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Photon-electron polarization correlations in high-Z ns-subshell photoionization
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We present a comprehensive survey of the behavior of all correlations C;, between the polarization of
the incoming photon and the spin of the outgoing photoelectron, for ejection from all subshells of urani-
um, for e1ectron energies from 1 eV to 100 keV. The correlations for ns-subshell photoionization are re-
ported here. The numerical results for these polarization correlations are obtained within the
independent-particle approximation in a relativistic self-consistent atomic field (Dirac-Slater type), in-
cluding all significant multipole contributions. We confirm that at low photon energies (up to —1 keV),
which means relatively low kinetic energy c for the photoelectron and ejection from a subshell of high n,
dipole predictions are generally valid, reproducing the full numerical results, including the abrupt
changes in the shape of the C;,. curves as functions of the ejection angle 8. As photon energy increases,
the correlation coefficients become complicated functions of 8, losing symmetry around 0=90'. For
higher c, the correlation coefficients of difFerent n tend to merge into a common curve as a function of 0,
although the shape of the curve keeps changing as c increases, as we have previous1y reported for angu-
lar distributions.

PACS number(s): 32.80.Fb

I. INTRODUCTION

do do'
dn(& ~)=

dn
3

2
Unpol i,j =0

where the photon polarization is described with the
Stokes parameters g, and the unit vector g specifies the
spin direction of the ejected electron in its rest system,
with go=go=Coo= 1. Details for the characterization
and for the coordinate system are given in Sec. II. We
also give in Sec. II the reduction of the full multipole for-
malism for the C,", given in Refs. [1] and [3], to a dipole

We wish to report a theoretical study and cornprehen-
sive survey, within the independent-particle approxima-
tion, of all possible correlations in photoionization be-
tween the polarization of the incoming photon and the
spin of the ejected outgoing photoelectron, for all sub-
shells of uranium, for an electron energy range from 1 eV
to 100 keV. We begin in this paper by reporting and dis-
cussing the correlations in ns-subshell photoionization.

Previously, we studied total cross sections and angular
distributions of photoelectrons from high-Z elements nu-
merically in a relativistic self-consistent atomic field
(Dirac-Slater type), including all the significant multipole
contributions [1,2]. The numerical results presented here
for the polarization correlations C; are obtained through
the same relativistic single-particle scheme, based on the
characterization given by Pratt and co-workers [1,3—5],
as

form for ns subshells in the long-wavelength limit.
With advances in photon sources such as lasers and

synchrotron radiation, detailed studies directed toward
the "complete" description of atomic and molecular pho-
toionization have been receiving much attention lately
[6]. It has been known for a long time that photoelec-
trons are spin polarized in the relativistic region. Fano
pointed out in 1969 [7] that the slight difference in energy
positions of Cooper minima (the zeros of the radial ma-
trix elements) in ns~ep, &2 and ns~ep3/2 channels due
to the spin-orbit interaction leads to a large spin polariza-
tion of the photoelectrons in the visible or uv range, and
it is by now well known that spin-polarized electrons may
be ejected from unpolarized atoms by photons of any po-
larization state including unpolarized photons [6].

Theoretical formulations to describe photoelectron
spin polarization have been developed by many authors,
including Cherepkov [8], who presented the results in the
random-phase approximation with exchange, Lee [9] in
the multichannel quantum-defect theory applied to the
helicity formalism, Klar [10] using the angular-
momentum-transfer formalism to include anisotropic
electron-ion final-state interactions, and Huang [ll] in
the relativistic random-phase approximation. These au-
thors have included effects beyond the independent-
particle approximation, but the results are specialized to
the electric dipole (El) transition. Scofield [12] has re-
cently reported relativistic calculations in independent-
particle approximation for the angular distribution of
photoelectrons from linearly polarized photons.
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As noted in Ref. [3], where C;. for K-shell photoeffect
from Z =13 to 92 and the range of energies from 220
keV to 2 MeV were studied with all the relativistic mul-

tipole contributions included, the photoeffect can serve as
a polarizer of electrons, a transmitter of polarization
from photons to electrons, or an analyzer of polarized ra-
diation. Hence, the photoionization process can be used
as a way to produce polarized electrons with, for exam-
ple, photons from synchrotron radiation (elliptically po-
larized vuv photons ranging from linear through circular
polarization depending on the direction of emission).
The fact that such photon beams are polarized also
means the polarization correlations may be needed in or-
der to interpret photoionization experiments. Informa-
tion as to how the spin of the outgoing photoelectron is
correlated to the polarization of the incoming photon is
essential.

