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Many-body perturbation theory is used to calculate the total photodetachment cross section
of 0 from threshold to 1.1 keV. This nonrelativistic calculation uses the velocity form of
the dipole approximation. We include the effects of resonances owing to 2s 2p and 1s 2p

excitations. Comparison is made with experiment and other theoretical treatments.

I. INTRODUCTION II. THEORY

The photodetachment cross section of 0 has
been the subject of several theoretical and experi-
mental studies, primarily because of its astro-
physical applications . The first calculation was
performed by Bates and Massey. ' Since the ac-
curate deter mination of the electron affinity of
oxygen and the accurate measur ement of the ab-
solute cross section by Smith, good results in the
range from threshold to about 3. 2 eV were obtained
by improving the Hartree- Fock calculation through
the us e of polarization potentials ~ Utilizing
Temkin's method of polarized or bitals, ' the calcu-
lation of Henry showed good agr eement with ex-
periment up to about 3.6 eV.

In order to take into account the effect of electron
correlations on the photodetachment cross section
of 0, we present here a detailed calculation of
that cross section using the many-body perturbation
theory of Brueckner and Goldstone and our
techniques for the application of this theory to
atoms. ' ' Recently, the Brueckner- Goldstone
theory was used to calculate the photoionization
cross section of Fe, both initial- and final- state
correlations being included. "' 6

In Sec. II we discuss the theory. Section III
contains the details of the calculation and also the
numerical results. We present results for the
total photodetachment cross section, contributions
to the cross section from the individual subshells,
and also our lowest-order results, which are es-
sentially Hartree- Fock results. The discussion
and conclusions are presented in Sec. IV.

In applying many-body perturbation theory to the
photoionization problem, we use the perturbation
expansion for the frequency-dependent polariza-
bility'4 n(»d) together with the relation'

v((g) = (4»»»d/c)imn(&u).

Here &r(&o) is the photoionization cross section, a&

is the photon energy, ana t." is the speed of light
(137.037 in atomic units).

The lowest-order contribution to n(&u) due to the
electronic state lp) is given by'

—& I(k I I»I'(
(~p ~&+ QP &p ~k

where z represents g»"=, z». Since s~- z"™~
vanish, we add a small imaginary part ip. We

then obtain

llm(z», —z», +M+»7)) =P(z», —ty+(0)
'I-0

isa(z, s„+(o),—(3)

where I' represents principal- value integration.
Since our continuum states are normalized accord-
ing to

P»(r)-cos[kr+5»+(q/k)ln2kr- z(l+I)z], (4)

where V(r)- q/r as r- ~, we may replace the
summation over k in E»1. (2) by (2/v) fdk "'z.
Using E»I. (3) we obtain

Im n (co ) = (2/k ) I (k I
z

I p) I
~,
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(b) (c)

principal-value integration.
The diagrams which are first order in the cor-

relation perturbation H,' are shown in Figs. 1(b)
and 1(c), where

N

H,'= Z xgq
' —Z V(r))

f&j =1 5~1

(h)

FIG. 1. Diagrams which contribute to the photodetach-
ment cross section or to Im~ (~). The horizontal line
indicates the denominator contribution is -i7tg. The
heavy dot indicates the velocity form of the dipole matrix
element.

kp = 2(sp+ 2(d )

since for continuum states g~= 2k .
Substituting Eqs. (2) and (5) into Eq. (1), the

lowest-order contribution to o(~) is

o(~) = (8&~/ckp)
I &k, Iz IP& I'.

Further details are given in Refs. 14 and 16.
One may also use the relation"

&kI. IP&= (I/~)&kIv, IP&

to obtain

o(pp) = (8v/ckpar) I &k I &.Ip& I'

(8)

(7)

(8)

(9)

If states IP& and Ik) are exact eigenstates of the
total Hamiltonian, Eqs. (7) and (9) give o(&u)

exactly. The same diagrammatic expansion which

is used to obtain (k lz Ip&, where Ip& and Ik& are
again exact eigenstates, may also be used to obtain

(k I V, IP&. We may then write

o((u ) = (4m/c pp) 1mn'((o), (10)

where n'(~) is calculated like n(v) but with z re
placed by V, .

