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Spin polarization in the double photoionization of atoms

N. Chandra
Department of Physics and Meteorology, Indian Institute of Technology, Kharagpur 721 302, India

~Received 31 May 1996!

In this paper we develop a theoretical framework for studying spin polarization of one or both of the two
electrons emitted in the one-photon, one-step, double ionization of an atom. The expressions derived herein are
in the form of an incoherent sum over the angular momentumj t exchanged between the unobserved initial and
final angular momenta. It then naturally facilitates an analysis of spin-resolved double-photoionization pro-
cesses in terms of the parity-favored and -unfavored transitions. Several photon-propagation and electron-
detection configurations are considered in which it becomes simpler to study the angular-spin or spin-spin
correlation between two photoelectrons. The approach suggested in this paper has been used to analyze
spin-resolved double photoionization in the 6s2 subshell of atomic ytterbium.@S1050-2947~97!04508-3#

PACS number~s!: 32.80.Fb, 32.80.Cy, 32.80.Rm
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I. INTRODUCTION

Since the pioneering work of Byron and Jochain@1#, there
have been several experimental as well as theoretical stu
of double photoionization~DPI! in atomic targets~see, for
example, Refs.@2–15#!. In this process, either absorptio
@1–10# of a single photon in an electric dipole (E1) approxi-
mation or single-photon Compton scattering@11–15# simul-
taneously ejects two electrons from an atom. In most of th
papers@1–15#, usually integrated cross-section and/or ang
lar distributions of the two photoelectrons have been stud

The two photoelectrons, moving in a continuum, sho
not only share between themselves photon energy in ex
of the ionization potential and influence each other’s angu
distribution through mutual Coulombic repulsion but affe
in principle, also the orientations of their spins. This mea
that the role played by the spin-orbit interaction~SOI! in DPI
processes should also be investigated. Moreover, in orde
be able to extract complete@16# information from any ex-
perimental data on DPI, it is necessary that the initial stat
the reactants~here an atom plus the radiation field! should be
state selected and the internal properties of the reaction p
ucts ~a doubly charged atomic photoion and the two pho
electrons, in the present case! should be analyzed.

Therefore, if one wants to properly study electro
electron correlations in DPI, it is necessary to analyze
addition to their energy, both the angular distribution as w
as spin polarization of the two photoelectrons. Such inve
gations will also constitute one step towards performing
‘complete’ experiment on DPI.

However, because of a substantial loss@approximately by
a factor of about 1000~Ref. @17#!# of intensity in a Mott
detector used to detect the direction of a photoelectro
spin, measurements on spin polarization are extremely d
cult to perform and are probably beyond the reach of c
rently available experimental facilities for DPI. However, t
probable nonfeasibility of angle- and spin-resolved DPI m
surements in the near future should not deter one from stu
ing such processes at least theoretically, even at present.
observation becomes particularly significant in view of t
fact that the correlation between the spins of a pair of e
trons moving in a continuum has been analyzed alread
another kind of experiment on double ionization.
561050-2947/97/56~3!/1879~13!/$10.00
ies

se
-
d.

ss
r

,
s

to

of

d-
-

-
n
ll
i-
a

’s
fi-
r-

-
y-
his

-
in

For example, several recent investigations have sho
that the fragmentation patterns characterized by the en
partitioning, angular distribution, and spin polarization
photoelectrons and of Auger electrons ejected sequential
the one-photon, two-step, double ionization of atoms@18–
20# and of molecules@20–22# are much more complicate
than those in which spins of the outgoing electrons are
detected. Such angle- and spin-resolved studies are m
richer sources of information@18–22# on the dynamics of
double ionization as well as on electron-electron corre
tions.

In this paper we therefore present a study of atomic D
including an analysis of the spin polarization of both pho
electrons. In Sec. II an angle- and spin-correlation funct
for DPI has been derived by taking into account the SOI
the initial electronic state of the atom, say,A, in the elec-
tronic state of the doubly charged residual photoionA21,
and in the two continua of both photoelectrons. In order
obtain a simplest possible expression for this complica
function, we have adapted the angular-momentum tran
method to DPI. This method was originally proposed
Fano and Dill @23,24# for the purely angle-resolved, one
photon, single-ionization of atoms and molecules, and la
generalized by us@25–27# to those experiments in which th
spin polarization of the single outgoing photoelectron is a
lyzed as well. The present adaptation of the angu
momentum transfer method to angle- and spin-resolved
in atoms helps in an analysis of this process in terms
parity-favored and -unfavored transitions@24#, already car-
ried out by us@27# for single-photoelectron spectroscopy.

In Sec. II several photon-propagation and electro
detection configurations also have been investigated
which the angular- and spin-correlation functions for D
take particularly simpler forms. Therein, we suggest a
various simple alternative experiments involving the det
tion of the direction and/or spin of one or both of the tw
photoelectrons.

The theory developed in this paper is used in Sec. III
study the spin polarization of electrons ejected from the 6s2

subshell of atomic Yb in its DPI. Therein we show how th
SOI in the continuum of one photoelectron affects not o
its own properties but also those of its companion photoe
tron. It happens even if only one of the two ejected pho
1879 © 1997 The American Physical Society
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1880 56N. CHANDRA
electrons is observed. Finally, Section IV contains the c
clusions of this paper.

II. ANGULAR AND SPIN CORRELATIONS
BETWEEN ELECTRONS EJECTED IN DPI

The process of interest to us in this paper can schem
cally be represented by

hn r~ u lW r u51!1A~J0M0!→A21~JfM f !1e1~kW1 ;m1û1!

1e2~kW2 ;m2û2!. ~1!

Here Er5hn r and u lW r u51 are, respectively, the energy an
angular momentum of the photon absorbed by atomA in the
E1 approximation.uJ0M0& and uJfM f& are the bound elec
tronic states ofA with energyE0 and of the residual doubly
charged photoionA21 possessing energyEf , respectively.
M0 and M f are the respective projections along the po
axis of the space~or photon! frame of reference of the tota
angular momentumJW0 of A andJW f of A21. The quantization
axis is in the direction of the electric vector of the linear
polarized~LP! radiation present in Eq.~1!. If the ionizing
radiation happens to be circularly polarized~CP! or unpolar-
ized ~UP!, its direction of incidence then defines the po
axis of the photon frame. Also in Eq.~1!, kW1@k1 ,k̂1(u1 ,f1)#

and kW2@k2 ,k̂2(u2 ,f2)# are the propagation vectors of tw
photoelectrons ejected simultaneously with respective e
gies «15\2k1

2/2m and «25\2k2
2/2m. We therefore have

«11«25hn r2(Ef2E0) from energy conservation. Projec
tions m1\ and m2\ ~with m1 ,m256 1

2! of the spin angular
momenta ofe1 ande2 ejected in DPI are taken to be in th
directionsû1(u18 ,f18) and û2(u28 ,f28), respectively.

Following the procedure explained in Ref.@26# for angle-
and spin-resolved photoelectron spectroscopy of the si
ionization of atoms, the required final state describing
A211e11e2 system produced in the DPI in Eq.~1! can be
written as

C
f ;kW1m1 ;kW2m2

2
5 (

l 1 , j 1 ,ml 1
,mj 1

,n1 , j

l 2 , j 2 ,ml 2
,mj 2

,n2 ,mj

i ~ l 11 l 2!e2 i ~s l 1 j 1
1s l 2 j 2

!

3~21!12 l 12 l 21 j 22 j 12mj 1
2mj 2

2mj

3A~2 j 111!~2 j 211!~2 j 11!

