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and (A23) depend uponwhich fine structure component
isbeing considered because the g factor is given by

F(E+ 1)+J(J+ 1) —I(( + 1)
)gz =g'z

2Z(Z+ I) (A24)
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The author has calculated contributions to the total photoionization cross section of Fe x in
which the remaining Fe rz ion is left in a low-lying excited state. The excited states can-
sidered are (3d)' P, I' and (3d)6'D4peD, 6E, P, E, D, and P. We used the velocity form
for the dipole-matrix elements and calculated the cross sections by means of many-body per-
turbation theory. Our results are compared with the cross section for photoionization of Fex
without excitation which we calculated recently. Near threshold the contributions to the total
photoionization cross section involving excited (3d)~ and (3d) 5D4p excited states of Fe)( are
approximately 20% of the cross section without excitation.

I. INTRODUCTION

Atomic photoionization cross sections are very
useful in probing the details of atomic structure
and they are also of importance in other areas of
physics, particularly astrophysics. It is important
for the atomic theorist to be able to make accurate
a priori calculations of atomic photo-cross-sec-
tions. When accurate experimental cross sections

exist, the calculations serve as a test of atomic
theories and methods of calculation. Once an ac-
curate method of calculation has been established,
it can be used to predict cross sections for those
cases where experimental results do not yet exist. '

Recently we have calculated the photoionization
cross section of the neutral iron atom from thresh-
old to 10 keg. The calculation was motivated both
by its usefulness for astrophysics and also as an
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example of the use of many-body perturbation the-
ory ' in atomic physics. Although correlation ef-
fects in the initial and final states were included
to lowest order in perturbation theory, there re-
main new physical effects which are described by
higher-order terms in the perturbation expansion
and may contribute significantly to the cross sec-
tion. Among the most interesting are those in
which the incident photon causes the ejection of an
electron with the simultaneous excitation of the re-
maining ion. As yet, we do not have information
about such processes for many atoms. However,
there have been experimental studies~' for He in
which there is excitation to the n=2 level of He'.
There have also been calculations of the cross
section with excitation to the n= 2 level of He'. It
is found '8 that near threshoM for photoionization
along with n = 2 excitation of He' there is a con-
tribution from this process of approximately 9%%uc

to the total cross section. Photoionization ac-
companied by excitation has also been studied re-
cently for Ne by Wuilleumier and Krause' who
find that multiple processes (including double
photoionization) constitute approximately 20% of the
total cross section over a wide range of energies.

For more complicated ions such as Feu which
have many relatively low-lying excited states, one
might expect a larger contribution to the total
cross section from excitation processes. We note
that the total of all such contributions involves a
sum over the infinite number of bound excited
states and also includes the contribution from
double (and higher) photoionization.

II. THEORY AND METHODS

In using many-body perturbation theory to cal-
culate the photoionization cross section o(~), it is
convenient to use the relation

a (ar) = (4s(u/c) Imn(tc),

where n(&) is the frequency-dependent polarizabil-
ity, ~ is the photon energy in atomic units, and e
is the speed of light (137.036 in a. u. ). Atomic
units are used throughout this paper unless speci-
fied otherwise. The frequency-dependent polariza-
bility n(&c) and its perturbation expansion in
terms of diagrams have been discussed previous-
ly. s't4'ts The exact expression for n(&c) is given
by"

n(a)=-z'i(aizip&i'( + ),
(2)

where the initial state I p) and intermediate states
Ik) represent exact eigenstates of the Hamiltonian

with HIP) =gslp) and Hlk) = &sl k). The prime on
the summation indicates a sum over all intermedi-
ate states different from Ip). The operator s rep-
resents P t s~. Since s~ —e~+ & may vanish, we
add a small imaginary part ig and note that

lim (&~ —&, + (o+ iq) = tp(e~ —e, + (c) '
0

—iw5(eq —as+ (c), (4)

where g represents a principal value integration.
We replace Z s by (2/s) fs" dk for continuum states
assuming continuum states are normalized ac-
cording to

cos[kr+ 6, + (q/k) ln2kr —s(I + 1)s]

