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Photon-electron polarization correlations in high-Z npJ-subshell photoionization
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A comprehensive survey is presented 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 npJ subshells of
uranium for photoelectron energies ranging from 1 eV to 100 keV. The numerical results for these po-
larization correlations are obtained within the independent-particle approximation in a relativistic self-
consistent atomic field. At low photon energies the dipole predictions are generally valid, predicting
large degrees of spin polarization of photoelectrons down to the threshold for all npJ subshells with a
specific J, even for the outer shells where the spin-orbit coupling is weak. At some energies where the di-

pole correlations vanish, deviations from dipole predictions may be visible even at low photon energies.
As the photon energy grows higher, multipoles eventually dominate and the dipole-type symmetry in the
ejection angle is lost, while the curves of a given correlation for the initial states with the same total and
orbital angular momenta and different n merge into a common curve. We also discuss the comparison
with the usual nonrelativistic dipole limit, in which summing over the J=

2 and J=—' substates results

in np photoionization with no spin polarization. In the relativistic case the spin-orbit effects, magnified
in the diA'erences in the positions of Cooper minima for the outer shells at low energies, lead to finite spin
polarization of photoelectrons even after summing over J.

PACS number(s}: 32.80.Fb

I. INTRODUCTION

We wish to report here theoretical results for photon-
photoelectron polarization correlations in np &

- and np 3-
2 2

subshell photoionization of uranium, for photoelectron
energies from 1 eV to 100 keV, obtained within an
independent-particle approximation (IPA) in a relativistic
self-consistent atomic field (Dirac-Slater type), including
all significant multipole contributions. Experimental in-
terest in the "complete" description of photoionization
has been increasing in recent years with development of
new synchotrons. Some references on other theoretical
work in dipole approximation as well as on actual mea-
surements of photoelectron spin polarization are given in
our previous paper [1]. This paper continues the pro-
gram of work begun in our recent report on polarization
correlations in ns-subshell photoionization of uranium
[1], based on the characterization of Refs. [2,3]. Previ-
ously we investigated total cross sections and angular dis-
tributions in the same IPA scheme [4,5]. Our numerical
results here are obtained with the procedures described in
these papers. For inner shells and high electron energies
where IPA is known to work well, this numerical pro-
cedure may give quantitatively reliable results within a
few percent, while it is only qualitative for outer shells
and low energies. These results are expected to be gener-
ic for all the high-Z elements (uranium is a good
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Here go=go=Coo =1; (do. /d0)„„,i is the photoelectron
angular distribution from unpolarized photons and no
spin measurement. As in the ns studies, it is assumed
that the initial bound state of the target atom is unpolar-

representative of a high-Z element within IPA).
We observe many novel features here in the np correla-

tions which were not seen in ns cases, mainly reflecting
the fact that there is only one J (=—,') subshell for L=O
These novel features (though not their quantitative de-
tails at low energies) may be expected to persist beyond
IPA, since they result from the existence of more chan-
nels and the existence of Cooper minima, both very gen-
eral properties of the matrix elements.

The correlations between the specified polarization of
the incoming photon (described with Stokes parameters
g, ) and a specified spin measurement direction for the
ejected electron in its rest frame (specified by the unit
vector g=(y~o ~y) where ~y) =g o. ~y)) are again
characterized by the coefficients C;, as in Refs. [1—3], as
functions of angle and energy. These correlations specify
the cross section for emission of the photoelectron with
the specified direction of the spin measurement, in ab-
sorption of the photon of the specified polarization state,
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ized and that the polarization of the residual ion is not
observed.

