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Interchannel-coupling effects in the spin polarization of energetic photoelectrons
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Effects of the interchannel coupling on the spin polarization of energetic photoelectrons emitted from atomic
Ne valence subshells are examined. Like previously obtained results for cross sections and angular distribu-
tions, the photoelectron spin polarization parameters too are found considerably influenced by the coupling.
The result completes a series of studies to finally conclude that the independent particle description is inad-
equate for theentire range of photoionization dynamics over thefull spectral energy domain.
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I. INTRODUCTION

The study of the spin polarization of photoelectrons
important primarily on two counts. First, since this effe
originates from purely relativistic interactions, its behav
provides insights into relativistic aspects of the dynami
correlation, which are inaccessible by conventional stud
of cross section and angular distribution; in the photoioni
tion of lighter atoms, which may normally seem tractable
a nonrelativistic approach, sizable resonance features in s
polarization spectra of emerging electrons can be fo
when relativistic forces are included@1,2#. Second, spin re-
solved spectroscopic measurements in conjunction w
cross section and angular distribution data provide a com
hensive methodology tocompletelycharacterize the photo
ionization process@3,4#. As a virtual beginning of the interes
in the field, the emission of highly spin-polarized electro
over a limited range of the ejection angle near the Coo
minimum of the photoionization cross section was predic
by Fano many years ago@5#. Since then, the spin polarizatio
of photoelectrons emanating from unpolarized atoms
been the subject of several theoretical and experimenta
vestigations~for reviews see Refs.@6,7#!. However, the focus
of all these studies has been the low photon energy ra
~vuv and soft x-ray!, over which it is a common knowledg
that the electron correlation, in its complete form includi
interchannel coupling, is significant and often dominating

On the other hand, at photon energies far away from
ionization threshold, it was believed until recently that t
independent particle~IP! framework, which completely dis
regards electron correlation, can adequately describe
photoionization process@8–13#. However, over a series o
combined experimental and theoretical studies this no
has recently been corrected for the cross section and the
gular distribution asymmetry parameter@14–16#. Interchan-
nel coupling has been shown to be a crucial determinan
the quantitative accuracy of these parameters in the inter
diate and the high-energy regime for photoelectrons emi
from both inner and outer atomic subshells. From a per
bative perspective, the effect originates from the correct
to the single channel matrix element from a continuum c
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figuration interaction among all neighboring channels@14#.
Since the dynamical difference among relativistic~spin-
orbit! channels arising from a given subshell determines
spin-polarization character of electrons photoejected fr
that subshell, it is of particular interest to examine how t
spin-polarization parameters are affected by correlation
the form of interchannel coupling mechanism. In this pap
we focus on this aspect by investigating the spin-polarizat
parameters of the valence 2p photoelectrons from atomic
Ne.

II. ESSENTIAL THEORETICAL DETAILS

The relativistic-random phase approximation~RRPA!
@17,18# has been employed to perform the calculation. T
RRPA calculation starts from an explicitly relativistic bas
so that relativistic interactions are includedab initio. In ad-
dition to the ground-state correlation, as well as two-elect
promotion in the residual Ne-ion core, RRPA incorpora
interchannel coupling amongall of the single excitation/
ionization final state channels. We use a framework in wh
the coupling among selective members of the relativis
dipole-allowedj j -coupled channels:

1s1/2→kp3/2,kp1/2, 2s1/2→kp3/2,kp1/2, ~1!

2p1/2→kd3/2,ks1/2, and 2p3/2→kd5/2,kd3/2,ks1/2

can be chosen. The calculation has been carried out in
the length and the velocity gauge formalism; the good agr
ment between length and velocity results, even at high
photon energy considered, indicates the numerical accu
of our calculation. It may be mentioned here that RRPA h
been used previously with reasonable success to study
spin polarization of photoelectrons from noble gases,
only in the low photon energy range@19#.