3S l 1
1
2 j 1

ml 1 n1 2mj 1

D S l 2
1
2 j 2

ml 2 n2 2mj 2

D
3S j 1 j 2 j

mj 1
mj 2 2mj

D Y
l 1

ml 1
*
~ k̂1!Y

l 2

ml 2
*
~ k̂2!

3Dm1n1

1/2* ~vu1
!Dm2n2

1/2* ~vu2
!F f ; jmj

2 . ~2!

This expression is obtained by including the SOI in t
uJfM f& state ofA21 and also in the continuum ofe1 ande2
specified by the total angular momenta

jW15 lW11
1W

2
~3a!
-

ti-

r

r

r-

le
e

and

jW25 lW21
1W

2
, ~3b!

respectively. The channel functionF f ; jmj

2 in Eq. ~2! repre-

sents the doubly charged photoionA21 in its f th state and
the two photoelectrons with total angular momentum

jW5 jW11 jW2 ~3c!

having its projectionmj along the polar axis of the spac
frame. The minus superscript on a function such asF andC
in Eq. ~2! indicates that it asymptotically satisfies the incom
ing wave boundary conditions appropriate@28# for photoion-
ization. Also in Eq.~2!, s l 1 j 1

and s l 2 j 2
are the Coulomb

phases@29# for the l 1th andl 2th partial waves of the photo
electronse1 and e2 , respectively; theD ’s are the well-
known rotational harmonics withvu1

([f18 ,u18,0) and

vu2
([f28 ,u28,0) the Euler angles for spin-polarization dire

tions û1 and û2 , respectively@30#.
Let u1mr& represent the state of the absorbed photon

theE1 approximation withmr521, 0, and 1 for left circular
polarization, linearly polarized and right circular polariz
tion, respectively. Then the transition amplitude for the D
process~1! is the matrix element̂C

f ;kW1m1 ;kW2m2

2 uFuF0 ;1mr&

of theE1 operatorF defined in Ref.@29# in both length and
velocity approximations. HereF0[uJ0M0& is the bound
electronic state of atomA taking the SOI into account.

The angular distribution of spin-resolved photoelectro
emitted in process~1! is given by

d3s~mr ;m1û1 ;m2û2!

d«1dk̂1dk̂2

5
K

2J011 (
M0 ,M f

^C f ;kW1m1 ;kW2m2

2 uFuF0 ;1mr&
2, ~4!

where K53P(e2/a0Er)
2 with a0 the dimensionless fine

structure constant. The definitions of the operatorF in the
E1 length and velocity approximations given in Eqs.~7! and
~8! in Ref. @29#, respectively, along with the value of th
constantK in Eq. ~4! herein, are in conformity with Bethe
and Salpeter@31# such that Eq.~4!, after integration overk̂1

and k̂2 , gives the cross section for DPI in cm2. Expression
~4! has been summed overM f and averaged overM0 .

Now we substitute state~2! into Eq. ~4! and expand the
photoionization matrix element̂F f ; jmj

2 uFuF0 ;1mr& present

in the consequent expression in the form@26#

^F f ; jmj

2 uFuF0 ;1mr&5(
J

~21!11 j 2J02Jf22M~2J11!

3S 1 J0 J

2mr 2M0 M D
3S Jf j J

M f mj 2M D ^Jf j uF~J!uJ01&.

~5!

Here JW5 lW r1JW05JW f1 jW (5 jW11 jW2) is the total angular mo-
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56 1881SPIN POLARIZATION IN THE DOUBLE . . .
mentum for process~1! and is a constant of the motion. O
recoupling the angular momenta present in Eq.~5! according
to the procedure used in Ref.@26#, we find

^F f ; jmj

2 uFuF0 ;1mr&5 (
j t ,mt

~21!2J02Jf2M02mj~2 j t11!

3S 1 j j t

mr 2mj mt
D

3S Jf J0 j t

M f 2M0 mt
D

3^Jf j uF~ j t!uJ01&, ~6!

with
^Jf j uF~ j t!uJ01&5(
J

~21!J~2J11!H 1 J0 J

Jf j j t
J

3^Jf j uF~J!uJ01&. ~7!

In expressions~6! and ~7!,

jW t5 lW r2 jW5JW f2JW0 ~8!

is the angular momentum transferred between the un
served reactants~A andA21! and from photon (u lW r u51) to
the two photoelectrons whose spins are being analyzed. D
nition ~8! is in accordance with the scheme proposed in Re
@25–27# for analyzing the spin polarization of an electro
ejected in single photoionization. The expression for the
gular distribution ~4!, obtained after substituting the fina
state ~2! and the matrix element~6!, is simplified using
somewhat tedious Racah algebra and can be written in
form
d3s~mr ;m1û1 ;m2û2!

d«1dk̂1dk̂2

5
K

2J011
(
j t

(
l 1 ,l 2

l 18 ,l 28

(
j 1 , j 2 , j

j 18 , j 28 , j 8

G~ l r51;mr ; j t ;~ j 1 j 2! j ;~ j 18 j 28! j 8; l 1l 18 ; l 2l 28 ;m1û1 ;m2û2 ; k̂1k̂2!

3dl 1l 2
~Jf~ j 1 j 2! j ;J01; j t!dl

18 l
28

*
„Jf~ j 18 j 28! j 8;J01; j t…, ~9a!

with the geometrical factor

G~ l r51;mr ; j t ;~ j 1 j 2! j ;~ j 18 j 28! j 8; l 1l 18 ; l 2l 28 ;m1û1 ;m2û2 ; k̂1k̂2!

5~21!11m11m21mr
K

2J011 (
L1 ,L2 ,ML1

,ML2

S1 ,S2Ms1
,Ms2

(
J1 ,J2
JT ,M

~21! l 181 l 281 j 1 j t1S11S2~2J111!~2J211!~2JT11!~2 j t11!

3A~2L111!~2L211!~2S111!~2S211!S l 1 l 18 L1

0 0 0
D S l 2 l 28 L2

0 0 0
D S 1

2
1
2 S1

m1 2m1 0
D S 1

2
1
2 S2

m2 2m2 0
D

3S L1

ML1

S1

MS1

J1

M D S L2

ML2

S2

MS2

J2

2M D S J1

M
J2

2M
JT

0 D S 1
mr

1
2mr

JT

0 D H1
j

1
j 8

JT

j t
J H l 1

1
2 j 1

l 18
1
2 j 18

L1 S1 J1

J
3H l 2

1
2 j 2

l 28
1
2 j 28

L2 S2 J2

J H j 1 j 2 j

j 18 j 28 j 8

J1 J2 JT

J Y
L1

ML1~ k̂1!Y
L2

ML2~ k̂2!Y
S1

MS1~ û1!Y
S2

MS2~ û2! ~9b!

and the reduced amplitudes

dl 1l 2
„Jf~ j 1 j 2! j ;J01; j t…5~2 i ! l 11 l 2ei ~s l 1 j 1

1s l 2 j 2
!A~2l 111!~2l 211!~2 j 111!~2 j 211!~2 j 11!^Jf j uF~ j t!uJ01& ~10!
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1882 56N. CHANDRA
determined by the dynamics of the DPI process~1!. The
geometrical factor~9b! can be written also in terms of th
bipolar harmonics@32# in two different ways by combining

eitherY
L1

ML1( k̂1) with Y
S1

MS1(û1) andY
L2

ML2( k̂2) with Y
S2

MS2(û2),

or Y
L1

ML1( k̂1) with Y
L2

ML2( k̂2) andY
S1

MS1(û1) with Y
S2

MS2(û2).