We note similarities and differences between the corre-
lations C; of ns- and npJ-subshell photoionization. For
the low-energy outer-shell (LEOS) cases, i.e., for photo-
ionization of outer subshells with low photon energies,
the dipole formalism gives the general features of the C;
for npJ cases, with radial matrix elements and phase-shift
differences of dipole channels, as it had for ns cases of
uranium. For other elements, especially for intermediate
Z such as tin, correction terms beyond dipole approxima-
tion may be visible even for LEOS cases near Cooper
minima [6]. For inner ns shells, nondipolar effects may
persist down to threshold even for low and intermediate
Z elements, as shown in our K- and L-shell studies [7,8].
But unlike the ns cases, where significant low-energy
correlations varying in energy are only found near dipole
Cooper minima separated due to the spin-orbit coupling,
large degrees of spin polarization are predicted down to
the threshold for the photoelectrons from npz with a
specific J, varying with energy. For ns correlations the
amplification of the correction terms beyond the dipole
approximation tends to occur near dipole Cooper minima
in those cases for which the separation of matrix element
zeros due to the spin-orbit coupling is not large, as for in-
termediate Z [6]. On the other hand, low-energy devia-
tions from the dipole predictions for npJ subshells may
rather be seen away from Cooper minima, as we shall dis-
cuss later. At low energies, full multipole results, as well
as relativistic dipole results after summed over J, resem-
ble the usual J-summed nonrelativistic dipole expecta-
tions of vanishing photoelectron spin polarization. Devi-
ations occur at high photon energies or near dipole Coop-
er minima.

As photon energy becomes higher the C; deviate from
dipole predictions due to the growing higher multipole
contributions. For given energy the curves of a given C;-
with different n for a given K —= (

—1) + 'r
(J + —,

'
)

have practically merged into a common curve by the time
the photoelectron kinetic energy c becomes as high as
100 keV, while the shape of the common curves as func-
tions of the ejection angle 0 continues to change with c.

In Sec. II we give the basic equations relating the po-
larization correlation coefficients C; to the more obvious
quantity P, the degree of spin polarization, measured
along the direction a, of the beam of photoelectrons
emitted into a specified solid angle in absorption of a
beam of photons of specified polarization properties. In
Sec. III we give the five dipole parameters of the so-called
"complete" description of photoionization in the long-
wavelength limit, as in Ref. [1], and present the correla-
tion coefficients C; for npz photoionization in terms of
these dipole parameters in the same limit. The full nu-
merical results as well as their deviations from dipole pre-
dictions are given and discussed in Sec. IV.

II. BASIC EQUATIONS

Equations (1), (2), and (5)—(10) are generally valid for
any type of the photon polarization, and before we intro-
duce our choice of the coordinate axes the equations are

independent of the coordinate system [through Eq. (5)].
As in our ns studies, it is assumed that the initial bound
state of the target atom is unpolarized and that the polar-
ization of the residual ion is not observed. Note that the
usual photoelectron angular distribution resulting from
absorption of a photon of a definite polarization g' and no
spin measurement is

dcr(g) do(g, g) dcr(g, —g)
dn dn

+
dn (2)

where the result is independent of the choices of g and—g for the photoelectron spin measurement direction.
The difFerential cross section with the spin of the photo-
electrons measured along g, resulting from an unpolar-
ized beam of photons is

dcr(g) 1 do(g, g) dcr( —g, g)
dQ, 2 dQ dA

independent of the choice of g. Finally

do
dQ

unpol

do. (g) do. (
—g)

dn
+

dQ

1 der(g) der( —g)
dQ dQ

(4)

is the differential cross section for emission of photoelec-
trons into solid angle dA, not determining their spin
direction, on absorption of an unpolarized beam of pho-
tons. Equation (4) does not depend on the directions g
and g. The degree of spin polarization measured along a
certain direction g at a particular ejection angle 9 from
an incident photon beam characterized by g becomes

P 8 =
d~(4 4)

dO, dQ
do(f, g) . dcr(g', —g)

dn
+

dn
where X& (N& ) is the number of electrons ejected into the
solid angle dQ detected with spin up (down) along the
direction g.

