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Photoionization cross sections of neutral calcium with excitation to Ca™ 3d and 4p levels have
been calculated from threshold to 50 eV by use of many-body perturbation theory. The cross section
for leaving Ca™ in the 4s ground level is also presented in this energy range and compared with the
3d and 4p cross sections which at their thresholds are larger than the 4s cross section. All three
cross sections show interesting structure near 31 eV due to the 3p — 3d resonance.

I. INTRODUCTION

In recent years there has been considerable interest in
studying the satellite spectra of atoms,'~!© which
represent cross sections for photoionization with excita-
tion. It is now many years since Wuilleumier and
Krause'! showed for Ne that such processes (including
double photoionization) constitute approximately 20% of
the total cross section over a wide range of energies.

Thus far, there have been relatively few calculations of
cross sections for photoionization with excitation. There
has been much recent interest for He leaving Het(n =2)
and references to these calculations are given in the paper
by Berrington et al.'> Many-body perturbation theory
(MBPT) has been used to calculate cross sections for pho-
toionization of the neutral iron atom with excitation of a
4s electron to 3d or 4p levels.!* Near threshold it was
found that these processes were approximately 20% of the
4s—€p cross section but were greater than the 4s—ep
cross section near 14 eV where the 4s—e€p cross section
becomes small.!* Ishihara et al.!* have also used MBPT
to calculate the cross section for photoionization of the 1s
electron of neon accompanied by 2p— 3s excitation. Re-
cently Smid and Hansen!® have calculated the ratio of the
cross section for neutral argon leaving the ion in the
3p*!D)nd levels to the cross section for 3s—ep excita-
tion.

For calcium, Altun!® has calculated the cross sections
for photoionization of Ca (4s)? leaving the ion Ca* 3d or
4p from threshold to 29 eV. In the threshold region for
Cat 3d (7.81 eV) and for 4p (9.25 eV) the 45 —€p cross
section passes through a minimum (at approximately 9
eV) and the 3d and 4p cross sections were found to be
larger than the primary 4s—ep cross section. Results
have also been presented for the 4s-—¢€p cross section in-
cluding single- and double-electron resonance structure.!®
A very interesting recent calculation by Scott, Kingston,
and Hibbert!” has used the R-matrix method'® to calcu-
late the photoionization cross section for neutral calcium
from threshold at 6.11 eV to 9.25 eV, the threshold for
Cat 4p. In this calculation the channels leading to Cat
4s, 3d, and 4p are coupled to all orders. Scott et al.!’
have presented 4skp, 3dkp, and 3dkf cross sections be-
tween 7.9 and 9.0 eV. At the 3d threshold Scott et al.'’
have found that the 3dep cross section is considerably
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larger than 4sep or 3def. They have also found large res-
onance structures in the dipole length approximation for
all the partial cross sections between 7.9 and 9.0 eV due to
4pns and 4pnd double-electron resonances.

Cowan, Hansen, and Smid'® have very recently calcu-
lated the cross section for neutral calcium between 11 and
28 eV leaving the Ca™ ion in the 4s, 3d,and 4p levels.
They have used the techniques described by Cowan.”®
They have also found that near threshold the Ca™ 3d and
4p cross sections are larger than the Ca™ 4s cross sections

" due to a minimum in the Ca*4s cross section.

In the present paper we extend the results of Altun!®
and present the results of our MBPT calculation for the
4sep, 3dep, 3def, 4pes, and 4ped cross sections for neu-
tral calcium. Results are presented from the threshold for
3d (7.9 eV) to 50 eV. Particular attention is given to the
region near 31 eV where there is a very large structure in
each of the cross sections due to the 3p—>3d resonance.

Section II contains an outline of the theoretical
methods used. Section III contains the results of our cal-
culations and comparison with other work, and Sec. IV
contains our conclusions.

