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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 thal spectral energy domain.
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[. INTRODUCTION figuration interaction among all neighboring channeld].
Since the dynamical difference among relativistgpin-
The study of the spin polarization of photoelectrons isorbit) channels arising from a given subshell determines the
important primarily on two counts. First, since this effect Spin-polarization character of electrons photoejected from
originates from purely relativistic interactions, its behavior that subshell, it is of particular interest to examine how the
provides insights into relativistic aspects of the dynamicalSPin-polarization parameters are affected by correlation in
correlation, which are inaccessible by conventional studieghe form of interchannel coupling mechanism. In this paper,
of cross section and angular distribution; in the photoioniza¥e focus on this aspect by investigating the spin-polarization
tion of lighter atoms, which may normally seem tractable byParameters of the valencep2photoelectrons from atomic
a nonrelativistic approach, sizable resonance features in spifle.
polarization spectra of emerging electrons can be found
when relativistic forces are includdd,2]. Second, spin re- [l. ESSENTIAL THEORETICAL DETAILS
solved spectroscopic measurements in conjunction with
cross section and angular distribution data provide a compr
hensive methodology teompletelycharacterize the photo-
ionization procesf3,4]. As a virtual beginning of the interest

in the field, the emission of highly spin-polarized electronsSC. that relativistic interactions are included initio. In ad-

over a limited range of the ejection angle near the COOIoegition to the ground-state correlation, as well as two-electron

minimum of the photoionization cross section was predictecpromOtlon in the rc_aS|duaI Ne-ion core, RRPA mcprp.orates
interchannel coupling amongll of the single excitation/

by Fano many years agb]. Since then, the spin polarization | nization final state channels. We use a framework in which

of photoelectrons emanating from unpolarized atoms ha%:e coupling among selective members of the relativistic
been the subject of several theoretical and experimental indipole—aﬁowgedjj —coSpIed channels-

vestigationgfor reviews see Ref$6,7]). However, the focus
of all these studies has begn t_h(_e low photon energy range 181/~ KPajz,KPros  2S1/2— KPajz,KP/os 1)

(vuv and soft x-ray, over which it is a common knowledge

Fhat the electron c_orrel'atio'n, |n its complete form i'ncll'Jding 2py—Kdaj kS,  and  2s,—kdsjp,kdg,ksy )
interchannel coupling, is significant and often dominating.

On the other hand, at photon energies far away from thean be chosen. The calculation has been carried out in both
ionization threshold, it was believed until recently that thethe length and the velocity gauge formalism; the good agree-
independent particléP) framework, which completely dis- ment between length and velocity results, even at highest
regards electron correlation, can adequately describe thghoton energy considered, indicates the numerical accuracy
photoionization procesg8—13. However, over a series of of our calculation. It may be mentioned here that RRPA has
combined experimental and theoretical studies this notioftbeen used previously with reasonable success to study the
has recently been corrected for the cross section and the agpin polarization of photoelectrons from noble gases, but
gular distribution asymmetry parame{dd—16. Interchan- only in the low photon energy rand&9].
nel coupling has been shown to be a crucial determinant of In this calculation, we have considered the case where the
the quantitative accuracy of these parameters in the intermearget atom is unpolarized and the polarization of the residual
diate and the high-energy regime for photoelectrons emittetbn is not observed. Equivalently, the polarization of the tar-
from both inner and outer atomic subshells. From a perturget atom is averaged out and that of the residual ion is
bative perspective, the effect originates from the correctiorsummed over. The dipole photoionization can thercbm-
to the single channel matrix element from a continuum conpletely described, in general, by a set of five dynamical pa-

_ The relativistic-random phase approximatidiRRPA)
(Tl?,ls_l has been employed to perform the calculation. The
RRPA calculation starts from an explicitly relativistic basis
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rameterso, B, &, 7n, and{, whereino is the partial cross 87t 874

section, 8 is the angular distribution asymmetry parameter — 02p,,~ ——~=02p,,~ E[|D31,2|2+|Dd3,2|2+|Dd5,2|2]-
and the others are the photoelectron spin-polarization param- (59)
eters. These dynamical parameters can be expressed in terms

of the reduced dipole matrix elemerts7] of the process.