The coordinate system employed here, as well as in our
earlier work for ns cases, is shown in Fig. 1, which is the
same as Fig. 1 of Ref. [1]. Here lc defines the z axis and
the production plane is the x-z plane. Note that the x
axis is chosen to lie in the production plane so that the
azimuthal angle P dependence of the process with linear-
ly polarized photons is carried by the Stokes parameters.
In this characterization we need to deal with a smaller
number of angular parameters, without any loss of gen-
erality, than for example in Ref. [9] or [10]. The only in-
convenience, if any, is that the Stokes parameters are
defined after the choice of direction of observation of p of
the ejected photoelectron, due to our choice of the x axis
as in the production plane. The definitions of the Stokes
parameters g, for a given photon in terms of the photon
polarization vector e=t &x+e2y are given below, as well
as the components of g along the axes (1,2, 3) obtained
by rotating (x, y, z) through the ejection angle 8 between
the two momenta p and k of the electron and photon,
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p (8,g=o)

where
I

[P(0)[= y /P, (0)['
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e(8 = —,, @,=y)

FIG. 1. Coordinate system employed in this work.

around the y axis. y=2 is along the direction of 4 Xp; 3
is along p and 1 is also in the production plane. The pho-
toelectron spin is characterized either as longitudinal or
as transverse in or out of the production plane. Another
useful choice of the z axis when the incoming photons are
linearly polarized is along the photon polarization vector
e. The relation between these two choices is discussed in
detail in Ref. [7]. Here we have

k1=~1e1 ex~2

g2
=E1 E2+ e2 E1

k =1(~2~1—
~1 ~2»

where for a single photon g3 1 g; = 1. The g correspond-
ing to a partially polarized beam of photons are the aver-
age f over the g' for individual photons and
gg; =P

1,
~ 1, where P 1, is the degree of partial polariza-

tion of the beam of photons. For the direction g of elec-
tron spin measurement,

(yxp), 0 =gy, g =gp.
Details of the coordinate system as well as the genera1

physical meanings of the C;J are also found in Ref. [1],
but some simple examples may illuminate the basic struc-
ture of this description.

Most generally with our choice of the coordinate sys-
tem, we have

is the magnitude of the spin-polarization vector. Here
the subscripts l, tl, and t stand for longitudinal, trans-
verse in, and perpendicular to the production plane, re-
spectively. Note that the denominator of Eq. (8) corre-
sponds to the usual angular distribution of the photoelec-
trons in this coordinate system with a particular photon
polarization, given by

[I+$1C, (0)] .80
unpol

If the incoming photon beam is unpolarized,
$1=$2=(3=0 and the system has no intrinsic
azimuthal-angle dependence. Since CO2 is the only non-
vanishing C0. except for C00=1, Eq. (1) together with
Eq. (3) in this case gives

r

—,'[I+02C02(0)] .
unpol

This indicates that partial transverse spin polarization
perpendicular to the production plane will be the largest
possible spin polarization that can be measured with un-
polarized photons, since the difference between
do (g)/d0 and do (

—g)/d 0 is maximized when the
photoelectron spin is measured along the y direction
($2=+1 or —1). The degree of transverse spin polariza-
tion perpendicular to the production plane P, (0)
=P (0)—:P2(0) is equal to C02(0) in this case, from Eqs.
(5) and (ll) or directly from Eq. (8). If C02(0) at some
particular ejection angle 0 vanishes, the cross section is
independent of spin direction and as many photoelectrons
come out at this angle with spin "up" as with spin
"down" along any direction, resulting in an unpolarized
flux of photoelectrons.

For linear photon polarization, with e making an angle
P from the x axis, i.e., from the production plane, all the
P dependence is contained in the Stokes parameters

—,
' [1+(,C,(0)+g, C, (0)

unpol

+g, (2C,2 (0)+$2(,C2, (0)

+k203C23(0) +k301C31(0)

+44C33(0) ] (7)

(see Refs. [2,3] for the symmetry argument for the seven
possible nontrivial nonzero C," ) and

(2C23 (0)+(3C33 (0)
I+( C (0)

do(g, g)
dQ

80
2 [ I+$2C02(0)+$1 10( )

unpol

g1 =cos2$

f2 =sin2$,

3=0,
and no explicit azimuthal-angle dependence appears in
our formulas, due to our choice of the x axis. From Eq.
(7) with Eq. (12), we have

k2C21 ( 0 ) +k3 C31 ( 0 )

