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Photoelectron angular distributions of ns subshells of open-shell atoms as indicators
of interchannel coupling: Sc 4 photoionization
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It is shown that the photoelectron-angular distribution asymmetry parag@eteising fromns photoion-
ization in open-shell atoms, is quite a bit more sensitive to interchannel coupling than the integrated cross
section. An example of & photoionization of atomic Sc is presented. It is demonstrated that this effect can
occur throughout the periodic system.

PACS numbgs): 32.80.Fb, 31.25.Eb

The study of photoelectron-angular distributions can pro-8=2 [7]; this prediction was recently confirmed experimen-
vide significant information on the photoionization processtally [8]. In addition, in the vicinity of autoionizing reso-
which is unavailable from integrated cross sections alonenances, which can occur at different energies in each of the
This is because integrated cross sections depend upon tdgole amplitudesB can exhibit a rapid variation with en-
sum of the absolute squares of the amplitutfeatrix ele- ergy[9,10].
ments for transitions to the various possible final stdttk In this paper, it is pointed out that interchannel coupling
while the differential cross sectiori@ngular distributions  can also causg for anns photoionization to deviate from 2
depend upon theatios of the amplitudes and therelative  and become energy dependent. This is significant because it
phases[2]. The variation of the angular distribution with has recently been discovered that interchannel coupling is of
energy is a result of the variation of the interferences amongmportance fomost subshells of most atoms at most energies
the alternative final states. This is reflected in the energyl1,12. Consequently, scrutiny of the photoelectron angular
dependence of the angular distribution asymmetry parametelistribution can lead to a deeper understanding of the details
Bi, which, for linerally polarized incident radiation, is re- of the dynamics of the photoionization process, details which

lated to the differential cross section [8—4] cannot be obtained via examination of the integrated cross
section.
do o As an examp!e of t_his phenomen_on, the phqtoionization
d_': 4—'[1+/5’i(c030)], (1)  of atomic Sc is investigated theoretically. Atomic Sc has a
w aw

ground-state structurAr]3d4s?2D, and we look specifi-

. . . . . cally at 4s photoionization leading to Sc3d4s'D final
wherei is the channel designation; is the integrated Cross jonjc states. The calculation is performed using our recently
section,d is the angle between photoelectron momentum anqjevemped augmented many-body perturbation theory
photon polarization directions, arféh(x)=(3x*~1)/2, the  (AMBPT) methodology, which is an outgrowth of the work

Legendre polynomial of order 2. of Kelly [13,14. The 32 S¢ final ionic states included in
For the photoionization ofis electrons from closed-shell ine calculation are

atoms, B is constant and equal to 2 because only a single
s—p partial wave is possible. Relativistic effects can modify

2 6 1,3 2
this behavior by allowing the possiblity of differences be- ([NeJ3s”3p”3d4s™D)kp °P,D,F,
tween thes— p;, ands— pgy, transition amplitudes; from a
practical point of view, this occurs only at very higt5], or ([Ne]3s23p® 4s2 1S)kp 2P, kf 2F,

in the vicinity of a Cooper minimunf2,6]. For open-shell

atoms, the situation is different. Owing to the possibility of

various couplings of thep continuum wave with the open- ([Ne]3s”3p°®3d4s® »¥)ks?F, kd *P,D,F,
shell ionic core, multiple partial waves are possible; and
these partial waves interfere with each other. At low photo-
electron energiegnear thens threshold, the differing ex-
change interactions among the various channels can provide
the difference among the partial-wave transition amplitudes ([Ne]3s? 3p°®3d4s? ¥%)ks?P, kd ?P,D,F,

to causep to differ from 2 and acquire an energy depen-

dence 2]. At high energy(far above thresholdwhen differ- ~ where k=n for discrete (autoionizing transitional andk
ences in exchange interactions between photoelectron ande for continuum(ionizing) transitions. Briefly, the method
ionic core become small, Cooper minima in dipole ampli-starts with an optimized Hartree-Fock-like basis[4&]. The
tudes aslightly different energies can have a dramatic effectlowest order dipole matrix elements are corrected via pertur-
on B. An outstanding example iss3photoionization in  bation theory, including all first-order interactions with the
atomic Cl which was predicted to deviate substantially fromground state which connect to a final state via a dipole matrix