In calculating a(&o) for the ground state of an
atom using Eqs. (2) and (10), we note that only
denominators with + e contribute, since the de-
nominators with —u never vanish. The lowest-
order contribution to o(v) comes from Eq. (9) and
is given by the many-body diagram of Fig. 1(a).
The heavy dot represents a matrix element of V,
or z according to whether we calculate n(~) or
n'(&u), and the horizontal line indicates the —i,z5
contribution of Eq. (3). This notation has been
used previously. "' ' We note that every diagram
contributing to o(&o) has an odd number of horizontal
lines. In the parts of the diagrams which contain
no horizontal lines, denominators are treated by

D= gc —fy+ (12)

which vanishes at (d = q~- &,. To incorporate the
effects of the lifetime of the excited states, we
note that the diagrams of Fig. 2(c), Fig. 2(d), and
higher iterations form a geometric series with the
1 atlo

Z~ I(ak Iv Ifp&I'
&~ —&y+ Qp

(13)

where we recognize the factor (2/k) l(ak Iv Ibp& Iz ss
the half-width of the resonance, —,'1". This geo-

and the single-particle potential V(x, ) is chosen to
account for the average interaction of the ith elec-
tron with the N- 1 other electrons. ' These dia-
grams also occur inverted and with exchange in-
teractions. We also have diagrams like Fig. 1(a),
but with insertions on either the hole line or the
particle line. '4 Some diagrams which are second
order in the H,' perturbation are like those of
Figs. 1(d)-1(h). We note that only Figs. 1(d)
and 1(g) occur inverted; however, all may occur
with exchange interactions. The effects of dia-
grams like Fig. 1(h) in which there are n interac-
tions with H', and n+ 1 contributions from —i@5 (n
even) may be summed exactly via a geometric
series provided that the single-particle energy is
the same for all hole lines.

When an electron is removed from the outer
shell of a negative ion, the effect of the relaxation
of the remaining outer-shell electrons may be
significant. Diagrams like those of Figs. 2(a)
and 2(b) may account for this relaxation. Consider
Fig. 2(a) where state Ip& is the electron which is
photoejected. If we let iq& be one of the remaining
outer-shell electrons, then this diagram represents
the effect on the wave function I q& owing to the re-
moval of electron IP& and the presence of the con-
tinuum electron. Figures 2(a) and 2(b) may also
contribute resonance effects. .

'6

When the ground state of an atom (or ion) con-
tains a partially filled subshell, resonances in the
photoionization cross section occur owing to excita-
tion of inner-shell electrons into vacancies in the
partially filled shell. Resonances may also occur
when ground-state electrons are excited into bound
excited single-particle states.

The lowest-order diagram which gives a reso-
nance contribution is that of Fig. 2(c) when state
Ia& is an inner-shell electron and state Ib& is a
vacant bound state. The bottom denominator is
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metric series then gives back Fig. 2(c) with the
denominator of Eq. (i2) shifted to give

(ej
FIG. 2. (a) and (b) are two of the diagrams which alter

the single-particle wave function l q) to account for the

ejection of an electron in state l p); (c) is the lowest—
order disgram which exhibits resonance behavior. The
next iteration of diagram (c) is that shown in (d). This series
maybe summed geometrically to giveback diagram (c) with
a shifted denominator. Diagram (e) yields the largest
contribution to the resonances. This diagram is also
part of a series which may be summed to yield denomina-
tor shifts.

lated using the Hartree-Fock (HF) equation for the
2s state. The result is the usual V" ' potential'

which gives a 1s single-particle energy lower than

the true HF 1s energy, but a 1s wave function
which differs only slightly from the HF wave func-
tion. " This difference in energy is easily under-
stood, and corrections to this single-particle ener-
gy are made by including insertions on 1s hole
lines. " We then obtain &„=—20. 1975 a. u. as
compared with Clementi's value of q„=—20. 1978
a. u. ' For q~, we obtain —0. 8132 a.u. and e»
= —0. 1288 a. u.

The excited l =1 and 2 states were calculated by
assuming the excitation of one of the ground-state
2P electrons and taking an average exchange inter-
action with the remaining 2P electrons. The V" '
potential yielded no bound excited states. How-

ever, this does not imply that no bound excited
states of 0 exist since in our calculation the po-
tential is fixed and includes no rearrangement ef-
fects.

There are three well-defined thresholds in the
photodetachment cross section of 0, corr espond-
ing to the (2p) P, 'D, and 'S multiplets of 0, and
we have used the experimental data for these ion-
ization energies. We expect that these experimen-
tal thresholds may be determined theoretically by
inclusion of higher-order diagrams. We have taken
the HF single-particle energies as the ionization
energies for the 1s and 2s states.

