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

PACS number~s!: 32.80.Fb, 31.25.Eb
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The study of photoelectron-angular distributions can p
vide significant information on the photoionization proce
which is unavailable from integrated cross sections alo
This is because integrated cross sections depend upon
sum of the absolute squares of the amplitudes~matrix ele-
ments! for transitions to the various possible final states@1#,
while the differential cross sections~angular distributions!
depend upon theratios of the amplitudes and theirrelative
phases@2#. The variation of the angular distribution wit
energy is a result of the variation of the interferences am
the alternative final states. This is reflected in the ene
dependence of the angular distribution asymmetry param
b i , which, for linerally polarized incident radiation, is re
lated to the differential cross section by@2–4#

ds i

dv
5

s i

4p
@11b i~cosu!#, ~1!

wherei is the channel designation,s i is the integrated cros
section,u is the angle between photoelectron momentum
photon polarization directions, andP2(x)5(3x221)/2, the
Legendre polynomial of order 2.

For the photoionization ofns electrons from closed-she
atoms,b is constant and equal to 2 because only a sin
s→p partial wave is possible. Relativistic effects can mod
this behavior by allowing the possiblity of differences b
tween thes→p1/2 ands→p3/2 transition amplitudes; from a
practical point of view, this occurs only at very highZ @5#, or
in the vicinity of a Cooper minimum@2,6#. For open-shell
atoms, the situation is different. Owing to the possibility
various couplings of theep continuum wave with the open
shell ionic core, multiple partial waves are possible; a
these partial waves interfere with each other. At low pho
electron energies~near thens threshold!, the differing ex-
change interactions among the various channels can pro
the difference among the partial-wave transition amplitu
to causeb to differ from 2 and acquire an energy depe
dence@2#. At high energy~far above threshold!, when differ-
ences in exchange interactions between photoelectron
ionic core become small, Cooper minima in dipole amp
tudes atslightly different energies can have a dramatic effe
on b. An outstanding example is 3s photoionization in
atomic Cl which was predicted to deviate substantially fro
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b52 @7#; this prediction was recently confirmed experime
tally @8#. In addition, in the vicinity of autoionizing reso
nances, which can occur at different energies in each of
dipole amplitudes,b can exhibit a rapid variation with en
ergy @9,10#.

In this paper, it is pointed out that interchannel coupli
can also causeb for anns photoionization to deviate from 2
and become energy dependent. This is significant becau
has recently been discovered that interchannel coupling i
importance formost subshells of most atoms at most energ
@11,12#. Consequently, scrutiny of the photoelectron angu
distribution can lead to a deeper understanding of the de
of the dynamics of the photoionization process, details wh
cannot be obtained via examination of the integrated cr
section.

As an example of this phenomenon, the photoionizat
of atomic Sc is investigated theoretically. Atomic Sc has
ground-state structure@Ar#3d4s2 2D, and we look specifi-
cally at 4s photoionization leading to Sc1 3d4s 1,3D final
ionic states. The calculation is performed using our recen
developed augmented many-body perturbation the
~AMBPT! methodology, which is an outgrowth of the wor
of Kelly @13,14#. The 32 Sc1 final ionic states included in
the calculation are

~@Ne#3s2 3p6 3d4s 1,3D !kp 2P,D,F,

~@Ne#3s2 3p6 4s2 1S!kp 2P, k f 2F,

~@Ne#3s2 3p5 3d4s2 1,3F !ks2F, kd 2P,D,F,

~@Ne#3s2 3p5 3d4s2 1,3D !ks2D, kd 2P,D,F,

~@Ne#3s2 3p5 3d4s2 1,3P!ks2P, kd 2P,D,F,

where k5n for discrete ~autoionizing! transitional andk
5e for continuum~ionizing! transitions. Briefly, the method
starts with an optimized Hartree-Fock-like basis set@15#. The
lowest order dipole matrix elements are corrected via per
bation theory, including all first-order interactions with th
ground state which connect to a final state via a dipole ma
©2000 The American Physical Society02-1



