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Spin polarization in the double photoionization of atoms
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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 momerjtuexchanged 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’Gubshell of atomic ytterbiunfS1050-294@7)04508-3

PACS numbg(s): 32.80.Fb, 32.80.Cy, 32.80.Rm

[. INTRODUCTION For example, several recent investigations have shown
that the fragmentation patterns characterized by the energy

Since the pioneering work of Byron and Jochgi there  partitioning, angular distribution, and spin polarization of
have been several experimental as well as theoretical studighotoelectrons and of Auger electrons ejected sequentially in
of double photoionizatio{DPI) in atomic targetysee, for the one-photon, two-step, double ionization of atdm8-
example, Refs[2-15]). In this process, either absorption 20] and of molecule§20—22 are much more complicated
[1-10 of a single photon in an electric dipol&{) approxi- than those in which spins of the outgoing electrons are not
mation or single-photon Compton scatteriid—15 simul-  detected. Such angle- and spin-resolved studies are much
taneously ejects two electrons from an atom. In most of thesgcher sources of informatiofil8—22 on the dynamics of
paperg1-15|, usually integrated cross-section and/or angu-double ionization as well as on electron-electron correla-
lar distributions of the two photoelectrons have been studiedions.

The two photoelectrons, moving in a continuum, should In this paper we therefore present a study of atomic DPI
not only share between themselves photon energy in exce#cluding an analysis of the spin polarization of both photo-
of the ionization potential and influence each other’'s angulaelectrons. In Sec. Il an angle- and spin-correlation function
distribution through mutual Coulombic repulsion but affect, for DPI has been derived by taking into account the SOI in
in principle, also the orientations of their spins. This meanghe initial electronic state of the atom, s&, in the elec-
that the role played by the spin-orbit interacti®0l) in DPI  tronic state of the doubly charged residual photoisf,
processes should also be investigated. Moreover, in order @nd in the two continua of both photoelectrons. In order to
be able to extract comple{e 6] information from any ex- obtain a simplest possible expression for this complicated
perimental data on DPI, it is necessary that the initial state ofunction, we have adapted the angular-momentum transfer
the reactantshere an atom plus the radiation figkhould be  method to DPI. This method was originally proposed by
state selected and the internal properties of the reaction pro#ano and Dill[23,24 for the purely angle-resolved, one-
ucts (a doubly charged atomic photoion and the two photophoton, single-ionization of atoms and molecules, and later
electrons, in the present casshould be analyzed. generalized by uR25—-27 to those experiments in which the

Therefore, if one wants to properly study electron-spin polarization of the single outgoing photoelectron is ana-
electron correlations in DPI, it is necessary to analyze, ilyzed as well. The present adaptation of the angular-
addition to their energy, both the angular distribution as wellmomentum transfer method to angle- and spin-resolved DPI
as spin polarization of the two photoelectrons. Such investiin atoms helps in an analysis of this process in terms of
gations will also constitute one step towards performing gparity-favored and -unfavored transitiofi24], already car-
‘complete’ experiment on DPI. ried out by ug27] for single-photoelectron spectroscopy.

However, because of a substantial Ipagproximately by In Sec. Il several photon-propagation and electron-
a factor of about 100@Ref. [17])] of intensity in a Mott  detection configurations also have been investigated for
detector used to detect the direction of a photoelectron’svhich the angular- and spin-correlation functions for DPI
spin, measurements on spin polarization are extremely diffitake particularly simpler forms. Therein, we suggest also
cult to perform and are probably beyond the reach of curvarious simple alternative experiments involving the detec-
rently available experimental facilities for DPI. However, the tion of the direction and/or spin of one or both of the two
probable nonfeasibility of angle- and spin-resolved DPI meaphotoelectrons.
surements in the near future should not deter one from study- The theory developed in this paper is used in Sec. Il to
ing such processes at least theoretically, even at present. Thitudy the spin polarization of electrons ejected from ts& 6
observation becomes particularly significant in view of thesubshell of atomic Yb in its DPI. Therein we show how the
fact that the correlation between the spins of a pair of elecSOIl in the continuum of one photoelectron affects not only
trons moving in a continuum has been analyzed already iits own properties but also those of its companion photoelec-
another kind of experiment on double ionization. tron. It happens even if only one of the two ejected photo-
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electrons is observed. Finally, Section IV contains the conand
clusions of this paper.

r

N| =y

j2=12+ 5, (3b)
Il. ANGULAR AND SPIN CORRELATIONS . A .
BETWEEN ELECTRONS EJECTED IN DPI respectively. The channel funcu_othf;m]j m Eq. (2) repre-
. o sents the doubly charged photoi®3™ in its fth state and
The process of interest to us in this paper can schematthe two photoelectrons with total angular momentum

cally be represented by f—f +f (30
—J1 2

ho (|1,]=1) + A(JoM o) — AZF (JtM¢) + ey (Kq ; 0
ve([1e]= 1)+ AIMo) = AT (IM ) e (ky pally) having its projectionm; along the polar axis of the space
+ey(Ky: polly). (1)  frame. The minus superscript on a function suckbaand¥
in Eq. (2) indicates that it asymptotically satisfies the incom-
ing wave boundary conditions appropria88] for photoion-
ization. Also in Eq.(2), o1, and o), are the Coulomb

phaseg29] for thel,th andl,th partial waves of the photo-

HereE,=hv, and|l,|=1 are, respectively, the energy and
angular momentum of the photon absorbed by afom the
E1 approximation|JoM,) and|J:M;) are the bound elec- . P )
tronic states ofA with energyE, and of the residual doubly E/€ctronse; and e,, respectively; theD's are the well
charged photoiomA2* possessing energl;, respectively. Known rotational harmonics withw,, (=#1,6,,0) and

M, and M; are the respective projections along the polarwy, (=¢3,65,0) the Euler angles for spin-polarization direc-
axis of the spacgor photon frame of reference of the total tionsG, and(,, respectively[30].

angular momentund, of A andJ; of A>*. The quantization Let |1m,) represent the state of the absorbed photon in
axis is in the direction of the electric vector of the linearly theE1 approximation witrm,=—1, 0, and 1 for left circular
polarized (LP) radiation present in Eql). If the ionizing  polarization, linearly polarized and right circular polariza-
radiation happens to be circularly polariz€2P) or unpolar-  tion, respectively. Then the transition amplitude for the DPI
ized (UP), its direction of incidence then deflnes the polarprocess(1) is the matrix element\lff i, |F|®g;1m,)

axis of the photon frame. Also in E{), Kilky,ky(01,61)]  of the E1 operatorF defined in Ref[29] in both length and
and K, k,k(6,,¢,)] are the propagation vectors of two velocity approximations. Herab,=|JoM,) is the bound
photoelectrons ejected simultaneously with respective eneglectronic state of atorA taking the SOI into account.

