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The photoionization cross sections of the 3d, 3p, and 3s subshells of Zn1 are calculated from threshold to
1000 eV. Electron-correlation effects are included using a low-order perturbation expansion obtained from
many-body perturbation theory. The 3d—kf cross section is also calculated in the exact single-channel random-
phase approximation with exchange. Autoionizing resonances due to the 3p°ns and 3 p °nd configurations are
included in the 3d —» kf cross section, and the effect of core relaxation is considered. The effect of single-
channel and multichannel correlations is included in all subshell cross sections.

I. INTRODUCTION

Results are presented for the photoionization
cross section o(w) of the 3d, 3p, and 3s subshells
of Zn1. Electron correlation effects are treated
according to a prescription developed previously
from many-body perturbation theory (MBPT).!
The method involves the calculation of low-order
diagrams in the random-phase approximation with
exchange (RPAE).? Many-electron interactions
among 4s, 3d, 3p, and 3s electrons are included.
Resonances in the 3d —kf cross section due to the
autoionizing configurations 3p°zs and 3p°nd are
calculated.

There appear to be no accurate experimental
data yet published for the photoionization of neu-
tral zinc above 30 eV, so this work is a good ex-
ample of an a priori calculation for a complex sys-
tem. Several methods are used to test the accura-
cy of the results. The cross section is calculated
in both length and velocity forms. Correlation en-
ergy effects are investigated by comparing results
for the 3d -Ef cross section obtained using the
(frozen-core) Hartree-Fock (HF) and the experi-
mental 3d ionization energy. Core relaxation ef-
fects are estimated for the 3d ~k&f cross section
by means of a calculation using continuum orbitals
calculated in the field of the Zn* 34° ion. The con-
vergence of the perturbation expansion is checked
by comparing it with the exact single-channel
RPAE result for the case of the 3d -~ k&f cross sec-
tion.

Section II outlines the prescription for o(w).

The application of the RPAE effective interaction
I'(w) to photoionization is also discussed. Reso-
nances are calculated according to the MBPT pre-
scription.® Section III describes the results em-
phasizing the 3d - kf cross section which shows
the largest effects.

II. THEORY

In previous work'+? a MBPT prescription was
obtained for the calculation of o(w) for a closed-
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shell system with Hamiltonian

N 1 Z N
H=Z<—§V2,—T—>+Z vy, (1)
i=1 LA PYTS
where v, is the Coulomb interaction and atomic
units are used. Amus’ya et al. have described the
RPAE and have presented results for the rare
gases.? To calculate o(w), the length L-form di-
pole matrix element

Zp—~k)=E(Rp™)| D 2,1 %,) , (2)
i

is expanded in a series of open diagrams,' where
¥, and w(kp~') are exact many-particle ground and
continuum states, and ¥(kp~') results from the ex-
citation of an electron from the ground-state orbit-
al k. The velocity V form is obtained by replacing
the matrix element in Eq. (2) by

-1 _d__ -
WY 5 190 /8- B,

where E, and E, are energy eigenvalues for ¥, and
¥(kp~'). Each diagram includes one dipole inter-
action and any number of interactions with the
correlation perturbation

bl N
HI= Y vy,- > vy, (3)
i=1

i<f=1

where V(7)) is the single-particle potential used to
calculate the complete sets of orbitals that are
used to evaluate the diagrams. The order of a dia-
gram is taken to be the number of interactions
with H!. Figure 1 shows examples of RPAE dia-
grams. The corresponding exchange diagrams

are understood to be included.

The exact RPAE dipole matrix element is ob-
tained by replacing the Coulomb interaction in dia-
grams 1(b) and 1(c) by the RPAE effective inter-
action I'(w) for ground-state correlations (GSC)
and final-state correlations (FSC).> Matrix ele-
ments of I'(w) satisfy the equation?
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where k, is a single-particle state with energy E,,
E is the Fermi energy, and

(Roky | U| Bybg) =(koky | v| By = (Boky| v Bk, . (5)

In the denominator of Eq. (4), the Fermi step func-
tion ns =1 if k&, is occupied in the ground state,
=0 if k&, is an excited state. Figure 2 shows the
coupled equations for the RPAE ground-state cor-
relation (GSC) and final-state correlation (FSC)
interaction amplitudes in diagrammatic notation.
For photoionization, w=Ey, - E, . When I'(w) oc-
curs above U in Fig. 2, the energy denominator is
treated according to FSC.® The energy denomina-
tor does not involve the states k, and &,.