In this calculation, we have considered the case where
target atom is unpolarized and the polarization of the resid
ion is not observed. Equivalently, the polarization of the t
get atom is averaged out and that of the residual ion
summed over. The dipole photoionization can then becom-
pletelydescribed, in general, by a set of five dynamical p
©2003 The American Physical Society01-1
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rameterss, b, j, h, andz, whereins is the partial cross
section,b is the angular distribution asymmetry parame
and the others are the photoelectron spin-polarization par
eters. These dynamical parameters can be expressed in
of the reduced dipole matrix elements@17# of the process.
The explicit expressions for the spin-polarization parame
corresponding to both 2p1/2 and 2p3/2 photoelectrons of Ne
are given as@20#

j2p3/2
5F1

2
uDs1/2

u21
2

5
uDd3/2
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where, with the photon energyv, the subshell cross section
are
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s2p3/2
5

8p4

vc
s̄2p3/2

5
8p4

vc
@ uDs1/2

u21uDd3/2
u21uDd5/2

u2#,

~5a!

s2p1/2
5

8p4

vc
s̄2p1/2

5
8p4

vc
@ uDs1/2

u21uDd3/2
u2#. ~5b!

In the above equations we use the shorthand notationsDl
j 8
8

and u l
j 8
8 for the reduced matrix elementDnl j→kl

j 8
8 and the

phase shiftunl j→kl
j 8
8 , respectively, corresponding to thenl j

→kl j 8
8 dissociation channel. Conventionally, additional p

rametersdnl j
5(znl j

22jnl j
)/3 are also used, which conne

to the spin polarization of the total photoelectron flux@20#.

III. RESULTS AND DISCUSSION

In order to uncover the details of how the interchann
coupling influences the photoelectron spin-polarization
namics we have performed five separate calculations for
2p3/2 and 2p1/2 photoionization of Ne with varying degree
of interchannel coupling. These are~1! no interchannel cou-
pling among channels arising from different relativistic su
shells,~2! coupling of all channels from 2p3/2 and 2p1/2 sub-
shells, ~3! from 2p and 2s subshells,~4! from 2p and 1s
subshells, and~5! from all four subshells together~full cal-
culation!. Since, in calculation~1!, we ignore all effects of
interchannel coupling between channels arising from diff
ing relativistic subshells, this is similar to the relativistic
description, except that ground-state correlations are
cluded along with coupling among channels arising from
same subshell.

An elegant approach to understand the relative imp
tance of the coupling with different neighboring channels h
been described in Ref.@14# in the spirit of a first-order per-
turbation theory. Under the influence of a perturbing deg
erate channelJ the corrected wave functionsC2pj

for any

dipole channel 2pj→ks1/2(kdj 8) @see Eq.~1!# from either of
2pj ( j 51/2,3/2) subshells are given, at the photoelectron
netic energyE, by

C2pj
~E!5c2pj

~E!

1E ^cJ~E8!uH2H0uc2pj
~E!&

E2E8
cJ~E8!dE8,

~6!

where c ’s denote unperturbed wave functions, which a
eigenfunctions of the unperturbed HamiltonianH0, and the
final state total angular momentumj 8 has two dipole-
allowed values 5/2 and 3/2. In Eq.~6!, the matrix element
under the energy integration is the interchannel coupling m
trix element withH being thefull Hamiltonian of the system
Now, defining the dipole photoionization matrix element f
2pj→ks1/2(kdj 8) transitions with no interchannel couplin
1-2
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INTERCHANNEL-COUPLING EFFECTS IN THE SPIN . . . PHYSICAL REVIEW A67, 052701 ~2003!
among channels arising from different relativistic subshe
corresponding to calculation~1!, as

D2pj
~E!5^c i uTuc2pj

~E!&, ~7!

with c i being the ground-state wave function andT the tran-
sition operator, the corresponding perturbed matrix eleme
can be expressed as

M2pj
~E!5D2pj

~E!

1E ^cJ~E8!uH2H0uc2pj
~E!&

E2E8
DJ~E8!dE8.

~8!