gies £,=A2k2/2m and e,=%2k3/2m. We therefore have The angular distribution of spin-resolved photoelectrons
g1+te,=hv,—(E;—Eg) from energy conservation. Projec- emitted in proces$l) is given by

tions wq% and wof (With wq,u,=*3) of the spin angular

momenta ofe, ande, ejected in DPI are taken to be in the A% (M ; 10y ; uo05)

directionsuy (67 ,¢1) andl,(65,¢5,), respectively. de,d k1d k2
Following the procedure explained in RE26] for angle-
and spin-resolved photoelectron spectroscopy of the single K
ionization of atoms, the required final state describing the 230+1 ME (v fkl,u Koty [F[@o;1m;)?, S
A?" +e;+e, system produced in the DPI in E€L) can be
written as where K=3I1(e?/ ayE,)? with a, the dimensionless fine-

) structure constant. The definitions of the operdoin the
E1l length and velocity approximations given in E¢g. and
(8) in Ref. [29], respectively, along with the value of the
constantk in Eqg. (4) herein, are in conformity with Bethe

and Salpetef31] such that Eq(4), after integration ovek;

= 2 ity ey,
TKiMq Koo ll’Jl‘m|l'mj1'V1']

I2,j2,m|2,mj2,vz,mj

X(_l)17I17I2+j27j17mj17mj27mj

X \(211+ D (2j,+ 1) (2] +1) andk,, gives the cross section for DPI in émExpression
! 2 (4) has been summed ovdt; and averaged ovevl.
l, 1 i l, 1 i Now we substitute stat€?) into Eq. (4) and expand the
X o Cm 0 Cm photoionization matrix elemer(lcbf’;jmj|F|CI>0;1mr) present
1 1 2 V2 I2 in the consequent expression in the fo26]
i )2 m* o~ mF o~
| | - . _ _1y\1+j-Jg—3;—2M
m, m, -m Y, (koY (ko) <q>f;jmj|F|<1>0,1mr>—§ (—1)t*i=do=d-2M(231 1)
XD}% (@4, )DL2 (00,) Pt jm, - ) MR )
-m —Mg M

This expression is obtained by including the SOI in the

|J:M;) state ofA?" and also in the continuum &, ande, J ,

specified by the total angular momenta X M¢ m M (JriIF(D3ol).
=11+ L 3 ©
J1=hr 5 G erei= [ +Jo=Ji+] (=]1+],) is the total angular mo-
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mentum for procesgl) and is a constant of the motion. On 1 3 J
recoupling the angular momenta present in &jaccording (JilF(jp]dol)= 2 (—1)%(23+ 1)[ }
< .

to the procedure used in R¢R6], we find N
X(31i[F(I)[Io1). (7
<(pf*;jmj||:|q>o;1mr>:j§;n (—1)"Jo=d~Mo=mj(2j, +1) In expressiong6) and (7),
ol - N - > >
1 ji=l=j=3—Jo ®
x( : It ) is the angular momentum transferred between the unob-
m. —m; m served reactanté andA?*) and from photon|(,|=1) to
. the two photoelectrons whose spins are being analyzed. Defi-
% Ji Jo Jt nition (8) is in accordance with the scheme proposed in Refs.
My —My m [25-27 for analyzing the spin polarization of an electron

ejected in single photoionization. The expression for the an-
X(34j|F(jp)]Iol), (6)  Qular distribution(4), obtained after substituting the final
state (2) and the matrix elemen(6), is simplified using
somewhat tedious Racah algebra and can be written in the
with form

do(my 510y ; po0p) K . P
— = G, =1:m:i:(102)0:G1i5) i 14701505 iUy motsy  kek
dsldkldkz 2J0+1 % |§2 1'1;2'] ( r ralt (JlJZ)J (]1]2)] 11,012l U, UoUo, K 2)

102 1z

Xdy 1, (Je(j1i2)] ;Jol;jt)drﬁé(\]f(j 1i2)i"33013j0), (9a)

with the geometrical factor
Gl =1;m;ji;(j1d2)ii(1102)i 1211512l walia; Uiz skaka)

=(— 1)L ratutm > (= 1)1 SIS0, + 1) (20,4 1) (231 + 1) (2] +1)
2N R PP VY Y s

S1.5Mg Mg, IT:M

(1, 17 L I, 1, L 1 1 S 1 1 S,
><\/(2L1+1)(2L2+1)(281+1)(282+1)k1 ' 1)(2 e e | )
0 0 0/10 0 0/\uy —pus O/\py —pp O
i 3 i1
Ll Sl ‘]l L2 SZ Jz \]1 Jz ‘]T 1 1 ‘]T 1 1 ‘]T , 1 .,
% M, Ms M/IM, Mg, -M/IM -M 0/\m m O0/|lj ' i b 3 11
Ly S &
I % 2 ji J2 ]
’ .y 'Y I3 <y M ~ M ~ M ~ M A
XYl 7z 2 I 12 ) YLlLl(kl)YLZ"Z(k2)Yslsl(u1)Y5252(u2) (9b)
L, S Jp) W d2 Jr

and the reduced amplitudes

di,1,Qr(i1i2)i5 301550 = (—1)'1712e' 7T 7012 (21 4+ 1) (20,+ 1) (2] 1+ 1) (2] .+ 1) (2] + (I [F(j0)[ 1) (20
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determined by the dynamics of the DPI procéss The been observed by Langet al. [33] in the spin-unresolved,
geometrical facto9b) can be written also in terms of the nonresonant single photoionization of argon.
bipolar harr:nonics{32] in two different ways by combining On account of the emission of two electrons in process
eitherY, “1(k;) with Y5 *({i;) andY, “2(k;) with Y5 (), (1), both of the quantum numbeds, and J; will simulta-
M, 3 M Mg n . MS?" neously be finite, as either integers or half integers. Conse-

orY, i(ky) with Y, "2(kz) and Y =(uy) with Y 2(uy). quently, the angular-momentum transferdefined by rela-