([Ne]3s? 3p°® 3d4s? ¥D)ks?D, kd 2P,D,F,
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FIG. 1. Photoionization cross sections for 843?2D — Sc* FIG. 2. Photoionization cross sections for 843?°D — Sc*
3d4s3D. The cross section is summed over'S(3d4s) Dep?L  3d4s'D. The cross section is summed over'S(3d4s) 'Dep 2L
for L=1, 2, and 3. The solid curve in each is the “length” formu- for L=1, 2, and 3. The solid curve in each is the “length” formu-
lation, while the dashed curve is the “velocity.” lation, while the dashed curve is the “velocity.”

element. Threshold energies are obtained via a multiconfigu- ) o
ration Hartree-Fock proceduf&é], with care taken to avoid ~ Looking now at the photoelectron angular distribution
double counting and to insure orthogonality to lower state@ssymmetry parametes, shown in Figs. 3 and 4, it is seen
of the same symmetry. In particular, the importam® 3D that there are dramatic variations in the resonance regions, as
mixing in the A4s D state of S¢ is included. The interac- expected. In addition, at the Cooper minima, just above the
tion among the degenerate continuum chantiaterchannel  threshold resonances in each case, the predicted significant
coupling is effected through a matrix diagonalization tech- deviation of3 from 2 is seen. Above the Cooper minima, the
nique, but not before including the most important higher-ﬁvs tend rapidly toward 2, again as expected.
order interactions among the degenerate channels via pertur- a¢ the highest energies shown, above the last series of
bation theory; this procedure amounts to close-coupling Witr}esonanceéSl-60 eV}, there is also a deviation fro@=2 in
corrections for final states not included in the above listeacp case. This is actually due to Cooper minima, induced by
including the (31_ D)kp stat_es. The detalls of this AMBPT interchannel coupling in these cases, but is too small to be
mel';hod, ?}S aphplled 'ltol_at.omlchc, are given elshewhbﬂa seen on the scales of Figs. 1 and 2. These induced Cooper
rom the channel listing above, it is seen thatghoto- minima, which have been known for some time in other

ionization leads to final states of the system . . N "
[3d4s1%D]ep 2P, 2D, 2F for both singlet and triplet ionic atoms[S_,ZZ], behave in all respects just like “natural” Coo-
Joer minima.

cores. Although it is, in principle, possible to measure th
angular momentum of the totdphotoelectron plus ionic
core final state[18,19, such a measurement requires an ori- ;4
ented initial state. Thus what can be reasonably measured i
the sum ovePP, 2D, and ?F channels for each of the states
of the S¢ core; the St states can be separated via photo-
electron energy.

The results for the total Sc[3d4s™®D] cross sections 8
are shown in Figs. 1 and 2, where it is seen that the two crossg
sections are qualitatively similar; thdD cross section is &
roughly a factor of 3 larger than th¥D owing the the sta- >
tistical factor. In each case, a resonant region near threshol® oo |
is seen, followed by a Cooper minimum, a “recovery” from E
the Cooper minimum, then a smooth monotone decreasin&t
region, anothefvery broad resonance region, and finally a
smooth region where the cross section is quite small. From
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our earlier work, and that of othef47,20,2], it is known 0 El] 0 &0 €0

that the resonances in the threshold region are due &nd Photon Energy (eV)

3d excitation: the 84snp, 4s?np, and 4°nf series. The

higher-energy resonances arise from &xcitation converg- FIG. 3. Photoelectron-angular distribution asymmetry parameter

ing to the six different §°3d4s? thresholds $°3d4s’ns g for the Sc3l4s22D — Sc* 3d4s 3D transition. The solid curve
and 3°3d4s?nd, including the $°3d%4s? which are the in each is the “length” formulation, while the dashed curve is the
strongest resonances. “velocity.”
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FIG. 4. Photoelectron-angular distribution asymmetry parameter FIG. 5. Photoionization cross sections for 84322D — Sc*
B, for the Sc3l4s? 2D — Sc* 3d4s D transition. The solid curve  (3d4s) 3Dep L for L=1, 2, and 3. The solid curve in each is the

in each is the “length” formulation, while the dashed curve is the “length” formulation, while the dashed curve is the “velocity.”
“velocity.”