We see that the correlation function~9! contains an inco-
herent sum over the angular momentum transferjW t defined in
Eq. ~8!. It can therefore be analyzed according to pari
favored and -unfavored transitions@23,24#. In the present
case, these are characterized, respectively, by11 and21
values of (21)11 j t2 j . We have, from Eq.~8!, j t5 j , j 61.
The parity-favored transitions are therefore those for wh
j t5 j 61, whereasj t5 j corresponds to unfavored transition
Then, in view of relation~3c! and for givenj 1 and j 2 , the
total number of parity-unfavored transitions is 2 min(j1,j2)
11, whereas parity-favored transitions are 2@2 min(j1,j2)
11# for j 1Þ j 2 and 2@2 min(j1,j2)11#21 for j 15 j 2 . In the
case of single photoionization, on the other hand, there
be only one j t5 j and two j t5 j 61 parity-unfavored and
-favored transitions, respectively. Thus the presence of t
rather than one, photoelectrons in the continuum has
creased considerably the number of both parity-favored
-unfavored transitions contributing to a DPI process. T
parity-unfavored transitions are known to reflect the infl
ence of electron-ion final-state interactions and have alre
.
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been observed by Langeret al. @33# in the spin-unresolved
nonresonant single photoionization of argon.

On account of the emission of two electrons in proce
~1!, both of the quantum numbersJo and Jf will simulta-
neously be finite, as either integers or half integers. Con
quently, the angular-momentum transferj t defined by rela-
tion ~8! will be an integer taking only 2 min(Jo ,Jf)11 values.
This in turn implies that due to the triangular conditio

D~u lW r u51, j , j t!, j too cannot be other than a finite intege
However, Eq.~3c! suggests thatj 1 and j 2 , both of which are
half integers on account of Eqs.~3a! and~3b!, can have any
number of values satisfying the inequalitiesu j 12 j 2u< j < j 1

1 j 2 . But we know from Eqs.~3a! and ~3b! that j 15 l 16 1
2

and j 25 l 26 1
2, respectively. Hence, oncej 1 and j 2 are fixed,

l 1 and l 2 will be determined automatically. In conclusion

while spherical harmonicsY
S1

MS1(û1) and Y
S2

MS2(û2) corre-

sponding toS15(0,1) andS25(0,1) contribute to expres

sion ~9! a larger number of bothY
L1

ML1( k̂1) and Y
L2

ML2( k̂2),

with L1 and L2 determined from the conditionsu l 12 l 28u
<L1< l 11 l 28 andu l 22 l 28u<L2< l 21 l 28 , respectively, will be
present in that expression.

The angular distribution~9! for two spin-resolved photo-
electron is extremely complicated. It is possible to para
etrize by writing it in the form
d3s12~mr ;m1û1 ;m2û2!

d«1dk̂1dk̂2

5~21!m11m2 (
S1 ,S2 ,ST ,M

S 1
2

1
2 S1

2m1 m1 0
D S 1

2
1
2 S2

2m2 m2 0
D

3ASTM
S1S2~mr ;kW1 ;kW2!Y STM

S1S2~ û1 ,û2!, ~11!
itu-
e.,
where theY’s are the bipolar harmonics@32#. An expression
for the coefficientsA is readily obtained by comparing Eq
~11! with Eq. ~9!. The advantage of writing the angular- an
spin-correlation functions in the form of Eq.~11! lies in the
fact that they can now be completely characterized by
parameters present in the expression~7! obtained by Chandra
and Chrakraborty@21# to study angular and spin correlatio
between a photoelectron and an Auger electron emitted
quentially in one-photon, two-step, double ionization. Sim
lar to Ref.@21#, these 12 parameters herein also depend u
the experimental geometry through the propagation vec
kW1 and kW2 of the two photoelectrons. Expressions for the
parameters are readily obtained by replacingASTM

S1S2 in Eqs.

~8a!–~8l! given in Ref.@21# by those extracted from Eq.~11!
in this paper. Each of the 12 parameters can be analyze
terms of parity-favored and -unfavored transitions.

There are several experimental geometries in which
pression~9! @or ~11!# takes particularly simpler forms. Sev
eral of such configurations are briefly discussed in the res
this section.
2

e-
-
n

rs
e

in

x-

of

~i! Both photoelectrons are taken to be polarized long
dinally to their respective directions of propagation, i.
û1i k̂1 andû2i k̂2 . Then, using Eq.~4.6.5! from Ref.@30#, one
writes

Y
L1

ML1~ k̂1!Y
S1

MS1~ û1!→Y
L1

ML1~ k̂1!Y
S1

MS1~ k̂1!

5 (
A1 ,a1

A~2L111!~2S111!~2A111!

4p

3S L1

0
S1

0
A1

0 D
3S L1

ML1

S1

MS1

A1

a1
DY

A1

a1* ~ k̂1! ~12a!

and
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Y
L2

ML2~ k̂1!Y
S2

MS2~ û1!→Y
L2

ML2~ k̂1!Y
S2

MS2~ k̂1!

5 (
A2 ,a2

A~2L211!~2S211!~2A211!

4p

3S L2

0
S2

0
A2

0 D
3S L2

ML2

S2

MS2

A2

a2
DY

A2

a2* ~ k̂2!. ~12b!

After substituting Eq. ~12! into Eq. ~9b!, sums over
(ML1

,MS1
) and (ML2

,MS2
) are readily performed analyti

cally using the unitarity@30# of 3-j symbols. The resulting
geometrical factor will be considerably simpler than th
given in Eq.~9b!. The consequent final form of the correl
tion function ~9! suggests two very interesting photo
propagation and electron-detection configurations that ca
used to perform angle- and spin-resolved doub
photoionization studies.

~a! One~say,e2! of the two longitudinally polarized pho
toelectrons is observed along the polar axis of the pho
frame. Thenk̂25(u250,f2), yielding @30#

Y
A2

a2* ~ k̂2!5A~2A211!/4pd0a2
. ~12c!

After using Eqs.~12a!–~12c!, expression~9! reduces to the
series of Legendre polynomials

d2s12~mr ;m1m2!

d«1du1

[
d3s12~mr ;m1û1 ;m2û2!

d«1dk̂1dk̂2
U

û1i k̂1 ,û2i k̂2 ,k̂2iẐ

5(
J1

AJ1
~mr ;m1k1 ;m2k2!PJ1

~cosu1!.

~13!

The argumentu1 of the Legendre polynomials is the ang
between two departing electrons polarized along their
spective directions of propagation. The photoelectrone2 in
Eq. ~13! is, however, always observed in the direction of t
polar axis of the space frame. The expression for the co
cient AJ can readily be obtained andJ1 is shown from Eq.
~9b! to be determined by max(0,uL12S1u,uJ22JTu)<J1
<min(2j1,L11S1,J21JT). Since u l 12 1

2u< j 1< l 11 1
2, 0<L1

<2l 1 , S15(0,1), uL22S2u<J2<L21S2 , and JT50 – 2
with 0<L2<2l 2 and S25(0,1), we therefore have
max(0,u2l 221u and u2l 223u)<J1< min(2l111,2l 213).
Usually, in an atomic photoionization experiment, the init
targetA and the final ionA21 are in parity eigenstates. Th
pair of electrons escaping in DPI also will have a defin
parity (21)l 11 l 2. But neither of the photoelectrons can b
assumed to separately possess a definite parity. On the
hand, many pairs ofl 11 l 2 may contribute to the two-
electron continuum state such thatl 11 l 2 is always either
even or odd~i.e., bothl 1 and l 2 have the same or opposit
parities! for a given transition~1!.