We see that the correlation functi¢®) contains an inco- tion (8) will be an integer taking only 2 midg,J;)+1 values.
herent sum over the angular momentum tranﬁf@eﬁned in This in turn implies that due to the triangular condition
Eq. (8). It can therefore be analyzed according to parity-A(|l,|=1, j,j,), j too cannot be other than a finite integer.
favored and -unfavored transitio23,24. In the present However, Eq(3c) suggests that; andj,, both of which are
case, these are characterized, respectively;-lyand —1  half integers on account of Eq&a) and(3b), can have any
values of (-1)' ")), We have, from Eq(8), j;=j, j*1.  number of values satisfying the inequalitiés—j,|<j<j,
jl'he. parlty-favore.d tr§n5|t|0ns are therefore those for. yvhlchﬂ-zl But we know from Egs(3a and (3b) thatj, =1, 3
=i 1 vv_hereastzj _corresponds to u_nfa\(ored transitions. andj,=1,+1, respectively. Hence, ongg andj, are fixed,
Then, in view of relation3c) and for givenj, andjz, the | anq |, will be determined automatically. In conclusion,
total number of parity-unfavored transitions is 2 nmini,) ) . . Mg~ Ms,
+1, whereas parity-favored transitions aré22nin(j4,j-) while spherical harmomcé(sl *(uy) and Y52 (up) corre-
+1] for j;#], and 22 min(j,,j,)+1]—1 for j;=j,. Inthe  sponding t0oS;=(0,1) andS,=(0,1) contribute to expres-
case of smgl_e phot0|onlzat|_on,_on the o_ther hand, there wilk;y, (9) a larger number of botWMLl(kl) and YMLZ(QZ),
be only onej;=j and twoj,=j*1 parity-unfavored and Ly )
-favored transitions, respectively. Thus the presence of twoVith L; and L, determined from the conditionf,— 1|
rather than one, photoelectrons in the continuum has in<L;<I;+1; and|l,—I5|<L,<I,+I5, respectively, will be
creased considerably the number of both parity-favored angresent in that expression.
-unfavored transitions contributing to a DPI process. The The angular distributiort9) for two spin-resolved photo-
parity-unfavored transitions are known to reflect the influ-electron is extremely complicated. It is possible to param-
ence of electron-ion final-state interactions and have alreadgtrize by writing it in the form

dS(le(mr;/fla}\;/szaz) :(_1)#1+:U~2 2 % % Sl % % SZ)
de;dkidk; S1S2.StM A\ =y g O m2 p2 0
XA, 1Ky iko) Y (D, ), (1D)
|
where the)'s are the bipolar harmonid82]. An expression (i) Both photoelectrons are taken to be polarized longitu-

for the coefficientsA is readily obtained by comparing Eq. dinally to their respective directions of propagation, i.e.,
(11) with Eq (9) The adVantage of ertlng the al’lgu|ar- and alllkl andazllkz. Then’ using Eq(465 from Ref. [30]’ one
spin-correlation functions in the form of E(L1) lies in the  \yrites

fact that they can now be completely characterized by 12

parameters present in the expresgidnobtained by Chandra

and Chrakraborty21] to study angular and spin correlation

between a photoelectron and an Auger electron emitted sey""tl(Ql)y'\"sl(al)HyMtl(kl)YMsl(Ql)

quentially in one-photon, two-step, double ionization. Simi- ‘1 S1 L1 S1

lar to Ref.[21], these 12 parameters herein also depend upon

(2L,+1)(2S,+1)(2A; +1)

the experimental geometry through the propagation vectors =>

Rl and IZZ of the two photoelectrons. Expressions for these Avay am
parameters are readily obtained by replad&@fﬂz in Egs. L, S A
(89)—(8l) given in Ref[21] by those extracted from E¢L1) ( 0O 0 O )

in this paper. Each of the 12 parameters can be analyzed in L, S

terms of parity-favored and -unfavored transitions. x
There are several experimental geometries in which ex-

pression(9) [or (11)] takes particularly simpler forms. Sev-

eral of such configurations are briefly discussed in the rest of

this section. and

1\yai [
M, Ms a Ya (ki) (123
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Yl’i"'—z(kl)YMSz(Ql)_)YI'EALz(El)YZSz(&l) Ka(02,¢2)=—k, i.e, 0,= m— 0 and ¢,= 7+ ¢. The cross
2 S2 2 2 section for angle- and spin-resolved DPI of an atomic target

L1 (2SSt (2R +1 !n this collinear configuration is completely characteri;ed by
= \/( 2t D25+ 1)(2A:+1) just three geometry independent paramefer8, andC in

Az.ap 4 the form of the expansion
x(L2 S, Az)
c 00 dza'lz(mr FMM2)
L2 SZ A2 a¥ -~ d81d0
2
><(ML2 Ms, aZ)YAZ(kz). (12b)

=d3012(mr ;#101;#202)‘
After substituting Eq.(12) into Eq. (9b), sums over N dedk,dk,
(M,_l,Msl) and (M'-z’MSz) are readily performed analyti-

cally using the unitarityf30] of 3-j symbols. The resulting 1
geometrical factor will be considerably simpler than that =A—-2m,B co#+ — (2—3mr2)CP2(cosﬁ). (19
given in Eq.(9b). The consequent final form of the correla- 2

tion function (9) suggests two very interesting photon-

propagation and electron-detection configurations that can . S N
ised o peromangle. and spnesoned doulef o e a1l hat e e eing o iy
photoionization studies. p p p

(a) One(say, e,) of the two longitudinally polarized pho- photon frame. The correlation in this geometry will always

toelectrons is observed along the polar axis of the photorl?e determined by a single parzeimeﬁerwha}tever the state_s
‘ Therko=( 8.—0 ielding [30] |JoM) and|J;M¢) of A and A“", respectively, may be if
rame. Therk,=(6,=0.¢.), yielding the absorbed photon is LP and the photoelectrons are ob-
ot~ served in opposite directions at the magic angje=54.7°,
Y a2 (Ka) = V(2Az+ 1)/47 Spa,- (1209 for which P,(cosé,)=0. The detailed expressions for the
three parameter&, B, andC can readily be obtained. These
After using Eqgs.(12a—(120), expression9) reduces to the expressions are not relevant to the present discussion and

‘ Oyl yllky ko, kol — K

series of Legendre polynomials therefore have not been given in this paper. In order to ex-
tract the remaining parametddsandC from the experimen-
2oy (M, gy ptn) _d3012( m; ; gty ;Mzﬁz)‘ tal measurements, one can follow exactly th(_a same prqcedure
= = ‘ as described in Ref21] for angular and spin correlations
dedo, dedk,dk; figllky Dyl kpllZ between a pair of photoelectrons and Auger electrons se-

quentially emitted in opposite directions.
_2 A, (M, ke k) P (COSH:) (i) Another simple experiment on DPI may consist of
- 5 3\ e a1, H2R2) g, - observing, say, electrog; angle and spin resolved, while
only the spin ofe, is analyzed. The corresponding correla-
(13 tion function is given by

