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Photoionization cross section with excitation of neutral argon
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Many-body perturbation theory has been used to calculate photoionization cross sections with
excitation of neutral argon leaving the ion in 3s'3p ('D)md(2S) levels. Correlations both in the
final state and ground state are included. Calculated cross sections for 3s 3p ~ 3s3p ep and
3s33p 3s23p4('D)md(2S)ep excitations were used to determine the satellite intensities, which
are compared with photoelectron measurements and other calculations.

There has been considerable interest among both theor-
ists and experimentalists in studying the satellite of argon
following ionization in the 3s shell. It is now many years
since Minnhagen' explained md( S) satellites due to the
strong interaction in the final ionic states between the
3s3p and 3s 3p md series.

This satellite spectrum has been observed by photoelec-
tron (y, e) and electron-momentum " (e, 2e) spectro-
scopic methods, and currently disagreement exists be-
tween them as to the relative intensities of satellite lines.
Attempts were made by both theorists' and experimen-
talists ' to resolve the disagreement.

Inconsistencies also exist between diff'erent theoretical
calculations. The predicted relative intensities of the
3d( S) line by Martin, Kowalczyk, and Shirley, '

McCarthy, Uylings, and Poppe, ' Williams, ' Dyall and
Larkins, ' and Smid and Hansen ' agree approximate-
ly with photoelectron experimental results, but there are
variations among different calculations. These studies are
basically configuration interaction calculations. In one of
the papers of Smid and Hansen the energy dependence
of relative intensities of satellites is included by calculat-
ing the 3s dipole matrix elements, and results are in good
agreement with photoelectron experiments. In a con-
figuration-interaction calculation performed by Mitroy,
Amos, and Morrison the basis set consists of 3d and 4d
orbitals and an additional d orbital taken to approximate
the high-d orbitals including continuum. Their calcula-
tions agree with (e, 2e) measurements but not with the
photoelectron experiments.

Amusia and Kheifets ' argued that influence of
ground-state correlations on photoionization is more im-
portant than on the (e, 2e) reaction, and they define a new

spectroscopic factor for photoionization which includes
some effects of ground-state correlations. The calculated
relative intensities agree fairly well with experimental
results in the high-energy limit. Recent calculations by
Hibbert and Hansen include extensive configuration in-
teraction eff'ects, and are in very good agreement with re-
cent experiments by Svensson, Helenelund, and Gelius at
1487 eV, but somewhat diff'er from earlier calcula-
tions.

In this work we calculate absolute cross sections for
photoionization with excitation, leaving the ion in the
3s 3p md( S) level. These calculations, carried out with
many-body perturbation theory (MBPT), 2 include

TABLE I. Threshold energies for the excitations considered.
The photoionization threshold energies were taken from experi-
ment.

Channel Threshold (eV) ASCF (eV)'

3s 3p ( P)Ed/Es
3s 3p'('S) ep
3s23p ('D)3d( S)ep
3s 3p ('D)4d( S)Ep
3s23p ('D)5d( S)Ep
3s~3p ( P)4p( P)ed/es
3s23p "('D)4p(2P) Ed/Es
3s23p (1S)4p( P)Aj/Es

15.76b

29.24b

38.60'
41.21'
42.67'
35.64'
37 15'
39.57'

14.80
33.20
38.96
40.59
41.45
38.31
39.14
41.54

'Difference between Hartree-Fock calculations of ionic core lev-

el and ground state 3s~3p6('S).
bMoore et al. (Ref. 26).
'Svensson et al. (Ref. 7).