~b! Let us detect two longitudinally polarized photoele
trons in opposite directions, i.e., ifk̂1[ k̂(u,f), then
t

be
-

n

-

fi-

l

her

k̂2(u2,f2)52 k̂, i.e., u25p2u and f25p1f. The cross
section for angle- and spin-resolved DPI of an atomic tar
in this collinear configuration is completely characterized
just three geometry independent parametersA, B, andC in
the form of the expansion

d2s12
i

~mr ;m1m2!

d«1du

[
d3s12~mr ;m1û1 ;m2û2!

d«1dk̂1dk̂2
U

û1i k̂1 ,û2i k̂2 ,k̂1i k̂,k̂2i2 k̂

5A22mrB cosu1
1

2
~223mr

2!CP2~cosu!. ~14!

Here u is the angle that the line joining two longitudinall
polarized photoelectrons makes with the polar axis of
photon frame. The correlation in this geometry will alwa
be determined by a single parameterA, whatever the states
uJ0M0& and uJfM f& of A and A21, respectively, may be if
the absorbed photon is LP and the photoelectrons are
served in opposite directions at the magic angleum554.7°,
for which P2(cosum)50. The detailed expressions for th
three parametersA, B, andC can readily be obtained. Thes
expressions are not relevant to the present discussion
therefore have not been given in this paper. In order to
tract the remaining parametersB andC from the experimen-
tal measurements, one can follow exactly the same proce
as described in Ref.@21# for angular and spin correlation
between a pair of photoelectrons and Auger electrons
quentially emitted in opposite directions.

~ii ! Another simple experiment on DPI may consist
observing, say, electrone1 angle and spin resolved, whil
only the spin ofe2 is analyzed. The corresponding correl
tion function is given by

d2s12~mr ;m1û1 ;m2û2!

d«1dk̂1

[E d3s12~mr ;m1û1 ;m2û2!

d«1dk̂1dk̂2

dk̂2 .

One now substitutes Eq.~9! into the above relation, perform
an integration overk̂2 using the orthonormality of the spher
cal harmonics, and simplifies the consequent expression
the help of Racah algebra. The final result can be written

d2s12~mr ;m1û1 ;m2û2!

d«1dk̂1

5
1

2

d2s1~mr ;m1m̂1!

d«1dk̂1

1 f 12~mr ;kW1 ;m1û1 ;m2û2!.

~15!

Here d2s1(mr ;m1û1)/d«1dk̂1 is the angular distribution of
the spin-resolved electrone1 , which is ejected in the DPI of
an atom but is observed without the simultaneous detec
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of the electrone2 . This expression, which is applicable
noncoincident experiments on DPI, will be explored furth
in Eq. ~19!. The functionf 12 depends, among other thing
on the propagation vectork̂1 of e1 and on the spin quantiza
tion directions (û1 ,û2) of both of the photoelectrons. W
thus see that the effect of not detecting the direction of e
tion of one of the two photoelectrons splits the correlat
function ~9! into two parts: The first term on the right-han
side of Eq.~15! describes the angular distribution of the sp
resolvede1 photoelectron observed in the noncoincident e
periment and the second termf 12 represents the contributio
arising due to the analysis of the spin of the photoelectrone2
whose direction of departure from the atomic target is
detected. With suitable choices of experimental geometr
both of the forms present in Eq.~15! can be simplified.

~iii ! A still simpler experiment involving detection of th
spins of both of the photoelectrons will consist of measur
spin-resolved integrated photocurrents produced in DPI.
corresponding pure spin-correlation function is given by

ds12~mr ;m1û1 ;m2û2!

d«1

[E d3s12~mr ;m1û1 ;m2û2!

d«1dk̂1dk̂2

3dk̂1dk̂2 .

On substituting Eq.~9! and simplifying, we get

ds12~mr ;m1û1 ;m2û2!

d«1
5

1

4

ds12

d«1
$122mrm1g1cosu18

22mrm2g2cosu2814m1m2

3@g10P1~ û1•û2!1mrg11

3sinu18sinu28sin~f182f28!

1~3mr
222!g12~sinu18sinu28cos

3~f182f28!22 cosu18cosu28!#%.

~16!

That is, a complete characterization of pure spin correla
between two simultaneously ejected photoelectrons requ
just six parameters: the spin-unresolved, integrated, t
photocurrentds12/d«1 and five other parametersg1 , g2 ,
g10, g11, andg12. Although these parameters depend on
energies of the photoelectronse1 and e2 , they are totally
independent of the experimental geometry. The form of
spin-correlation function~16! is identical to that obtained by
us to describe the spin correlation between photoelect
and Auger electrons emitted from an atom@20#, from a ‘‘ro-
tationless’’ molecule@21# belonging to one of the 32 poin
groups and from@22# rotating linear molecules. One ca
readily obtain expressions for the six parameters presen
Eq. ~16! in terms of the ‘‘reduced’’ amplitudes defined b
relation~10!. Even without knowing the detailed explicit ex
r
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pressions for these parameters, one can easily deduce
following interesting properties of the spin-correlation fun
tion ~16!

~a! Let us perform a noncoincident experiment on D
detecting only, say, electrone1 . This gives

ds1~mr ;m1û1!

d«1
[(

m2

ds12~mr ;m1û1 ;m2û2!

d«1

5
1

2

ds1

d«1
@122mrm1g1cosu18#. ~17a!

Similarly, on specializing Eq.~16! to the detection of the
electrone2 , one finds

ds2~mr ;m2û2!

d«2
[(

m1

ds12~mr ;m1û1 ;m2û2!

d«1

5
1

2

ds2

d«2
@122mrm2g2cosu28#.

~17b!

We thus see that for complete specification of the sp
resolved noncoincident experiment detecting only one of
two simultaneously ejected photoelectrons, one needs me
two parameters, either (ds1 /d«1 ,g1) or (ds2 /d«2 ,g2).
~Here ds1 /d«1 and ds2 /d«2 are the spin-unresolved inte
grated photocurrents when the respective electronse1 and
e2 are observed in noncoincident experiments on DPI.! Ex-
pressions~17a! and ~17b! are formally identical to that ob-
tained @25# for the spin-resolved, integrated photocurre
produced in single photoionization. However, when the s
orientations of both of the photoelectrons are measured
multaneously, the number of parameters in Eq.~16! in-
creases from 2 to 6. The spins of the two photoelectr
departing from an atom interfere with each other, affect
their mutual orientations in space. This interference eff
between the quantization directions of two photoelectron
represented by three parametersg10, g11, and g12 in Eq.
~16!. These may therefore be called three spin-interfere
parameters for DPI.

~b! Neither of the noncoincident integrated photocurre
in Eq. ~17! will be spin dependent if the incident light in Eq
~1! causing DPI is either LP or UP. Thus, for the noncoin
dent integrated photocurrent to depend on spin orientatio
is necessary that it be emitted by the absorption of CP lig
This result is identical to that@34# of the spin-resolved, inte-
grated photocurrent produced in single photoionization. T
spin-resolved, integrated Auger current emitted in the de
of a vacancy created by the absorption of a photon also
been shown@35,36# to have a similar behavior with respe
to the polarization of the absorbed light.

The spin-correlation function~16!, on the other hand
does not become independent of spin even for LP or
radiation. Thus, in order to study the correlation between
orientation of the spins of two photoelectrons emitted in D
without detecting their directions of propagation, not on
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CP light may be used. The simultaneously measured i
grated current of both photoelectrons emitted by the abs
tion of LP or UP light may also depend upon the orientat
of the spins of both of these electrons due to presence in
~16! of the two ~g10 and g12! of the three spin-interferenc
parameters.