The correction term on the right side of Eq.~8! can be sig-
nificant if two conditions are simultaneously satisfied. Fir
the spatial overlap between the perturbed and perturb
channel wave functions must be considerable to result
significant interchannel coupling matrix element; this is e
pected when the discrete wave functions have the same
cipal quantum numbers so that they occupy the same re
of space and have significant overlap, and the respective
ization thresholds are close so that at high enough ener
the electrons from both subshells have similar mome
which enable the continuum wave functions to oscilla
roughly ‘‘in phase.’’ Second, the magnitude of the unp
turbed matrix element of the perturbing channel is consid
ably larger than that of the perturbed channel. Now the fo
of the energy integral suggests that the primary contribu
of interchannel interaction will come from the values of t
integrand atE8.E. Importantly further, the electron con
tinuum wave functions, participating in the energy integr
must be normalized per unit energy through a multiplicat
by a factorm\22E21/4 @21#. Therefore, the leading energ
behavior of the interchannel coupling matrix element in E
~6! turns out to beE21/2 when the energy is high enough
Evidently, considering Eq.~8!, if the uncoupled matrix ele-
ment DJ of channelJ decreases with energy slower by
factor E1/2 or more than the corresponding decay
D2pj→ks1/2(kdj 8) , the resulting effect of the coupling will be
considerable, provided the interchannel coupling matrix e
ment is significant. Indeed, this leads us to expect a str
effect of the 2s channels~with Dirac-Fock threshold 52.68
eV! on 2pj photoionization~with thresholds 23.08 eV forj
53/2 and 23.21 eV forj 51/2). This is clearly seen in Fig. 1
which gives our calculated results for the 2p1/2 and the 2p3/2
subshell cross sections in each of the five calculations
scribed above; at the highest energies, the cross sectio
sults are seen to essentially coalesce into just two curve
those including coupling between and those omitting t
coupling from the other. This was noted previously in R
@14# where similar calculations were performed. Because
high energy uncoupled photoionization cross section for
nl subshell falls off with energy asE2(7/21 l ), the correction
term in Eq.~8! falls off in the limit of v→E, asE2(5/41 l /2))
@22#. As applied to the present case, the perturbation ofD2pj
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D2pj

themselves, so that the perturbation is of the same o
of size as the uncoupled matrix elements. The weak effec
1s channels on either of 2pj cross sections, as also seen
Fig. 1, is owing to the much higher 1s ionization threshold
~893.02 eV! that results in poor overlap of the continuu
wave functions in ensuing interchannel coupling matrix e
ment, along with the fact that the discrete 1s and 2pj wave
functions occupy very different regions of space and, the
fore, overlap poorly.

In addition, what is rather interesting to note in Fig. 1
the tiny effect from the coupling between the channels fr
the spin-orbit split 2pj subshells. The curve~thin solid! cor-
responding to only-2p3/2 or only-2p1/2 channels@calculation
~1!, similar to the IP result# differs very little in the lower
part of the energy range@Fig. 1~a!# when compared to the
curve ~dotted! from all 2p channels combined; howeve
both the curves practically merge together at higher ener
@Fig. 1~b!# indicating virtually no effect from the coupling

FIG. 1. Ne 2p3/2 and 2p1/2 spin-orbit subshell cross sections i
several selections of channels calculated by the relativistic-ran
phase approximation:~a! for photon energy up to 800 eV and~b!
from 800 eV to 1.5 KeV. The structure around 900 eV is due tos
Rydberg resonances.
1-3
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This phenomenon can be understood as follows. It is t
that the interchannel coupling matrix element between
2p3/2 and 2p1/2 channels is strong due to the close proxim
of their respective ionization thresholds. But since the h
energy falloff ofD2p3/2

andD2p1/2
are the same, the ensuin

coupling corrections@Eq. ~8!# fall off effectively asE21/2 at
higher energy, explaining how the small coupling effect
lower energies becomes practically zero at higher energ

Looking at our results for the spin-polarization para
eters, Figs. 2–5, rather different phenomenology is evid
significant effects resulting from the coupling between
channels arising from the 2p3/2 and 2p1/2 spin-orbit subshells
are noted. Understanding the underlying reason~s! for this
phenomenology is somewhat more complex than for
cross sections owing to the fact that the spin-polarizat
parameters depend upon both the magnitudesand the phases
of the dipole matrix elements, as seen from Eqs.~2!–~4!.
Thus, an understanding of the modification of the ph
shifts engendered by interchannel coupling is also of imp
tance.

Starting from Eq.~8! and explicitly introducing the unper
turbed (u) and the perturbed (Q) phase shifts through th
notationsD5uDuexp(iu) andM5uM u exp(iQ) we obtain

FIG. 2. Spin-polarization parameterj for ~a! 2p3/2 and~b! 2p1/2

photoelectrons calculated in the same selections of channels
Fig. 1.
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Q2pj
5u2pj

2 i logF S uD2pj
u~E!

