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Calculations of the photoionization cross section of Kr 3p have been performed at four different
levels of approximation, from the central-6eld Hartree-Slater to the 20-channel relativistic-random-

phase approximation. The results show unequivocally that the structure that appears at the
central-field level is not an artifact of the calculation but persists through the most sophisticated lev-

el of approximation.

Nonresonant oscillations in photoionization cross sec-
tions have been the subject of considerable scrutiny of
late. ' Aside from structure in the cross section arising
from a zero in the dipole matrix element, known as a
Cooper minimum, other structures were predicted by
calculations some time ago and later studied in more de-
tail. Recently, ho~ever, it has been shown that some of
this other structure is simply an artifact of the model po-
tential employed. ' In this paper it is shown that not all
such structure is model dependent.

In particular, these oscillations and structures were
first found in simple Hartree-Slater (HS) calculations in
the region above inner-shell ionization thresholds; these
oscillations appeared in HS calculations even of EC-shell

photoionization and generalized oscillator strengths. '

These HS calculations include the Latter tail in the po-
tential which generates a discontinuity in the derivative
of the potential. Recent work has shown that this discon-
tinuity leads to oscillations in the dipole matrix element
and, hence, the photoionization cross section. There
are, nevertheless, nonresonant structures which are not
Cooper minima that are not related to the Latter tail.

To demonstrate the point unequivocally we present
calculations of the photoionization of the 3p subshell of
Kr in the region of threshold at several di8'erent levels of
approximation; HS, Hartree-Fock (HF), intrachannel
(5-channel) relativistic-random-phase approximation
(RRPA), and 20-channel RRPA. Certainly, if the eff'ect
persists through all of these levels of approximation it
cannot be model dependent.

The results are shown in Fig. I. The HS calculation
shows a rise from threshold, followed by a dip, then a
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FIG. 1. Photoionization cross section of Kr 3p calculated in

Hartree-Slater (HS}, Hartree-Fock (HF), 5-channel RRPA (R5),
and 20-channel RRPA {R20) approximations; the I. or V indi-
cate length and velocity formulations, respectively. To facilitate
comparison, all theoretical curves have been translated to the
mean experimental threshold of 230.38 eV (Ref. 11). This en-
tailed shifting HS and HF curves 14.72 eV to the right, while
the RRPA curves were shifted 12.08 eV to the left. The shifts
amount to comparing the results as a function of photoelectron
energy. HF(L) and HF( V) are 0.85 Mb and 0.83 Mb at thresh-
old, respectively.
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rise, and the eventual fall oft'of the cross section some 60
eV above threshold. The HF results, given in both
length and velocity form, show a marked drop from
threshold, followed by a rise to maxima about 100 eV
above threshold, before the eventual fall o8'. The 5-
channel RRPA cross sections, which include only inter-
channel interactions within the 3p subshe11 and also
shown in length and velocity, are rather similar to the
HF results with the drop somewhat less pronounced and
the second maximum closer to threshold. Finally, the
20-channel RRPA results, which include coupling be-
tween all of the channels arising from 3s, 3p, 3d, 4s, and
4p photoionization, are similar to the 5-channel results;
the second maximum in the cross section is at lower ener-

gy and is not as pronounced, however. Note that length
and velocity, which show noticeable disagreement at the
HF and 5-channel RRPA level, are virtually identical for
the 20-channel RRPA, indicating the quality of this cal-
culation. Note further that the 20-channel RRPA results
are not shown down to threshold to avoid confusion in
Fig. 1; they do, however, merge with the 5-channel
RRPA velocity results in the threshoM region.

It is important to emphasize that the bulk of the oscil-
lations in the curves shown in Fig. 1 occur in energy re-
gions ~here the phase shifts of the 6nal continuum states
are smooth, i.e., nonresonant. Actually, the initial rise of
the HS cross section is the tail end of a shape resonance;
the d-wave phase shift changes by about tr/4 in the first
10 eV above threshold. Above this energy, where most
of the oscillations occur, the phase shift is Hat as a func-
tion of energy. " Thus the structure seen in the HS result
is not a resonance phenomenon. The HF d-wave phase
shift changes only by about m/10 in this energy regions
and the RRPA phases change by even less than that;
there too, then, the structures are not resonances.