The RPAE equations for the case of single-chan-
nel correlations simplify considerably when the
Hartree-Fock HF V"~ (1P) potential is used. As
pointed out by Amus’ya et al.,? this potential can-
cels the lowest-order single-channel FSC interac-
tion. Strictly speaking, this cancellation violates
the exclusion principle when more than two hole-
particle pairs are excited.* However, this effect
involves a small correction to diagrams which are
themselves small, and hence it may be neglected.
Using the HF V™! (*P) potential eliminates the sec-
ond term on the right-hand side (RHS) of Fig. 2(a)
and the first and third terms on the RHS of Fig.
2(b). The nonvanishing single-channel RPAE dia-
grams through second order are diagrams 1(a),
1(b), 1(d), and 1(e). Diagram 1(c) is canceled by
the HF V""! (*P) potential.?*® The single-channel
RPAE interaction amplitudes are obtained by using

(@) (b) (c)

L e

FIG. 1. RPAE diagrams occurring in the perturbation
expansion for (¥ (kp™)| 37;Z,|%). Solid dots indicate
dipole interactions, other dashed lines indicate Coulomb
interactions. Time increases upwards. Exchange dia-
grams are not shown.

r

techniques developed for evaluating diagrams®="
to express Eq. (4) in matrix form. The equation
is then solved by matrix inversion.

The RPAE omits many diagrams that are second
order in H/. These diagrams account for modifi-
cation of the atomic wave function owing to relax-
ation and polarization of the core during ionization,
and configuration interaction effects. Other dia-
grams neglected by the RPAE contribute to the
correlation energy of the atom. The length and
velocity forms of the dipole matrix element agree
in the RPAE, but they do not agree when correla-
tion energy corrections are included without in-
cluding the corresponding diagrams which modify
the wave function. In this work, correlation en-
ergy effects are approximately included by using
experimental removal energies for the ground-
state orbitals.!*® This gives the photoionization
threshold correctly, and the discrepancy between
the length and velocity forms of the cross section
is a measure of the effect of extra RPAE diagrams.
Normalization diagrams® are also omitted by the
RPAE. However, they may be essentially included
by means of an over-all factor in the cross sec-
tion.?

Frozen-core® single-particle potentials are used
except as noted. The Silverstone-Huzinaga pro-
jection operator®'® is added when necessary to en-
sure orthogonality of excited orbitals to ground-
state orbitals.

III. RESULTS

For ZnI the 3d - kf cross section has the largest
single-channel correlation effects and is the case
used to check the convergence of the diagrammatic
expansion. The expansion consists of single-chan-
nel RPAE diagrams through second order. To iso-

k.\/}kg o fhe E&N‘ . k.\tkz
k4+\k3 N ks E;‘*\\k
aYNKs
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FIG. 2. Coupled equations for RPAE GSC and FSC
amplitudes of I'{w), which are indicated by sawtooth
lines. The dashed lines indicate amplitudes of U .
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FIG. 3. Photoionization cross section o(w) for 3d—k&f
calculated using the frozen-core HF 3d removal energy.
The dashed curves labeled L and V represent the HF
length-land velocity-form results. The solid curves
indicate single-channel correlation results both in the
exact RPAE and for our diagrammatic expansions of
the RPAE.

late the effect of RPAE correlations the (frozen-
core) HF 34 removal energy (21.29 eV) is used in
the diagrams and in the RPAE equation. Figure 3
shows the HF and RPAE results for the 3d —~kf
cross section. The diagrammatic expansion and
exact RPAE results differ by less than 1%, and
both are represented by the solid curves labeled
L and V for the length and velocity forms. The
HF results are shown by the dashed curves. The
discrepancy between the RPAE L and V curves is
attributed to errors in the numerical approxima-
tion. As pointed out in a previous work, the ef-
fect of single-channel GSC is to bring the L and V
velocity forms together. Single-channel FSC usu-
ally increase both forms in the region of the cross-
section maximum and decrease them at higher
photon energy. In the present case most of the
correlation effect is due to GSC; the effect of FSC
is small.

Figure 4 shows results for the 3d —kf cross sec-
tion obtained using the experimental 3d removal
energy!! (17.30 eV). Again, the exact and diagram-
matic expansion RPAE results differ by less than
1% and are both represented by the solid curves
labeled L and V, which indicate the length- and
velocity-form cross sections. The corresponding
HF results are shown by the dotted curves. As
expected from the discussion in the preceding sec-

tion, the RPAE L and V results do not agree, and
are inverted with respect to the HF results. This
behavior is due to o; being roughly proportional
to the removal energy near threshold, whereas
oy is inversely proportional.

