we obtain for the cross section of the sought process

(44)
X [@L + 1)L - 220+ 1) |"dy (

1,(8,8)=(27+1) 2 (=1)srsemm=my e @' (L, mi)a(ly, m,)

U —a0) G e ) ( ) (

M e — M
x Dnl'/m (1 +s0) hAan:/;z d,d.,

L1 1
—m 1M’

L 1 1
—m 1 M) (45)

(the sum is over Iy, my, lo, M2; H1, Ke, M1, Ae; M{,, My,
M). This expression coincides with (21), and therefore
we obtain after summing over all the indices the same
formulas (28) and (33), with j replaced by J, and also
with another factor in front of the curly bracket:

G (27+1)
81 2(2+1)

where oot is the total cross section for the photoioni-
zation of the considered subshell. Thus, upon absorp-
tion of polarized light, the angular distribution of the
electrons with a specified spin orientation, for atoms
with one electron in the outer shell and angular mo-
mentum =1 and with a definite total angular momen-
tum j=17+ 1/ 2, coincides with the analogous angular
distribution for atoms with a closed shell having the
same angular momentum [, when the remaining ion
has a definite total angular momentum J=j.

6. The angular distributions of the photoelectrons for
atoms of noble gases were measured, and the contribu-
tions of the processes in which the ion in the final state
has angular momenta J = 1/2 and J=3/2 were sepa-
rated™’*?), The coefficient 8 turned out to be close to
zero near the ionization thresholds of the atoms Ar,
Kr, and Xe, and even negative in the case of Ne't!»*%34,
With decreasing B, the number of electrons emitted at
small angles to the quantum flux, where the degree of
polarization is largest, is increased. Therefore the re-
gion of low energies near the ionization threshold is of
greatest interest for the study of polarization effects in
these atoms.

The results of the calculations of the photoionization
cross sections and of the coefficients g for noble-gas
atoms, with allowance for many-electron correlations,
were published earlier in "%??), The values of the
parameters A, y1, and y: obtained with their ajd at
certain values of the energy are given in Table I, while
Fig. 3 shows the dependence of the degree of polariza-
tion of the electron on the angle ¢ for the atoms Ne,
Ar, and Xe, obtained from formula (15) for a spin paral
lel to the quantum polarization vector.

The same figure shows the dependence of the total
electron flux on the angle, obtained from formula (1)
(in arbitrary units). As seen from the figure, for all
atoms at J=1/2 the degree of polarization Py(s)>0.7
in the angle interval ¢ =0-20°, whereas the intensity of
the electron flux is practically independent of the angle.
The dependence of the degree of polarization on the

467 Sov. Phys.-JETP, Vol. 38, No. 3, March 1974

TABLE 1. Values of the parameters
for noble-gas atoms '

Atom Ne, Ar, Kr, Xe,
(J =1fo) e= £= £= 8=
=0.25 Ry | =0.16 Ry |[=0.1225 Ry |=0.1225 Ry
A —0.21 —0.36 —0.36 —0.38
Vi ~—1.32 —1.18 —1.18 —1.08
Y2 —0.34 —0.38 —0.35 —0.54
B —0.21 0.35 0.36 0.60

TABLE II. Values of the
parameters at j — 1/2 and photo-
ionization cross section of the
In atom

Al Y2

—0.40|—0.90
—0.37]—0.60

FIG. 3

FIG. 4

FIG. 3. Angular dependence of the degree of polarization Py (¥) and
of the total electron flux I(#). Solid line—Ne. € = 0.25 Ry; dashed = Ar,
e =0.16 Ry; dash-dot—Xe, € = 0.1225 Ry, I(#) is in arbitrary units.

FIG. 4. Dependence of the degree of polarization of the total elec-
tron flux P12 on the energy for the Ar atom. o4 is the photoioniza-
tion cross section of the 3p® subshell of Ar.

angle is almost the same for all the atoms, and changes
little with increasing energy far from the region of

the Cooper minimum. As seen from Table I, the degree
of polarization of the total energy flux, equal to the~
coefficient A, reaches the largest absolute value for
Xe near the ionization threshold.