the same. Each of the channels comprising the ttibatross

There is also, however, another region, from about 42 t&ection is seen to behave quite differently, as a function of
48 eV in each case, whepedeviates from 2 where there are energy, in this region. In the absence of interchannel cou-
no Cooper minima or resonances. Furthermore, this energyling, however, our calculations show that these cross sec-
region begins more than 35 eV above threshold, so exchangrns are virtually identical, thereby demonstrating conclu-
effects are not likely to be important here. In fact, in thesively that interchannel coupling affects each of these
photon energy range of about 20 e, is seen to be ap- channels differently. Each one of the cross sections is seen to
proaching 2, thereby demonstrating the weakness of eXave a significantly different shape. In addition the magni-
change effects only 15 eV above threshold. Having elimitudes differ by as much as a factor of 2. It should be reiter-
nated all of the other possibilities, then, it is evident that theated that, in principle, each of these cross sections could be
deviation of 8 from 2 mustbe a result of interchannel cou- measured. In practice, however, such a measurement is ex-
pling causing differences among the transition amplitudes fotremely difficult. But, as shown abovg, gives both qualita-
the 2P, D, and ?F channels. In one sense, however, thistive and quantitative information on the phenomenon, infor-
might be considered a Cooper minimum effect due to themation which is not even hinted at in the total channel cross
minima at about 60 eV, in each case. But, since these Coopegctions.
minima are induced by interchannel coupling, the distinction Now, what about the accuracy of the calculated cross sec-
is purely a semantic one; without interchannel coupling neitjons? In each of the figures presented, both doand 3,
ther the Cooper minima at about 60 eV, nor the variations ofesults from the “length” and “velocity” formulations are
B in the 42—-48 eV region, occur. It is important to note that,depicted. The results of these two formulations must be
in this energy range, wherg deviates significantly from 2, equal for exact wave functions. In all cases it is evident that
the cross section, shown in Figs. 1 and 2, is completellaygreement between them is rather good, indicating the like-
smooth in each case, giving no indication that anything untihood that the calculations reported in this paper are indeed
usual is going on. accurate. The largest limitation of the methodology is that

Furthermore, it is useful to note that interchannel couplingrelativistic and spin-orbit effects are not included. While they
with the 3p ionization channels significantly affects the 4 will have some quantitative effect on the results, their inclu-
B’s over a broad energy range, starting from the opening o$ion should not in any way alter the qualitative phenomenol-
the 3p channels. In most of the region, however, the reso-ogy presented in this paper.
nances strongly affect thg’s, making it rather difficult to The importance of the results presented is that they are by
isolate interchannel effects. Thus it is only in the 42—48-eVno means limited to atomic Sc. It is known that strong inter-
region, in these cases, where {8 would be constant and channel interactions generally occur for outer-shell cross sec-
equal to 2 without interchannel effects, that their dramatictions in the vicinity of inner-shell thresholds throughout the
influence is demonstrated unequivocally. periodic system22]. Thus it is expected that this will be a

To show that it is indeed the case that interchannel cougeneral phenomenon. Furthermore, by looking experimen-
pling plays the essential role in this deviation®from 2, a  tally at botho and 8 for ns photoionization in open-shell
magnified view of the’D cross section in this energy region atoms in regions wherg deviates from 2, information can
is shown in Fig. 5, where the large differences among thée gleaned about the importance of interchannel coupling,
cross sections fofP, 2D, and 2F channels is clear. The information which generally cannot be obtained fram
situation for the'D cross sectiorinot shown is essentially ~ alone. In addition, even a knowledge of the integrated cross
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sections to the individual total channef®( 2D, and °F in shell atoms can reveal. We urge tha@s for ns states be
the present case of atomic )Sonly yields the absolute measured over a broad energy region for open-shell atoms

squares of the matrix elementg; provides information on throughout the periodic system. There is a wealth of infor-
their relative phases as well. mation there that has not yet been tapped.

In conclusion, then, we have demonstrated an interesting

aspect of what the scrutiny @'s of ns subshells in open- This work was supported by NSF and NASA.
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