The argumenb, of the Legendre polynomials is the angle
between two departing electrons polarized along their re-q2g (m, ;
spective directions of propagation. The photoelecigrin =
Eq. (13) is, however, always observed in the direction of the de;dk;
polar axis of the space frame. The expression for the coeffi-

cient A; can readily be obtained ant is shown from Eq. . : .
(9b) to be determined by max{Q,—Sy|,|J,—JI¢)=<J; One now substitutes E¢P) into the above relation, performs

<min(2j; Li+S, J,+J-). Since |l,—3<j,<l,+1 0<L an integrati_on ovek, L_Jsing_the orthonormality of the sp_heri-_
<9 ( ]SI :1(035 2 |LT)—SZ|sJ |le ilLSil a|}|d 3 :0_§ cal harmonics, and simplifies the consequent expression with
withLOlezs,le’ and 82:(5 1) 2 e therefore have e help of Racah algebra. The final result can be written as
max(0|2l,—1| and [2],—3|)<J;< min(2;+1,2,+3).
Usually, in an atomic photoionization experiment, the initial
targetA and the final ionA?* are in parity eigenstates. The

ﬂlalwzaz)_J' d3o 1My aqliy s polly) dk
= .

dS 1d’|\(1di\(2

d?orp(m, ; waliy; uollp) _ E doy(my 5 pyfeg)

pair of electrons escaping in DPI also will have a definite de;dk; 2 de;dkg

parity (—1)'1*'2, But neither of the photoelectrons can be . A
assumed to separately possess a definite parity. On the other +f1(mp Ky Uy poly).
hand, many pairs of,;+I, may contribute to the two- (15)

electron continuum state such thigt-1, is always either

even or odd(i.e., bothl; andl, have the same or opposite A

parities for a given transitior(1). Here d?oy(m, ; u104)/de,dk; is the angular distribution of
(b) Let us detect two longitudinally polarized photoelec- the spin-resolved electrag , which is ejected in the DPI of

trons in opposite directions, i.e., ik;=k(6,¢), then an atom but is observed without the simultaneous detection
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of the electrone,. This expression, which is applicable to pressions for these parameters, one can easily deduce the

noncoincident experiments on DPI, will be explored furtherfollowing interesting properties of the spin-correlation func-

in Eq. (19). The functionf,, depends, among other things, tion (16)

on the propagation vectds; of e; and on the spin quantiza- (@ Let us perform a noncoincident experiment on DPI

tion directions {i;,0,) of both of the photoelectrons. We detecting only, say, electrogy. This gives

thus see that the effect of not detecting the direction of ejec-

tion of one of the two photoelectrons splits the correlation - N N

function (9) into two parts: The first term on the right-hand doy(my ;paly) - doyo(my s pwals; #ala)

side of Eq.(15) describes the angular distribution of the spin- de; o deq

resolvede; photoelectron observed in the noncoincident ex-

periment and the second terfiy, represents the contribution — E %

arising due to the analysis of the spin of the photoeleoton 2 de;

whose direction of departure from the atomic target is not

detected. With suitable choices of experimental geometries, . o )

both of the forms present in EL5) can be simplified. Similarly, on spe'C|aI|2|ng Eq(16) to the detection of the
(i) A still simpler experiment involving detection of the €lectrone,, one finds

spins of both of the photoelectrons will consist of measuring

spin-resolved integrated photocurrents produced in DPI. The

[1-2m uyy,c08;]. (179

corresponding pure spin-correlation function is given by MEE dorsa(Me s 1l s p2U)
d82 1y dSl
doya(m, ; aly; pols) zf d3o1o(my ;s paly 5 o05) ~ ldoy (1-2m cosp)]
de; ds,dk,dk, 2 de, 2 Y255
X dkydks. (17b
On substituting Eq(9) and simplifying, we get We thus see that for complete specification of the spin-
resolved noncoincident experiment detecting only one of the
doyo(my ;paly i polly) 1 doy, two simultaneously ejected photoelectrons, one needs merely
de, =7 de, {1—-2m, p,y,c099; two parameters, eitherd¢,/de;,y,) or (do,/des,,y,).

(Heredo;/de; anddo,/de, are the spin-unresolved inte-
grated photocurrents when the respective electenand

—2M, pupy,COH, + A iy e, are observed in noncoincident experiments on DEX-
pressiong17a and (17b) are formally identical to that ob-
X[ y10P1(01- Up) + M, y11 tained [25] for the spin-resolved, integrated photocurrent

produced in single photoionization. However, when the spin
orientations of both of the photoelectrons are measured si-
multaneously, the number of parameters in E{6) in-
creases from 2 to 6. The spins of the two photoelectrons
+(3m2—2) 1 Sind; sindscos departing from an atom interfere with each other, affecting
their mutual orientations in space. This interference effect
between the quantization directions of two photoelectrons is
represented by three parameters), vq1, and yq, in Eq.
(16). These may therefore be called three spin-interference
(16) parameters for DPI.

(b) Neither of the noncoincident integrated photocurrents
That is, a complete characterization of pure spin correlatiorin Eq. (17) will be spin dependent if the incident light in Eqg.
between two simultaneously ejected photoelectrons requirgd) causing DPI is either LP or UP. Thus, for the noncoinci-
just six parameters: the spin-unresolved, integrated, totalent integrated photocurrent to depend on spin orientation, it
photocurrentdo,,/de; and five other parameterg,, v,, is necessary that it be emitted by the absorption of CP light.
Y10, Y11, @ndy,. Although these parameters depend on theThis result is identical to thdB4] of the spin-resolved, inte-
energies of the photoelectroms and e,, they are totally grated photocurrent produced in single photoionization. The
independent of the experimental geometry. The form of thespin-resolved, integrated Auger current emitted in the decay
spin-correlation functiori16) is identical to that obtained by of a vacancy created by the absorption of a photon also has
us to describe the spin correlation between photoelectronseen showr 35,36 to have a similar behavior with respect
and Auger electrons emitted from an atpa®], from a “ro-  to the polarization of the absorbed light.
tationless” moleculg21] belonging to one of the 32 point The spin-correlation functio16), on the other hand,
groups and from[22] rotating linear molecules. One can does not become independent of spin even for LP or UP
readily obtain expressions for the six parameters present iradiation. Thus, in order to study the correlation between the
Eqg. (16) in terms of the “reduced” amplitudes defined by orientation of the spins of two photoelectrons emitted in DPI,
relation(10). Even without knowing the detailed explicit ex- without detecting their directions of propagation, not only

X sinG; sin4sin ¢ — ¢5)