I+/, c, (0)

C02(0)+klc12(0)
P, (0)=P2(0)=P (0)=

1 10

+$,$2C, 2 (0)+$2$1C21(0)

+kkc23 (0)]

and from Eq. (g) with Eq. (12)

(13)



51 PHOTON-ELECTRON POLARIZATION CORRELATIONS IN. . . 427

2C23(8)
P( 0 =

1+(,C,o(0)

4C2i(0)
1+giC,o(8)

Co2(0)+ kiCi2(0)
1+/, C,o(8)

(14)

a factor of the partial photon polarization P „.) Note
that Eqs. (13) and (15) reduce to Eq. (11) via Eq. (4), for
the unpolarized photon Aux is indeed an uncorrelated
sum of the two orthogonal photon polarizations with
equal weight.

III. DIPOLE FORMS OF POLARIZATION
CORRELATIONS

where the same denominator as before properly takes
care of the total Aux of photoelectrons coming out in a
particular direction. In particular, when the photon po-
larization vector e is along the x or y axis (@2=0 or
e, =O, and /=0 or rr/2, i.e. , in or perpendicular to the
production plane, respectively), which corresponds to ob-
serving the photoelectrons coming out in or making an
angle 8 with the plane made by e and k, we have g, =+1,
respectively, and $2=0. Again, the largest spin polariza-
tion will be observed when measured along y, and

Co2+Ciz(0)
1+C,o(0)

In the relativistic dipole approximation, as we will see
below, Co&(8) =C,2(8) and an unpolarized photoelectron
Aux is expected to be observed at all angles 0 when the
production plane is perpendicular to e.

When the linear polarization vector e of photons
makes an angle +sr/4 with the x axis (c,=+@2),we have
$2=+1, respectively, and $, =0 in Eq. (13). This results
in the degree of longitudinal spin polarization
PI(0)—:P3(8)=+C23(0) from Eq. (14), which (as we will
see below) is zero in the dipole case. This gives the de-
grees of transverse spin polarization in and perpendicular
to the production plane P„(8)=P&(0)=+C—(28) .and
P, (8)=Co&(8), respectively.

For elliptically polarized photons, e is complex and we
have g3 and at least one of g, and g2 nonzero from Eq. (6).
With circularly polarized photons, $3=+1 and

g, =gz
=0, and again we have no intrinsic dependence on

the azimuthal angle:

R )
=R ( np J~cs ) /p )

2J-

R 3—:R (npJ ~cd3/2),2J-

R s —=R (np3/2~cd5/2),3=

where J=—,
' or —,

' and

5& —= (phase shift of cs&/z),

53 —(phase shift of cd3/p )

55 = (phase shift of cd, /2 ),

(17)

(19)

As in Ref. [1], in dipole approximation the physical
content of the photoeffect matrix element is expressed in
terms of five physically measurable dipole parameters:
the reduced cross section o, the asymmetry parameter /3

for the photoelectron angular distribution, the transverse
spin-polarization parameter g for the photoelectrons (re-
sulting from unpolarized or linearly polarized photons),
and the transverse and longitudinal spin-polarization pa-
rameters g and g, respectively (resulting from circularly
polarized photons).

(a) For np, /2 cases,

The procedure to reduce the full multipole formalism
to their dipole forms for the C; for ns-subshell photoion-
ization was given in Ref. [1] in some detail. Here for
npJ-subshells we will give only the resulting reduced di-
pole forms for C;- in terms of the five dipole parameters.
For brevity, we write the radial dipole matrix elements
and continuum phase shifts as follows:

d o.( g', g) d o
dQ dA

and from Eq. (8)

unpo1

—,'I 1+02Co2(0)+kiC3i(0)

+(qC33(8)], (15)

p=(R ,')'+2(R,')',
@=2[(R3 ) +2R', R 3cos5]3]/rr,

q = —3R', R 3 sm5, 3/o,

g=[(R', ) +(R3) —2R,'R3c soi5]3o/=l ——,
(20)

PI (0)=+C33 (0),
P„(0)=+C3,(8),
P, (0)=Co~(8) .

