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for oscillations might give an indication of the me-
chanism involved.
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Calculations are presented for the photoionization cross section of the neutral iron atom for
photon energies from threshold to 10 keV. Our results are based upon the use of nonrelativistic
wave functions and the dipole approximation. Correlations are included to low orders by the use
of many-body perturbation theory; and the cross section including correlations is found to differ
greatly from thatobtained from the Hartree-Fock approximation. Hartree-Fock results are also
presented for comparison. We roughly estimate our cross section, including correlations near
threshold, to be accurate to within a factor of 2 when integrated over a few eV.

I. INTRODUCTION

Photoionization cross sections are of considerable

interest in atomic physics and in astrophysics, and
it is desirable to have reliable cross sections over
a wide range of energy for many elements. Excel-
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lent reviews of the photoionization problem have
been given recently by Fano and Cooper' and by
Marr. For the neutral iron atom, there does not
seem to be either a measurement or a reasonably
accurate calculation of the photoionization cross
section. However, this cross section for Fe is of
interest at present in astrophysics.

In this paper we present a rather detailed calcu-
lation for the photoioniztion cross section for the
neutral iron atom in the (Sd)6 (4s)' 'D ground state
for photon energies ranging from threshold at 7. 90
eV to 10 keV. Our calculation is based upon use of
the many-body perturbation theory of Brueckner
and Goldstone' (BG) and use of our techniques~ 8

for applying BG theory to atoms. We have used
the dipole approximation and neglected relativistic
eff ects. Our lowest- order result is essentially the
Hartree-Fock cross section and our higher-order
terms include correlation effects by means of per-
turbation theory. We have previously calculated
the photoionization cross section for Be by BG
theory but including only correlations in the ground
state. Our methods for applying BG theory to
atoms were also used to calculate the photoioniza-
tion cross section for Li. The present paper is
a good illustration of the use of many-body pertur-
bation theory in photoionization calculation.

In obtaining a prescription for applying many-
body perturbation theory to the photoionization prob-
lem, we use the relation'

o(~) = (4m/c)(u Imo, (~),
where &x(v) is the photoionization cross section,
o.'(&) is the frequency-dependent polarizability, '0'"
& is the photon energy in atomic units, and c is the
speed of light (137.036 in a. u. ). Atomic units are
used throughout this paper unless specified other-
wise. Diagrams for n (~~ ) have been discussed
previously. '" A discussion of many-body methods
for the atomic photoeffect has been given by Amusia
who with co-workers' has carried out successful
calculation on the inert gases by means of the ran-
dom phase approximation. Wendin' has discussed
the connection between atomic resonances and many-

body diagrams.
Section II contains the theory. Section III con-

tains numerical results including the total photoioni-
zation cross section and also cross sections for
the individual subshells. Hartree-Fock results are
given in addition to results containing effects of
electron correlations. Correlations are found to
affect the calculated cross section very strongly.
Section IV contains the discussion and conclusions.

II. THEORY

We consider a perturbing electric field Fz cos(dt
so that me have a time-dependent perturbation

V,„(r, t)=F

cosset

Q z;

H=HO+H, '+ V,„(r, t)

where

(4)

(6)

The single-particle potential V (x;) is chosen to ac-
count for the average interaction of the ith electron
with the other N- 1 electrons. ' The solution of

the time-dependent Schrodinger equation with H

given by Eq. (4) is'

where 4 o is the unperturbed state given by

Ho@a = ED+0 (8)

and U (t) is the time-evolution operator. '
In calculating n( &&), we use the fact that —o.'(»)

F2 is equal to the sum of all (time-independent)
energy diagrams, with appropriate denominators
shifted by +&, in which there are only two interac-
tions with Fg,z, and any number of interactions
with H, '. " Energy denominators between the two

interactions with Fg,z; are shifted by + & or by —+,
and both types of diagrams contribute to a (&u). In

using perturbation theory we require a complete
set of single-particle states which satisfy

[ —z '7 —Z/r+ V(t')] Q„= e„&t&„

Our unperturbed state 4b is a determinant (or linear
combination of determinants) containing N different
single-particle states Q„.