Figure 4 shows a plot of the coefficient A against the
energy for the Ar atom. It also shows the photoioniza-
tion cross section of the 3p° subshell of the atom. At the
Cooper-minimum point, the degree of polarization P,
= A reaches unity, from which it follows that at this en-
ergy all the electrons with J= 1/2 turn out to be po-
larized independently of the angle #. At the Cooper
minimum there should also appear the Fano effect
connected with the difference between the wave func-
tions of the photoelectron in the states dsz and ds/2,
but now against the background of the nonvanishing
transition ns — e€p. The cross section of the transition
np — €p never vanishes rigorously, and the influence
of the Fano effect is determined by the minimum of the
cross section ratio op—q /op_.s. Using the method de-
scribed in the paper, we can obtain formulas for this
case, too.
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FIG. 5. Dependence of the degree of polarization P1/2 (%) and of '
the total electron flux I($#) on the angle for the In atom. Solid lines—e =
0.01 Ry, dashed—e = 0.16 Ry; I(8) is in arbitrary units.

FIG. 6. Dependence of the degree of polarization on the angle for the
In atom at s Leand s L 3. j = 1/2. Solid line—circular polarization of the
light, dashed—linear polarization of the light.

By way of example of an atom with one p electron in
the outer shell, we have considered In. Table II gives
the values of the parameters, and also the photoioniza-
tion cross section of In at electron energy values
€=0.01 Ry and 0.16 Ry (j = 1/2), obtained in the Hartree-
Fock approximation with dipole matrix elements of the
coordinate '*¥1, Figure 5 shows the dependence of the
degree of polarization, obtained from formula (15), and
also of the total electron flux, on the angle for the same
energies. The degree of polarization decreases here
with increasing angle more rapidly than in noble-gas
atoms.

To explain the influence of the last term in the angu-
lar distribution (28), let us consider the situation in
which 8L e and 8. k. The degree of polarization is then
given by

Y2(s[ex]) (ex)

cire P LA S it L b
P lns)==—1— 1/,pP,(ex)

(46)
Let the vector s coincide with the 7 axis (see Fig. 1).
Then $;=¢,=7/2, and in formula (46) there remains
only the dependence on the angle ¢. For linear polari-
zation of the quantum at sl e and s.l«k, and at a vector
8 coinciding with the 7 axis (see Fig. 2), we also have
$1=@;=1/2, and the angular distribution is given by
formula (34). The dependence of the degree of polariza-
tion on the angle ¢ for these two cases, obtained at an
electron energy €=0.01 Ry and j= 1/2 in the In atom,
is shown in Fig. 6. We see that under definite conditions
this term can also make a noticeable contribution. It
appears that an analogous situation takes place also in
other atoms with one p electron in the outer subshell.

The results show that to obtain a beam of polarized
electrons it is more convenient to use noble-gas atoms.
The largest splitting between the *Py;, and *Py, levels
of the ion is found in Xe and amounts to 0.096 Ry. The
photoionization cross section at €=0.1225 Ry is equal
to 75x 10”*® e¢m?, which exceeds by three orders of
magnitude the photoionization cross section of the Cs
atom near the minimum of the cross section, where
the Fano effect is observed. Following absorption of
circularly-polarized light, the electrons that leave
the ion in the state P, and are emitted at angles
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¢ =0-20° constitute 0.7% of the total electron flux at
this energy, and have a degree of polarization equal

to 0.84. In comparison with the Fano effect in the Cs
atom “], in the considered case the flux of the polarized
electrons, at the same light-source intensity, should be
larger by at least one order of magnitude. If the elec-
trons emitted in the angle interval ¢=0-10° are sepa-
rated, then the degree of polarization for them turns

out to be 0.95, but the flux of the polarized electrons
then decreases by a factor of 4. As already noted, the
degree of polarization depends little on the energy, and
therefore the width of the spectrum of the light source
is limited only by the spacing between the *P,,» and *Ps,;
levels of the ion.

In principle one can consider the angular distribu-
tion of the photoelectrons with a specified spin orien-
tation in an arbitrary atom. However, to observe the
polarization it is necessary to separate the electrons
corresponding to the definite total angular momentum
of both the initial atom and of the final ion. In such a
situation it is impossible to perform all the manipu-
lations in general form.

The author is sincerely grateful to M. Ya. Amus’ya
for useful remarks, and also to V. G. Gorshkov and
G. F. Drukarev for discussions.

*lek] =e X k.

DThe atomic system of units with h=m =e = 1 is used.

DThe invariance of expression (28) under inversion and time reversal is
obvious (with the exception of the last term). In the case of time re-
versal, all the vectors of the last term reverse sign, but y, contains the
sine of a phase difference and also reverses sign, so that even this term
remains invariant.
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