II. THEORY

In the calculations of this paper, we use the electric di-
pole approximation for absorption of electromagnetic ra-
diation, and we neglect spin-orbit effects. Our Hamiltoni-
an is

H=H,+H, , (1)
where
N 1
Ho= 3 [—3Vi—Z/ri+V(r)], )
i=1
and
N N
Hc': 2 U,‘j—~ ZV(V,) . (3)
ij=1 i=1 )
I<J

Atomic units are used throughout this paper. The term
v;; represents the Coulomb interaction between electrons i
and j, and the single-particle potential V(r;) accounts for
the average interaction of the ith electron with the
remaining N —1 electrons.
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In order to calculate photoionization cross sections, we
require dipole matrix elements. The dipole length matrix
elements are expressed as

N
Zu stk =(v; | 3 2 ¢0>, )
i=1

where v, and 1, are exact many-particle ground and ex-
cited (continuum) states, respectively. The state i,
represents the excitation of 4s2 to nk, where n is a bound
orbital and k is in the continuum. In our present calcula-
tions n is 4s, 3d, or 4p.
The velocity form of the dipole matrix element is given
by
1

Zy(4s*—>nk)= Eo—E, <1/’f

N
d
2 dZ,'

i=1

1/1[)) , (5)

where E, and E; are exact energy eigenvalues of H corre-
sponding to ¥, and ;. Since exact eigenstates ¥, and /5
are not known, we start from eigenstates of H, and use
many-body perturbation theory®' =2 to develop a pertur-
bation expansion in H, for the states ¥y and ;.
Equivalently, we may write a perturbation expansion for
the many-particle matrix elements Z; or Z, which con-
tains one dipole interaction and any number of interac-
tions with H,. Diagrams contributing to Z; are shown in
Fig. 1, with exchange diagrams understood to be included.
Time runs from bottom to top in the diagrams. Dipole
matrix elements are represented by a solid dot and dashed
lines represent correlation interactions with H,. Coulomb
interactions H, below (above) the dipole interaction corre-
spond to correlations in the ground (final) state.

In order to calculate the diagrams of Fig. 1 it is neces-
sary to calculate a complete set of radial states for each
value of orbital angular momentum which is used. These
states satisfy the one-particle Schrédinger equation

2
~T-Z v

) Gn=€ndn - (6)

The general form of the potential for the single-particle
states used in the evaluation of diagrams is®*

V=R+(1-P)Q(1—-P), (7
where P is the projection operator given by
P=3 |n)n|, (8)
nOCC

where n,. runs over occupied groundstate orbitals. In
Eq. (7) R is the Hartree-Fock (HF) potential for ground-
state orbitals, and Q is a Hermitian operator chosen to
give a physically appropriate potential for excited states.
The form of energy denominators occurring before the

dipole interaction is

N

2 (61’}_—6";‘) 5 9)

j=1

and after the dipole interaction it is

N
lim 3 (e, —€)+w+in, (10)
11“’0+j'=1 J J

- 4sN\ __| __J4s 4sN_ | S
as K 4s
- _ 3pNL__
@ " ©*
k
r 4s
———-9

(g) (h)

FIG. 1. Diagram and diagram segments contributing to the
matrix element Z(4s*— r, k). Dashed line ending with isolated
solid dot indicates matrix element of Z. Exchange diagrams are
also included in the calculations. Diagram (f) represents Auger
decay of 3p hole. (g) and (h) are segments of diagrams contri-
buting to the width of the 3p — 3d resonance.

where €p; and €, are single-particle energies for a
particle-hole pair and N’ is the number of pairs excited.
We also use

lim (D+in)~'=PD~'—in8(D), (11)
n—07t .

where P represents principal-value integration. In calcu-
lating the sum over intermediate states k' in diagram 1(d)
we used the differential-equation technique®® which
avoids taking dipole matrix elements between two contin-
uum orbitals.

Radial 4p and 3d orbitals were calculated in the self-
consistent HF approximation of excited ionic cores
3p%p(P) and 3p®3d(*D). The continuum ks and kd
states were calculated in Hartree-Fock potentials ap-
propriate to 3p%4pks,kd(!P). Hartree-Fock potentials for
kp and kf were derived from configurations
3p%3dkp,kf(!P). In evaluating diagram 1(d), it was found
to be important to use excited orbitals which have previ-
ously been found to give good account of energy correla-
tions in second order.!® When r=4p, we calculated the
ground-state correlation with 4p of 3p®4s4p('P) and k'p
of 3p®sk'p(*P). There is then an overlap factor between
the final state 4p and the 4p of the ground-state correla-
tion which is 0.812. '

We also included effects of higher-order diagrams by
using correlated dipole matrix elements involving 4s tran-
sitions in diagrams 1(a) and 1(b). The correlated dipole
matrix elements were taken from the previous Ca 4s and
3p calculations by Altun et al.'® Effects of the 3p—3d
resonance were included by the geometric sum of seg-
ments shown in Fig. 1(h) with »=3d.!® In the present
calculation we also included insertions of Auger-type on
the 3p hole line as shown in Fig. 1(f). These may be
summed geometrically by insertion of the segment shown
in Fig. 1(g) into 3p energy denominators.
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FIG. 2. Partial photoionization with excitation cross sections in dipole length (solid line) and dipole velocity (dashed line) formal-
ism for 452('S)—3dkp('P). The 3p —3d resonance at 31 eV peaks at 6.79 Mb (length) and 8.17 Mb (velocity).