(16)

We have introduced all seven nontrivial C," in the
above examples. (Coo= 1 and the other C; =0.) For a
partially polarized flux of photons Eqs. (7) and (8) are val-
id with g; in places of g;. (Actually, partially polarized
beams of photons may be written as a sum of unpolarized
and polarized photon beams with appropriate weight, or
equivalently, the size of the Stokes parameters defined for
the polarized part of the beam may simply be reduced by

g= [
—(R I )'+2(R 3

)' —R IR 3cos5„]/o,
where only three parameters are independent (as in the ns
cases) since only two different continuum states cs, /z and
Ed 3 /2 can be reached via an E1 transition, and therefore
only one phase-shift difference and two radial matrix ele-
ments occur. We use the same nomenclature as in Ref.
[9) for the dipole parameters; it should be clear enough
from context not to confuse g and g with g', or g . Note
that the expressions are almost identical to those of the ns
cases, except for an overall minus sign for g and g'. How-
ever, there R

&
and R 3 are the transitions from ns to Ep & &2
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and to cp3/p respectively; without spin-orbit interaction
in the continuum, R

&
=R3 and 5&3=0 resulting in

g=(=/=0 (no spin polarization of photoelectrons) and
P= 2. On the other hand, R ', and R 3 here are the transi-
tions from np, /2 to the cs, /2 and cd3/p continuum states,
respectively, and 5» is the corresponding difference, re-
sulting in significant spin polarizations varying with ener-
gy. This is due to the different energy dependences of the

wave functions and phase shifts of the two different par-
tial waves cs and cd.

(b) For nP3&z cases, all five dipole parameters are in-
dependent, since there are three different continuum
states cs»2, cd3/2 and cd&/2, and hence two phase-shift
differences and three radial matrix elements occur in the
dipole approximation:

o =2((R, ) + —,'(R3) +—', (R~) ),
P=( —

—,', (R 3) + P(R ~) + ', R &R3—cos5&3+ —", R &R ~cos5»+ —,",R3R ~cos535)/(7

r) =(—
—',R,R 3sln5]3+ R $R 5sln5$5+ R 3R 5sl n535)/o

g = ( —(R
&

) + —,', (R 3 ) + ",, (R & ) —+2R &R 3 cos5&3
—

—',, R 3R & cos535) /cr,

g= ((R, ) + —,', (R 3 )
——'„' (R ~ ) +R,R 3cos5&3+ —,",R 3R ~ cos535) /0

(21)

In terms of these parameters we have in the dipole case

CQp = 'g sm8 cos8/D00

C,o= —,'Psin 8/D00

C&2 = Co2

C2& =q sin8/D00,

C23 =0,
C» =g sin8/D00,

C33 =g cos8/D00,

(22)

(23)

(24)

(25)

(26)

(27)

(28)

where

D~ =1—
—,'PPz(cos8) . (29)

Note that crD~ is essentially (d o /d Q)„„~,& apart from an
overall energy-dependent factor depending on the nor-
malization of the continuum wave functions (k/16~pEa
in our case), which is irrelevant to evaluation of C;.. It is
easy to see that with the spin-orbit interaction neglected,
R3 =R3 =R

&
becomes R (np ~cd) and 53=5& becomes

5& since the wave functions of the np&/2 and np3/2 states
are the same, and those of the cd3/2 and cd5/2 are same.
Hence the reduced subshell cross section 0- for np3/p be-
comes twice that for np»2 (the statistical branching ra-
tio), the asymmetry parameter p for the angular distribu-
tion becomes identical in the two cases, and the polariza-
tion parameters g, g, and g for np3/p becomes ( —

—,
'

) times
those of np&/z, respectively. Hence C,~ for np3/p become
( ——,') times C, for np, &~ except for C00=1 and C,Q

which is independent of the spin polarization of the pho-
toelectrons. In this limit of vanishing spin-orbit cou-
pling, therefore, one expect a complete cancellation of the
spin polarization when summed over J, since the weight-
ing factors are 2:1 and the polarizations are —1:2. We
discuss the deviations from this nonrelativistic limit in
Sec. IV in more detail.