The procedure adopted in Ref.@21# for extracting all six
parameters present in a function describing the spin corr
tion between photoelectrons and Auger electrons can be
also in the present case of DPI. The degree of simultane
spin polarization of both photoelectrons can be defin
analogously to that introduced in Ref.@21# for a
photoelectron–Auger electron pair.

~iv! It has been mentioned already in the Introduction t
experiments involving the simultaneous measurement of
spin orientation of two electrons moving in the continuum
an atom or molecule are difficult to perform due to serio
intensity problems. Therefore, a much simplar experim
than those suggested hitherto will be the one in which b
photoelectrons are angle resolved and the spin of only on
the two observed electrons is analyzed. Consequently, w
we are studying angle- and spin-resolved photoelectron s
troscopy of, say, electrone1 , electrone2 is detected only
with its direction of propagation without any measureme
of its spin. The appropriate correlation function for such e
periments is

d3s12~mr ;m1û1!

d«1dk̂1dk̂2

[(
m2

d3s12~mr ;m1û1 ;m2û2!

d«1dk̂1dk̂2

.

We substitute distribution~9! in the above expression an
perform a sum overm2 analytically. Then, after some add
tional simplifications, we get

d3s12~mr ;m1û1!

d«1dk̂1dk̂2

5
1

2

d3s12~mr !

d«1dk̂1dk̂2

1g12~mr ;m1û1 ;kW1 ;kW2!.

~18!
e-
p-
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Hered3s12(mr)/d«1dk̂1dk̂2 is the well-known angular cor-
relation function between two spin-unresolved photoel
trons ejected in DPI. Thus the correlation between an an
and spin-resolved photoelectron and an angle-resolved
toelectron, both of which are ejected simultaneously in D
~1!, is described by the pure angular correlation between
two ejected electrons plus another function that arises du
the analysis of the spin of either of them.

The correlation described by Eq.~18! is certainly easier
than those represented by earlier functions. The angular
relation functiond3s12(mr)/d«1dk̂1dk̂2 , which is the first
term on the right-hand side of Eq.~18!, has been studied
theoretically as well as experimentally by a number
groups@1–10#. The results of those studies can be used
rectly in Eq.~18! as well. A further calculation ofg12 will be
sufficient to describe the correlation~18! theoretically. The
difference between the measurements ofd3s12(mr ;m1û1)/
d«1dk̂1dk̂2 and d3s12(mr)/d«1dk̂1dk̂2 , on the other hand
will immediately give us the experimental value of the fun
tion g12, which represents the influence of the detection
the spin of one of the two photoelectrons on their angu
correlation.

~v! Next we consider the noncoincident angle- and sp
resolved spectroscopy of, say, the photoelectrone1 . The cor-
responding cross section is given by

d2s1~mr ;m1û1!

d«1dk̂1

[(
m2

E d3s12~mr ;m1û1 ;m2û2!

d«1dk̂1dk̂2

dk̂2 .

This is probably the simplest experiment that one can p
form in a DPI process involving the detection of both sp
and the propagation directions of one of the two ejected p
toelectrons, while the other electron remains unobserv
Now we substitute Eq.~9! into the above expression, inte
grate over the directionk̂2 of e2 , and sum over its spin
componentm2 . This gives, after using some complicated b
straightforward, Racah algebra
d2s1~mr ;m1û1!

d«1dk̂1

5~21!1/21m11mr
K

2J011
(

l 1 ,l 18 ,l 2

j 1 , j 18 , j 2

(
L1 ,S1 ,J1 ,M

j , j 8, j t

~21! l 181 j 12 j 21 j 1 j 81 j t1S1~2 j t11!~2J111!

3A~2L111!~2S111!@~2l 211!~2 j 211!#21S l 1

0

l 18

0

L1

0
D S 1

2

m1

1
2

2m1

S1

0
D

3S L1

M

S1

2M

J1

0
D S 1

mr

1

2mr

J1

0
D H 1

j

1

j 8

J1

j t
J H j

j 18

j 8

j 1

J1

j 2
J

3H l 1

l 18

L1

1
2

1
2

S1

j 1

j 18

J1

J dl 1l 2
„Jf~ j 1 j 2! j ;J01; j t…dl

18 l 2
*
„Jf~ j 18 j 2! j 8;J01; j t…YL1~ k̂1!

M
YS1

2M~ û1!. ~19!
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In this expression,J150 – 2; S150,1; and L150 – 3.
However, in view of the discussion presented earlier in
paper,l 11 l 2 and l 181 l 2 in Eq. ~19! always have the sam
parities for a given transition leading to DPI in an atom. Th
means thatl 1 andl 18 should simultaneously be either even
odd. This requirement in turn implies thatL1 should always
be even for the first 3-j symbol in Eq.~19! not to vanish
identically. Consequently, the allowed values ofL1 are 0 and
2. Distribution~19! can now be expanded in the form

d2s1~mr ;m1û1!

d«1dk̂1

5
1

8p

ds1

d«1

$11 1
2 ~223mr

2!b1P2~cosu1!

22mrm1g1cosu1812mrm1@P2~cosu1!

3cosu181 1
2 P2

1~cosu1!sinu18cos

3~f12f18!#d11 2
3 ~3mr

222!m1j1P2
1

3~cosu1!sinu18sin~f182f1!%. ~20!

Here

ds1

d«1
5

K

3~2J011! (
l 1 ,l 2 , j 1 , j 2 , j t

~2 j t11!@~2l 111!~2l 211!

3~2 j 111!~2 j 211!~2 j 11!#21udl 1l 2

3„Jf~ j 1 j 2! j ;J01; j t…u2, ~21a!

b1522S ds1

d«1
D 21

A2 5
6

K

~2J011!

3 (
l 1 ,l 18 ,l 2

j 1 , j 18 , j 2

(
j , j 8, j t

~21! j 181 j 11 j 21 j 1 j 81 j tS l 1

0
l 18

0
2
0D

3H1
j

1
j 8

2
j t
J H j

j 18
j 8
j 1

2
j 2
J H l 1

j 18
l 18

j 1

2
1
2
J

3dl 1l 2
„Jf~ j 1 j 2! j ;J01; j t…dl

18 l 2
*
„Jf~ j 18 j 2! j 8;J01; j t…,

~21b!

g15~21!21/2S ds1

d«1
D 21 K

4p~2J011!

3 (
l 1,l 2
j 2 , j t

(
j 1 , j 18

j , j 8

~21! l 11 j 21 j 1 j 81 j t~2 j t11!@~2l 111!

3~2l 211!~2 j 211!#21H l 1

1

1
2

j 18

j 1
1
2
J H j 1

j 8
j 2

1
j
j 18
J

3H1
j

1
j 8

1
j t
J dl 1l 2

„Jf~ j 1 j 2! j ;J01; j t…dl 1l 2
*

3„Jf~ j 18 j 2! j 8;J01; j t…, ~21c!
e d152
KA30

2J011 S ds1

d«1
D 21

3 (
l 1 ,l 18 ,l 2

j 1 , j 18 , j 2

(
j , j 8, j t

~21! l 181 j 11 j 21 j 1 j 81 j t~2 j t11!@~2l 2

11!~2 j 211!#21S l 1

0
l 18

0
2
0D H j 1

j 8
j 2

1
j
j 18
J

3H1
j

1
j 8

1
j t
J H l 1

l 18

2

1
2

1
2

1

j 1

j 18

1
J

3dl 1l 2
„Jf~ j 1 j 2! j ;J01; j t…dl

18 l 2
*
„Jf~ j 18 j 2! j 8;J01; j t…,

~21d!

j15 i5A3

2

K

~2J011! S ds1

d«1
D 21

3 (
l 1 ,l 18 ,l 2

j 1 , j 18 , j 2

(
j , j 8, j t

~21! l 181 j 11 j 21 j 1 j 81 j t~2 j t11!