1E ^cJ~E8!uH2H0uc2pj
~E!&

E2E8
uDJu

3exp@ i ~uJ2u2pj
!#~E8!dE8D uM2pj

u21G . ~9!

Thus, as discussed above, sufficiently above the ioniza
thresholds the leading energy behavior of̂cJuH
2H0uc2pj→J6

& is E21/2. From Eq.~9! this indicates the de-
creasing effect of the coupling on the relative phase s
going up in the energy. However, it is important to note he
that this decay is much slower thanE21/2 due to the loga-
rithmic nature of the correction—a behavior that bears so
consequence in the interchannel coupling effects on the p
toelectron spin-polarization parameters.

Let us first focus on the effect of 2p1/2 channels on the
spin polarization of 2p3/2 photoelectrons andvice versa~dot-
ted curves!. We compare between the thin solid curve~effec-
tively the IP prediction! and the dotted curve of each of th

in
FIG. 3. Spin-polarization parameterh for ~a! 2p3/2 and~b! 2p1/2

photoelectrons.
1-4
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Figs. 2–5. Evidently, for all the spin-polarization paramet
the effect of this coupling is stronger at relatively low ene
gies. This is clearly because the strength of the intercha
coupling matrix element decreases with increasing energ
discussed above. But, as already made clear from the c
sponding cross-section results, this coupling does
strongly affect the magnitude of the 2pj dipole matrix ele-
ments. And since their unperturbed phases are nearly e
the coupling does not alter their phases much@see Eq.~9!#.
As a consequence, our results~not shown! of the angular
distribution asymmetry parameterb, which depends on both
the matrix elements and the phases, shows minimal effec
this coupling. But if the coupling affects neither the dipo
matrix elements nor the phases significantly, how then ca
affect the spin-polarization parameters? The answer lie
the fact that the values of the 2pj spin-polarization param
eters arise from complicated combinations of the dipole m
trix elements and their phases, Eqs.~2!–~4!, resulting in sig-
nificant cancellations, so that small differences in dip
matrix elements and phases can be magnified to produce
results seen. The fact that the nonrelativistic limit of sp
polarization parameters are zero while for theb parameter it
is finite and close to its relativistic value indicates that suc
cancellation mechanism is indeed operative for the sp
polarization parameters.

FIG. 4. Spin polarization parameterz for ~a! 2p3/2 and~b! 2p1/2

photoelectrons.
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For all of the spin-polarization parameters, the result
this coupling, however, exhibits a rather slow monotonic te
dency to converge to the corresponding effective IP-like p
diction, with increasing energy, much slower than the co
vergence of the cross section. This is because the s
polarization parameters depend upon phase shift differen
as well, and these were shown above to converge m
slowly than the magnitudes of the dipole matrix elemen
This was also seen earlier in connection withb, which also
depends on phase shifts@14#. Further, note that this coupling
induces in general a stronger influence on the spin polar
tion of 2p3/2 electrons than on that of 2p1/2 electrons, except
for h ~Fig. 3! where the results of both subshells have simi
effect from this coupling. To provide some quantitative es
mates,j @Fig. 2~a!# and d @Fig. 5~a!# for 2p3/2 electrons
show, respectively, about 30% and 40% modification co
pared to the uncoupled results at roughly 300 eV pho
energy; as expected, these differences decrease gradua
the energy increases. On the other hand,z for 2p1/2 electrons
@Fig. 4~b!#, which is related to the correspondingb simply
throughz2p1/2

512b2p1/2
/2, shows an almost negligible ef

fect from this coupling.
Interchannel coupling of the 2p channels with either 2s

or 1s channels involves alterations in both the magnitud
and phases of the 2p dipole matrix elements. Coupling with