The lowest-order contribution to o.'(&u) from the

state &t~ occupied in 4o is given by

Ep —Ep —(d Cp —E p+ +

(10)

where the sum over k includes all excited states,
i. e. , those not occupied in +0.

In order to derive Eq. (1), we consider Eq. (10).
If we let I P) and I k) now represent exact eigen-
states of Ho+H,' and z represent g,z;, then Eq. (10)
gives o ( ~) exactly. Since e~ —e~ + &u may vanish,

where N is the total number of electrons. The in-
duced dipole moment P is given by

P= o ( ~ ) Fz cosset

where n(u. ') is the frequency-dependent polarizabili-
ty. The Hamiltonian is now
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FIG. 1. Diagrams contributing to the photoionization
cross section or Imn (cu). The horizontal line indicates
that the denominator should be treated according to -i7rg.
The solid dot indicates a matrix element of g.

we add a small imaginary part ig. We note that

where

k = (2c,+ 2')"' (14)

Substituting Eq. (13) into Eq. (1), we obtain

where P represents a principal value integration.
We then replace g„by (2m) fo" dk for continuum
states. ' This assumes our continuum states are
normalized according to

R,(r)- cos[kr+ 5, + (q/k) ln2kr ——,
' (l+ 1)m j/r

(12)

as r-~, where V(r)-q/r Insertin. g Eq. (11) into
Eq. (10) and replacing g, by (2w) f dk, we find

we have diagrams with two interactions with s and
with one interaction with H,' as shown in Figs. 1(b)
and 1(c). Diagrams 1(b) and 1(c) also occur inver-
ted and with exchange. We also have diagrams
like Fig. 1(a) but with an insertion on either the
particle or hole line. In the next order in H,', we
have diagrams with two interactions with z and with
one interaction with H,' as shown in Figs. 1(b) and

1(c). Diagrams 1(b) and 1(c) also occur inverted
and with exchange. In the next order in 0,', there
are diagrams in which the interactions of Fig. 1(b)
or 1(c) is repeated as in Fig. 1(d). There are also
many new types of diagrams including that of Fig.
1(e) in which three denominators contribute —i'd.
Interactions of the types shown are also repeated
in still higher orders. There are also many addi-
tional new types of diagrams.

In calculating diagrams such as 1(a)-l(d), it is
often convenient to consider only that part on either
the top or bottom of the horizontal line. We then
consider diagrams of the types shown in Fig. 2.
For a given P and k', we include many diagrams
contributing to Imo (+) by adding the diagrams of
Fig. 2 and squaring the sum. We repeat this pro-
cedure for different unexcited states P. We may
add the effects of diagrams like Fig. 1(e) separate-
ly.

When we calculate diagrams such as Fig. 1(b) or
Figs. 2(b) and 2(c), there is the possibility of res-
onances occuring when 0' is a bound excited state
and c~- c„equals e, —E&.. Higher-order diagrams
may be included" to shift the position of the reso-
nance from —e, + e,' and to give it an imaginary
part or equivalent width. ' Shifts in positions of
the resonance are contributed by geometrical sums
of diagrams like Figs. 1(b) and 1(d). Resonances
in diagrams like Figs. 2(b) and 2(c) involve exci-

&((u)= (8m&/ck)
I

&k
I
z

I p& I
(15)

which agrees with o.(&u) as given, for example, by
Bethe and Salpeter" when we use atomic units and
note that their continuum states are normalized so
that asymptotically they are (2/mk)'~~ times Eq.
(12). From now on, states I P) and I k) will again
refer to unperturbed solutions of Eq. (9).

In calculating Im n (~) we note that only denomi-
nators with+ & contribute. The lowest-order con-
tribution to v(w) comes from Eq. (10) and is shown
in Fig. 1(a). The heavy dot represents a matrix
element of z and the horizontal line indicates the
—im5 contribution from Eq. (11). This notation has
been used by Wendin. Every diagram contributing
to o(&u) must have an odd number of horizontal lines.
When there is no horizontal line, the denominator
is to be treated by a principal value integration.