both ground- and Anal-state correlations. The relative in-
tensities of satellites are obtained from ratios of the abso-
lute cross sections. The channels included are given in
Table I, along with photoionization threshold energies
taken from experiment. In Table I for comparison we
also give our calculated threshold energies obtained by
diff'erences between Hartree-Fock calculations for the
ground state and the ionic levels (d,SCF). Using experi-
mental energies corresponds to a summation of higher-
order terms in the perturbation expansion. The 3s3p
orbitals were obtained from a Hartree-Fock (HF) cal-
culation, and md orbitals of 3s 3p ('D)md were calculat-
ed from frozen-core HF calculations with the core taken
from a HF calculation for 3s 3p ('D). ' All md orbitals
are mutually orthogonal since they are calculated in the
same potential. The configuration interaction calculation
for 3s3p and 3s 3p ('D)md was performed by using ten
d orbitals (m =3 to 12). Overlap integrals were included
in calculating interaction between 3s3p and 3s 3p-
('D)md. The inhuence of the ed continuum was not ex-
plicitly included but is roughly represented in the high-
est-d orbital. The mixing coefficients were used to calcu-
late appropriate potentials for bound and continuum
states of 3s3p ( S)ep and 3s 3p ('D)md( S)ep. The
symbol e represents both bound and continuum states.
The excited ed and es states of 3s 3p ( P)ed and
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3s 3p ( P) es were calculated in the respective HF poten-
tials. The same ed and es states are used for the states of
3s 3p ( P, 'D 'S)4p( P)ed and 3s 3p ('P 'D 'S)4p-
('P) Es.

Our coupled equations method was used to couple the
interactions between single and double excitation channels
(given in Table I). The 2p 3s 3p ed/es channels are not
included since preliminary calculations showed that in-
teractions between them and other channels considered
are small. We corrected the ed (es) wave functions used
for 3s 3p ( P, 'D, 'S)4p( P)ed (es) by including the
difIerence between the potentials appropriate for
3s 3p ( P, 'D, 'S)4p( P)Ed (es) and 3s 3p ed (es) in
the coupled equations.

%'e present our results along with experimental values
for the 3s 3p ('D)md( S)ep (m =3,4, 5) cross sections
in Fig. 1. Experimental values were determined from our
calculated 3s cross section, which agrees with the experi-
mental results, and the experimental relative intensities.
For the 3s 3p ('D) 3d( S)ep channel length and velocity
cross sections are in close agreement. The resonances in
the range 35.0 to 40.6 eV are the higher members of the
Rydberg series of 3s 3p ('D)4d( S)np and 3s 3p-
('D)5d( S)np The cros. s section, which has a minimum
at 45.0 eV, gradually increases and then begins to de-
crease in agreement with experimental observations by
Adam, Morrin, and Wendin. Since length and velocity
results are very close for the 3s 3p ('D)4d( S)ep and
the 3s 3p ('D)5d( S)t.p cross sections, only length
forms are shown. In the 4d case, preliminary experimen-
tal results by Samson, Chung, and Lee ' are in closer
agreement with the calculations than previous experimen-
tal results. Our calculated cross sections do not include
eff'ects of relaxation and polarization, and are probably

less accurate within 5.0 eV of threshold than at higher en-
ergies.

The shape of the 31( S) cross section is very similar to
that of the 3s3p ( S) cross section, and we interpret this
as due to the fact that the coupling with the 3s3p |..p
channel is driving the 3d( S)ep channel. It is also in-
teresting to note the strong effects on the 3s 3p t..p channel
due to coupling with the 3p ed/es channels. We believe
that the 4d( S) and 5d( S) cross sections would also
show the characteristic shape of the 3s 3p ( S) cross sec-
tion if the oscillator strengths were plotted into the region
of bound Rydberg states. Very close to threshold in the
4d( S) cross section there are 3s 3p ('D)5d( S)np('P)
resonances due to high-lying np Rydberg states but these
are not shown. There should also be resonance structure
in the 5d( S) cross section but we did not obtain this
structure because we did not include the 6d( S) channel.

An approximation to the relative intensity for a given
satellite is the ratio of the squared coefticient of 3s3p in
the wave function of the configuration-mixed 3s 3p-
('D)md state to that for the configuration-mixed wave
function of 3s 3p . ' This result depends only on
configuration mixing in the ion and is independent of pho-
ton energy. Our values calculated this way for the satel-
lites 3d( S), 4d( S), and 5d( S) are 14.7, 7.7, and 4.4,
respectively. The calculated relative intensities, including
the effects of ground-state correlations and final-state
correlations, are given in Table II at photon energies for
which measured values exist. Since length and velocity
results are very close, only the length results are shown.
Our relative intensity for a given satellite is the ratio of
the cross section of the satellite to the cross section of the
3s main line in percent. Experimental values are taken
from Refs. 2-7. The calculated values of Smid and Han-
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FIG. 1. Photoionization cross sections of 3s23p ('D)md( S) satellites. Solid line (dashed-dotted line) is the cross section of
3d(2S) satellite in length (velocity) formalism. The dotted line and the dashed line are the cross sections of 4d( S) and 5d(2S) in
length formalism. &, 6, 0 give the "experimental" cross sections of 3d( S), 4d( S), and Sd(2S) satellites. The "experimental"
values were determined using the experimental relative intensities of Ref. 6 and our calculated 3s cross section.
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TABLE II. Satellite intensities relative to the 3s main line in percent. Footnotes a, e, f, and j refer to
experimental work; b, c, d, g, h, and i refer to theoretical work. Error bars on the last significant number
of each value are given in parentheses.