FIG. 5. Spin-polarization parameterd for ~a! 2p3/2 and~b! 2p1/2

photoelectrons.
1-5
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CHAKRABORTY, DESHMUKH, AND MANSON PHYSICAL REVIEW A67, 052701 ~2003!
the 2s channels affects the magnitudes of the 2p3/2 and 2p1/2
dipole matrix elements very strongly, as clearly indicated
Fig. 1. But the phases are also strongly affected@see Eq.~9!#.
With the 1s coupling on the other hand, while the modific
tions to the magnitudes of the 2pj dipole matrix elements are
already small, except in a very small region around thes
threshold, the alterations of the 2pj phase shifts are als
small. But it is nontrivial to assess in which direction th
changes in these dynamical quantities, the magnitudes
the phases of the 2pj dipole matrix elements, will induce
changes in the spin-polarization parameters. For two of
spin-polarization parameters,j ~Fig. 2! and d ~Fig. 5!, the
effect of 2s and 1s coupling on 2pj ionization is certainly
not as straightforward as in the case of cross sections w
only the magnitudes of the matrix elements~and not the
phases! are important. In addition, by virtue of the differen
functional dependence of the parameters on the magnit
of the dipole matrix elements and phase shifts, the qualita
behavior of the result changes from one parameter to
other.

As seen in Fig. 2, the effect of 1s and 2s coupling on 2pj
for the parameterj are roughly complementary until abou
900 eV photon energy, the position of 1s Rydberg reso-
nances; as a result, the deviation between the dotted~all 2p
channels included! and thick solid~full calculation! results
remains approximately constant. Beyond the resonance
gion the relative effect of 1s coupling drops off. However
over the entire energy range considered, the full calcula
differs from the effective IP result~thin solid curve!. This
difference is significant for 2p3/2, showing a maximum al-
teration of about 25% at 300 eV, while for 2p1/2 the differ-
ence is rather small.

For parametersh andz, on the other hand, the 1s and 2s
coupling influence the result quite in the similar qualitati
manner as they do for the cross section. Along almost
complete energy range, albeit the near-threshold reg
~where interchannel coupling is known to be important!, h
for both 2p3/2 and 2p1/2 @Figs. 3~a! and 3~b!# as well as 2p3/2
z @Fig. 4~a!# suggest an almost steady coupling contribut
of more than 25% over the corresponding effective IP p
diction. For 2p1/2 z @Fig. 4~b!#, of course, the effect is sma
at lower energies, which, however, increases gradually w
energy to yield over 20% correction.

The parameterd ~Fig. 5! being a combination of param
etersj and z exhibits a rather mixed behavior. For 2p3/2
photoionization@Fig. 5~a!# a maximum of 40% coupling ef
fect is seen at around 300 eV that monotonically diminis
with increasing energy to eventually produce about 20%
fect over the high energy range. For 2p1/2 @Fig. 5~b!# the
an

,
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effect of the coupling, which is weak at low energies, ris
steadily to reach a value of about 20% at the highest ene
considered.

These results clearly demonstrate that, as in the cas
cross sections and angular distributions, the effect of in
channel coupling on the photoelectron spin polarization
considerable. However, due to the sensitivity of the spin
larization to relative phase shifts the results exhibit behav
that is qualitatively different from that of the cross-secti
results. While for the cross section, the high energy int
channel coupling effect generically increases going fr
lower to higher photon energies, for most of the sp
polarization parameters a strong coupling contribution
pears already at low energies. As a consequence, a sub
tial coupling correction exists for these parameters ove
very broad spectral range. Furthermore, coupling withs
channels, which influences the cross section only over a
row range, extends its influence over a much larger ene
range for the 2pj spin-polarization parameters owing to th
much slower drop-off of the phase-shift corrections induc
by interchannel coupling. Finally, we note that although
have illustrated the effect with an example of valence pho
ionization of Ne, the same mechanism of configuration int
actions in thecontinuum~interchannel coupling! must be op-
erative for the spin polarization of photoejected electro
from any arbitrary atom or atomic ion and from any subsh

IV. CONCLUSION

It is shown in this paper that the photoelectron spin p
larization of an atom is strongly influenced by the electr
correlation via interchannel coupling over the entire spec
range. Unlike to the cross section, where only the coupli
induced alteration of the magnitudes of matrix elements
responsible for the behavior, modification of the phase sh
plays an important role determining the effect on the s
polarization. For the cross section and the angular distri
tion the importance of interchannel coupling for energe
photoemission has been demonstrated previously@14#. With
the current result we conclude, therefore, that in order
acquire acompleteknowledge of photoionization dynamic
unambiguously over the range from vuv all the way to ha
x-rays, theoretical study including the interchannel coupl
is absolutely required.
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