B. Photodetachment Cross Section

The lowest-order contribution to o(~) is given

by calculating the diagram shown in Fig. i(a).
The results, for both the length and velocity forms

D = 6'q —6'y+ &+ 2zI ~ (i4)

ii. l(f lzla)l'
2 ((d —(do) + 4 F (i5a)

where ~0 is the position of the resonance.

Similarly, such shifts occur in higher-order dia-
grams. The contribution to o, (e) from Fig. 2(e) is

2i l (b i z l a) I l (ak I v l bp) l
'

(sg —sy+ (0 )

which when combined with higher-order diagrams
of the same type gives

l2—

CVEs-
I

O

3 4—

b

p' I ) I

4 6 8
PHOTON ENERGY (eV)

l2

III. CALCULATIONS AND RESULTS

A. Single-Particle States and Ionization Energies

The single-particle states of 0 were calculated
in the 0 ground-state configuration of (is) (2s)
x (2p)' P, where the vacancy in the 2p subshell has

m, =-1 and m, =- —,'. All 3=0 states were calcu-

FIG. 3. Lowest-order cross sections which leave the

oxygen atom in the 3P state. Curves labeled (V) are cal-
culated using the velocity form of the dipole matrix ele-
ment. The curve labeled o~~(L) is the cross section us-
ing the length form. o~ is the cross section for excitation
into a continuum /=0 states, oz represents excitations in-
to continuum /=2 states, and o.„& is the sum of both. Al-
so given are the experimental results. The crosses are
from Ref. 3 and the dots from Bef. 22.
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of the dipole matrix element, for the residual 'P
multiplet of O from threshold to 12. 5 eV, are
shown in Fig. 3. These cross sections were ob-
tained using Eqs. (1) and (10) and averaging over
M~. These results, when compared to the experi-
mental cross section, " also shown in Fig. 3,
indicate that the velocity form of the cross section
may provide a better starting point, and thus place
a smaller burden on the perturbation expansion.
Therefore, we chose to complete the calculation
using the velocity matrix element. In Fig. 3 we
also present the separate contributions from exci-
tations into l =0 and 2 states. In all other figures
in this paper, a dashed line indicates the lowest-
order o(v) using the velocity form.

In order to represent the three separate thresh-
olds of the photodetachment cross section of 0

FIG. 4. Individual contributions to the photodetachment
cross section from the (ls), (2g), and (2p) subshells.
The three 2p curves, designated by the multiplets of the
residual oxygen atom, include all the diagrams of Fig. 1
except those effects which give rise to resonances.

owing to the ejection of a 2P electron, we calculate
the diagrams of Fig. 1 and project our results onto
the three residual multiplets of O. We also include
the normalization correction diagrams of Ref. 12,
which are second order in the correlation pertur-
bation H,'. These normalization corrections were
typically 8% reductions, and approached 10% for
Figs. 1(b)-1(h) for the cases where all hole lines
were 2P states. Figure 1(h) was calculated only
for the case where the three bole lines were 2p
states. Exchange diagrams and inverses were in-
cluded where appropriate.

We have estimated the effects of the relaxation
of the four remaining 2P orbitals following the
ejection of a 2P electron by a consideration of the
overlap integrals of the 2P orbitals before and after
the interaction with the photon. For a single
passive electron, (2P(O)i2P(O )) =0.9874, which
when squared and then raised to the fourth power
gave an over-all factor of 0. 9038 for all diagrams
in which a 2P electron was photoejected. In this
manner we have approximated the effects of dia-
grams like those of Figs. 2(a) and 2(b) and other
higher-order diagrams which alter the wave func-
tions of the passive 2P electrons. No attempts
were made to account for relaxation when either a
1s or 2s electron was photoejected.

The final cross sections for each of the subshells
of O are given in Fig. 4, where no resonance ef-
fects have been included. Resonance effects are
contributed by diagrams like Figs. 2(c)-2(e) when
state )a) is an inner-shell electron, and state (b)
is a bound state vacant in the ground state of O .
The three 2P cross sections include all the corre-
lation effects of Figs. 1(b)-1(h), while the 1s and
2s cross sections include only Fig. 1(a), since it
was expected that correlations of the inner-shell
electrons would not affect these particular cross
sections to a great extent. The 2s cross section
has two maxima with a zero in between, since the
(kP (V, (2s) matrix element changes sign at k =0.5ao'

TABLE I. Effects of correlations on the photodetachment cross section 0 +(d- O(3P) +e. Resonance effects of Figs.
2(c)—2(e) not included in this table.