In the next order of perturbation theory in H,',

(a)

qI
k'

----~
(b) (c)

k ~
k' q

I

(e)

----~

q k'

pll

~----~
(g)

FIG. 2. Open diagrams contributing to the photoioniza-
tion cross section 0(co). These represent the bottom parts
of diagrams like Fig. 1 after separation by the horizontal
line. Diagrams (b)—(e) are first order in the Coulomb
interaction H' .
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(b) (c)

---4

(e)

FIG. 3. (a)—(e) Some additional open diagrams second
order in H~. Diagrams (a), (b), (d), (e), and (f) contribute
to resonances in a.(f '). (f) Contribution to the width of
resonance in Fig. 2(b).

tations from state q to a bound excited state k',
where c, is more negative than c~. In this paper
we have resonances in &x(&) due to Sd-nP excita-
tions degenerate in energy with 4s -kP excitations,
where kP is a continuum state and nP is bound.

Many open diagrams which are second order in
H,' are shown in Figs. 3(a)-3(e). Diagrams 3(a),
3(b), 3(d), and 3(e) also contribute to resonances.
For example, in Fig. 3(a), the denominator be-
tween the two Coulomb interactions is c~+ e, —e,"'
—e„"'+&, which may vanish for certain bound
states e," and e,'" provided ~ is sufficiently large.
Inclusion of higher-order diagrams will shift the
denominator to a more accurate resonance posi-
tion. 7"'4 The diagram of Fig. 3(f) contributes
to the width of resonances of Fig. 2(b) by giving
an imaginary part to the denominator of Fig. 2(b)
after a geometric sum of diagrams like Fig. 3(f)
is carried out. Diagrams such as Fig. 3(a) have
contributions in Fe, for example, from (3d)6 (mp)
(ns) 'F, 'D, 'I' states where m ~ 4 and n ~ 5. In
this case, Pq=4s' and k", k'"=mP, ns. There are
also resonance contributions with mP, ns replaced
by md, nP with m, n ~ 4.

III. CALCULATIONS

A. Ionization Energies

In this section we report results for v(&) for
the ground state of Fe with a configuration (Is)2
(2s)~(2P)6(Ss)2(SP)6(3d)8(4s)25D Our sin.gle-par-
ticle states are those used in a previous calculation'
of the hyperfine contact term in Fe. All l = 0 states
were calculated with the Hartree-Fock (HF) 4s
equation for Fe. The 1s, 2s, and Ss states are
not exactly HF solutions, although the maximum
deviation from HF solutions is 0. 001 in the radial
part of the wave function. Our resulting 2P and 3P
states are close to HF states. ' The L= 2 states
were all calculated with the HF 3d equation. The
l = 3 states were calculated in the field of all Fe
electrons with one Sd electron removed.

In order to have the thresholds for ionization of

a
k

-----~

-----~
a

a -----~
(b) (c)

--—~

W & Wl

P y&' ~j k
w wl

(e)

FIG. 4. Diagrams which contribute to shifts in single-
particle energies. These should be considered in order
to obtain accurate ionization potentials.

+ Z E„,„(4s, a) + n'(4s '), (16)
Ot44s"

where E„„(4s,o. ) is the pair correlation energy
of 4s with o, and 6'(4s ) is the remaining shift
due to diagrams like Fig. 4(e). In our calculations
e4, is —0. 25834 a. u. , 2 (4sSd I v I Sd4s) is 0. 01343
a. u. , and g E„„(4s,n) is —0. 07538 a. u. A

rough estimate of 6'(4s ) gives + 0. 0377 au. , and
then e'(4s ) is —0. 2826 a. u. , as compared with
the value —0. 2903 a. u. for the ionization potential
of Fe from Ref. 17. In calculating o(~), we have
used c'(4s )= —0. 2903 a. u. We have calculated
e'(4s') —~'(4s ) as —0. 0200 a. u. , and so e'(4s')
= —0. 3103 a. u. From Ref. 17, we find e'(Sd )
= —0. 39648 a. u. %e then calculated an average
value for e'(Sd')= —0. 5811 a. u. This value is con-
sistent with the experimental result from Ref. 17
that the (3d) (4s)2 4D state lies 0. 5657 a. u. above
the (3d) (4s)~ D ground state. Our remaining
single-particle energies were obtained from Ref.
18 and are listed in Table I. %e used average val-
ues for 3P and 2P rather than distinguish between