3@~2l 211!~2 j 211!#21S l 1

0
l 18

0
2
0D H j 1

j 8
j 2

2
j
j 18
J

3H1
j

1
j 8

2
j t
J H l 1

l 18

2

1
2

1
2

1

j 1

j 18

2
J

3dl 1l 2
„Jf~ j 1 j 2! j ;J01; j t…dl

18 l 2
*
„Jf~ j 18 j 2! j 8;J01; j t….

~21e!

Both expressions~19! and ~20! are formally identical to
the previously@26,37# derived angular distribution of spin
resolved electrons ejected in the single photoionization
atoms. Similar to Eq.~19!, the expression given in Ref.@26#
also is in the angular-momentum transfer scheme defined
Eq. ~8! herein, with appropriate modifications for sing
photoionization. This formal equivalence between Eqs.~19!
and ~20! and those equations derived elsewhere@26,37# is,
however, an expected result. This also means that the an
sis of the angle- and spin-resolved photoelectron spect
copy of single ionization given in Refs.@26, 27# in terms of
the parity-favored and -unfavored transitions becomes
actly applicable also to the expression~19! derived in this
paper.

Expansion~20! means that, similar to the angle- and spi
resolved photoelectron spectroscopy of single ionization,
spin-resolved angular photocurrent in a noncoincident
periment, detecting only one of the two electrons ejected
DPI is completely characterized by five geometry indep
dent parametersds1 /d«1 , b1 , g1 , d1 , andj1 . The detailed
expressions~21a!–~21e! for these parameters are natura
different from those obtained in the case of single photoi
ization. These have been given herein for their use in
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future as well as in Sec. III of the present study. With t
help of these expressions, one can analyze the spin pola
tion of electrone1 emitted in DPI using the procedure d
scribed in detail in Refs.@26, 27# for angle- and spin-
resolved photoelectron spectroscopy of single ionization.

~vi! The simplest possible experiment that can be p
formed in DPI involving a spin analysis is the measurem
of the noncoincident, spin-resolved, integrated photocurr
For electrone1 , it is obviously given by

s1~mr ;m1û1!5E d2s1~mr ;m1û1!

d«1dk̂1

dk̂1 .

This yields an expression identical to that given in Eq.~17a!.
The parameterg1 present in Eq.~17a! is the same as the on
occurring in Eq.~20! with the explicit form given by Eq.
~21c!. The degree of polarization of this noncoincident in
grated current of electronse1 is

P1~mr ;û1!5
s1~mr ; 1

2 û1!2s1~mr ;2 1
2 û1!

s1~mr ;1 1
2 û1!1s1~mr ;2 1

2 û1!

52mrg1cosu18 . ~22!

Thus, in order to have a nonzero degree of spin polariza
in a noncoincident experiment on DPI, it is necessary that
absorbed photon be CP and the detected electron be
resolved in other than theX-Y plane of the space frame. Th
degree is then proportional to the parameterg1 . Expression
~22! and other properties mentioned after it are identica
those @25,34,37# already found for the spin-polarized inte
grated photocurrent in the single ionization of unpolariz
atoms. Expressions identical to Eq.~22! and its associated
properties have been shown@35,36# to be applicable also to
the spin polarization of the integrated Auger current p
duced in the decay of a vacancy created by the absorptio
electromagnetic radiation.

III. APPLICATION

Let us consider as an example for the application of
framework developed in the preceding section DPI in thes
subshell of Yb, that is,

hn r1Yb~4 f 146s2 1S0!→Yb21~4 f 146s0 1S0!

1e1~kW1 ;m1û1!1e2~kW2 ;m2û2!.

~23!

There is more than one reason for choosing Yb as a test
in this study of spin correlation in DPI. First, for exampl
both Yb and Yb21 are in their1S0 states, each with a closed
shell electronic configuration. Therefore, bound electro
neither in Yb nor in Yb21 contribute to the SOI. The spin
polarization of both photoelectrons ejected in DPI~23! will
therefore be caused by the SOI in the continua ofe1 ande2 .
The interesting thing to investigate here will be whether a
how the SOI in the continuum of one photoelectron infl
ences the properties of the companion photoelectron, in
dition to affecting its own polarization. If the SOI plays suc
an important role in the DPI of this atom, it should the
za-
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-
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hopefully be observable since Yb, being a heavy ato
should give rise to a large SOI for electrons moving even
its continuum.

Second, Svenssonet al. @38# have experimentally mea
sured and theoretically calculated both integrated cross
tions s and the angular asymmetry parameterb for the pho-
toelectron emitted in the single ionization in each of thef
and 6s subshells of atomic Yb. In Ref.@39#, this angle-
resolved study was extended further to analyze also the
of the ejected electron. Namely, Svenssonet al. @39# have
measured the spin-polarization parameter@40# g for 6s elec-
trons and reported both experimental as well as theore
results for the three parametersg, d, andj @see Eq.~20!# for
the single photoionization in the 4f subshell of Yb. Although
the SOI in the bound electrons of Yb1(4 f 136s2 2F5/2,7/2) as
well as in the continuum of the photoelectron will contribu
to the polarization of a 4f electron ejected in the single ion
ization of Yb, the polarization of the 6s electron ejected even
in the single photoionization of this atom can take place
the presence of the SOI only in the continuum, as there is
fine-structure splitting in Yb1(4 f 146s1 2S1/2). Therefore, a
comparison of the angle- and spin-resolved photoelec
spectroscopy of a noncoincident experiment on DPI in thes
subshell of Yb with that of its single ionization will be
direct measure of the role played by the SOI in the co
tinuum of the unobserved electron~say,e2! on the polariza-
tion of the detectede1 photoelectron. In particular,g1 gives,
according to Eq.~22!, the degree of polarization of the inte
grated photocurrent in a noncoincident experiment on D
Its comparison withg ~see Ref.@40#! measured by Sevens
sonet al. @39# for single photoionization in the 6s subshell of
Yb will give the above-mentioned information.

In order to proceed further, we note from Eq.~8! that, on
account of bothJ0 and Jf50 in the example of Eq.~23!,
j t50, which in turn givesj 51. These make (21)11 j t2 j5
11, i.e., only a single parity-favored transition contributes
the DPI in the 6s2 subshell of Yb. The triangular condition
suggested by relation~3c!, can now be used to find the an
gular momenta of photoelectronse1 ande2 , which are now
considered. This gives (j 1 , j 2)5( 1

2,
1
2), ( 1

2,
3
2), ( 3

2,
1
2), ( 3

2,
3
2),

etc. One further concludes from Eqs.~3a! and ~3b! that
l 1 ,l 250 and 1 for j 1 , j 25 1

2; l 1 ,l 251 and 2 for j 1 , j 25 3
2;

etc. Sincel 11 l 2 must always be odd in the present examp
of an E1 bound-free transition in DPI, one therefore h
( l 1 ,l 2)5(0,1) and~1,0! for ( j 1 , j 2)5( 1

2,
1
2); ( l 1 ,l 2)5(1,2)

and ~2,1! for ( j 1 , j 2)5( 1
2,

3
2) and (3

2,
1
2), respectively; and

( l 1 ,l 2)5(1,2) and~2,1! also for (j 1 , j 2)5( 3
2,

3
2).