(5)
where V(r)-q/r. Using Eqs. (2), (4), and (5), one
finds

Imn(co) = (2/k)
I & k

I
s

I p) I

'
where k = (2@~+2~)

We note that the matrix elements (k lz Ip) may
also be written in the velocity form according to

(6)

d i

&kIsIP) =(-~a.) ' k —„

k k'

P
k"

k k'

7

(a)
k'„

(b)

tk tl

(c)
7

(d)

FIG. 1. Lowest-order diagrams contributing to photo-
ionization with excitation. The final many-particle state
contains two excited single-particle Ik) and Ik'), at least
one of which is a continuum state,

where ~»= (e„—e~).
In atomic problems we do not in general know

the matrix elements for exact states Ik) and Ip)
of the Hamiltonian of Eq. (3), but we may resort to
perturbation theory to obtain approximately exact
states and matrix elements. For example, we
may use many-body perturbation theory to obtain
Imn(+) in a diagrammatic expansion. The dia-
grams for Imn(~) may also be decomposed into
"open diagrams" contributing to the exact matrix
elements (k Is Ip). Examples are given in Fig. 2
of Ref. 2 in which there are only single-electron
excitations in the final state. In drawing such di-
agrams, one is also led to consider those diagrams
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in which the final state contains two single-particle
excitations relative to the initial state. The low-
est order diagrams contributing to such double ex-
citations are shown in Fig. 1. In the final many-
particle state there are electrons in excited single-
particle states lk) and Ik ) due to excitations from
unexcited states I n) and I P) in diagrams (a) and
(c) and from unexcited states I n) and I y) in dia-
grams (b) and (d). In Fig. 1, the heavy dot repre-
sents the dipole interaction with either z or d/dz
which are related through Eq. (7). The order of
interactions is from bottom to top in the diagrams.
In diagrams (a) and (b) there is a correlation inter-
action following the dipole interaction and this rep-
resents correlations in the final state. In dia-
grams (c) and (d) the correlation interaction oc-
curs first and this represents correlation in the
initial state. The diagrams in Fig. 1 have been
considered previously 7' in connection with the
double photoeffect, i. e., where two electrons are
ejected into the continuum. In this paper we cal-
culate the diagrams of Fig. 1 for the neutral iron
atom when one of the states Ik) and Ik') is a con-
tinuum state and the other is a low-lying bound ex-
cited state. The diagrams are evaluated by the
methods of Ref. 6.

III. RESULTS AND CONCLUSIONS

The low-lying states of Fez& which are obtained
by the diagrams of Fig. 1 with a 4s - 3d excitation
witha(Sd) 'Dcoreare(Sd) Fand P. The4s
-4p excitations couple with the (Sd) D core to give
excited Feirstates(Sd) 'D(4p) D, F, P, F, D,
and 'P. The energies of these levels are given by
Moore. " For the 4s -3d excitations, the ejected
continuum electron may have either l= 1 or l= 3.
For the 4s-4p excitations, continuum states with
l=0 and l= 2 are allowed. In order to obtain the
contributions of the diagrams of Fig. 1 to these
multiplets of Feei, we project the determinants

Oe60 i i i i
I

s s t s
I

& i & s

0.50—
E
C3

0.40—

0.30—
CI

0.20—
Y)

b 0.10—

4O~
4F

6O-

0.00
10.0

I I I I I I I I I I I I I I I I I

15.0 20.0 25.0
PHOTON ENERGY (eV)