g

te

h-
er
rt
it

is

m

th

ri
ed
s

to

ro

ho
m
si
a
ro

n
n
s, as
the
cant
e

of

by
be

oper
er
-

- -

eter

he

RAPID COMMUNICATIONS

ZIKRI ALTUN AND STEVEN T. MANSON PHYSICAL REVIEW A 61 030702~R!
element. Threshold energies are obtained via a multiconfi
ration Hartree-Fock procedure@16#, with care taken to avoid
double counting and to insure orthogonality to lower sta
of the same symmetry. In particular, the important 3d2 1D
mixing in the 3d4s 1D state of Sc1 is included. The interac-
tion among the degenerate continuum channels~interchannel
coupling! is effected through a matrix diagonalization tec
nique, but not before including the most important high
order interactions among the degenerate channels via pe
bation theory; this procedure amounts to close-coupling w
corrections for final states not included in the above l
including the (3d2 1D)kp states. The details of this AMBPT
method, as applied to atomic Sc, are given elsewhere@17#.

From the channel listing above, it is seen that 4s photo-
ionization leads to final states of the syste
@3d4s 1,3D#ep 2P, 2D, 2F for both singlet and triplet ionic
cores. Although it is, in principle, possible to measure
angular momentum of the total~photoelectron plus ionic
core! final state@18,19#, such a measurement requires an o
ented initial state. Thus what can be reasonably measur
the sum over2P, 2D, and 2F channels for each of the state
of the Sc1 core; the Sc1 states can be separated via pho
electron energy.

The results for the total Sc1 @3d4s1,3D# cross sections
are shown in Figs. 1 and 2, where it is seen that the two c
sections are qualitatively similar; the3D cross section is
roughly a factor of 3 larger than the1D owing the the sta-
tistical factor. In each case, a resonant region near thres
is seen, followed by a Cooper minimum, a ‘‘recovery’’ fro
the Cooper minimum, then a smooth monotone decrea
region, another~very broad! resonance region, and finally
smooth region where the cross section is quite small. F
our earlier work, and that of others@17,20,21#, it is known
that the resonances in the threshold region are due to 4s and
3d excitation: the 3d4snp, 4s2np, and 4s2n f series. The
higher-energy resonances arise from 3p excitation converg-
ing to the six different 3p53d4s2 thresholds 3p53d4s2ns
and 3p53d4s2nd, including the 3p53d24s2 which are the
strongest resonances.

FIG. 1. Photoionization cross sections for Sc3d4s2 2D → Sc1

3d4s 3D. The cross section is summed over Sc1 (3d4s) 3Dep 2L
for L51, 2, and 3. The solid curve in each is the ‘‘length’’ formu
lation, while the dashed curve is the ‘‘velocity.’’
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Looking now at the photoelectron angular distributio
asymmetry parameterb, shown in Figs. 3 and 4, it is see
that there are dramatic variations in the resonance region
expected. In addition, at the Cooper minima, just above
threshold resonances in each case, the predicted signifi
deviation ofb from 2 is seen. Above the Cooper minima, th
b ’s tend rapidly toward 2, again as expected.

At the highest energies shown, above the last series
resonances~51-60 eV!, there is also a deviation fromb52 in
each case. This is actually due to Cooper minima, induced
interchannel coupling in these cases, but is too small to
seen on the scales of Figs. 1 and 2. These induced Co
minima, which have been known for some time in oth
atoms@5,22#, behave in all respects just like ‘‘natural’’ Coo
per minima.

FIG. 2. Photoionization cross sections for Sc3d4s2 2D → Sc1

3d4s 1D. The cross section is summed over Sc1 (3d4s) 1Dep 2L
for L51, 2, and 3. The solid curve in each is the ‘‘length’’ formu
lation, while the dashed curve is the ‘‘velocity.’’