In the dipole approximation, the photoionization from
an (nL)z =nK--[K =( —1) + +'~ (J+—,')) subshell may
be fully specified by five parameters, which are expressed
in terms of the five independent dipole quantities: three
radial dipole matrix elements and two relative phases. Of
course, for J =

—,
' subshells, only three parameters are in-

dependent; they can be written in terms of the two radial
matrix elements and the only one relative phase of that
case. Experimentally, when this type of dipole descrip-
tion is valid, three of the five parameters may be deter-
mined with unpolarized photons: the total crass section
o „x and the asymmetry Parameter P„x of angular distri-
bution for the differential cross section

do nsc O nSC
[1 ,'P„lr Pz( co—s8—)],

unpol

(2)

unpol

(3)

averaged over the initial and the final magnetic substates
of the atom and the ion, respectively, and averaged over
the initial photon polarization and summed over the final
electron spin. The third parameter can be taken as the
degree of transverse polarization of electrons from unpo-
larized photons,

N) —N)
P, (8)=

Nt+N)

where N
&

and N
&

are the number of electrons with spin
up and down along the axis perpendicular to the produc-
tion plane defined by the two mornenta k and p of the in-
coming photon and the ejected photoelectron, respective-
ly, and 0 is the angle between the two mornenta. Evi-
dently

Experimental determination of the remaining two of
the five dipole parameters involves measurements with
circularly polarized photons: transverse polarization of
the photoelectron spin in the production plane and the
transmission of photon helicity (y and P„respectively, in
Ref. [6]), or the longitudinal and the transverse spin po-
larization in the reaction plane (g and g in Ref. [11],y
and 5 in Refs. [9] and [10]),which are related to our C33
and C3 &

of See. II, respectively, in the dipole regime.
Measurements with linearly polarized photans do not
give additional independent information on palarization
correlations within the dipole approximation.

%'hen we consider higher multipole contributions,
there are four more independent correlations —C,o C2l,
C23, and C&2—observable with linearly polarized pho-
tons, and each of the C; ean no longer be represented as
a single energy-dependent parameter multiplied by simple
trigonometric angular factors as in the dipolar regime.
[For angular distributions likewise, we also need in prin-
ciple infinitely many angular distribution parameters Bk,
instead of the single angular distribution parameter p of
the dipole limit, as discussed in Refs. [1,2], such that
do Id Q=(cr I4n)gk 'OBkPk( cos8), with Bo= 1 and

B2 =——
—,'p at low photon energies. ] Not counting Coo

=—1,
only these seven correlations among the seemingly possi-
ble fifteen C; are permitted to be nonzero from the in-
variance consideration given in Refs. [1,3].

Numerical results for the C; as functions of the angle
0, for various photoelectron kinetic energies c, ranging
from 1 eV up to 100 keV, for all the ns subshells of urani-
urn, are shown and discussed in Sec. III.

At low photon energies (6 1 keV), i.e., low E and high
n, we find that the C, may be well described in terms of
their dipole reductions, with such typical features as an
abrupt change in sign and symmetry in 0 of C; curves
near Cooper minima, where one of the two radial matrix
elements (ns —+sp~;j=

—,', —', ) goes through zero. As E in-

creases higher multipole contributions beyond dipole
(and the retardation effects) begin to be important. At
high c., for each C; the set of curves for a given E for all
n tend to merge into a common curve, for the same
reason discussed in Ref. [2] for the merging of the angu-
lar distribution coefficients Bk (the C;J and the Bk are
determined from the same transition matrix elements).
But the shapes of the curves as functions of 8 keep chang-
ing with energy, as was seen in Ref. [3], since the higher
the photon energy, the higher the order of significantly
contributing multipoles.