III. RESULTS note the finite values at threshold followed by a rapid de-

crease, then almost constant values for 16 to 28 eV, and

In Fig. 2 we show our results for the 3dkp cross section then the dramatic rise due to the 3p — 3d resonance which
in both dipole length and velocity approximations. We peaks at 31.4 eV. If we had included spin-orbit splitting,

045 T
]

040
0.35 7

0.30 7

0.10 7

0.05 1

700 1000 1300 1600 1900 2200 2500 2800 3100 3400 3700 4000 4300 4600 4900 5200
PHOTON ENERGY (eV)

0.0

FIG. 3. Partial photoionization with excitation cross sections in dipole length (solid line) and dipole velocity (dashed line) formal-
ism for 45%(1S)—3dkf(!P). The 3p — 3d resonance peaks at 15.51 Mb (length) and 18.36 Mb (velocity).
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FIG. 4. Total 3d cross section. Solid line is dipole length calculation. Dashed line is dipole velocity calculation. This figure

represents the sum of Figs. 2 and 3.

there would also be two narrower 3p—3d resonances (°P
at 24.81 eV and 3D at 27.15 eV). For the length calcula-
tion there is considerable cancellation between final-state
correlations of Fig. 1(a) and ground-state correlations of
Fig. 1(d).

In Fig. 3 we present our results for the 3dkf length and
velocity cross sections which are seen to be much smaller
than the 3dkp cross sections. Near threshold the ratio of
our 3dkf to 3dkp cross section is approximately 0.06,
whereas it is approximately 0.28 for Scott et al.!” We ex-
pect that the result of Scott er al. is the more accurate
since they have coupled these and other channels, and the
weak transition for 3dkp has borrowed strength from the
stronger channels.

In both Figs. 2 and 3 we note the strong effects of the
3p—3d resonance. There is a very strong efféct due to

the diagram of Fig. 1(c) with vk =3dkp or 3dkf. There is
also an indirect contribution from the 3p— 3d resonance
from diagram 1(a) because the 4s—kp transition also con-
tains the 3p—3d resonance when higher-order terms are
included. We note that the Fano?$ line profile does not go
to zero, and this is attributed to the inclusion of the extra
width due to the Auger-type process shown in Fig. 1(f).
When only the width (decay) contribution of the segment
of Fig. 1(h) is included, then the diagrammatic sums do
correspond to the Fano theory.?® In Figs. 2 and 3 our
work also does not include the resonance structure near
threshold due to double-electron 4pns and 4pnd excita-
tions present in the length calculation by Scott et al.,!” al-
though not so clearly present in their velocity calculation.
Our total 3d cross section for length and velocity is given
in Fig. 4. The 3p—3d resonance in the 3dkp cross sec-

3k
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FIG. 5. Solid line represents total 3d cross section of Scott et al., Ref. 17. Dashed line represents our MBPT length calculation.
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FIG. 6. Partial photoionization with excitation cross section for 4s%'S)—4pks('P). Solid line is length formalism. Dashed line is
velocity formalism. The 3p — 3d resonance at 31 eV peaks at 13.1 Mb (length) and 15.6 Mb (velocity).

tions of Fig. 2 peaks at 6.79 Mb (length) and 8.17 (veloci-

ty). For the 3dkf cross section, the peaks are 15.51 Mb-

(length) and 18.36 Mb (velocity) (1 Mb=10""'% cm?). Be-
tween 12 and 20 eV we agree with Cowan et al.,’® but
beyond 20 eV their 3d cross section decreases.

In Fig. 5 our total 3d length cross section is compared
with the 3d length cross section of Scott et al.!” contain-
ing resonance structure. Their 3d velocity curve is ap-
proximately 60% higher than length at threshold and
shows only weak resonance structure, unlike their length
curve.
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In Fig. 6 we present our 4pks cross section which starts
at 0.17 Mb at threshold and decreases slowly until the ef-
fects of the 3p—3d resonance begin to dominate. It is in-
teresting that the 3p—3d resonance is so strong since it is
caused indirectly by the 3p—3d resonance in the 4s—k'p
channel which is coupled in Fig. 1(a) to the 4pks channel.