FIG. 3. Photoelectron-angular distribution asymmetry param
b for the Sc3d4s2 2D → Sc1 3d4s 3D transition. The solid curve
in each is the ‘‘length’’ formulation, while the dashed curve is t
‘‘velocity.’’
2-2
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There is also, however, another region, from about 42
48 eV in each case, whereb deviates from 2 where there ar
no Cooper minima or resonances. Furthermore, this en
region begins more than 35 eV above threshold, so excha
effects are not likely to be important here. In fact, in t
photon energy range of about 20 eV,b is seen to be ap
proaching 2, thereby demonstrating the weakness of
change effects only 15 eV above threshold. Having elim
nated all of the other possibilities, then, it is evident that
deviation ofb from 2 mustbe a result of interchannel cou
pling causing differences among the transition amplitudes
the 2P, 2D, and 2F channels. In one sense, however, th
might be considered a Cooper minimum effect due to
minima at about 60 eV, in each case. But, since these Co
minima are induced by interchannel coupling, the distinct
is purely a semantic one; without interchannel coupling n
ther the Cooper minima at about 60 eV, nor the variations
b in the 42–48 eV region, occur. It is important to note th
in this energy range, whereb deviates significantly from 2
the cross section, shown in Figs. 1 and 2, is comple
smooth in each case, giving no indication that anything
usual is going on.

Furthermore, it is useful to note that interchannel coupl
with the 3p ionization channels significantly affects the 4s
b ’s over a broad energy range, starting from the opening
the 3p channels. In most of the region, however, the re
nances strongly affect theb ’s, making it rather difficult to
isolate interchannel effects. Thus it is only in the 42–48-
region, in these cases, where theb ’s would be constant and
equal to 2 without interchannel effects, that their drama
influence is demonstrated unequivocally.

To show that it is indeed the case that interchannel c
pling plays the essential role in this deviation ofb from 2, a
magnified view of the3D cross section in this energy regio
is shown in Fig. 5, where the large differences among
cross sections for2P, 2D, and 2F channels is clear. The
situation for the1D cross section~not shown! is essentially

FIG. 4. Photoelectron-angular distribution asymmetry param
b, for the Sc3d4s2 2D → Sc1 3d4s 1D transition. The solid curve
in each is the ‘‘length’’ formulation, while the dashed curve is t
‘‘velocity.’’
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the same. Each of the channels comprising the total3D cross
section is seen to behave quite differently, as a function
energy, in this region. In the absence of interchannel c
pling, however, our calculations show that these cross s
tions are virtually identical, thereby demonstrating conc
sively that interchannel coupling affects each of the
channels differently. Each one of the cross sections is see
have a significantly different shape. In addition the mag
tudes differ by as much as a factor of 2. It should be reit
ated that, in principle, each of these cross sections could
measured. In practice, however, such a measurement is
tremely difficult. But, as shown above,b gives both qualita-
tive and quantitative information on the phenomenon, inf
mation which is not even hinted at in the total channel cr
sections.

Now, what about the accuracy of the calculated cross s
tions? In each of the figures presented, both fors and b,
results from the ‘‘length’’ and ‘‘velocity’’ formulations are
depicted. The results of these two formulations must
equal for exact wave functions. In all cases it is evident t
agreement between them is rather good, indicating the l
lihood that the calculations reported in this paper are ind
accurate. The largest limitation of the methodology is th
relativistic and spin-orbit effects are not included. While th
will have some quantitative effect on the results, their inc
sion should not in any way alter the qualitative phenomen
ogy presented in this paper.

The importance of the results presented is that they are
no means limited to atomic Sc. It is known that strong int
channel interactions generally occur for outer-shell cross s
tions in the vicinity of inner-shell thresholds throughout t
periodic system@22#. Thus it is expected that this will be
general phenomenon. Furthermore, by looking experim
tally at boths and b for ns photoionization in open-shel
atoms in regions whereb deviates from 2, information can
be gleaned about the importance of interchannel coupl
information which generally cannot be obtained froms
alone. In addition, even a knowledge of the integrated cr

er FIG. 5. Photoionization cross sections for Sc3d4s2 2D → Sc1

(3d4s) 3Dep 2L for L51, 2, and 3. The solid curve in each is th
‘‘length’’ formulation, while the dashed curve is the ‘‘velocity.’’
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sections to the individual total channels (2P, 2D, and 2F in
the present case of atomic Sc! only yields the absolute
squares of the matrix elements;b provides information on
their relative phases as well.