For subshells other than ns, which we will report and
discuss in subsequent planned papers in this series, we
can also expect to see the efFects of shape resonances at
intermediate photoelectron energies for higher-L states
(as in our earlier study of angular distributions), resulting
in additiona1 energy-dependent variations.

as given by Eq. (2). Later, in Sec. II, we will see that
P, (8) carries the same information as our correlation
Co&(8), which is closely related to the quantity called g
by Huang [11],though others prefer a different name (for
example, g' in Refs. [6], [9], and [13].)

II. POLARIZATION CORRELATIONS
AND THEIR DIPOLE REDUCTIONS

In this section, we obtain for ns subshe11s the reduction
of the expressions for the C," given in Ref. [1] into their
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dipole forms. As shown in Fig. I, our coordinate system
is centered at the atomic nucleus with the z axis along k,
y along k Xp, and the x axis in the (k, p) plane as in Ref.
[1], so that the production plane is the x —z plane. The
photon polarization vector e =e&x+ e2y, with

~e, ~
+ ~e2~ =1, is described with Stokes parameters [6,14]

in this coordinate system,

or in the compact Jones vector notation [15] for the pho-
ton polarization ( e

~

= [e*, , e2 ], as

(5)

with o.; of the form as the (2X2) Pauli spin matrices.
Here, g&=+1 corresponds to linear polarization along
the x and y directions (i.e., in or perpendicular to the pro-
duction plane), respectively; g2 is a degree of linear polar-
ization along /=45'(g; = —1 is the polarization orthogo-
nal to g; = + 1), g3 represents the degree of circular polar-
ization of photons. Also note that e k=@3=0, which
means that the radiation gauge has been chosen. In this
gauge, which is sometimes called the transverse or
Coulomb gauge, the relativistic transition matrix ele-
ments reduce to the velocity form in the nonrelativistic
(NR) dipole limit, which in turn can be expressed in a lo-
cal potential in terms of the length form.

The spin polarization of the ejected electron is specified
by its spin direction g= (y~cr ~y) in its rest system, with

Assuming that the polarizations of the initial bound
state and the residual ionic state are not observed, the
seven nontrivial C,. - defined in Eq. (1), other than Coo —= 1,
are given in Ref. [1] in terms of the transition matrix A+
with all multipoles included, and the relative phase shifts
5. We will not give the cumbersome details here.

For ns subshells, L =0, K= —(J+—,')= —1 as J=—,
'.

Taking only the E1 contribution we get for the transition
from the ns to the Ep, &2(x = 1) channel.

A+ =0, A+ =Q —,
' Y, , (p)(s, + —,'s2),

2+ =0, A = —Q —,
' Y,o(p)(s, + —,'s2),

and from the ns to the ep3&2(a = —2) channel,

A+ =0, A: = —Q —,', Y,o(p)s2,

where

s, =f drjo(kr)Gzf„,
0

~, = f drj,(kr)g„Fx,
0

with Gx(g, ) and Fx (f„) the large and small components
of the Dirac radial wave functions of the bound (continu-
um) electrons as defined in Ref. [1].

The connection between these radial transition matrix
elements and the E1 elements is given as follows. The ra-
dial matrix elements for the 2 -pole electric transition
(FA) may be written in the Coulomb gauge as [12]

Aj ~(kr)p+~= f dr (
—bv)(fG+gF) —jz &(kr)+

kr=g (yXp), g2=g y, g3=g p (6)

Note that the coordinate axes (1,2, 3) for the final-
electron state are rotated from the initial axes (x,y, z) by
the ejection angle 8 around the y axis. Hence, g& and gz
are the transverse components of the spin of the ejected
photoelectron in and perpendicular to the production
plane, respectively, in its rest system, and g3 the longitu-
dinal component.

or

j ~(kr)+A(A+ 1)(fG gF)—
kr

= f dr [f6[(A+1)(ha+A)J'~(kr) lkr

EKjp+ ] (kr) ]