IV. RESULTS AND DISCUSSIQNS

Figures 2—8 show the calculated results for the seven
nontrivial C,- as functions of O, for all npz subshells of
uranium with photoelectron energies from 1 eV to 100
keV. Lower panels are for np, /2 and the upper panels for
np3/2. In Figs. 9 and 10 we show the radial dipole matrix
elements R z and the phase-shift differences 5&. as
defined in Eqs. (17)—(19), as functions of photoelectron
kinetic energy c, and in Fig. 11 we show the resulting di-
pole parameters. We will see that the features in the di-
pole radial matrix elements (such as dipole Cooper mini-
ma) and in the phase-shift differences (as, for example,
going through zero or ~) are clearly reflected in the di-
pole parameters, which in turn mainly determine the
behavior of C, . in LEOS.

Dipole Cooper minima play an important role here, as
in the photoelectron angular distributions or in the polar-
ization correlations of ns cases. From Eq. (20) we see
that when R3=0 (a dipole Cooper minimum of the
np&&2 —+sd3&2 channel), P=g=O and g= —g=1, as we
observe for 5p, /2 and 6p&/z at about 160 eV and 270 eV,
respectively, from Figs. 9 and 11. This results in
C3 $

—sinO and C33 cosO with all the other C; =0 ex-
cept C00. From Eqs. (9) and (16) we expect at these ener-
gies that photoelectrons are completely polarized along
the direction making an angle O with the 3-axis in the
production plane. (Similar situations can occur with au-
toionizing resonances, as was measured and discussed by
Bowering et al. for a 'So autoionizing resonance of Tl+
[11].)

For np3/z cases, the largest possible magnitude of the
spin-polarization vector is —, as the ratio of the dipole pa-
rameters of np»2 and np3/Q cases is —2. Also, there are
two np3/2~cd channels and the corresponding Cooper
minima are separated in energy [12], making the feature
of maximum spin polarization near dipole Cooper mini-
ma 1ess clear.

Note that C; for J=
—,
' are not exactly —2 times that
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FIG. 2. Full multipole results
for C02 ~

for J =—', especially at high energies, for inner shells, or
when Cooper minima are present.

Figures 12—18 show the differences between the full
multipole results and the dipole ones. The arrangement
of these figures are such that the n dependence at a given
photoelectron energy may be examined easily so that we
can again emphasize the merging of the curves at high
photoelectron energies for each C, for the initial states
with a given E, i.e., with a given (L,J), and dift'erent n.
As we pointed out in our previous papers [1,5], this
feature of common curves is due to the fact that at high
energies the transition matrix elements are determined at
short distances where all the bound wave functions of the
same E and different n tend to have the same radial

wave-function shape. The radial wave function for the
lowest n state starts to deviate first from the common
shape, hence the correlation coefficients (or the angular
distribution parameters) from the common curve.

Note that the asymmetries of the correlation curves in
Figs. 2—8 about 0=m /2 are entirely due to these
differences coming from the higher multipole contribu-
tions. These deviations from the dipole predictions are
larger for C," of np, &2 than np3/2 at the same photoelec-lJ

tron energy, partly because the photon energy is higher
due to the larger binding energy, but mainly because the
full multipole results also maintains the ( —2):1 feature; if
the fractional deviation is similar the absolute difference
for np, &2 itself is about ( —2 ) times that for np3/2.

I
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FIG. 3. Full multipole results
for C l o .
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FIG. 4. Full multipole results
for Cl2.