In conclusion, then, we have demonstrated an interes
aspect of what the scrutiny ofb ’s of ns subshells in open-
ten

e

e

ll

F

T
. B
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shell atoms can reveal. We urge thatb ’s for ns states be
measured over a broad energy region for open-shell at
throughout the periodic system. There is a wealth of inf
mation there that has not yet been tapped.

This work was supported by NSF and NASA.
.
n-

S.

L.

,

@1# A. F. Starace, inHandbuch der Physik, edited by W. Mehlhorn
~Springer-Verlag, Berlin, 1982!, Vol. 31, pp. 1-121.

@2# S. T. Manson and A. F. Starace, Rev. Mod. Phys.54, 389
~1982!.

@3# C. N. Yang, Phys. Rev.74, 764 ~1948!.
@4# J. Cooper and R. N. Zare, inLectures in Theoretical Physics,

edited by S. Geltman, K. T. Mahanthappa, and W. E. Brit
~Gordon and Breach, New York, 1969!, pp. 317–337.

@5# P. C. Deshmukh, V. Radojevic, and S. T. Manson, Phys. R
A 34, 4757~1986!.

@6# V. Schmidt, Rep. Prog. Phys.55, 1483~1992!, and references
therein.

@7# A. F. Starace, R. H. Rast, and S. T. Manson, Phys. Rev. L
38, 1522~1977!.

@8# M. O. Krause, S. B. Whitfield, K. Kehoe and C. D. Caldwe
~unpublished!.

@9# D. Dill, Phys. Rev. A7, 1976~1973!.
@10# D. Cubric, D. B. Thompson, D. R. Cooper, G. C. King, and

H. Read, J. Phys. B30, L857 ~1997!, and references therein.
@11# E. W. B. Dias, H. S. Chakraborty, P. C. Deshmukh, S.

Manson, O. Hemmers, P. Glans, D. L. Hansen, H. Wang, S
Whitfield, D. W. Lindle, R. Wehlitz, J. C. Levin, I. A. Sellin
v.

tt.

.

.
.

and R. C. C. Perera, Phys. Rev. Lett.78, 4553~1997!.
@12# D. L. Hansen, O. Hemmers, H. Wang, D. W. Lindle, I. A

Sellin, H. S. Chakraborty, P. CV. Deshmukh, and S. T. Ma
son, Phys. Rev. A60, R2641~1999!.

@13# H. P. Kelly, Adv. Theor. Phys.2, 75 ~1968!.
@14# H. P. Kelly, in X-Ray and Inner-Shell Processes, edited by T.

A. Carlson, M. O. Krause, and S. T. Manson~AIP, New York,
1990!, pp. 292–311.

@15# J. J. Boyle, Phys. Rev. A48, 2860~1993!.
@16# C. Froese Fischer, Comput. Phys. Commun.64, 369 ~1991!.
@17# Z. Altun and S. T. Manson, Phys. Rev. A59, 3576~1999!.
@18# L.-W. He, C. E. Burkhardt, M. Ciocca, J. J. Leventhal, and

T. Manson, Phys. Rev. Lett.67, 2131~1991!.
@19# L.-W. He, C. E. Burkhardt, M. Ciocca, J. J. Leventhal, H.-

Zhou, and S. T. Manson, Phys. Rev. A51, 2085~1995!.
@20# F. Robicheaux and C. H. Greene, Phys. Rev. A48, 4429

~1993!.
@21# F. Robicheaux and C. H. Greene, Phys. Rev. A48, 4441

~1993!.
@22# M. Ya. Amusia,Atomic Photoeffect~Plenum Press, New York

1990!.
2-4