+gF[(A+1)(h~ A)j ~(kr)/kr-
AKJp+ &

(kr)] ]

(10)

using the recursion formula for the spherical Bessel func-
tions, with 6K=K E, omitting the subscripts K and E
for simplicity. In the long-wavelength limit, as kr~0,
j ~(kr) lkr ~j ~,(kr) j(2A+1) and only the lowest-
order term in kr should be kept to be consistent. Then,

=YI
I

R ~ (ha+A) f Gfj& i(kr)dr
2A+1

+(Az —A) fgFj~ i(kr)dr (12)

and

'~ —', [(ha+1)s&+(b~—1)s2] (13)

FIG. 1. Coordinate system employed in this work. to the lowest order in kr. Since 6K=2 for ns ~op, &2 and
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$2
2 s)+—=R ), —

—,s2 =R3 .

Substituting these into A+ and Eq. (5.1.19) of Ref. [3],we
obtain the following dipole expressions for ns subshells in
the long-wavelength limit:

(14)

b,~= —1 for ns~ep3/p defining R '(ns~Epj. )=RJ. and
writing R, /2 and R3/2 as R, and R3, respectively, we get

Defining [16]

0. —=R +2R

P= 2(—R 3+2R,R3 cos5)/o,

g=—3R &R3 sin5/0. ,

g—:(R1+R 3
—2R, R3 cos5)/o =1—P/2,

g=(R, 2R—3+R,R3 cos5)/0.

(23)

Dao= [2(R, +R 3 2R,—R3 cos5)
1

32m

+3 sin 8(R3+2R,R3 cos5)]

[(R ~ +2R ~
)

16m.

—(R3+2R1R3 cos5)P2( cos8)], (15)

CO2
= —3 sin8 cos8R1R 3 sin5/(16m Doo ),

C,0=3sin 8(R3+2R1R3 cos5)/(327TDOO),

C&2 CO2 ~

C2, =3 sin8R, R3 sin5/(161rDO0),

C23 =0,

(16)

(17)

(18)

(19)

(20)

51 53( 51/2 53/2)

is the difference between the phase shifts of the two chan-
nels, and

k do.
16 E dQ

C31= sin8(R, —2R3+R, R3 cos5)/(16'~), (21)

C» =cos8(R1+R3 2R, R3 co—s5)/(16'~), (22)

where

C =
J

(2J —1)(2J+1)
12J

' 1/2
2J+1

12J(J+1)

j=J—1)0

(2J + 1)(2J+3)
12(J+1)

1/2

j =J+1.

[It can be easily seen that only three of the above five pa-
rameters in Eq. (23) are independent, though the relation-
ship between g and the others does not reduce to a simple
form to give further insight. ]

III. RESULTS AND DISCUSSION

Figures 2—9 show the calculated results for the seven
nontrivial C; as functions of 0, for all ns subshells of
uranium with photoelectron energies from 1 eV to 100

for the five dipole parameters in this limit, the matrix
C =[C; ] becomes identical to the matrix A divided by
1 —

—,'PP2( cos8), described by Huang in Eq. (5.24) of Ref.
[11],except that in our coordinate system /=0 and that
his Stokes parameters S; are related to our g; as
S1 = —(„Sz= —

gz, and S3 =(3, and his matrix elements
i5.

DJ are given by D =(3/2n)C e. 'R. , where

' 1/2

-1—
1Sf/P 4 Sf/2 5Sf/P 6Sf/P

El.ectron E&«g')t

ixiQ' (geV)

3xiQ

ix10
3x10
ix10

-1
1Sf/P

1
f/iP

l
f/P f/P f/P

0 TT/2 0 rr/2 0 Tr/2 0 rr/2 0 rr/2

6Sf/2 7 S f/2

0 Tr/2 0 rr/2
e

3x10 '

ix10
3xiQ

ix10 ~

3xiO

ixiQ

FIG. 2. Numerical results of Co~ for uranium ns subshells calculated in a Dirac-Slater-type potential including all the significant
multipole contributions. Electron kinetic energies are given in keV.
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Electron Energy