The explicit expressions for the spin-polarization parameters 8mi_ 8

corresponding to both®,, and 203, photoelectrons of Ne

are given a$20]

2
= IDuy,/>~ 75/Day )2
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In the above equations we use the shorthand notaﬁnns
and 0|/ for the reduced matrix elememm _,k,/ and the
phase Shlft0n| Hk| ., respectively, correspondlng to timg;

HklJ dISSOCIatIOH channel. Conventionally, additional pa-
rameters&n,j=(§n,j—2§n|j)/3 are also used, which connect
to the spin polarization of the total photoelectron f[20].

III. RESULTS AND DISCUSSION

In order to uncover the details of how the interchannel
coupling influences the photoelectron spin-polarization dy-
namics we have performed five separate calculations for the
2pg; and 2p4, photoionization of Ne with varying degrees
of interchannel coupling. These a® no interchannel cou-
pling among channels arising from different relativistic sub-
shells,(2) coupling of all channels from 2, and 2p4;, sub-
shells, (3) from 2p and % subshells,(4) from 2p and 1s
subshells, and5) from all four subshells togethéfull cal-
culation. Since, in calculatior(1), we ignore all effects of
interchannel coupling between channels arising from differ-
ing relativistic subshells, this is similar to the relativistic IP
description, except that ground-state correlations are in-
cluded along with coupling among channels arising from the
same subshell.

An elegant approach to understand the relative impor-
tance of the coupling with different neighboring channels has
been described in Ref14] in the spirit of a first-order per-
turbation theory. Under the influence of a perturbing degen-
erate channel the corrected wave functiorit!fzpj for any

dipole channel B;—ks,;(kd;,) [see Eq(1)] from either of
2p;(j=1/2,3/2) subshells are given, at the photoelectron ki-
netic energyk, by

E)=th2p,(E)

+f (g3(E"|H- Ho|¢2p(E)>
E—E’

W

¥y (E")dE',
(6)

where s denote unperturbed wave functions, which are
eigenfunctions of the unperturbed Hamiltonidlg, and the
final state total angular momenturyi has two dipole-
allowed values 5/2 and 3/2. In E(), the matrix element
under the energy integration is the interchannel coupling ma-
trix element withH being thefull Hamiltonian of the system.

where, with the photon energy, the subshell cross sections Now, defining the dipole photoionization matrix element for

are

2p;—ksy;p(kd;) transitions with no interchannel coupling
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among channels arising from different relativistic subshells,

corresponding to calculatiofi), as Ne — ((::)mompm)
( a) = (§p+$8)
D2p, (E) = ([ Tl1szp, (E)), () £ ) o O

with ¢; being the ground-state wave function ahthe tran- =
sition operator, the corresponding perturbed matrix elements

can be expressed as B’ 0.1

M 2p,(E) =Dz, (E)

<‘/’J(E,)|H_HO|¢2pj(E)> 0.01+
+f — D,(E")dE'.

®)

The correction term on the right side of E&) can be sig-
nificant if two conditions are simultaneously satisfied. First,

0.01 . 4 L
T (2p,,0r2p,,)

the spatial overlap between the perturbed and perturbing (b) - g';:f:;
channel wave functions must be considerable to result in ¢ —— (2p+2s+1s)

significant interchannel coupling matrix element; this is ex-
pected when the discrete wave functions have the same prir3
cipal quantum numbers so that they occupy the same regio=
of space and have significant overlap, and the respective ion7”
ization thresholds are close so that at high enough energie
the electrons from both subshells have similar momenta,
which enable the continuum wave functions to oscillate
roughly “in phase.” Second, the magnitude of the unper-
turbed matrix element of the perturbing channel is consider-
ably larger than that of the perturbed channel. Now the form
of the energy integral suggests that the primary contribution 900 1100 1300 1500
of interchannel interaction will come from the values of the hv (eV)

integrand atE’'=E. Importantly further, the electron con-

tinuum wave functions, participating in the energy integral, FiG. 1. Ne 2, and 2., spin-orbit subshell cross sections in
must be normalized per unit energy through a multiplicationseveral selections of channels calculated by the relativistic-random
by a factorm# ~2E~ Y4 [21]. Therefore, the leading energy phase approximatior(z) for photon energy up to 800 eV art)
behavior of the interchannel coupling matrix element in Eq.from 800 eV to 1.5 KeV. The structure around 900 eV is duego 1
(6) turns out to beE Y2 when the energy is high enough. Rydberg resonances.