the various subshells agree as closely with experi-
ment as possible, we made use of experimental
ionization potentials from Moore and from Sieg-
bahn et a/. ' If we consider the M~=+ 2 states of
Fe (3d)6 (4s) 'D, there is a filled half-shell of 3d
electrons with m, , m, values+2', +1', 0', —1', —2';
and there is a single Sd electron with m, =M~ and

m, = —~. The energies of the 4s and 4s' states
differ since the 4s' state has exchange interactions
with five 3d electrons, whereas 4s has a single Sd
exchange interaction. Similarly, we expect the Sd

energy to be different from Sd'.
The most important diagrams which shift the ioni-

zation potential from the value of the HF single-
particle energy are shown in Fig. 4. As discussed
previously, '"' these diagrams may be summed
geometrically to shift the HF orbital energy c(o )
to a new value e'(a)= e(n)+ h(o ). For 4s, we
find

e'(4s )= c(4s)+2(4sSdi v
i
Sd4s)
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TABLE I. Sin le-gle-particle energies us d 1e xn ca culating
0'((d) .

10 I I I
I

I III
I

I I I
I

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

State~

4s
4s'
3d
36
3p
3S
2P
2S
1S

Energy" (eV)

7.9004
8.446

10.789
15.813
56.003
95.006

716.543
846. 051

7114.43

0.10—

0.01—

t(l
I) I

ii
I
1
I
I
I

I

I

I
I

~These represent single- artieg e-partj. cle states occupied in the
4s) D (M~=+ 2) ground state of Fe.

calc
" xperimental data from Refs. 17 de s. an 18 and also

ca culations were used to obt '
thann ese values.

0.001—

/=2 and

B. Photoionization Cross Section
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Our lowest-order calculation for 0 is
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element (4P1z 14s) is very large, resulting in the
large effect from diagram 2(b). The diagrams of
Figs. 2(a), 2(b), and 2(d), for P = 4s, q= 4s', and
k = 0. 125 (&u = 8. 113 eV) have the respective values
—0. 1680, —0. 4208, and + 0. 1215, with most of the
contribution coming from k'= 4p. At higher values
of k(k & 1.00), diagram 2(a) becomes the largest.
We also included diagrams shown in Figs. 2(f) and

2(g) with P=r=4s', q=4s', k'=4P'. Figure 2(g)
and higher iterations may be summed geometrically
when the hole lines are 4s' and 4s and particle
lines are 4p'. For k=0. 125, the effect is to mul-
tiply diagram 2(b) by 1.330. The effect decreases
with increasing k so that at k = 1.00 the factor is
1.070. We also included some of the contributions
from Figs. 3 by including the diagrams of Figs.
3(a)-3(d) when one of the excited states is Sd . The
contribution from these terms is approximately
5% of the diagrams of Fig. 2. However, a complete
calculation of all excited states for these diagrams
could yield a significant contribution, particularly
from resonances. We also included diagrams like
Fig. 1(e) and higher iterations. The maximum
contribution came near threshold and reduced o(ru)
by approximately 8/z. In calculating diagrams 2(b)
-2(g), we did not include all combinations of P and