30.0

FIG. 3. Cross section for photoionization with excita-
tion for photons incident on Fe r in the ground state with
resulting Fe xz ion in excited states (3d) D(4p) D, F,
6P, 4F, 4D, or 4P

given by the diagrams onto the various multiplet
states. We also average over values of Ml. for
our initial state of Fe X. In the calculations we
have used the dipole velocity form for the inter-
action. We note that the dipole length or velocity
matrix elements between excited states which oc-
cur in the diagrams of Fig. 1(c) can become very
large, and especially so if the dipole length formu-
la is used. However, we expect that the results
should be insensitive to the use of a cutoff in radial
distance in calculating the dipole-matrix elements.
We have discussed the use and justification for
such cutoffs previously+' ~ in connection with cor-
relation-energy calculations, and the results in
those cases were insensitive to the cutoff. We
have found close agreement in this calculation (to
within 4%) for cutoffs of 25~ and 10~ where ~ is
the Bohr radius. We have used the results for the
25~ cutoff. In evaluating the diagrams of Fig. 1,
we have used our methods for applying many-body
perturbation theory to atoms. The single-particle
states have been discussed previously. 3~ They are
essentially Hartree-Fock states for Fe with ex-
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FIG. 2. Cross section for photoionization with excita-
tion for photons incident on the Fe z ground state (3d)6
D(4s) 5D. The resulting Ferr ion is in the excitedstates

(3d) F or (3d) P.

FIG. 4. Sum of photoionization with excitation cross
sections of Figs. 2 and 3. The resulting Fe xx ion may
be in excited states (3d)' F or P, or in states (3d)
D(4p) 6D, 6F, 6P, F, D, or P.
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TpgLE I. Cross section for photoionization with excitation for photons incident on Fe r (3d) (4g) 5D.

Photon energy
(eV)

8.1975
8.500
9.00
9.50
9.586
9.800

10.00
10.50
11.00
12.00
12.666~
12.800
13.000
13.1O13"
13.1868
13.300
13.3821j
13.400
13.4087"
13.500
13.700
13.7211'
13.800
14.00
15.00
17.00
20. 00
30.00
40.00

(0.199)~

o (4F) +0-('P)
(1O-" cm') '
0.366
0.328
0.267
0.208
0.329
O. 290
0.255
0.206
0.171
0.123
0.100
0.0960
0.0912
0.0885
0.0863
0.0840
0.0815
0.0812
0.0810
0.0790
0.0750
0.0745
0.0730
0.0693
0.0538
0.0336
0.0206
0.0100
0.0096

(o.os1s)'
(0.2194)

(o. 25o)'

{o.3013)~

(0.2982)'

0(3d 4p)
(1O-" cm'}"

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.1094
0.0980
0.0864
0.2318
0.2809
0.2618
0.3047
0.3023
0.3397
0.3254
0.2995
0.3212
0.3118
0.2920
0.2172
0.1492
0.0808
0.0307
0.0121

(O. 199)'

(o.1oo)'

(o.17o)'
(0.3O57)'

(O. 3314)'

(o.3823)'

(O. 3727)'

0 excit.
(10 '8 cm2)o

0.366
0.328
0.267
0.208
0.329
0.290
0.255
0.206
0.171
0.123
0.2094
0.194
0.178
0.320
0.3672
0.3458
0.3862
0.3835
0.4207
0.4044
0.3745
0.3957
0.3848
0.3613
0.2710
0.1828
0.1014
0.0407
0.0217

~Cross section for Fe u to be left in either of the excited sites 3d F or 3d' P.
"Cross section for Ferr to be left in any one of the excited states (3d) 5D 4p D, 6F, P, 4F, D, or P.
'Sum of cross sections in two columns to left.
Threshold for (3d)'4F.

~Threshold for (3d)'4P.
~Figure in parentheses should be associated with number to its right. It is the value for the cross section without the

threshold contribution which occurs at that photon energy. %hen higher-order terms are considered, there will be a
series of resonances preceding each threshold in curves of the total cross section.