Evidently, considering Eq(8), if the uncoupled matrix ele-

ment D; of channelJ decreases with energy slower by a by Dy falls off asE~(*4*!"2 the same as the falloff of the
factor EY? or more than the corresponding decay oszpj themselves, so that the perturbation is of the same order

Da2p,—ksy(ka; ) » the resulting effect of the coupling will be  of size as the uncoupled matrix elements. The weak effect of
considerable, provided the interchannel coupling matrix eleds channels on either of 2 cross sections, as also seen in
ment is significant. Indeed, this leads us to expect a strongig. 1, is owing to the much higherslionization threshold
effect of the & channels(with Dirac-Fock threshold 52.68 (893.02 eV that results in poor overlap of the continuum
eV) on 2p; photoionization(with thresholds 23.08 eV fo ~ wave functions in ensuing interchannel coupling matrix ele-
=3/2 and 23.21 eV fof=1/2). This is clearly seen in Fig. 1, ment, along with the fact that the discrets dnd 2p; wave
which gives our calculated results for thp, and the D3,  functions occupy very different regions of space and, there-
subshell cross sections in each of the five calculations ddore, overlap poorly.

scribed above; at the highest energies, the cross section re- In addition, what is rather interesting to note in Fig. 1 is
sults are seen to essentially coalesce into just two curves-the tiny effect from the coupling between the channels from
those including coupling between and those omitting thathe spin-orbit split »; subshells. The curvéhin solid) cor-
coupling from the other. This was noted previously in Ref.responding to only-@3, or only-2p,,, channelgcalculation
[14] where similar calculations were performed. Because thél), similar to the IP resujtdiffers very little in the lower
high energy uncoupled photoionization cross section for aipart of the energy rangfFig. 1(@] when compared to the

nl subshell falls off with energy a&~("2*!) the correction curve (dotted from all 2p channels combined; however,
term in Eq.(8) falls off in the limit of w—E, asE~(®#*!2)  both the curves practically merge together at higher energies
[22]. As applied to the present case, the perturbatiobzq,fj [Fig. 1(b)] indicating virtually no effect from the coupling.

0.001
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FIG. 2. Spin-polarization parametérfor (a) 2ps, and(b) 2p4, FIG. 3. Spin-polarization parametgrfor (a) 2ps, and(b) 2py,
photoelectrons calculated in the same selections of channels as jpiotoelectrons.
Fig. 1.
This phenomenon can be understood as follows. It is true 0, =0, —i log |D2p_|(E)
that the interchannel coupling matrix element between the ‘ ! !

2p3p and 4, channels is strong due to the close proximity
of their respective ionization thresholds. But since the high
energy falloff OfD2P3/z and Dyp,,, are the same, the ensuing

coupling correction$Eq. (8)] fall off effectively asE~? at

higher energy, explaining how the small coupling effect at _

lower energies becomes practically zero at higher energies. X exfi(0;— 0z )](E")dE’
Looking at our results for the spin-polarization param-

eters, Figs. 2-5, rather different phenomenology is evident; ) - o

significant effects resulting from the coupling between theThus, as discussed above, sufficiently above the ionization

channels arising from theg,, and 2p,,, spin-orbit subshells thresholds the leading energy behavior  dfy;|H

are noted. Understanding the underlying regsofor this ~ —Holt2p.—.3.) is E~Y2 From Eq.(9) this indicates the de-

phenomenology is somewhat more complex than for thereasing effect of the coupling on the relative phase shift

cross sections owing to the fact that the spin-polarizatiorgoing up in the energy. However, it is important to note here

parameters depend upon both the magniteeithe phases that this decay is much slower th&h ¥ due to the loga-

of the dipole matrix elements, as seen from E@—(4). rithmic nature of the correction—a behavior that bears some