q since there is little correlation between subshells
which are far apart. ' For p = 4s', we included q
= 4s' and q= 3d'. For p= 3d', we included q=4s',
3d', and 3p'. Contributions with q= 3p were small.
Except for resonances, we estimate that contribu-
tions for o'((u) from the 3p, 3s, 2p, 2s, and ls sub-
shells are given reasonably accurately by the low-
est-order (Hartree-Fock) result, and we did not
include correlation corrections for them. In these
calculation we included all diagrams with one Cou-
lomb interaction as shown in Figs. 1 and 2.
Many diagrams with two or more Coulomb interac-
tions were not included so as to make the calcula-
tion tractable in a first treatment. However, in
future work we plan to include all these diagrams.
Since we sum over a complete set of excited single-
particle states, we effectively include all configu-
rations in which there is a single excitation but no
rearrangement of the angular momentum of the re-
maining electrons. We only included excitations of
the 4s, 3d, and 3p electrons for the configuration
mixing. Since diagrams like Fig. 1(c) and Figs.
2(d), 2(e), and 2(f) were included, we have doubly
excited configurations which mix with the ground
state. For example, all configurations of the types
(kPk'P) 'S which mix with (4s) 'S are included.
There are, however, many other configurations
which may be quite important but were not considered
since we did not calculate many of the diagrams
with two or more Coulomb interactions. We omit-
ted the doubly excited configurations which mix with
our final state and are present between the two

Coulomb interactions shown in Figs. 3(a), 3(b),
3(d), and 3(e). These contributions may be impor-
tant and contribute to resonances. We did include
such configurations for the case where one of the
excited states is 3d .

Our results for the (4s)2 subshell are shown in
Figs. 5 and 6. The dashed line is the HF result
and includes only diagrams 1(a) or 2(a); and the
solid line includes the higher-order effects as de-
scribed. The large difference near threshold be-
tween the two curves is almost entirely due to the
large contribution from q=4s and k'= 4p in Fig.
2(b). Since diagrams of Fig. 2 are squared in cal-
culating o(&u), the effect of 2(b) is even further in-
creased. In the range 7. 900-8. 446 eV there are
excitations 4s'- nP' (for large n) which are de-
generate with 4s -kp and give rise to resonances.
However, the over-all effect from these is weak
and is not shown. In the range 9. 24 eV to the 3d
ionization threshold at 10. 79 eV we find resonances
due to 3d -nP (n & 5) and 3d -nf excitations which
are degenerate in energy with 4s -kp excitations.
These resonances do not have a strong effect on ".he
over-all shape of the spectrum and have not been
shown in the figures. We calculated a strong reso-
nance due to the 3d'-4p' excitation which is degen-
erate with 4s' kp excitations at &= 12. 132 eV.
Weaker resonances due to 3d'-nP' excitations (for
n & 5) are also indicated in Fig. 5. The height and

shape of these resonances have not been carefully
determined, and we have only indicated the approxi-
mate position of the resonances in Figs. 5 and 6.
In Fig. 6 we do not show the resonances 3d'-np'
for n & 5. There are also resonances for Sd'-nf'
excitations but these have little effect on the over-
all shape of o(~). The 3d' nP' res-onances are
associated with autoionizing states (3d)' (4s) np
'I' 'D, and 'F in which the (Sd)' core couples to I',

I", or G. The experimental results are not
expected to show single strong lines as indicated in
Fig. 5 and subsequent figures but should show much
structure due to all the (3d) (4s) np autoionizing
lines which will be split. It is to be noted that our
results in the vicinity of the resonances are very
crude since they only include the lowest-order con-
tributions. We have only shown resonances to n = 8,
but the series continued to n = ~ at 15. 81 eV.

In Figs. 7 and 8 we show o((u) for the (Sd) sub-
shell. Transitions 3d'-kp, kf' are included, and
we have averaged over Ml. . There are resonances
due to Fig. 2(b) with p = Sd, q= 3d', and k'=np',
nf ' (n & 4). The Sd'-4p' excitation has a strong
effect on o~, (u&) but the other resonances are of less
importance. They have been indicated in Fig. 7
but not in Fig. 8. In Fig. 9 we have plotted cross
sections for the 3p, 3s, 2p, and 2s subshells.
Correlations were not included, and so these re-
sults include only the diagrams of Fig. 1(a) [or
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FIG. 7. Contribution to the photoionization cross
section from the (3d) subshell of Fe: Dashed line:
Hartree-Fock or lowest-order result; solid line: includes
correlations. Resonances shown are due to (3d) (4s)2 gp
5P, D, and I' autoionizing states. Our results near
resonances are very approximate and also do not distin-
guish between different states for a given gp. The height
and shape of resonances have not been carefully calculatef, "

since we only included the lowest-order contribution to
the resonances.