Photon energy
(e~)

1.498
1.770
2.008
3.641

10.171
21.055
36.293
55.884

123.909
341.589

0 [Fig. 1{a)]
{10-«cm2)

4.319
9.188
9.644
9.079

10.667
8.131
4.508
2.172
0.346
0.018

0 [Figs. 1(a)—1(c)]
(10-" cm')

3.291
6.933
7.122
4.464
2.764
3.412
3.319
2.008
0.382
0.020

0 [Figs. 1(a)-1'(g)]
(10 cm )

3.405
7.251
7.545
6.325
5.991
3.425
2. 207
1.443
0.321
0.017

~ [Figs. 1(a)-10)]
(10 cm')

3.405
7.251
7.545
6.354
5.605
3.037
2.020
1.366
0.314
0.017

Normalization effects of Ref. 12 and relaxation effects of Figs. 2(a) and 2(b) also included.
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FIG. 5. Final cross section in the region of the 2g 2p
resonance.

(~~26 eV).
The diagrams of Figs. 1(b) and 1(c), which are

first order in the correlation perturbation H„have
the largest effect on the lowest-order cross sec-
tion. In general, these diagrams subtract from
our lowest-order cross section out to about 67 eV,
after which they become additive. The effects of

.correlations on the 'P cross section are shown in
Table I. Similar effects were found for the 'D
and S cross sections.

The resonance contributions of Figs. 2(c) and
2(e) with shifted denominators as in Eqs. (14) and
(15a) were also included in this calculation. The
position and width of a given resonance may be
determined from the techniques leading to Eqs.
(12)-(15). The position and width may also be
determined by considering the energy differences
before and after the resonance transition. After
either a 1s 2P or 2s-2P transition, the negative
ion is in a S atomic state. The correlation energy
of the S state has both a real and an imaginary
part, where the real part contributes to the reso-
nance position ~0 and the imaginary part is pro-
portional to the linewidth I'(~0). o In lowest order,

greater than e~+ e, —s, . Equation (16) is the lowest-
order result; higher-order terms should also be
included. This approach is identical to our pre-
vious development in terms of the polarizability
diagrams of Figs. 2(c)-2(e).

For the 2s- 2P resonance, we have calculated
~0=0. 5178 a. u. , or 14.089 eV. For the linewidth
at wo, the lowest-order term calculated using Eq.
(13) gave 0. 1330 a. u. , and for our final result
r, =0.0899 a. u. , or 2. 45 eV. The total cross
section o(&o) in the neighborhood of the 2s- 2p
resonance is shown in Fig. 5 and includes the con-
tributions of Figs. 2(c)-2(e). Near &uo, Fig. 2(c)
was on the order of 0. 1 x10 ' cma, compared to an
over-all magnitude of 33. 7x10 cm, which j.s
primarily due to the contribution from the diagram
of Fig. 2(e). The peak of the 2s-2P resonance
occurs at 13.932 eV, which is slightly lower than
the ~0 of 14.089 eV. This is caused by the very
rapid falloff of terms already included which have
no resonance contributions. This also explains
the lower magnitude on the high-energy side of the
resonance.

The position and width of the resonance caused
by the degeneracy of the 1s- 2P and 2P -ks or kd
transitions were also calculated and gave ~0
=546. 105 eV, and F0=0.037 eV.

Our final cross section, including the normaliza-
tion corrections, ' from threshold to 1.1 keV is
shown as the solid curve in Fig. 6. Also presented
is our lowest-order result [the diagram of Fig.
1(a) only]. At approximately 200 eV, the total
cross section becomes virtually indistinguishable
from the lowest-order result, except in the region
of the 1s -2p resonance. A comparison of our
lowest-order and total cross sections is presented
in Table G.

60.0—

10.0

CU

E
O

o

where

(16)
0.1 =

&o = [2(sp+ eq ea)]

(a) is the now vacant inner-shell state, Ip) is the
electron which is ejected, and ] q) is any other
occupied state. We note that for Eqs. (16) and
(17) to have meaning, the photon energy v must be

Q Q2 I I I I IIIII I l I I lllll a s I I IIIII I I I I illll
100 101 102 103 104

PHOTON E NERGY {eV)

FIG. 6. Cross sections from threshold to 1.1 keV.
The solid curve represents our final result, and the
dashed curve is our lowest-order result.
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TABLE II. Comparison of lowest-order and final results
for the photodetachment cross section of 0 .