Thus, an understanding of the modification of the phase&onsequence in the interchannel coupling effects on the pho-

shifts engendered by interchannel coupling is also of importoelectron spin-polarization parameters.

tance. Let us first focus on the effect of®,, channels on the
Starting from Eq(8) and explicitly introducing the unper- spin polarization of §5, photoelectrons andice versadot-

turbed @) and the perturbed®) phase shifts through the ted curves We compare between the thin solid cufedfec-

notationsD = |D|exp(#) andM =|M| exp(®) we obtain tively the IP prediction and the dotted curve of each of the

(Ua(E")|H=Hol 25, (E))
+ ] oy

E-E’

|M2pj|_1]- (9)
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FIG. 4. Spin polarization parametgifor (a) 2ps/, and(b) 2py FIG. 5. Spin-polarization parametérfor (a) 2ps, and(b) 2p,
photoelectrons. photoelectrons.

Figs. 2—5. Evidently, for all the spin-polarization parameters For all of the spin-polarization parameters, the result of
the effect of this coupling is stronger at relatively low ener-this coupling, however, exhibits a rather slow monotonic ten-
gies. This is clearly because the strength of the interchann&€ncy to converge to the corresponding effective IP-like pre-
coupling matrix element decreases with increasing energy, gdiction, with increasing energy, much slower than the con-
discussed above. But, as already made clear from the corr¥ergence of the cross section. This is because the spin-
sponding cross-section results, this coupling does noolarization parameters depend upon phase shift differences
strongly affect the magnitude of thepR dipole matrix ele- @S well, and these were shown above to converge more
ments. And since their unperturbed phases are nearly equ&loWly than the magnitudes of the dipole matrix elements.
the coupling does not alter their phases m{ste Eq.(9)]. This was also seen e{;\rller in connection v\ﬂihwmch alsp

As a consequence, our resultsot shown of the angular ~depends on phase shifts4]. Further, note that this coupling
distribution asymmetry parametg; which depends on both mduces in general a stronger influence on the spin polariza-
the matrix elements and the phases, shows minimal effect dfon of 2ps; electrons than on that offg, electrons, except
this coupling. But if the coupling affects neither the dipole for 7 (Fig. 3 where the results of both subshells have similar
matrix elements nor the phases significantly, how then can #ffect from this coupling. To provide some quantitative esti-
affect the spin-polarization parameters? The answer lies ifates,é [Fig. 2@)] and o [Fig. Sa)] for 2pg, electrons

the fact that the values of thep? spin-polarization param- Show, respectively, about 30% and 40% modification com-
eters arise from complicated combinations of the dipole maPared to the uncoupled results at roughly 300 eV photon
trix elements and their phases, E®—(4), resulting in sig-  €Nergy; as .expected, these differences decrease gradually as
nificant cancellations, so that small differences in dipolethe €nergy increases. On the other hanfyr 2p,, electrons
matrix elements and phases can be magnified to produce thEig- 4b)], which is related to the correspondirgysimply
results seen. The fact that the nonrelativistic limit of spin-throughZz, =1-p8,, /2, shows an almost negligible ef-
polarization parameters are zero while for igwarameter it  fect from this coupling.

is finite and close to its relativistic value indicates that such a Interchannel coupling of the®channels with either £
cancellation mechanism is indeed operative for the spiner 1s channels involves alterations in both the magnitudes
polarization parameters. and phases of the@dipole matrix elements. Coupling with
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the 2s channels affects the magnitudes of thy2and 24,  effect of the coupling, which is weak at low energies, rises
dipole matrix elements very strongly, as clearly indicated insteadily to reach a value of about 20% at the highest energy
Fig. 1. But the phases are also strongly affedtak Eq(9)].  considered.