To study how the discrepancy between the RPAE
L and V cross sections is related to core relaxa-
tion effects, results have been obtained for dia-
grams computed using continuum orbitals calcu-
lated in the field of the self-consistent Zn* 34° ion.
The dashed curves, labeled L and V in Fig. 4,
show these results. The agreement between ¢, and
oy is improved in the region of the cross-section
maximum; however, there is little change near
threshold, and at higher photon energy the agree-
ment becomes worse. The latter discrepancy may
reflect the fact that at high energy the photoelec-
tron is ejected before the core relaxes. On the
other hand, for photon energies near threshold,
continuum orbitals do not penetrate the core orbi-
tals because of the centrifugal barrier and hence
are relatively insensitive to relaxation effects in
the core orbitals.

Interchannel correlation effects are included by
calculating diagrams 1(b) and 1(c). Interaction of
the 3d - k&f channel with the following channels is
included: 3d -kp, 4s—kp, 3p~kd, 3p—ks, and
3s—=kp. The diagrams are calculated using the
experimental electron-removal energies'!*?: E,_
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FIG. 4. Results for the 3d—kf cross section o(w) cal-
culated using the experimental HF 3d removal energy.
The dotted curves represent the length and velocity HF
results; the solid curves indicate the exact RPAE and
diagrammatic expansion results, and the dashed curves
indicate diagrammatic RPAE results obtained using or-
bitals calculated in a relaxed core potenial.
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FIG. 5. The solid curves labeled L and V are corre-
lated results for the 3d —kp cross section. The dashed
curves are the 3d —kf cross section including single-
channel and inter-channel RPAE correlations; the upper
curve in each case is the velocity form. The dotted
curves show the 3d—k&f cross section including single-
channel correlations for comparison. The unlabeled
solid curves represent the total 37 cross section in-
cluding correlations.

=9.39, E,,=817.1, and E,;;=137.0 eV. Results for
the RPAE 3d -Ef cross section including single-
channel and interchannel correlations are shown
in Fig. 5. The fully correlated L and V cross sec-
tions are indicated by the dashed curves. The V
form lies above the L. form. The dotted curves
show the single-channel results for comparison
(the upper curve shows the V form). The fully
correlated results have an interesting structure
in the region near the onset of the 3p cross sec-
tion. The series of narrow resonances in this re-

AND 3s SUBSHELLS...
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TABLE I. Autoionizing resonance parameters.

State E, (eV) ¢, @u) T,/2x10° (au.) f,x10?

3p %5s 83.7 16.4 3.58 7.72
6s 85.7 16.4 0.532 1.15
s 86.3 16.5 0.210 0.455

3poad 85.5 0.949 15.3 0.0550
5d 86.2 0.904 7.57 0.0247
6d 86.5 0.873 4.11 0.0125

gion that are due to the autoionizing configurations
3p°ns and 3p°nd are not shown. These resonances
have little effect on the average behavior of the
cross section and are discussed below. The struc-
ture between 70 and 110 eV is caused by diagram
1(c) with p,k=3d,kf and q,k’=3p,k’d and k's,
where k’ denotes continuum orbitals only. The ef-
fect is not sensitive to the contribution from high-»
bound states, which are included by extrapolation
of the continuum. Similar structure, although
much smaller in magnitude, occurs near the onset
of the 3s cross section owing to diagram 1(c) with
q,k’'=3s,k'D.

Resonances in the 3d —kf cross section arising
from the 3p°ns and 3p°nd configurations are calcu-
lated using a MBPT prescription® which is essen-
tially equivalent to Fano’s configuration-interac-
tion theory for many discrete states and one con-
tinuum channel.’®* Diagram 1(c) with p, 2 =3d, kf
and g, k'’ =3p, ns and nd represents the lowest-order
contribution to the resonance diagrams. The
3p —ns and 3p —nd dipole matrix elements and the
resonance half-widths are calculated in the frozen-
core HF approximation, and the spin-orbit inter-
action is neglected. Figure 6 shows the L-form

30 . . : . ,
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FIG. 6. Photoionization cross section ¢ (w) for the 3d subshell in the region of 3p%5s and 3p%4d autoionizing reso-

nances. The curves show the length-form results.
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FIG. 7. Photoionization cross sections for 3p and 3s
subshells. The solid curves for the 3 —kd cross section
are HF L- and V-form results; the dashed curves are the
results including correlations. The dashed 3 —~ks curve
is the correlated L-form result; the solid curve is the
HF L-form result. The 03, curves indicate the corre-
lated L-form result.

cross section in the region of the 3p°5s and 3p°4d
resonances. The curves include the contribution
from the 3d —kp cross section discussed below;
however, autoionization in the 3d—kp channel is
not considered. Table I shows calculated values
for several resonances of the resonance energy E,,
the Fano profile parameter'® ¢,, the half-width
iT,, and the oscillator strength f, of the auto-
ionizing configuration.