Threshold for (3d) D 4p D.
"Threshold for (3d) D 4p 6F.
Threshold for (3d) D 4p P.
Threshold for (3d) D 4P F.

"Threshold for (3d) ~D 4p D.
Threshold for (3d) D 4p P.

cited states corresponding to physical single-par-
ticle excitations.

In Fig. 2 the cross section for excitation of the
(Sd) F and (Sd) P states of Fen is plotted with
simultaneous ejection of a 4s electron into the con-
tinuum. From angular momentum considerations,
the continuum electron can have /=1 or /= 3. Near
threshold, o(~) is dominated by the f = l continuum
contributions. The continuum E= 3 contributions
are negligible near threshold, are approximately
equal to the /= 1 contributions at 25 eV, and then
dominate the cross section for higher photon en-
ergies.

Also are listed the dominant spectral character-

istics in Tables I and II. In Table I, are given the
cross sections for photoionization with excitation.
In Table II, the total cross section for photoioniza-
tion with excitation is listed along with the total
cross section for one-electron transitions taken
from Ref. 2.

In Fig. 3, we have plotted our results for the
cross section 4s'-4p, 4s' ks or kd, where ks
and kd refer to continuum states with / = 0 and l = 2,
respectively. This leaves Feei in the configuration
(Sd) 'D 4p, and the resulting multiplets are 6D,

F, P, F, D, and P. Contributions from the
kd states are larger (by approximately 50% on the
average) than the ks contributions. Figure 4 shows
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TABLE II. Total cross section for photoionization of
Fer (3d)6(4s) 'D.

1.0 I I I I I 1I1 I I 1 / I / I I,

Photon energy
(eV)

7 9004
8.000
8.1975'
8.446'
9.00
9.50
9.5856~

10.00
10.50
10.789"
11.00
11.50
12.00
12.132'
12.40
12.6662"
13.00
13.1013'
13.1868m

13.382
13.4087O

13.50
13.7211~
14.00
15.00
15.8jL3~

17.00
20.00
30.00
40.00

cit
(10 cm )a

0.000
0.000
0.366
0.335
0.267
0.208
O. 329
O. 255
0.206
0.183
0.171
0.144
0.124
O. 118
0.109
0.209
0.178
0.320
0.367
0.386
0.421
0.404
0.396
0.361
0.271
0.230
0.183
0.101
0.0407
0.0217

(10-|8 cm2)b

2.210
2.110
1.830
3.055
2.140
l.300
l.150
0.515
0.055
0.535
0.440
0.469
3.55

20.0j
2.775
1.400
0.758
0.635
0.570
0.450
0.438
0.400
0.310
0.250
0.391
3.942
4.411
5.499
7.742
8.164

+tot
(1O-" cm') c

2.210
2.110
2.196
3.390
2.407
l.508
l.479
O. 770
O. 261
O. 718
0.611
0.613
3.67

20. 12~

2. 884
l.609
0.936
0.955
O. 937
0.836
O. 859
0.804
0.706
O. 611
0.662
4.172
4.594
5.600
7.783
8.186

Cross section for photoionization which leaves Fe rr
in one of the excited states (3d)74E, P, or (3d) 'D (4p) 6D,
6E, 6P, E, 4D, or 4P taken from Table I.

"Cross section for one-electron transitions; taken from
Ref. 2

So.m of o ~att and cr.
~Threshold for (3d)6'"D 4s SD of Fe rr.
'Threshold for (3d)'4E.
Threshold for (3d)6 D 4s D.
Threshold for (3d)' P.
Threshold for (3d) 6S (4s) 6S.

~Resonance due to degeneracy of 3d-4p and 4s kp ex-
citation energies. See Ref. 2. Actually, several peaks
are expected near this position as discussed in Ref. 2.