Fig. 2(a)j.
The first threshold due to 4s -kP excitations

may be associated with the (Sd)6 4s 8D state of the
ion. The next edge due to 4s'-kP' excitations is
associated with the (3d)6 4s D level of the ion. We
note, however, that this association is not com-
pletely rigorous in this order of perturbation theory
since the (Sd) D core with Mz =+ 2 and the remain-
ing 4s electron give a mixture of D and D with
relative probabilities 5 and 5.

The threshold due to ionization of the 3d electron
is associated with the (3d)' (4s) S level of the ion.
The second 3d threshold due to ionization of a 3d'
electron is associated with the (Sd)' (4s)24P, 4D,

I'", and G levels of the ion. As a result, in an
experiment we expect to see more structure at this
threshold than we have shown in our figures. We
expect from spectroscopic data' and rough calcula-
tions that the splitting among these levels is approx-
imately 1 eV. Again, there is also a small admix-
ture of S due to ionization of a 3d' electron.

Our total Fe cross section is shown in Figs. 10
and 11. In addition to the resonance lines indicated,
there are many additional resonances when we go
to higher orders and include diagrams such as Figs.
3(a), 3(b), 3(d), and 3(e). The lowest-energy reso-
nances involving these diagrams come from (Sd)
(4s)2 D- (Sd) (mpns) F, D, 'P excitations with
m ~ 4 and n ~ 5, and from (3d)6 (4s)2'D- (3d)
(mdn p)'F, 'D, ~P excitations with m, n -4. We
have calculated positions and widths for some of
these levels, and results are listed in Table II.

This paper illustrates the use of many-body per-
turbation theory in calculating photoionization cross
sections for complex atoms. The greatest surprise
in the calculations is the large difference at thresh-
old between the HF result for o(~) and the result
including correlations. This is due to the relative-
ly very large (4P I z 14s) matrix element which
occurs in Fig. 2(b) with p =4s', @=4s', and k'=4p'.
The oscillator strength for the 4s -4P excitation
is so much larger than for 4s - kP that the diagram
of Fig. 2(b) contributes more to &((u) than the dia-
gram of Fig. 2(a) near threshold. ln terms of
(4» I gz; I

0', ), where 4; is the exact initial state
and 4& is the exact final state, the diagram of Fig.
2 (b) with P = 4s', q = 4s', and k ' = 4P corresponds to
correlations in the state 4'~ which mix configura-

10—
I I I

I
I I Ill I I I I I I I III I I I [ I I III

0.10 =

0.01—

b

0.001—

0.0001—

pppppl I I ~ I ~~~~I

1 10 100 1000
PHOTON ENERGY (eV)

10,000

FIG. 8. Contribution to the photoionization cross sec-
tion from the (3d) 6 subshell of Fe. Dashed line: Hartree-
Fock or lowest-order result; solid line: includes correla-
tions. More detail near threshold is given in Fig. 7.

However, we have not included these resonances in
our calculated v(&u); they may modify our o (~)when
all diagrams of types shown in Fig. 3 are included
as we plan to do in a future calculation. We note
that our calculated excitations of Table II begin at
& = 9. 424 e V as compared with the 3d'-4P' excita-
tions at 12. 132 eV. We expect that experiments
on Fe will show many of these resonances.

IV. DISCUSSION AND CONCLUSIONS
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FIG. 9. Contributions to the photoionization cross
section of Fe from the (3p), (3g), (2p), and (2g) sub-
shells. These are our lowest-order results and do not
include correlations. As described in the text, these
results should be close to Hartree-Fock calculations.
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with one interaction with H', and the (4s)~- (mpns)
resonances occur in open diagrams with two or
more interactions with FI,'. We plan to extend our
calculations in a future paper and to include these
contributions to o'( tu).