Photon energy
(eV)

1.465
1.498
1.600
1.676
2.008
2. 688
3.431"
3.465
3.S48
4.655
5 660c
5.796
6. 204
9.061

12.326
13.605
13.932
14.089
15.782
17.958
20.081
22. 312'
23.945
32.326
60.080

128.105
293.541
541.479
545. 561
546. 105f
546. 241
546. 649
549.642~

552. 363
571.410
876.380

1107.665

Lowes t-order cr(~)
(10 cm )

0.000
4.319
7.520
8.538
9.644
9.200
9.064

10.309
12.239
12.966
13.752
14.096
14.548
16.357
16.760
16.571
16.501
16.465
15.979
15.174
14.278
13.304
12.606
9.371
3.922
0.872
0.127
0.027
0.026
0.026
0.026
0.026
0.031
0.347
0.489
0.177
0.096

Final 0-(~)
(10 cm )

0.000
3.405
5. 940
6.745
7.546
6.876
6.453
7.606
9.283
9.471
9.439
9.678
9.813

10.065
16.213
31.600
33.720
33.401
15.386
8.606
6.618
5.598
5.150
4.142
2. 809
0.821
0.124
0.036
0.773

161.020
11.378
0.779
0.048
0.351
0.489
0.177
0.096

~ 3P threshold.
"~D threshold.
~ ~S threshold.
~Location of 2s 2p

resonance.

'Location of 2s edge.
Location of lg 2p

resonance.
~Location of 1g edge.

In Fig. 7 we present the photodetachment cross
section of 0 from threshold to 12. 5 eV in order
to provide detailed results in the region of the
three 2P excitation thresholds. Also presented
are the experimental results, '3' 3 and the calcula-
tion of Henry. We find very good agreement in
the reproduction of the 'D threshold; however,
our results are some 25% too large at the peak of
the 3P threshold. One possibility for this result
is our approximation of diagrams of the type shown
in Figs. 2(a) and 2(b), and our omission of other
diagrams. ' It should also be noted that the ex-
perimental results may contain normalization er-
rors of up to 10%.

16—

12—
Al
E
CJ

CO

I

8—

A

I
I

I

3
b

I i I

6 8
PHOTON ENERGY (eV)

I

10
l

12

FIG. 7. Detailed presentation of cross sections from
threshold to 12.5 eV. The dashed curve A is our lowest-
order result, the solid curve B is our final cross sec-
tion, and C is the result of Ref. 8 for comparison.
The crosses and dots are the experimental results of
Refs. 3 and 22, respectively.

IV. DISCUSSION

This paper represents the first calculation of the
photodetachment cross section of 0 which includes
a many-body treatment of correlation effects.
This treatment of correlation effects introduces
resonances in a natural manner. As in the calcu-
lation of Henry, we found that in lowest order the
length form of the dipole matrix element yielded
results which were significantly lower than experi-
ment. We therefore chose the velocity form of the
dipole matrix element as a better starting point for
the calculation.

Henry's calculation, which used the polarized
orbital method of Temkin, ' gave good results in the
'P threshold region for the velocity form, but not
for the length form. Garrett and Jackson used
first-order perturbation theory to obtain a polariza-
tion potential from the perturbation of the bound-
state system by the detached electron. They then
adjusted the coefficients of the exchange terms in
the HF equation to obtain a 2P single-particle wave
function which had an energy equal to the ionization
energy of 0 (l. 465 eV). This calculation, using
the length form of the dipole matrix element, also
gave good results in the region near the 'P thresh-
old.

The calculations discussed above, however, did
not predict the resonances which arise from the
excitation of inner-shell electrons to the 2P state
vacant in the ground state of 0 . Although our po-
tential yields no bound excited single-particle
states, this does not preclude the existence of
other resonances in the photodetachment cross
section of 0 . Our method yields only two reso-
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nances, one caused by the degeneracy of the 1s
—2p and 2p —ks or kd transitions, and the other
caused by the degeneracy of the 2s-2p and 2P-ks
or kd transitions. Although we predict the 2s-2P
resonance to lie at 14.089 eV, and the 1s - 2P
resonance to lie at 546. 105 eV, there may be er-
rors owing to the lack of higher-order terms which
shift the positions of these resonances. ' This
lack of higher-order terms mey also introduce
errors in our values of I"0= 2. 45 and 0. 03'7 eV for
the 2s-2P and 1s -2P resonances, respectively.
We expect, however, that these two resonances do
exist, and it is hoped that experimental work on

the photodetachment of 0 will eventually give an
accurate determination of the positions and widths
of these and any other resonances.
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