Calculations including first-order RPAE corre-
lations with the channels listed above have been
carried out for the other » =3 subshell cross sec-

tions. Figure 5 shows correlated results for the
3d-kp cross section which are represented by the
solid curves labeled L and V. Figure 5 also shows
L and V curves for the total correlated 3d subshell
cross section (excluding resonance effects). These
curves are indicated by the unlabeled solid curves,
with the upper curve representing the V form (ex-
cept near threshold). The HF results for the
3d—kp cross section lie about 20% below the
curves shown in Fig. 5 at threshold, but are in
good agreement at higher energies. Curves for
the 3p—~kd, 3p ~ks, and 3s ~kp cross sections

are shown in Fig. 7. The solid curves for the
3p =~ kd cross section indicate the HF L and V re-
sults; the dashed curves indicate the RPAE re-
sults. Comparison of these curves shows that the
principal correlation effect in the 3p —kd cross
section is an approximately 15% decrease in the
maximum. In this case the agreement between the
L and V curves becomes worse when correlations
are included. This discrepancy is attributed to the
omission of diagrams corresponding to core relax-
ation. The solid curve in Fig. 7 for the 3p—~ks
cross section represents the HF L-form results;
the corresponding dashed curve shows the RPAE

L result. The V-form cross sections are about
10% larger at threshold but are otherwise well re-
presented by the 3p —~ks curves shown. Only the
HF L result is shown for the 3s —~kp cross section.
This curve is in good agreement with both the HF
V-form result and the RPAE results.

The 4s-kp cross section is negligible at the on-
set of the 3d cross section. Normalization dia-
grams are estimated to decrease the total cross
section by about 1% above the 3d threshold, and
are neglected. The solid curves in Fig. 8 show
the total L and V cross sections for Zn1I from
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FIG. 8. Total photoionization cross section of Zn from threshold to 1 keV. Curve below 17.3 eV is V-form of the 4s
subshell cross section from Ref. 3. The 3d%p resonances are indicated approximately and are severely truncated.

Other resonances are not shown.
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threshold up to 1000 eV. Below 17.30 eV, the
curve shows the 4s subshell V-form cross section
obtained previously.® The 3d°np resonances are
shown approximately and are severely truncated.
The results for the n =3 subshell cross sections
are in qualitative agreement with an RPAE calcu-
lation by Amus’ya et al.,” and are also consistent
with experimental data obtained by Harrison et
al.’® and by Connerade.'® The experimental data
of Harrison et al. peaks at 38 eV, about 20 €V be-
low our result. However, our results are within
the experimental error bars, which are large for
the upper range of data.’

IV. DISCUSSION AND CONCLUSIONS

Results for the 3d —kf cross section show that
the convergence of the diagrammatic expansion
for the RPAE is very good in that case. The dis-
crepancy between RPAE L and V cross sections
when the experimental removal energy is used
(which approximately accounts for correlation-
energy shifts) indicates the importance of correla-
tion effects outside the RPAE. It seems reason-
able to expect that these effects are adequately re-
presented by second-order diagrams.

From the calculation of o(3d —~kf) using excited
orbitals calculated in an ionic core potential, it is
probable that core relaxation effects account for a
substantial amount of the discrepancy between the
RPAE L and V curves in the region of the cross-
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section maximum. An explicit diagrammatic cal-
culation is needed to verify this effect.

The rapid variation in the slope of the 3d —kf
cross section that is due to correlation with 3p
electrons appears to be a physical effect rather
than an artifact of the diagrammatic prescription.
Tests indicate that this structure is not due to the
3p°ns and 3p°nd resonances which occur in this re-
gion (not shown in Fig. 6). Also, one expects
structure arising from these resonances to affect
a much narrower region.

The calculations for the 3p and 3s subshell cross
sections indicate that correlation effects become
smaller for more tightly bound electrons. This
reflects the increasing dominance of the nuclear
attraction term in the potential for inner electrons.

Table I shows that the 3p°ns resonances have
much more oscillator strength than the 3p°nd reso-
nances. This is consistent with the rule that the
oscillator strength of I -Il+1 transition is primarily
in the continuum whereas I-]- 1 transitions have
less continuum oscillator strength.

These calculations indicate that the cross-sec-
tion maximum for ZnI occurs about 20 eV above
the 38-eV measurement by Harrison et al.’® Near
the 3d electron threshold we expect structure owing
to two-electron resonances involving 4s and 3d
electrons. These effects will be considered in
future work. In addition, we intend to investigate
the contribution from two-electron photoionization
in this region.
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