'~ The 3p—3d resonance at 31.4 eV peaks at 13.1 Mb

(length) and 15.6 Mb (velocity). In these calculations
there is much cancellation among the various diagrams,
especially in the length case.
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FIG. 7. Partial photoionization with excitation cross section for 4s%('S)—4pkd('P). Solid line is length formalism. Dashed line is
velocity formalism. The 3p — 3d resonance at 31 eV peaks at 48.6 Mb (length) and 58.0 Mb (velocity).
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FIG. 8. Total 4p cross secﬁon. Solid line is length formalism. Dashed line is velocity formalism. The 3p —3d resonance at 31 eV

peaks at 61.7 Mb (length) and 73.6 Mb (velocity).

In Fig. 7, we present our 4pkd cross section which
again shows the large effect of the 3p—3d resonance in
the 4s—k'p channel. The 3p—3d resonance peak is 48.6
Mb (length) and 58.0 Mb (velocity). Again, there is much
cancellation between final-state correlation and ground-
state correlation. Figure 8 contains the total 4p cross sec-
tion.

We have recalculated our previous 4skp cross section

0.8 -
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o
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o ! 1 I L L L

10 15 20 25 30
PHOTON ENERGY (eV)

FIG. 9. Cross section for 4s2—4sep('P). Spin-orbit effects
are not included. Solid line is length formalism. Dashed line is
velocity formalism. Double-electron resonances are not includ-
ed in this cross section. '

and omitted spin-orbit effects for comparison with our 3d
and 4p cross section which were not calculated with spin-
orbit effects. Our 4skp cross section o4 is shown in
Fig. 9.

In Table I we present ratios for 034/04; and 04,/04
length calculations at selected energy values. The corre-
sponding velocity results are very close and are not
presented.

We have also included the result obtained by Cowan
et al.’? at 21.2 €V, as well as the experimental value mea-
sured by Suzer et al.” We note that the measurements of

TABLE I. Cross-section ratios at selected energies for dipole
length calculations.

Energy
(CV) 0'3,{/0'4; 0'41,/0'43
12.8 0.1997 0.523
13.6 0.1263 0.396
14.8 0.0798 0.293
16.0 0.0597 0.252
17.4 0.052 0.234
19.8 0.0538 0.255
21.2 0.056 0.255
0.04* 0.222
0.045° 0.103°
24.0 0.066 0.287
25.0 0.067 0.302
27.0 0.057 0.33
28.3 0.039989 0.31
29.03 0.0277 0.286
30.6 0.0408 0.253
31.12 0.077404 6 0.354

2Calculation by Cowan et al., Ref. 19.
"Experiment by Siizer et al., Ref. 7. Measurements taken at 90°
and not adjusted for angular distribution.



Suzer et al. were taken at 90°, and a determination of the
angular distributions for o4, and o3, are necessary for ac-
curate comparison with experiment.

IV. DISCUSSION AND CONCLUSIONS

We have used many-body perturbation theory to calcu-
late cross sections for photoionization for calcium leaving
Ca™ in the 3d and 4p levels. We have found that correla-
tions both in the initial state and in the final state are very
important and that there can be large cancellations be-
tween them. As a result, there is considerable uncertainty
in the cross sections in such calculations. In all cases we
have found good agreement between length and velocity
calculations, but we are hesitant to conclude that this in-
dicates the accuracy of the calculations. The calculations
predict that near the minimum in the 4sep cross section,
the ratios 034/04; and 04,/04; will exceed 1.00. This is
particularly true for 04,/04. The calculations also
predict very prominent resonance structure due to the
3p54s23d 1P resonance in 3del, 4pel, and 4sep cross sec-
tions. Although we are in reasonable agreement with
Cowan et al.’® for the 3d cross section and in agreement
at 21.2 eV for the ratios of cross sections, our 4pel and
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4sep cross sections differ considerably with those of
Cowan et al.'’® It would be very desirable to have experi-
mental partial cross sections or ratios of cross sections
from the 3d threshold at 7.9 eV beyond the 3p—3d reso-
nance at 31 eV.

It would also be very desirable to couple the different
channels over a wide energy range, and we plan to do this
with our coupled-equations method in the near future. It
will be interesting to compare with Scott et al.!” and we
also expect resonance structure in the 4p cross section.
Because of considerable cancellations among different dia-
grams and because there are many higher-order effects
not included in this calculation, we cannot claim high ac-
curacy for the calculation.
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