~Resonance height not carefully determined. See Ref. 2.
"Threshold for (3d)65D (4p) 6D.
'Threshold for (3d) 5D (4p) 'E.
IThreshold for (3d) 'D (4p) 'P.
IThreshold for (3d) D (4p) E.
'Threshold for (3d) 'D (4p) D.
~Threshold for (3d) D (4p) P.
~Threshold for 3d' ionization as discussed in Ref. 2.

Experimentally, one expects to observe separate edges in
this vicinity due to (3d) (4s) P, D, E, and G.

E

co
I

C)

0.01—

0.00
1.0

I I I I I I I

10.0 100.0
PHOTON ENERGY (eV)

I 1 I I I I

1000.0

FIG. 5. Sam of photoionization cross sections with
excitation in which remaining Fe rr ion may be in excited
states (3d)' P or E or in excited states (3d) 'D(4p) D,
6E, P, E, D, or P. The resonances at approximately
49 eV are due to 3p 3d excitation which is degenerate in
energy with (4s) 3d kp.

14.0 I I I
/

I I I
/

I I I

12.0

10.0

8.0

6.0—.3

l-
~ 4.0—

b

2.0 —$

0.0
7.0 10.0 14.0 18.0 22.0

PHOTON ENERGY (eV)
26.0

I

at approximately 49 eV. This comes from the di-
agram of Fig. l(b) with p= 3p and k= 3d. That is,
we have a resonance due to the degeneracy of the
Sp-Sd excitation with(4s)'-3dkp. The resonance
is split according to whether the (Sd)' configura-
tion resulting from Sp -Sd couples to give the P or
I' multiplet. There should be splitting due to

Sp3&z and Sp» z splitting, but we have not taken this
into account.

In Fig. 6, the single-electron photoionization
cross section taken from our previous Fe calcula-
tion is plotted in a solid line. The dashed line is
our new value for the total cross section. It con-

the combined sum of our contributions to o(~) from
the low-lying (Sd)7 and (Sd)8'D 4p excitations of
Ferx. Figure 5 gives these results over a larger
energy range. %e note that there is a resonance

FIG. 6. Total photoionization cross section for Fe r.
The solid curve is the cross section without excitation and
is taken from Ref. 2. The dashed curve includes excita-
tion to the (3d)7 and (3d)6 5D(4p) configurations of Fe rr as
given in Figs. 4 or 5.
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sists of the results of Fig. 4 plus the solid curve.
At threshold for the (3d)' E excitation, the ratio of
the results of Fig. 4 to the photoionization without
excitation (given by the solid curve of Fig. 6) is
approximately 0. 20. The ratio varies greatly with
variations in c(~) given by the solid curve of Fig.
6. On the average, however, the dashed cross
section of Fig. 6 is at least 20% greater than the
cross section given by the solid curve in the range
8. 2-16.0 eV. Since we have not yet calculated the
higher-order diagrams contributing to the (3d) and
(3d)"D(4p) excitations of Fere our calculated re-
sults are probably uncertain to at least 25%.

There may al.so be significant contributions to
the total cross section from excitations to other
states of Fe xr which we have not yet considered,
such as the (3d) 'D (ns) states with n ~ 5. There
are also contributions to the total cross section
in which two or more electrons are ejected into
continuum states (double or higher photoionization).
For neon, Wuilleumier and Krause ' found that

multiple processes (excitation and double photo-
ionization) are approximately 20% of the totalphoto-
cross-section at all energies except near ioniza-
tion thresholds. They attribute approximately 3 of
the multiple processes to excitation of bound states
and the remaining —, to double photoionization.
They also found that for neon the most important
processes of photoionization with excitation are
those in which the ejected electron goes to a con-
tinuum state with / = l +1 while the excited electron
goes to a state with l = l. This would suggest that
for Fe there may be appreciable contributions from
excitations into (3d)6 D(ns) states. It is clear that
accurate calculations of photoionization cross sec-
tions must include effects from multiple processes.
We intend to continue these investigations for other
excited states of Fear and also for other atoms.
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