1x10 (kev}

3x10

1x10

3x10

1x10

-1 is i/2
(

i/2
l

i/2 1/2
)

1/2
(

1/2

0 TT/2 0 lT/2 0 Tr/2 0 TT/2 0 TT/2 0 rr/2

7 Sg/2

0 TT/2

e

3.10-'

ix10 '

3x10

1x10 2

3x10

1x10

FIG. 3. The same as Fig. 2 for C&0.

keV. Figures 2 —8 exhibit the variation with energy for
each given ns state, while Fig. 9 permits the comparison
of different ns states for six different energies c.=10
10, 10 ', 1, 10, and 10 keV. Curves for C&2 are simi-
lar to CO2 and are omitted in Fig. 9; the similarity held
when E was as high as 208 keV in Ref. [3]. Curves for
C23 are almost zero and are omitted. Figures 10 and 1 I

show the dipole predictions and their differences from the
full multipole results in the same arrangement as Fig. 9.
In the dipole case Cz3( =0) and C&2( =

CO2 ) are not
shown. Figure 12 shows the dipole parameters P, g, q,
and g as functions of the energy for all ns subshells of
uranium. The rapid variation of the 6s and 7s parameters
reAects the Cooper minima which occur in these cases.

Upon comparing Figs. 9 and 10, along with Fig. 11, we
see that we may roughly classify the curves of each C .

EJ

into two categories: those for which the E1 contribution
is dominant and those for which the contribution from
higher multipoles is significant. Naturally, the first group
corresponds to the low photon energy cases, i.e., low
binding energies (outer shells with n ~ 5) and low photo-
electron energies ( S 1 keV). This group can be extended
to n ~ 2 shells and c ~ 10 keV, for angles not too close to
8=0 and n (see Fig. 11). Let us call these low-energy
outer-shell cases (LEOS's).

We now discuss behavior of the C; for LEOS at some
special angles and energies. Since the behavior of the di-
pole matrix elements will determine the character of the
C; in LEOS's, we refer to Fig. 6 of Ref. [2] to help under-
stand them. In this figure the radial dipole matrix ele-
ments R, and R3 are shown as functions of c. for
ns ~cp, j=

—,
' and —,', respectively. We note that

I
I I I I I

I

-1
1 Sg/2 2sg/2 3sg/2 4su2 5S~/2 6s,/,

Electron Energy

1«02 (keV)

3x10 '

1 x 10 '
3xioo
ixiO'

11S
f 2

(
)/2 l

5S)/2 6S)/2 S

0 TT/2 0 Tr/2 0 Tr/2 0 rr/2 0 a/2 0 c/2 0
8

FIG. 4. The same as Fig. 2 for C».

3 1O-'

1 io-'
3x 10

ixiO

3x10 3

1x10 3
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I i I I I i I I I i I I I i I

CLI

C3

~A

0

1Sg/p 2Sg/p 3S&/a 4Sg/p 5sg/p 6Sg/p ?sg/p

Electron Energy

1xfp~ I, keVI

3xip

~. ...... ixio'
3.10'
ixip

0—

-1—
fSV~

i AS(/p ) i
V~ t i4S(/2, 5S(/~ i IBS(/ (

?S(/
0 rr/2 0 rr/2 0 TT/2 0 a /2 0 n/2 0 ~/2 0 rr/2

8

FIG. 5. The same as Fig. 2 for C».