We next need to know the reduced applitude~10!. To this
end, we first calculate the E1 matrix element
^F f ; jmj

2 uFuF0 ;1mr& present in Eq.~4! and used in relations

~5! and ~6!. If one neglects the core relaxation effects
assuming that the one-electron states of Yb not directly
volved in photoionizing transitions remain unchanged, th
Yb can be treated as a two-electron atom and its antisym
trized bound state is given by

F0~x1 ,x2!5
1

&
6s2~rW1 ,rW2!@a~1!b~2!2~1�2!#.

~24a!
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In this expression,x1 andx2 represent space and spin coo
dinates of the two electrons occupying the 6s2 subshell of
Yb. The spatial part of the state~24a! is described by the
product

6s2~rW1 ,rW2!5
1

r 1r 2
P~6s;r 1!P~6s;r 2!Y0

0~ r̂ 1!Y0
0~ r̂ 2!

~24b!

of two one-electron orbitals. Here theP’s are the radial func-
tions andYl

m are the usual spherical harmonics. Also in E
~24a!, a andb are the two spinors.

The antisymmetrized state of two continuum electro
with their total angular momentumj and its projectionmj
can be written as

F f ; jmj

2 ~x1 ,x2!5~21! j 22 j 11mjA~2 j 11!/2

3 (
mj 1

,mj 2

S j 1

mj 1

j 2

mj 2

j
2mj

D
3@^x1u j 1mj 1

&2^x2u j 2mj 2
&2

2^x2u j 1mj 1
&2^x1u j 2mj 2

&2#, ~25a!

with

^x1u j 1mj&
25~21!1/21 l 12mj 1r 1

21A~2 j 111!P2~«1l 1 j 1 ;r 1!

3 (
m1 ,ms1

S l 1

m1

1
2

ms1

j 1

2mj 1
D Yl 1

m1~ r̂ 1!xms1
~1!

~25b!
n
n
t

.

s

and a similar expression for̂x2u j 2m j2&
2. In Eq. ~25b!,

P2(«1l 1 j 1 ;r 1) represents the radial part of the spatial fun
tion of a photoelectron. A minus superscript onP means that
it satisfies incoming-wave boundary conditions@28# appro-
priate for photoionization. It is normalized on the ener
scale such that

E
0

`

P2* ~«18l 1 j 1 ;r 1!P2~«1l 1 j 1 ;r 1!dr15d~«12«18!.

This normalization is consistent@31~b!# with the definition of
theE1 dipole operator given in Ref.@29# and with that of the
constantK used in Eq.~4! and elsewhere in this paper. Als
in Eq. ~25b!, ms56 1

2, with x1/25a andx21/25b. Also, we
know from Eqs.~6! and ~7! in Ref. @29# that in the dipole
length approximation

^F f ; jmj

2 uFuF0 ;1mr !

5A~1!A4p/3K F f ; jmj

2 U(
i 51

2

r iY1
mr~ r̂ i !UF0L ,

~26a!

with

A~1!5S 4p

3
a0

3Er
3/e4D 1/2

. ~26b!

Next, we substitute states~24! and~25! into Eq. ~26! and
simplify the resulting expression using Racah algebra. T
yields
^F f ; jmj

2 uFuF0 ;1mr&5
1

2
A2 j 11

p H ~21! j 22~1/2!A2 j 211d~1/2! j 1
d0l 1

d1l 2(mj 2

F S 1
2

1
2

j 2

mj 2

j
2mj

D S 1
mr

1
2

2 1
2

j 2

2mj 2
D

1S 1
2

2 1
2

j 2

mj 2

j
2mj

D S 1
mr

1
2

1
2

j 2

2mj 2
D G I 0~«1l 1 j 1!I 1~«2l 2 j 2!

1~21!2 j 121/2A2 j 111d~1/2! j 2
d1l 1

d0l 2(mj 1

F S j 1

mj 1

1
2

2 1
2

j
2mj

D S 1
mr

1
2

1
2

j 1

2mj 1
D

1S j 1

mj 1

1
2

1
2

j
2mj

D S 1
mr

1
2

2 1
2

j 1

2mj 1
D G I 1~«1l 1 j 1!I 0~«2l 2 j 2!J . ~27!
d

Here

I 0~« l j !5E
0

`

P2* ~« l j ;r !P~6s;r !dr ~28a!

is the overlap integral between the radial function of a bou
electron occupying the 6s subshell before photoionizatio
and that of a photoelectron. The radial functions presen
d

in

the integral on the right-hand side of Eq.~28a! are defined in
Eqs.~25b! and ~24b!, respectively. On the other hand,

I 1~« l j ![A~1!E
0

`

P2* ~« l j ;r !rP~6s;r !dr ~28b!

is the one-electron radial dipole integral.
It is obvious from the right-hand side of Eq.~27! that the

values of (l 1 ,l 2)5(0,1) and~1,0! only need to be considere
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in the present application of DPI. In view of the previous
mentioned fact thatj 51 in this case, the values of (j 1 , j 2)
that will make a nontrivial contributions to the DPI~23! are
therefore (12,

1
2) plus (1

2,
3
2) for ( l 1 ,l 2)5(0,1) and (12,

1
2) plus (

3
2,

1
2) for ( l 1 ,l 2)5(1,0).
The total angular momentum (JW5 lW r1JW05JW f1 jW) for the

process~23! is J51. Then, on specializing Eqs.~5! and ~7!
to the present case, we find

^F f ; jmj

2 uFuF0 ;1mr !5dmrmj
^Jf50; j 51uF~J51!uJ050;1&

~29a!

and

^Jf50; j 51uF~ j t50!uJ050;1&

52)^Jf50; j 51uF~J51!uJ050;1&, ~29b!

respectively. The combination of Eqs.~27! and ~29! in Eq.
~10! expresses the reduced amplituded in terms of the radial
integral, defined in Eqs.~28!.

With the help of thed’s so obtained, one can study th
angular and spin correlations between two electrons em
simultaneously from the 6s2 subshell of Yb. It can be done
in any geometry or experimental arrangement, some
which have been discussed briefly in Sec. II. Similarly, o
can take the photon absorbed in Eq.~23! of any polarization.
However, for the reasons mentioned at the beginning of
section, we calculate hereafter only the parameterg1 , which
gives, according to Eq.~22!, the degree of polarizationP1 of
the integrated photocurrent of electrone1 observed in a non-
coincident experiment on DPI performed without detect
photoelectrone2 . On substituting the above-obtained r
duced amplituded, along with the appropriate values of th
various quantum numbers, one finds from expressions~21a!
and ~21c!

g15 1
3 $3~ uI 1~«2,1,3

2 !u22uI 1~«2,1,1
2 !u2!r1uI 1~«1,1,1

2 !u2

25uI 1~«1,1,3
2 !u214 Re@ei @s1~1/2!~«1!2s1~3/2!~«1!#

3I 1~«1,1,1
2 !I 1* ~«1,1,3

2 !#%$uI 1~«1,1,1
2 !u2

12uI 1~«1,1,3
2 !u21@ uI 1~«2,1,1

2 !u2

12uI 1~«2,1,3
2 !u2#r%21. ~30!

Heres1(1/2)(«1) ands1(3/2)(«1) are the Coulomb phases fo
the photoelectrone1 observed with energy«1 and

r5uI 0~«1,0,1
2 !u2/uI 0~«2,0,1

2 !u2 ~31!

is the ratio of the square of the overlap integral~28a! for the
observed photoelectrone1 to that of the unobserved photo
electrone2 .