Since the absolute values of the differences are less than
0.1 in most of the LEOS cases, close examination of Eqs.
(20)—(28) together with Figs. 2 —11 gives us a general un-
derstanding of the behavior of C;. in LEOS in terms of
the dipole parameters, or in terms of the dipole matrix
elements and phase shifts. For LEOS cases we note from
Figs. 12—18 that the deviations are relatively small ex-
cept at c.=10 eV. At this energy we note that the mul-
tipole results for C03, CI2, and C3I (which are propor-
tional to g in their dipole forms) and Cz3 (which is zero in
the dipole form) deviate more from their dipole expecta-
tions (zero) than at other energies, and than C3, an" 33

which do not involve g. A similar situation again occurs

at 10 keV. Note from Figs. 10 and 11 that at about 10 eV
and about 10 keV, g vanishes due to the phase-shift
difference going through zero or m. None of the radial di-
pole matrix elements go through zero at this energy, ex-
cept for R 5 of n =5, as we see in Fig. 9.

Deviations from the dipole predictions may be easiest
to detect when the dipole correlations vanish. Though
this often happens at or around the dipole Cooper mini-
ma, the dipole C, may also vanish away from Cooper
minima being proportional to the dipole parameters in7

2the form g; 1 a; R;R cos5;1/g, b;R;, or
a, R;Rjsin5; /g; b;R;, as seen in Eqs. (20) and (21).

The lowest order corrections to dipole approximation are
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for C23.

of the form g; . a; R;Q cos5; jg; b;R;, where Q is a ra-
dial quadrupole matrix element (see Refs. 7, 8, 10). For
ns cases, amplification of the correction terms is observed
around the dipole Cooper minima [6], due to a small
denominator in the correction term. This is especially
true when the separation of the dipole zeros in the two
different spin-orbit coupled channels is not too large and
no zeros of the quadrupole matrix element or the phase-
shift difference term are present near the dipole zeros.
For uranium ns photoionization, such amplification is
suppressed due to the large separation of the dipole zeros
[12] and to the presence of nearby quadrupole zeros [5].

For I )0, a bigger correction term may be seen when
each factor in the numerator of the correction term is

large, which usually happens away from the dipole Coop-
er minima rather than near them. (Although near Coop-
er minima the denominator as well as the numerator may
be small, the denominator for L, )0 may not be small
enough, due to the presence of more dipole channels lead-
ing to diff'erent partial-wave continuum states. )

We discuss each polarization correlation coefticient
separately in the following.

A, C02

Co2 is the correlation coefficient between unpolarized
photons and the spin of the photoelectrons measured in
the direction perpendicular to the production plane. It is
zero at 8=0, tr/2, or n. for LEOS cases. From Eq. (22) we
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expect, in LEOS cases, that Co2 for npJ will vanish when

g does. We note from Fig. 12 that the deviations from
the dipole results are noticeable. As we briefly discussed
earlier, sin6, 3 and sin6» go through zero near 10 eV and
10 keV from Fig. 10 and we see that sin53~-—0 at all ener-
gies studied (note that 535 513 515 and Fig. 10 shows
5 13 —515 ). At E = 10 eV and 10 keV ri goes through zero
for all n. Nonzero values of Co& at these energies in Figs.
2 and 12 are from the multipole contributions. Above
and below these energies the CO2 curves are completely
reversed in sign for all n. For np, /2 photoionization, the
dipole CO2 vanishes when R I,R3 (i.e., a dipole Cooper
minimum) or sin5, 3 does from Eq. (20). From Fig. 9, we
see that R3=0 occurs at v=160 eV for n=5 and at
c.=270 eV for n=6. In Fig. 2 CO2 for 5p, /2 and 6p, /z at
100 eV is reversed in sign compared with Co& at 1 keV,
confirming the dipole expectations. For np3/2 R3=0 at
c —60 eV and R ~

=0 at E =90 eV for n =6, so that Co& for
6p3/2 at 0.1 keV is close to zero. For n=5, there seems
to exist a dipole Cooper minimum near threshold both in
R 3 and R 5, leading to vanishingly small g and hence, Co2

near threshold for 5p3/3, When @=0,which can occur at
or away from Cooper minima, the denominator of Eqs.
(22) —(28) is 1 (isotropic angular distribution) and CO2 be-
comes —g sinO cosO, as seen at 0.1 keV for 6p, /z and at 1

eV for 5p3/2 Note that at Cooper minima g itself may
vanish.