With the 1s coupling on the other hand, while the modifica-  These results clearly demonstrate that, as in the case of
tions to the magnitudes of thep2dipole matrix elements are €ross sections and angular distributions, the effect of inter-
already small, except in a very small region around tke 1 channel coupling on the photoelectron spin polarization is
threshold, the alterations of thep? phase shifts are also Considerable. However, due to the sensitivity of the spin po-
small. But it is nontrivial to assess in which direction the Iarlzz_atlon to rel_atlve p_hase shifts the results exhibit beha_wor
changes in these dynamical quantities, the magnitudes armat IS quall_tauvely different from_ that of the cross-section
the phases of the2 dipole matrix elements, will induce results. While 'for the cross section, Fhe high energy inter-
changes in the spin-polarization parameters. For two of thchannel coupling effect generically increases going from

. o X . fower to higher photon energies, for most of the spin-
spin-polarization parameters, (Fig. 2) and & (Fig. 5), the  ,ari7ati0n parameters a strong coupling contribution ap-

effect of 2s and Is coupling on ; ionization is certainly  hears already at low energies. As a consequence, a substan-
not as straightforward as in the case of cross sections wheigy coupling “correction exists for these parameters over a
only the magnitudes of the matrix elemeriend not the yery broad spectral range. Furthermore, coupling with 1
phasesare important. In addition, by virtue of the different channels, which influences the cross section only over a nar-
functional dependence of the parameters on the magnitudesw range, extends its influence over a much larger energy
of the dipole matrix elements and phase shifts, the qualitativeange for the p; spin-polarization parameters owing to the
behavior of the result changes from one parameter to amuch slower drop-off of the phase-shift corrections induced
other. by interchannel coupling. Finally, we note that although we
As seen in Fig. 2, the effect ofsland Z coupling on ; have illustrated the effect with an example of valence photo-
for the parameteg are roughly complementary until about ionization of Ne, the same mechanism of configuration inter-
900 eV photon energy, the position of RRydberg reso- actions in thecontinuum(interchannel couplingmust be op-
nances; as a result, the deviation between the d¢éie@p erative for the spin polarizatio_n _of photoejected electrons
channels includedand thick solid(full calculation results ~from any arbitrary atom or atomic ion and from any subshell.
remains approximately constant. Beyond the resonance re-
gion the relative effect of 4 coupling drops off. However,
over the entire energy range considered, the full calculation |t is shown in this paper that the photoelectron spin po-
differs from the effective IP resulithin solid curve. This larization of an atom is strongly influenced by the electron
difference is significant for @3,, showing a maximum al- correlation via interchannel coupling over the entire spectral
teration of about 25% at 300 eV, while fopg, the differ-  range. Unlike to the cross section, where only the coupling-
ence is rather small. induced alteration of the magnitudes of matrix elements is
For parameters; and¢, on the other hand, thesland 2  responsible for the behavior, modification of the phase shifts
coupling influence the result quite in the similar qualitative Plays an important role determining the effect on the spin
manner as they do for the cross section. Along almost th@olarization. For the cross section and the angular distribu-
complete energy range, albeit the near-threshold regioﬁon the importance of interchannel coupllng for energetic
(where interchannel coupling is known to be imporiant photoemission has been demonstrated prewo[lls@ With
for both 2ps;, and 2., [Figs. 3a) and 3b)] as well as s the current result we conclude, there_for_e, t_hat in ord_er to
¢ [Fig. 4@)] suggest an almost steady coupling contribution@cauire acompleteknowledge of photoionization dynamics

of more than 25% over the corresponding effective IP prelnambiguously over the range from vuv all the way to hard

diction. For 2, ¢ [Fig. 4(b)], of course, the effect is small XTaYS: theoretical_ study including the interchannel coupling
at lower energies, which, however, increases gradually witt @Psolutely required.
energy to yield over 20% correction.

The parameteb (Fig. 5 being a combination of param-
eters¢ and ¢ exhibits a rather mixed behavior. Foipz, This work was partly supported by NSF, NASA, and DST
photoionizationFig. 5@] a maximum of 40% coupling ef- India. The authors are grateful to Walter Johnson, University
fect is seen at around 300 eV that monotonically diminishe®f Notre Dame, for the use of his RRPA code. H.S.C. ac-
with increasing energy to eventually produce about 20% efknowledges the computer time from the Department of Phys-
fect over the high energy range. Fop+ [Fig. 5b)] the ics and Astronomy, GSU, Atlanta.

IV. CONCLUSION
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