%bile it is true that the Latter tail can generate oscilla-
tions, ' it does not follow that all oscillations are caused
by the Latter tail. Neither the HF nor RRPA calcula-
tions include the Latter tail. Nevertheless, the structure
in the HS is reproduced qualitatively in both the HF ap-

proximation and RRPA, showing conclusively that the
structure in the 3p photoionization cross section cannot
be an artifact of the Latter tail.

%e explain this behavior of the cross section in terms
of the behavior of the amplitude of the continuum wave
function, cd in this case, which is given for small r as

p C l+1
cl pl

The photoionization cross section can be written as

where cr is a reduced cross section. The crucial point is

that o is monotone decreasing for all of the curves shown

in Fig. 1; the structure is caused. by variations in the am-

plitude factor C,d with energy. Physically, the variation
of this amplitude factor can be thought of as the result of
the diffraction of the emerging photoelectron through the
atomic field. This amplitude factor has been studied in

some detail recently. '

In conclusion, then, we have shown by explicit calcula-
tion on Kr 3p that oscillations in photoionization cross
sections not associated with resonance behavior or Coop-
er minima have a physical basis and are not necessarily
artifacts of the calculation. Unfortunately, while experi-
mental data on Kr 3p exist, " only three points are in the
energy region covered by Fig. 1; these data are
insuf6cient to con6rm or deny the predicted structure.
Finally, we note that a recent study' has detailed the
structures that result from a discontinuity in the deriva-
tive of the potential. In addition it was found that while
removal of the discontinuity eliminated a, number of the
structures, others remained, in agreement with the
present results.

This work was supported by the U.S. Army Research
OSce and an Indian Institute of Technology grant.
Helpful discussions with M. Ya. Amusia, R. H. Pratt,
and M. Inokuti are gratefully acknowledged.

'J. Tulkki and T. Aberg, J. Phys. 8 18, 2489 (1985).
M. Ya. Amusia, I. M. Band, V. K. Ivandov, V. A. Kupchenko,

and M. B. Trzhashovskaya, Izv. Akad. Nauk SSSR Ser. Fiz.
50, 1267 (1986).

3J. %'. Cooper, Phys. Rev. 128, 681 (1962).
4S. T. Manson and J. %.Cooper, Phys. Rev. 165, 126 (1968).
5S. T. Manson and M. Inokuti, J. Phys. B 13, L323 (1980).
6M. Inokuti and S. T. Manson, in Electron Seam Interactions

with Solids for Microscopy, Microanaiysis, and Microlithogra

phy, edited by D. F. Keyser, H. Niedrig, D. E. Newbury, and
R. Shrnizu {Scanning Electron Microscopy, Inc., AMF
O'Hare, IL, 1983), pp. 1-17.

7F. Herman and S. Skillman, Atomic Structure Calculations

(Prentice-Hall, Englewood Cli8's, N.J., 1963).
D. J. Kennedy and S. T. Manson, Phys. Rev. A 5, 227 (1972).

9U. Fano, C. E. Theodosiou, and J. L. Dehmer, Rev. Mod.
Phys. 48, 49 (1976).

~0M. A. Dillon and M. Inokuti, J. Chem. Phys. 82, 4415 (1985).
D. %. Lindle, P. A. Heimann, T. A. Ferrett, P. H. Kobrin, C.
M. Truesdale, U. Becker, H. G. Kerkhoft; and D. A. Shirley,
Phys. Rev. A 33, 319 (1986).

itY. Kuang and R. H. Pratt, in Proceedings of the Fourteenth
International Conference on X-ray and Inner Shell Processes, -

Paris, 1987. Program and Abstracts, edited by P. Lagarde, F.
J. Wuilleumier, and J. P. Briand [J. Phys. (Paris) {to be pub-
lished)].