Let us assume that there is no SOI in the continuum of
detected electrone1 . This meanss1(1/2)(«1)5s1(3/2)(«1)
andI 1(«1,1,1

2)5I 1(«1,1,3
2)[I («1,1), say. Then Eq.~30! be-

comes
ed

of
e

is

e

g15
uI 1~«2,1,3

2 !u22uI 1~«2,1,1
2 !u2

3uI ~«1,1!u2r211uI 1~«2,1,1
2 !u212uI 1~«2,1,3

2 !u2
,

~32a!

which is not necessarily zero. Thus the photoelectrone1 de-
tected in a noncoincident experiment on DPI in the 6s2 sub-
shell of Yb may be spin resolved even if no SOI is includ
in its continuum. In this case, it is the SOI in the continuu
of the undetected photoelectrone2 that contributes to the
polarization ofe1 . This will happen if and only if the radia
dipole integralsI 1(«2,1,1

2) for ~l 251, j 25 1
2! and I 1(«2,1,3

2)
for ~l 251, j 25 3

2! are not equal to each other and at least o
of these is not zero.

The noninclusion of the SOI in the continuum ofe2 ,
rather thane1 , will make I 1(«2,1,1

2)5I 1(«2,1,3
2)[I («2,1),

say. This reduces Eq.~30! to the form

g15 1
3 $uI 1~«1,1,1

2 !u225uI 1~«1,1,3
2 !u2

14 Re@ei @s1~1/2!~«1!2s1~3/2!~«1!#I 1~«1,1,1
2 !I 1* ~«1,1,3

2 !#%

3@ uI 1~«1,1,1
2 !u212uI 1~«1,1,3

2 !u213uI ~«2,1!2r#21.

~32b!

The degree of polarization~22! even in this case obviously
does not vanish as long as any of the radial dipole integ
I 1(«1,1,1

2) for ~l 151, j 15 1
2! and I 1(«1,1,3

2) for ~l 151, j 15
3
2! is different from zero.

Finally, let us consider that the SOI is included in th
continuum of neither photoelectrone1 nor photoelec-
tron e2 . This means thatI 1(«1,1,1

2)5I 1(«1,1,3
2), with

s1(1/2)(«1)5s1(3/2)~«1) and I 1(«2,1,1
2)5I 1(«2,1,3

2). Then,
expressions~30! and ~32! show thatg150. Thus the inte-
grated photocurrent observed in a noncoincident experim
on the DPI in the 6s subshell of Yb will certainly be unpo-
larized if the SOI is not taken into account in the continua
either of the emitted electrons.

According to Eq.~32a!, the SOI present in the continuum
of an electron affects not only its own behavior but also t
of its companion electron, which is simultaneously emitt
along with it in a DPI. This behavior of a pair of photoele
trons in DPI is very different from that of a photoelectro
and an Auger electron emitted sequentially. In the latter ca
it has been found@20–22# that the SOI in the continuum o
one electron does not make any contribution to the polar
tion of the other electron if the photoelectron and Aug
electron are observed independently. Therefore, the mot
of two electrons emitted in DPI are correlated not only by t
sharing between them of the energy of the absorbed ph
in excess of the ionization potential and by the mutual C
lomb repulsion, but also by the SOI present in their contin
Consequently, experiments on DPI are more stringent t
of theoretical models for studying electron-electron corre
tions. Even the noncoincident experiments on DPI are po
tially a richer source of information than a single
photoionization process.

If it is only the SOI that is responsible for the spin pola
ization of a photoelectron, then theg ~see Ref.@40#! mea-
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sured by Svenssonet al. @39# for electrons emitted in the
single photoionization of the 6s subshell of Yb should, in
principle, be equal to theg1 given by Eq.~32b! in a nonco-
incident experiment on DPI in the same subshell of the sa
target. It should be so for the simple reason that the la
expression includes, similarly to the case of single photoi
ization@39# the SOI in the continuum of only the observed
the two emitted electrons. A difference in the values ofg ~for
single photoionization! and g1 @given by Eq. ~32b!# will,
consequently, mean that either the SOIs in the two cases
different and/or there are factors other than the SOI in
continuum of the observed electron that also contribute to
spin polarization of electrons in a noncoincident experim
on DPI. Similarly, expression~32a! provides a method to
find out quantitatively the contribution made by the SOI
the continuum of the unobserved photoelectron to the po
ization of the observed electron in a noncoincident exp
ment on DPI.

Finally, expression~30! is derived when the light ab
sorbed in Eq.~23! is CP. It has been done for the simp
reason that the degree~22! of spin polarization of the inte-
grated photocurrent observed in a noncoincident experim
vanishes identically if the incident photon is LP or UP. Ho
ever, as mentioned in Sec. II, it is not necessarily so if on
studying the degree of spin polarization of the angle-resol
photocurrent in a noncoincident experiment on DPI or
tecting both of the outgoing electrons simultaneously. In t
case, absorbed light may be LP, UP, or CP. the photoion
tion matrix element~27! can be used even for LP or U
electromagnetic radiations inducing DPI.

IV. CONCLUSION

This paper presents a study of the spin polarization
electrons ejected in the DPI of an atom. An angular- a
spin-correlation function for DPI in atoms has been deriv
Various geometrical configurations and experimental
rangements are discussed when it becomes simpler to
form such measurements. The simplest possible experim
that one can easily carry out in DPI is one in which only o
of the two photoelectrons is detected. The angle- and s
resolved photoelectron spectroscopy of such noncoincid
experiments on DPI is shown to be formally identical to th
of the single-photoionization studies performed hitherto v
successfully both theoretically and experimentally. T
identity means that, while one of the two electrons emitted
a DPI remains unobserved, the spin-resolved angular di
bution of the observed electron is completely characteri
p

oc

.
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by five energy-dependent parameters that are not affecte
the geometry of an experiment. It also means that the w
developed theoretical analysis@25–27# of angle- and spin-
resolved photoelectron spectroscopy of single photoion
tion is applicable also to angle- and spin-resolv
noncoincident experiments on DPI. For example, the in
grated photocurrent of the observed electron in a noncoi
dent experiment will have no spin selection if the absorb
light is either LP or UP and its degree of polarization for C
light is proportional to a single parameter. Such sp
resolved, noncoincident measurements on DPI are m
simpler to perform, and within the reach of the existing e
perimental facilities, than those in which spins of both of t
photoelectrons are analyzed.

The theoretical framework developed in this paper is
plied to a real physical system, namely, DPI in the 6s sub-
shell of atomic Yb. Because both Yb and the doubly charg
residual photoion Yb21 formed after DPI are in their1S0
state, each with a closed-shell electronic structure, neithe
these has any SOIs. The spin polarization of the two pho
electrons in this can therefore be caused by the SOI onl
the continua. Our analysis shows that the SOI in the c
tinuum of one electron affects not only its own behavior b
also that of its companion electron ejected simultaneou
along with the former. Thus photoelectrons produced in D
share not only the energy of the absorbed photon in exces
the ionization potential but also the SOI present in the c
tinuum of each of the ejected electrons, in addition to mu
ally experiencing Coulomb repulsion. It happens in coin
dent as well as in noncoincident experiments on DPI. Thi
very different from that found in those noncoincident expe
ments in which either a photoelectron or a subseque
emitted Auger electron is observed independently. In the
ter case, the energy of the absorbed photon in excess o
ionization potential is completely carried away by the ph
toelectron without sharing it with the Auger electron and t
SOI in the continuum of the unobserved electron does
affect any of the properties of the observed electron at
Thus, even noncoincident experiments involving spin ana
sis in DPI provide a greater wealth of information o
electron-electron correlations than those in which one d
not detect the spin of the observed electron.
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