3.10-'

ixip '
3xfP ~

ixip ~

3xip

1x10 3

R(7s~Ep&&2)—=R&(7s) vanishes and changes sign at
E=0.005 keV, R3(6s) and R3(7s) at around a=0.09 keV,
and that R3(5s) seems to have a zero just below thresh-
old, with R, (5s) dominating over R3(5s) by a factor of
more than 3 above threshold up to e-0. 1 keV. When
R3=0, dipole predictions are as follows: P=O so that the
small number of photoelectrons come out independent of
the angle 8; C~p C2„and C,2

=Cpz become zero in-
dependent of 8; and C3& and C33 become exactly sin8
and cos8, respectively. There is another case in which
the photoelectron angular distribution becomes isotropic
for unpolarized photons in the E1 limit; namely, when
R3+2R, cos5=0. At an energy for which this relation is
satisfied, C&p goes through zero and C33 becomes exactly
cos8. This occurs only for 7s, at c-0.015 keV, in be-
tween the two low-e Cooper minima (CM) of 7s above

threshold. Abrupt changes in the shapes of the C;.
curves for LEOS's are clearly understood from these CM
and the large separation in energy between CM in R

&
and

R 3, resulting in a wide range of energy in which the two
radial dipole matrix elements R

&
and R3 have opposite

signs. In the NR limit, these two R s are identical and
5=0, so that all the C; vanish except C&o=1, which
means no spin polarization of the photoelectrons. This
aspect of vanishing spin polarization is not a general
feature of the NR reduction. It does not occur when
there are states of different J in the nonrelativistic sub-
shell and one identifies from which J emission has oc-
curred. It occurs here because only one J can be associat-
ed with ns states. As we will see in our subsequent work,
for L &0 states spin correlations persist until we sum
over J =L —

—,
' and J=L+—,

' initial substates, even if we

I l I
~

& l &
~

s ) y I ( I
~

I ) g

CO
cu

0 —.

-t
f sg/p 2S)/p 3Sg/p 4Sg/p 5s~/z 6Si/a

Electron Energy

ixfp~ tkeVj

3xip
1x10

3xip
ixfp

-l-
f SV i

2S&/& 3Si/a
) (/ )

5S&/
i

6S&/& ?S$/2
I

0 TT/2 0 Tr/2 0 rr/2 0 Tr/2 0 Tr/2 0 TT/2 0 Tr/2 TT

e

3xip ~

1 io-'
3xfo-2

ixiO 2

3xip 3

ixip 3

FIG. 6. The same as Fig. 2 for C».
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I ( I
[

I ( I

-1—
1Sg/2 2Sg/2 3Sg/2

/ I ,/
'/ ~«

4Sg/2

~/.r'«/

5S~/2

~/
«/ «~«

6Si/2 7Si/2

Electron Energy

ix10' (keV)

3x1O'

........ ixio'
3x1OO

ixio

-1—
6S 7S

0 TT/2 0 rt'/2 0 &/2 0 rt/2 0 Tr/'2 0 Tt'/2 0 1T/2 n
e

3x10 '
1xio-'
3xio
ixio
3xio 3

ixio

FIG. 7. The same as Fig. 2 for C3) ~

ignore the difference in energy and wave functions in-
duced from the spin-orbit interaction. This behavior has
been mentioned by several authors [6,8,13] and is based
on more fundamental features of quantum mechanics.

The spin polarization of photoelectrons from unpolar-
ized photons must be in the direction perpendicular to
the production plane, corresponding to the nonvanishing
Co& shown in Figs. 2, 9(a), and 10(a). C&z becomes the
same as Co& for LEOS's, and we see that the correspond-
ing curves of Figs. 2 and 4 are almost identical. Accord-
ing to Eqs. (15), (16), and (18), these correlation curves
cross zero at 8=0, m. /2, and m for all energies of LEOS's,
and vanish at all angles with a change in sign when
R& =0 or R3=0. The abrupt changes in shape for not
only these two but all C; of 7s and 6s subshells at low en-
ergies up to 0.1 keV are faithfully reproduced in the di-

pole predictions as shown in Fig. 10.
C becomes zero at 0=0 and m.. According to Eqs.1O

(15), (17), and (23), when P=2 (or 0) for LEOS's, C~=l
(or 0) independent of the angle 8. From Fig. 12 we see
that p is close to 2 for n &3 for all energies studied, and
for n )3 for c&1 keV. In these cases, C,o is close to 1

and shows a weak angular dependence away from its
zeros at 8=0 and m. For general p ( —1&p&2) C&o(8)
changes smoothly and reaches an extremum value of
3P/(4+P) at 8=sr/2 [see'Figs 3, 9(a), and 10(a)].