X (¢1— ¢3) —2coP;cos03) 1}
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CP light may be used. The simultaneously measured inte-ere d®o;,(m,)/de,dk,dk, is the well-known angular cor-
grated current of both photoelectrons emitted by the absorpelation function between two spin-unresolved photoelec-
tion of LP or UP light may also depend upon the orientationtrons ejected in DPI. Thus the correlation between an angle-
of the spins of both of these electrons due to presence in Eénd spin-resolved photoelectron and an angle-resolved pho-
(16) of the two (y,0 and y;,) of the three spin-interference toelectron, both of which are ejected simultaneously in DPI
parameters. (1), is described by the pure angular correlation between the
The procedure adopted in R¢R1] for extracting all six  two ejected electrons plus another function that arises due to
parameters present in a function describing the spin correlahe analysis of the spin of either of them.
tion between photoelectrons and Auger electrons can be used The correlation described by E¢L8) is certainly easier
also in the present case of DPI. The degree of simultaneoutan those represented by earlier functions. The angular cor-
spin polarization of both photoelectrons can be definede|ation functiond3cy,(m,)/de;dk,dk,, which is the first
analogously to that introduced in Refl21] for a term on the right-hand side of Eq18), has been studied
photoelectron—Auger electron pair. . theoretically as well as experimentally by a number of
(iv) It has been mentioned already in the Introduction thalyroups[1-10]. The results of those studies can be used di-
experiments involving the simultaneous measurement of theactly in Eq.(18) as well. A further calculation of;, will be
spin orientation of two electrons moving in the continuum of g fficient to describe the correlatiqa8) theoretically. The
an atom or molecule are difficult to perform due to seriousjifference between the measurementsddd (M, ; u;l;)/
intensity problems. The.refore, a much simplgr exp_erimen[jgld“kld[(2 and d30’12(mr)/d81dAk1di<2, on the other hand,
thharl thlos? suggested flnthertol ngl bedt{\he one meh'ICh both) ill immediately give us the experimental value of the func-
pholoelectrons are angie resolved and the Spin ot only on€ Gy, o - \which represents the influence of the detection of

the two obse_rved electrons is _analyzed. Consequently, Whi|ﬁ]e spin of one of the two photoelectrons on their angular
we are studying angle- and spin-resolved photoelectron SPeLy relation

troscopy of, say, electror,, electrone, is detected only (v) Next we consider the noncoincident angle- and spin-

Wit_h its plirection of propagation Wit_hout any measurementsresolved spectroscopy of, say, the photoelectrarThe cor-
of its spin. The appropriate correlation function for such ex'responding Cross section’ is gi’ven by

periments is
d>o (M pliy) d3o My waliy; poly) d?oy(my ;pgliy) _E d3o(my 5 aly s poll) p
—_— = = = = . - . ~ = ~ ~ 2 -
d81d kld k2 M2 dSld kldkz d81d kl r2 dsld kld k2

We substitute distributiof®) in the above expression and Thjs is probably the simplest experiment that one can per-
perform a sum ovep, analytically. Then, after some addi- form in a DPI process involving the detection of both spin
tional simplifications, we get and the propagation directions of one of the two ejected pho-
toelectrons, while the other electron remains unobserved.
3 o 3 Now we substitute Eq(9) into the above expression, inte-

A oso(my i pally) _ 1 dogl(my) + QA My : gliy Ry oK) grate over the directiork, of e,, and sum over its spin
de,dk,dk, 2 de,dkgdk, o ERTRTER componeniu,. This gives, after using some complicated but
(18  straightforward, Racah algebra

2 . o
Ml(m—r’ju“lul):(_l)lmﬂﬁmr > (_1)|i+jriz+1'+J”+Jt+31(2jt+ 1)(23;+1)
d81dk1 2J0+1 ll’l:,L"Z L1,5,31.M

S i’
J1:d1902

| oL 1 i s
><\/(2L1+1)(281+l)[(2I2+1)(2j2+1)]1(1 e 1
0 0/\pu1 —up1 O
LS J1)<1 1 J1>|1 1 Jl”j i’ Jl}
M -M 0/im -m O/(j " JJli1 i1 iz
PR S P
, . C . . Y M, ~
Xyli 3 01 dIlIZ(Jf(JlJZ)J;Jol;Jt)drﬁz(Jf(JlJZ)J ,Jolylt)YLl(gl)YslM(Ul)- (19

J1

I—
-
wn

R
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In this expressionJ;=0-2; S;=0,1; andL;=0-3.

However, in view of the discussion presented earlier in the 6;=—

paper,l;+1, andl;+1, in Eq. (19 always have the same
parities for a given transition leading to DPI in an atom. This
means that, andl; should simultaneously be either even or
odd. This requirement in turn implies thiag should always

56
K\/3—0 dO'l B
2Jo+1 | dey

X > > (=Dt 2+ 1)[ (21,
|1,|£_,|2 jvj,rjt

be even for the first 3- symbol in Eq.(19) not to vanish
identically. Consequently, the allowed valued gfare 0 and
2. Distribution(19) can now be expanded in the form

d?oy(mp;pgly) 1 doy
— = — —= {1+ 1(2-3m?)B,P,(coss
dodis B dsl{ 5( ) B1P5( 1)

—2m, juqy,€0091 +2m, w4[ P,(CcOSh;)
X cos; + 3 P3(cosf;)sing; cos
X (p1— p1)181+ 3(3MP—2) u1 £, P}
X (costy)sing;sin( ¢; — ¢1)}. (20

Here

don K S @12, 1)

de;  3(2Jp+1) l1.02,01.0240¢ t ' 2

X(2j1+1)(2),+1)(2j+ D] Yd,,

X (It(j1i2)i5 3013012, (219

d(Tl -1 5 K
=2 {55
dsl (2J9+1)
X > > —1)Ji+il+12+i+i’+it('5 3 g)
I1.03 0 0%t 0
j1.01 002

[1 1 2Hj i’ 2J 1) 2
xiL TS, gy
| I Y 1Y B O KR T -3 B O K K1

X1, Oi(iaj2)i36Li1 0y Qr(i1i)i i 301310,

(21b)
-1
( 1) 12 dO'l K
ds 47 (2Jp5+1)
><E 2 (=Dl )+ (21, +1)
lul2 JlJ
jouit
ll
. _|1%j1[11 J2 j}
X (2l,+1)(2j,+1)] L ) 2

X

1 1
i d| 1,01(J112)15 3015 Jodr

J 12

X(Jf(jiiz)j':Jol:J't). (219

j1.i1.i2

. IV A PR FR AT S PR PR
1 "1 1 1 2
+1)(2j,+1)] (0 0 o)[j’ 1 ji]
j1
i

Jt

i
= N N

Xdy 1, J(j1j2)i5d0l; jod;, 0, (J1i2)i 1 3oL5i0),

(210
Lo
=N 33,7 1)

% 2 2 (_1)|i+1'1+12+j+j’+J1(2jt+1)

PR MR PR NI

d0'1> -1

dey

j1.i102
RO | PR A0 S PR PR
X[(21,+1)(2j,+1)] 1(01 0 O)[.% 5 ]

1
1

= NI NI

Xdy1,(j1i2)] ;Jol;jt)drﬁz(‘]f(j 112)i"5301550-
(219

Both expression$19) and (20) are formally identical to
the previously[26,37] derived angular distribution of spin-
resolved electrons ejected in the single photoionization of
atoms. Similar to Eq(19), the expression given in R26]
also is in the angular-momentum transfer scheme defined by
Eqg. (8 herein, with appropriate modifications for single
photoionization. This formal equivalence between E49)
and (20) and those equations derived elsewhgt,37) is,
however, an expected result. This also means that the analy-
sis of the angle- and spin-resolved photoelectron spectros-
copy of single ionization given in Reff26, 27] in terms of
the parity-favored and -unfavored transitions becomes ex-
actly applicable also to the expressi@i®) derived in this
paper.