At high photon energies, the deviation from the dipole
result is large at O=m/2, where the dipole correlation is
zero, rejecting the loss of the dipole-type symmetry
around 8=~/2. At 100 keV a degree of transverse spin
polarization of about 30% for np»2 and about 10%
along this direction for np3/p is seen in Fig. 12.

C10

C&0 represents the correlation between linear photon
polarization in or perpendicular to the production plane
and the Aux of the photoelectrons detected without
measuring their spin. This correlation coe%cient for
LEOS cases is again zero at O=O or ~, while it is max-
imum at m/2. It is proportional to the asymmetry pa-
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sence of the sign reversal for other cases from Fig. 3 are
all related to the sign changes of I3 in Fig. 11. At 1 keV,
we see a merging of P for all npJ cases and the Cip curves
are almost identical at this energy.

I

log fe (keV) ]

FIG. 10. Phase shift differences.

rameter P of the usual angular distribution for photoelec-
trons without a spin measurement. Therefore it will van-
ish when the angular distribution is isotropic. Smallness
of Co2 for 4p3/p and 5p3/2 near threshold and for 6p3/2 at
around 100 eV, as well as the sign reversal for 4p, /2,
4p3/2 and Sp3/2 between 100 eV and 1 keV, and the ab-

C,2 is the correlation between the linear photon polar-
ization in or perpendicular to the production plane and
the spin polarization of the photoelectrons measured per-
pendicular to the production plane. As for ns photoion-
ization, we see almost the same features fol C~2 as for
Co2 except at the highest energy studied for np & /2 at
backward angles, which can be barely seen in comparing
Figs. 2 and 4 (and also Figs. 12 and 14, since C,2 and CO2
are identical in dipole approximation).

D. C2I

This correlation is for transversely polarized photoelec-
tron spin in the production plane produced by photons
linearly polarized at +~/4 from the production plane.
From Eqs. (22), (24), and (25), we see that for LEOS cases
C» difFers from C,2 or CO2 by a factor of cosO, and the
variation in energy can be understood similarly.

In the dipole approximation, this correlation
coefficient, which is for longitudinal spin polarization
with photons linearly polarized at +m. /4 from the pro-
duction plane, is identically zero. %'e see deviations com-
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FIG. 11. Dipole parameters.
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ing from multipole contributions, which are small in
LEOS cases, except at 10 eV. At 100 keV our multipole
results indicate more than 25% spin polarization at a
slightly backward angle.

F. C3)

With circularly polarized photons, photoelectron spin
polarization can be either longitudinal or transverse in
the production plane (helicity transfer). This correlation
coefficient is for transverse spin polarization. For LEOS
cases C3, =0 when /=0, which is the case with E= l keV
for 6p3/2 in Fig. 7 (and for E =0.3 keV for 5p3/p).

Note again that for np&/2 cases, when P=O and
C3& = —sinO and the initial photons are circularly polar-
ized, a degree of photoelectron spin polarization ap-
proaching unity may be observed for a spin direction
making an angle 0 with the 3 axis (28 with the z axis) in
the production plane which, as we have previously dis-
cussed, occurs for n= 5 and 6.

G. C33

The correlation coefficient C33 for longitudinal spin po-
larization and circularly polarized photons is the only
nontrivially nonzero correlation at 0=0 or ~, though it
vanishes at all angles when /=0 for LEOS cases, as
occurs at 10 keV for 6p3/2 As discussed in the previous
subsection, at energies where /3=0 and C33 cos8, the
photoelectrons from np &&2 with circularly polarized pho-
tons are expected to be fully polarized along the spin
direction making an angle 0 with the 3 axis.
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