Cz&
= —Coz/cos8 from Eqs. (16) and (19) for LEOS's;

it is zero at 8=0 and n, small a.t 8=~/2. For the cases
in which P is close to 2, Dao [Eq. (15)] is small at small
forward and backward angles. At these angles Co& and

C]p show large values, except when they become identi-
cally zero when R, =0 or R3=0, as shown in Figs. 5,

-1—
1Sg/2 2Sg/2 3Sg/2 4Sg/2 5Sg/2 6SV2 7Su2

Electron Energy

ix102 {keV)

3xio'
10

3xioo

ix 10O

1—
1S(/2 2S(/2 3S(/2

(
4S(/2

(
5S(/2 (, $/2 (, $/26S 7S

0 Tr/2 0 Tr/2 0 Tr/2 0 Tr/2 0 Tr/2 0 ~/2 0 rr/2 Tr

8

3xio
ix10
3x10

........ ixlo
3xio 3

ixio

FIG. 8. The same as Fig. 2 for C33.
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9(b), and 10(b).
CQ3 in Fig. 6 is seen to be small and in the dipole limit

no longitudinal spin polarization is produced from linear-

ly polarized photons. From circularly polarized photons,
photoelectrons can be produced polarized either longitu-
dinally or transversely in the production plane, charac-
terized by C33 and C», respectively. C3, also vanishes at

0=0 and m. , and for LEOS's it reduces to sinO when
P=O, as we see in Figs. 7, 9(b), and 10(b), and from Eqs.
(15) and (21). C», which vanishes at 0=m. /2, or at all

angles for P—:2, is the only correlation which is nonzero,
and, in fact, +1 at 0=0 or ~, respectively, as in Figs. 8,
9(c), and 10(c), though in LEOS's no photoelectrons come
out at exact forward and backward directions. At these
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FIG. 9. The same as Fig. 2, but each panel is C;, for a given energy and different n.
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angles full correlation follows because th 1use e angu ar
momentum transfer is along the initial direction. For
LEOS's C33 becomes cos8 when P=0.

Dipole predictions begin to fail as the photon energy
increases. The contributions from hi h 1

'
ig er multipoles be-

come more pronounced and th C be; ecome complicated
unctions of I9, losing symmetry around 0=m. /2,

'

As can be seen from Fig. 11, the deviations from the di-

pole results are mainly near forward and back
gles. As the ener i

an ac ward an-

and the e
~ s e energy increases, the range of angle wid

deviations mcrease. (Remember that the an u ar
e wi ens

distribution isis peaking at the near forward angles. } Al
at hi h hoton'g p o on energies, curves of any given C," for all ns

es. so,

subshells show the tendency to mer e into a
curve, thou h thoug t e shape of the curve as a funct f 0ion o

p changing with energy as even hi h 1ig er mu tipoles
con ri ute with increasing photon energies. Curves for 1s
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FIG. 11. The differences between the dipole predictions of C;, and the full multipole results.

join the common curve last of all, and the curves for 6s
and 7s as well as the dipole parameters stay together
down to —100 eV, as we see in Figs. 9, 10, and 12. The
reason for this merging is the same as discussed before
for the angular distributions: At high energies the radial
dipole matrix elements are determined in short distance
regions of configuration space where the shapes of the
wave functions are more or less the same apart from the
normalizations. The shape of the 1s wave function shows
the earliest departure from the common shape. High-
energy behavior of C, is discussed in more detail in Ref.
!:3].
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FIG. 12. The dipole parameters P, g, q and g as functions of
the photoelectron energy.
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In conclusion, we have studied the photon and photo-
electron spin polarization correlations from the ns sub-
shells of uranium. LEOS cases are fully reproduced and
understood within the dipole formalism; they are very
sensitive to the positions of CM. At high energies, the
correlations are complicated functions of 0 and show the
tendency to become independent of n. In subsequent pa-
pers of this series we plan to report our results for the po-
larization correlations of the higher-angular-momentum
states of uranium.
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