Energy (eV)
3p'('D)3d( S)

Expt. Calc.
3p ('D)4d( S)

Expt. Calc.
3p"('D)Sd( S)

Expt. Calc.

58.3

77.0

90.0

100.0

110.0

120.0

151.0

1254.0

1487.0

17(1)'

19 0'
17.2'

17.0(8) '

16.6(8) '

16.1 (8) '

is.4(6)'

is(2)"

1s(2)"

19(2)'
18.6 (S)"

17.1

17.6'
157
16.7
17 3'
16.1'
16.1b

16.8'
16.0b

16.6'
15.6b

16.5'
149
16.4'
14.6'
15 9'
15.0'
139
13.5 g

18 9h

18.1'

14.1

13.5 g

18.9h

18.1'

io(2)

8(2)'
11.9(6) '

11.4(8)'

11.3(8) '

11.7(8)'

11.2(6)'

8(3)'

7(3)'

6(3)'
9.4(4)i

10.2b

9.7'
83
94
95'
8.7

94
9.2'

94
90'
93
90'
9.2
9.0'
90
8.5'
8.0'
7.6
6.9g

8.9
9.2'

77'
6.9g

8 9h

9.2'

4(2)'

6.o(6)'

6.6(8)'

s.8(8)

6.4(8) '

s.4(6)'

4.1(3)'

53
5.5'
4.6'
5.1b

5.4'
49
5.1b

5.2'
5.2
5.1'
5.0b

5.1'
49
5.1'
47
4.8'
4.5'
44b
3.8g

2 5h

3.4'

4.5b

3.8g

2.5
3.4'

'Adam er al. (Refs. 3 and 4).
sThis work (since length and velocity results are very close, only the length results are given).
'Smid and Hansen (length results) (Ref. 20).
dSmid and Hansen (velocity results) (Ref. 20).
'Kossmann et al. (Ref. 6).
Spears er al. (Ref. 2).

sSmid and Hansen (Ref. 19).
"Amusia and Kheifets (Ref. 12).
'Hibbert and Hansen (Ref. 22).
'Svensson er al. (Ref. 7).

sen' are given in both length and velocity forms. We
have also included a comparison with very recent calcula-
tions by Hibbert and Hansen and by Amusia and
Kheifets. ' These results are expected to be accurate at
high energies, and we have listed them in Table II at the
two highest energies.

Our results show a slight decrease of relative intensities
with increasing photon energy except at 1487 eV. Such a
decrease was observed by Adam et al. and Kossmann,
Krassig, Schmidt, and Hansen.

When we calculate relative intensities of satellites by
only including final-state correlations, our results agree
with those of Smid and Hansen within a few percent but
not as well with the more extensive recent configuration-
interaction calculations of Hibbert and Hansen. In-
clusion of ground-state correlations reduced our dis-

crepancy between length and velocity results by moving
the velocity results closer to the length results. We notice
that our final results (given in Table II) calculated by in-
cluding the ground-state correlations and the final-state
correlations for both the 3s main line and the satellite
lines, do not diA'er considerably from those calculated,
which only include final-state correlations.

In conclusion, we have calculated absolute photoioniza-
tion with excitation cross sections for neutral argon, leav-
ing the ion in 3s 3p ('D)md( S) levels. The calcula-
tions include eAects of both ground-state and final-state
correlations. The cross sections were used to determine
relative intensities of the md( S) satellites relative to the
3s3p ( S) main line. We found only a slight influence of
ground-state correlations on the relative intensities, but a
significant eA'ect on the absolute cross sections.
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