Expansion(20) means that, similar to the angle- and spin-
resolved photoelectron spectroscopy of single ionization, the
spin-resolved angular photocurrent in a noncoincident ex-
periment, detecting only one of the two electrons ejected in
DPI is completely characterized by five geometry indepen-
dent parametedo /deq, B1, y1, 01, and¢&;. The detailed
expressiong21g—(21e for these parameters are naturally
different from those obtained in the case of single photoion-
ization. These have been given herein for their use in the
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future as well as in Sec. Il of the present study. With thehopefully be observable since Yb, being a heavy atom,

help of these expressions, one can analyze the spin polarizehould give rise to a large SOI for electrons moving even in

tion of electrone; emitted in DPI using the procedure de- its continuum.

scribed in detail in Refs[26, 27 for angle- and spin- Second, Svenssoet al. [38] have experimentally mea-

resolved photoelectron spectroscopy of single ionization. sured and theoretically calculated both integrated cross sec-
(vi) The simplest possible experiment that can be pertions o and the angular asymmetry paramegdior the pho-

formed in DPI involving a spin analysis is the measurementoelectron emitted in the single ionization in each of tHe 4

of the noncoincident, spin-resolved, integrated photocurrentand 6 subshells of atomic Yb. In Ref.39], this angle-

For electrone,, it is obviously given by resolved study was extended further to analyze also the spin
of the ejected electron. Namely, Svenssairal. [39] have
" d2a(my;pqly) - measured the spin-polarization paramétl] y for 6s elec-

oy(m; ;'“1“1):f T deydl, K- trons and reported both experimental as well as theoretical

results for the three parameteyss, and ¢ [see Eq(20)] for

This yields an expression identical to that given in Bizg.  the single photoionization in thef43ubshelll 0f2Y2b- Although
The parametey, present in Eq(174 is the same as the one the SOI in the bound electrons of Yp4f*%6s® *Fs,7) as
occurring in Eq.(20) with the explicit form given by Eq. well as in the continuum of the photoelectron will contribute

(210). The degree of polarization of this noncoincident inte-to the polarization of a # electron ejected in the single ion-

grated current of electrores, is ization of Yb, the polarization of theselectron ejected even
in the single photoionization of this atom can take place by
A oy(m, ;20— oy (m,;—10y) t_he presence of the SOl only in }Zle gozntlnuum, as there is no

Pi(m;;uqy)= s s fine-structure splitting in Yb(4fl%6s! °S,,,). Therefore, a
o(my;+3zUg) + o (M ;—3Uy) comparison of the angle- and spin-resolved photoelectron

spectroscopy of a honcoincident experiment on DPI in the 6
subshell of Yb with that of its single ionization will be a

Thus, in order to have a nonzero degree of spin polarizatiofi'éct measure of the role played by the SOl in the con-
in a noncoincident experiment on DPI, it is necessary that thdnuum of the unobserved electrésay, e,) on the polariza-
absorbed photon be CP and the detected electron be spiQ" Of the detectee, photoelectron. In particulary, gives,

resolved in other than thé-Y plane of the space frame. This &ccording to Eq(22), the degree of polarization of the inte-
degree is then proportional to the parameger Expression grated photocurrent in a noncoincident experiment on DPI.

(22) and other properties mentioned after it are identical tgtS comparison withy (see Ref{40]) measured by Sevens-
those[25,34,37 already found for the spin-polarized inte- sonet al.[39] for single photoionization in thessubshell of

grated photocurrent in the single ionization of unpolarized” P Will give the above-mentioned information.

atoms. Expressions identical to E@2) and its associated !N order to proceed further, we note from K@) that, on
properties have been sho@5,36 to be applicable also to @ccount of bothl, and J;=0 in the example Ofl'fq(?_?ﬂv
the spin polarization of the integrated Auger current pro-t=0, Which in turn gives =1. These make{1)™")t"/=

duced in the decay of a vacancy created by the absorption gr 1, i.e., only a single parity-favored transition contributes to
electromagnetic radiation. the DPI in the &2 subshell of Yb. The triangular condition,

suggested by relatio(8c), can now be used to find the an-
gular momenta of photoelectroes ande,, which are now
considered. This givesj{,j»)=(33), (3,3), (3,3), (3,3,

Let us consider as an example for the application of theetc. One further concludes from Eq&a) and (3b) that
framework developed in the preceding section DPI in the 6 |1,1,=0 and 1 forj,,j,=3; I1,l,=1 and 2 forj,,j,=3;
subshell of Yb, that is, etc. Sincd (+1, must always be odd in the present example

of an E1 bound-free transition in DPI, one therefore has
hv,+Yh(4f16s? 1S5)— Yb?* (4119650 1Sy) (11,12)=(0,1) and(1,0 for (j1,j2)=(32); (I1,12)=(1,2)
I I and (2,2) for (j1.jo)=(33 and ¢ 3), respectively; and
Teulkiipmt) ¥ ealkaiualla). (14,1,)=(1,2) and(2,1) also for (1,j2)=(33).
(23 We next need to know the reduced applitd6). To this
end, we first calculate theE1l matrix element
There is more than one reason for choosing Yb as a test cag®, ;. [F|Dy;1m,) present in Eq(4) and used in relations
in this study of+spin g:orrelgtlion in DPI. First, for example, (5) anq (6). If one neglects the core relaxation effects by
both Yb and YB" are in their'S, states, each with a closed- assuming that the one-electron states of Yb not directly in-
shell electronic configuration. Therefore, bound electrong,ed in photoionizing transitions remain unchanged, then

; ) ; v . :
neither in Yb nor in YB" contribute to the SOI. The spin vy, can be treated as a two-electron atom and its antisymme-
polarization of both photoelectrons ejected in GPB) will trized bound state is given by

therefore be caused by the SOI in the continua;cnde,.