In calculating contributions to o (&u) from the 3p,
3s, 2P, 2s, and 1s subshells, we have not included
the effects of correlations, however, it would still
be desirable to make a detailed calculation of corre-
lation effects on o'(&u) from these subshells. Our
contribution to o'(u&) from the (3P) subshell near
threshold is lower than that measured by Sonntag
et al. for Fe metal. ' The lack of agreement near
threshold may be due to the metal environment and/
or to electron correlations. In our curves for o(e)
we give results from 0 eV to 10 keV, but the range
of validity may be much less than 10 keV since we
have omitted relativistic effects and have used the
dipole approximation. However, our results are
jn good agreement with those of Rakavy and Ron
who calculated o(~) for Fe and other elements for
~= 1-2000 keV using the Dirac equation with a modi-
fied Fermi-Amaldi potential. We plan in a future
paper to investigate the combined effects of rela-
tivistic and many-body corrections.

Although it is very difficult to assess the accura-
cy of our results, we estimate our absorption co-
efficient near threshold, when integrated over a
few eV, to be accurate to within approximately a

tions 4P4s and 4skP. The diagram of Fig. 2(d)
with P=4s', q=4s', and k'=4P' corresponds to
correlations in +; which mix (4s) with (kp4p).
We expect that such correlations in +~ and +;
play a very important role in photoionization cross
sections for all atoms with an outer (ns) subshell
fornax 2

In these calculations we included some effects of
resonances and found a significant contribution
from M'-nP' excitations. We associate these reso-
nances with autoionizing states (3d)' (4s) np &,
SD, and F, with a core (3d) P, D, F, or G.
Our determinations of the detailed structure of the
resonances is very inexact; and we plan in a future
paper to calculate the resonance structure more
accurately by going to higher orders in the pertur-
bation expansion. We note that there are many
resonances which we have not included in our final
results and which may affect o(&), expecially near
threshold. The most important of these are probab-
ly the (4s) - (mpns) excitations with m ~ 4 andn - 5,
and (4s)~- (md nP) with m, n ~ 4. In this paper we
have only fully included open diagrams of Fig. 2

p 10—
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1 i i i J i i i I » i I i i i I i i i I

16 20 24 28 32 36
PHOTON ENERGY (eV)

FIG. 10. Total photoionization cross section of Fe.
Dashed line: lowest-order result (this is close to HF as
described in text); solid line: includes correlations for
contributions from {4g) and (3d) subshells. Resonances
shown are due to autoionizing states (3d) (4s) np P, D,
and + with a {3d) P, D, E, or G core. Contributions
from all states with given gp are shown as a single line.
However, experiments should show splitting of these lines.
Results in the vicinity of resonances have not been accur-
ately determined and the shape of the resonances is very
approximate. Also, as explained in the text, many reso-
nances are not shown. Although we have only shov n
resonances to g =8, the series continues to ~= at
15.8 eV.
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& ~ I TABLE II. Some autoionizing levels contributing to dia-

grams of Fig. 3.

QO

I
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10—

0.10—

0.01—

State

(3d)' 'D(4p5s) 'P 'F
5D

5P

(3d) D(4P6s) P F
5D

5P

(3d) 'D(5p5s) 'P 'F
5D

5P

(3d)' 'D(4d4P) ~P 'F
5D

5P

~Calculated values.

Energy above (3d) (4s) D
(a.u. )~

0.3568
0.3463
0.3646
0.3967
0.3861
0.4045
0.5270
0.5248
0.5286
0.4000
0.3991
0.4008

I'
(a.u. )

0.0207
0.0223
0.0200
0.0059
0.0062
0.0057
0.0015
0.0016
0.0015
0.00038
0.00039
0.00038

0.001 I «t&l I I I I I III I ri&il I I I I I I I II
I 10 100 1000 10,000
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FIG. 11. Total photoionization cross section of Fe.
Dashed line: lowest-order result (this result should be
close to HF as described in text); solid line: includes
correlations from (4s) and (3d) subshells. More detail
near threshold is given in Fig. 10.

ionization. Another contribution which may also
be important is the cross section for simultaneous
photoionization and excitation of the resulting ion.
We are presently calculating these cross sections.

Although the present calculations involved much
effort, our final results may still be rather inaccu-
rate; and there appears to be a need for continued
experimental and calculational effort.
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