The interesting thing to investigate here will be whether and

how the SOI in the continuum of one photoelectron influ- 1

ences the properties of the companion photoelectron, in ad- ¢ (x, ,x,) = — 65%(r;,»)[a(1)B(2)— (1=2)].
dition to affecting its own polarization. If the SOI plays such 2

an important role in the DPI of this atom, it should then (249

=—m,y,C0¥) . (22

Ill. APPLICATION
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In this expressionx; andx, represent space and spin coor-

dinates of the two electrons occupying the? Gubshell of
Yb. The spatial part of the stai@4a is described by the
product

6s? (rlirz)— P(65 r)P(6s;r2)YS(F1)YS(F2)
(24b)

of two one-electron orbitals. Here tlés are the radial func-

tions andY[" are the usual spherical harmonics. Also in Eq.

(249, « and B are the two spinors.

The antisymmetrized state of two continuum electrons
with their total angular momenturj and its projectionm;
can be written as

P jm (X1, %)= (— D)2 M2+ )72
J1

X2 (m r:‘z —jmj>

mjl,mjz 12

X[(Xql] 1mjl>7<X2|J’ oMy )~

I

_<X2|j1mjl>_<X1|jzmj2>_], (259
with
<X1|j1mj>_:(_1)1/2+|1_mjlr1_1\/mp_(81|1j1;r1)

R

xmgnSl my my —my | (Fxm (D)
(25b)

_ 1 /21
<(Df;jmj|F|q)0;1mr>_§ l( 1)l (225, +1 S(112j, %01, 51|22 [(
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and a similar expression fofx,|j,mj,)~. In Eq. (25b),

P~ (e4l1j1;r1) represents the radial part of the spatial func-
tion of a photoelectron. A minus superscript Brmeans that

it satisfies incoming-wave boundary conditiof&8] appro-
priate for photoionization. It is normalized on the energy
scale such that

fo P *(e1l1j1:r)P (e4l4j1ir)dri=68(e;— 7).

This normalization is consistef81(b)] with the definition of
the E1 dipole operator given in Reff29] and with that of the
constanK used in Eq(4) and elsewhere in this paper. Also

in Eq. (25b), mg= =+ 3, with y,,=a andy_,,= 8. Also, we

know from Egs.(6) and (7) in Ref.[29] that in the dipole
length approximation

<(I)f7;jmj||:|(p0;1mr)

2

:A<1>\/477/3<<1>;jmj > Y ¢0>,
M|
(263
with
1/2
A(l):(? agEf/e“) (26b)

Next, we substitute staté24) and(25) into Eq. (26) and
simplify the resulting expression using Racah algebra. This
yields

35
N

| N
3
=
—

NIF NI

NS BT S P _ _
+(_% m, —m, (mr 1 _mjz) lo(eal1j1)l1(&2l2)2)
s 3 j 1 3 i1
+( 1) i1~ 1/2,/211+ 5(1/2)]25:” 60|22J (mJ1 _% _mj) m, % _mjl)
1L

NlF NI-
| —

3

—

Here

Io(slj)=f:P_*(slj;r)P(65;r)dr (289

(27)

l1(g1l1j)1o(&2]2])2)

the integral on the right-hand side of EG8a are defined in
Egs.(25b and(24b), respectively. On the other hand,

Il(slj)EA(l)fo’*(st;r)rP(GS;r)dr (28b)
0

is the overlap integral between the radial function of a bounds the one-electron radial dipole integral.

electron occupying the $ subshell before photoionization

It is obvious from the right-hand side of E@7) that the

and that of a photoelectron. The radial functions present iwvalues of (;,l,)=(0,1) and(1,0) only need to be considered
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in the present application of DPI. In view of the previously

mentioned fact thaj=1 in this case, the values of {(,j,)
that will make a nontrivial contributions to the DP23) are
therefore §,3) plus (3,3) for (I,,1,)=(0,1) and §,3) plus (
3,2 for (11,1)=(1,0).

The total angular momentunﬁ(= r,+jo=5f+f) for the
process23) is J=1. Then, on specializing Eq¢5) and(7)
to the present case, we find

(D jm [FIPo:1m) = 8, (3= 03] = 1| F(I=1)[35=0;1)
(299

and

(Jr=0;j=1|F(j=0)[Jo=0;1)

=—v3(J;=0;j=1|F(J=1)|Jp=0;1), (29b
respectively. The combination of Eq®7) and (29) in Eq.
(10) expresses the reduced amplitutian terms of the radial
integral, defined in Eq9428).

With the help of thed’s so obtained, one can study the

angular and spin correlations between two electrons emitted

simultaneously from the & subshell of Yb. It can be done

in any geometry or experimental arrangement, some of
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|Il(82111%)|2_||1(82|11%)|2
Y1= _ ’
3|1(e1, D)% M+ [11(e2,1,3)12+2[11(e2,1,3) |2
(32a

which is not necessarily zero. Thus the photoelecapde-
tected in a noncoincident experiment on DPI in tre8 6ub-
shell of Yb may be spin resolved even if no SOl is included
in its continuum. In this case, it is the SOI in the continuum
of the undetected photoelectra) that contributes to the
polarization ofe;. This will happen if and only if the radial
dipole integrald ;(e,,1,3) for (I,=1, j,=3%) andl,(&,,1,))
for (I,=1, j,=3) are not equal to each other and at least one
of these is not zero.

The noninclusion of the SOI in the continuum ef,
rather thane;, will make I,(g,,1,3)=1,(g,,1,3)=1(e,,1),
say. This reduces E@30) to the form

Y1i= %{“1(81!11%”2_5“1(81!1!%)|2

+4 Rd eV o1@2E)]]  (g,,1,3)1% (84,1,2) ]}

><[|I1(8111!%)|2+2|I1(81!11:21)|2+3||(8211)2p]_1'
(32b

which have been discussed briefly in Sec. Il. Similarly, one

can take the photon absorbed in E2@) of any polarization.

However, for the reasons mentioned at the beginning of thi

section, we calculate hereafter only the parameterwhich
gives, according to Eq22), the degree of polarizatioR; of
the integrated photocurrent of electrepobserved in a non-

The degree of polarizatiof22) even in this case obviously

Yoes not vanish as long as any of the radial dipole integrals

11(e1,1,3) for (1;=1, j;=3) andl(e4,1,3) for (I,=1, ;=
2) is different from zero.
Finally, let us consider that the SOI is included in the

coincident experiment on DPI performed without detectingcominuum of neither photoelectror, nor photoelec-

photoelectrone,. On substituting the above-obtained re-
duced amplitudel, along with the appropriate values of the
various quantum numbers, one finds from expressiatg
and (210

Y11= %{3(“1(82111%”2_|Il(82111%)|2)p+|Il(81117%)|2
—5||1(81,1,%)|2+4 Re{ei["l(l/Z)(sl)_"'1(3/2)(51)]
X|1(81,1:%)|’1<(81,1a%)]}{||1(81,11%)|2
+2||1(81,1,g)|2+[||1(82,1,%)|2

+2||1(82111%)|2]p}7l' (30)

Here o (12(&1) andoyg2(e4) are the Coulomb phases for
the photoelectror, observed with energy,; and

p=|Io(glao!%)|2/||0(82101%)|2 (31)

is the ratio of the square of the overlap intedi288g for the
observed photoelectrosy, to that of the unobserved photo-
electrone,.

tron e,. This means thatl,(e,1,3)=1,(g1,1,3), with
o128 =01(ar)fe1) and 11(e2,1,3)=11(¢,1,3). Then,
expressiong30) and (32) show thaty,;=0. Thus the inte-
grated photocurrent observed in a noncoincident experiment
on the DPI in the & subshell of Yb will certainly be unpo-
larized if the SOI is not taken into account in the continua of
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 that
of its companion electron, which is simultaneously emitted
along with it in a DPI. This behavior of a pair of photoelec-
trons in DPI is very different from that of a photoelectron
and an Auger electron emitted sequentially. In the latter case,
it has been foun@20—22 that the SOI in the continuum of
one electron does not make any contribution to the polariza-
tion of the other electron if the photoelectron and Auger
electron are observed independently. Therefore, the motions
of two electrons emitted in DPI are correlated not only by the
sharing between them of the energy of the absorbed photon
in excess of the ionization potential and by the mutual Cou-
lomb repulsion, but also by the SOI present in their continua.
Consequently, experiments on DPI are more stringent tests
of theoretical models for studying electron-electron correla-
tions. Even the noncoincident experiments on DPI are poten-

Let us assume that there is no SOl in the continuum of théially a richer source of information than a single-

detected electrore;. This meansoy(iy(e1) = o1 (32)(€1)
andlq(e4,1,3)=11(g1,1,9)=1(e,,1), say. Then Eq30) be-
comes

photoionization process.
If it is only the SOI that is responsible for the spin polar-
ization of a photoelectron, then the (see Ref[40]) mea-
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sured by Svenssost al. [39] for electrons emitted in the by five energy-dependent parameters that are not affected by
single photoionization of the $subshell of Yb should, in the geometry of an experiment. It also means that the well-
principle, be equal to the, given by Eq.(32b) in a nonco- developed theoretical analydi25—-27 of angle- and spin-
incident experiment on DPI in the same subshell of the sameesolved photoelectron spectroscopy of single photoioniza-
target. It should be so for the simple reason that the lattetion is applicable also to angle- and spin-resolved
expression includes, similarly to the case of single photoionnoncoincident experiments on DPI. For example, the inte-
ization[39] the SOI in the continuum of only the observed of grated photocurrent of the observed electron in a noncoinci-
the two emitted electrons. A difference in the values ¢for dent experiment will have no spin selection if the absorbed
single photoionizationand y; [given by Eg.(32b)] will, light is either LP or UP and its degree of polarization for CP
consequently, mean that either the SOls in the two cases alight is proportional to a single parameter. Such spin-
different and/or there are factors other than the SOI in theesolved, noncoincident measurements on DPI are much
continuum of the observed electron that also contribute to theimpler to perform, and within the reach of the existing ex-
spin polarization of electrons in a noncoincident experimenperimental facilities, than those in which spins of both of the
on DPI. Similarly, expressiort32a provides a method to photoelectrons are analyzed.
find out quantitatively the contribution made by the SOl in  The theoretical framework developed in this paper is ap-
the continuum of the unobserved photoelectron to the polarplied to a real physical system, namely, DPI in the hib-
ization of the observed electron in a noncoincident experishell of atomic Yb. Because both Yb and the doubly charged
ment on DPI. residual photoion Y&" formed after DPI are in theitS,
Finally, expression(30) is derived when the light ab- state, each with a closed-shell electronic structure, neither of
sorbed in Eq.(23) is CP. It has been done for the simple these has any SOIs. The spin polarization of the two photo-
reason that the degrd@2) of spin polarization of the inte- electrons in this can therefore be caused by the SOI only in
grated photocurrent observed in a noncoincident experimerthe continua. Our analysis shows that the SOI in the con-
vanishes identically if the incident photon is LP or UP. How- tinuum of one electron affects not only its own behavior but
ever, as mentioned in Sec. Il it is not necessarily so if one islso that of its companion electron ejected simultaneously
studying the degree of spin polarization of the angle-resolvedlong with the former. Thus photoelectrons produced in DPI
photocurrent in a noncoincident experiment on DPI or deshare not only the energy of the absorbed photon in excess of
tecting both of the outgoing electrons simultaneously. In thathe ionization potential but also the SOI present in the con-
case, absorbed light may be LP, UP, or CP. the photoionizainuum of each of the ejected electrons, in addition to mutu-
tion matrix element(27) can be used even for LP or UP ally experiencing Coulomb repulsion. It happens in coinci-

electromagnetic radiations inducing DPI. dent as well as in noncoincident experiments on DPI. This is
very different from that found in those noncoincident experi-
IV. CONCLUSION ments in which either a photoelectron or a subsequently

) ) o emitted Auger electron is observed independently. In the lat-
This paper presents a study of the spin polarization Ofer case, the energy of the absorbed photon in excess of the
electrons ejected in the DPI of an atom. An angular- andgnjzation potential is completely carried away by the pho-
spin-correlation function for DPI in atoms has been derivedioelectron without sharing it with the Auger electron and the
Various geometrical configurations and experimental arsQ in the continuum of the unobserved electron does not
rangements are discussed when it becomes simpler to pejffect any of the properties of the observed electron at all.
form such measurements. The simplest possible experimeft,ys, even noncoincident experiments involving spin analy-
that one can easily carry out in DP! is one in which only onesjs in DPI provide a greater wealth of information on
of the two photoelectrons is detected. The angle- and spinsjectron-electron correlations than those in which one does

resolved photoelectron spectroscopy of such noncoincideRjot detect the spin of the observed electron.
experiments on DPI is shown to be formally identical to that

of the single-photoionization studies performed hitherto very
successfully both theoretically and experimentally. This
identity means that, while one of the two electrons emitted in
a DPI remains unobserved, the spin-resolved angular distri- This work was supported by the Department of Science
bution of the observed electron is completely characterize@nd Technology, India, under Grant No. SP/S2/L04/95.
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