
PHYSICAL REVIEW A VOLUME 39, NUMBER 2 JANUARY 15, 1989

Correlation satellites in the photoelectron spectrum of argon
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Many-body perturbation theory has been used to calculate photoionization cross sections with ex-
citation of neutral argon from the single-ionization threshold at 15.76 to 100.00 eV. Resonance
structure due to both single-electron excitations (3s~np) and double-electron excitations
(3s 3p ~3$'3p rnn) has been included. Calculated cross sections leaving the ion in 3s'3p', 3s3p",
3s'3p ('D)md('S), and 3s 3p 4p('P) levels are compared with experiment and previous calcula-
tions. Calculated cross sections for 3s 3p ~3s3p ep and 3s'3p~3$ 3p 4ped/es excitations were
used to determine the satellite intensities, which are compared with photoelectron measurements
and other calculations. Results are also presented for the total cross section and the angular-
asymmetry parameter for 3p electrons.

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. These cross sections are of great interest since they
depend critically upon effects of electron correlations.

An extensive satellite spectrum has been observed
in argon following ionization in the 3s shell. The strong
satellite lines which belong to the 3s 3p md( S) series
are of particular interest. It is now many years since
Minnhagen' explained 3s 3p md( S) satellites due to
the strong interactions in the final ionic core states be-
tween the 3s3p ( S) level and the 3s 3p md( S) series.
This satellite spectrum has been observed by using photo-
electron " (y, e) and electron momentum' " (e, 2e)
spectroscopic methods, and some disagreement exists be-
tween them as to the relative intensities of satellite lines.
Inconsistencies also exist between different theoretical
calculations' and were discussed in our recent
work.

Among other satellite lines, three "shakeup" satellite
lines, 3s 3p ( P)4p( P), 3s 3p ('D)4p( P), and
3s 3p ('S )4p( P), have been observed by Adam et al. ,

'

Schmidt, Kossmann et al. , Svensson et al. ,
' and

Silfvast et al. The final ionic states corresponding to
these three lines and the final ionic state 3s 3p'( P) have
the same angular momentum. Dyall and Larkins ' calcu-
lated the relative intensities of the 3s 3p ( P)4p( P),
3s 3p ('D)4p( P), and 3s 3p ('S)4p( P) satellites using
configuration interaction among the final ionic states
mentioned above.

In this paper we present a detailed calculation of the
photoionization cross section with excitation of the neu-
tral argon atom in the 3s 3p ground state for photon en-
ergies ranging from the single ionization threshold at
15.76—100.00 eV. The calculated partial cross sections
include excitations leaving the ion in the levels 3s 3p,
3s3p, 3s 3p md, and 3s 3p~4p as listed in Table I. The
relative intensities of satellites are obtained from ratios of
the absolute cross sections. In a recent paper, we

presented the cross sections and the relative intensities
for 3s 3p ~3s 3p md excitations. In this paper the
effects of resonances due to both 3s ~np excitations and
3s 3p ~3s 3p mn excitations are included. The calcu-
lations were carried out in LS coupling. We used many-
body perturbation theory (MBPT) ' and our coupled
equations method to account for interactions between
different channels in the final state. Since our final-state
channels included those with single and double excita-
tions, our calculations show both single-electron and
double-electron resonance structure.

Section II includes the theoretical details of our
method. We present results of calculations in Sec. III,
and conclusions are contained in Sec. IV.

II. THEORY AND iVEETHODS

In this work we use the dipole approximation for ab-
sorption of electromagnetic radiation and neglect spin-
orbit splitting and relativistic effects. Atomic units are
used throughout the paper.

The photoionization cross section in the dipole approx-

TABLE I. Threshold energies for excitations.

Channel

3s '3p '('P) ed /es
3s3p (2S)Ep
3s'3p ('D)3d ('S)ep
3$ 3p ('D)4d( S)ep
3s '3p 4( 'D) 5d (-"S)ep
3s 3p ( P)4p( P)ed/es
3s 3p ('D)4p( P)&d/6$
3s 3p ('S)4p( P)ed/es

Experiment
(eV)

15.76
29.24
38.60'
41.21'
42.67'
35.64'
37.15'
39.57'

ASCF
(eV)

14.80
33.20
38.96
40.59
41.45
38.31
39.14
41.54

' Threshold energies calculated by the difference between
Hartree-Fock calculations of the ionic-core level and the
ground state 3$3p ('S).

Experimental values, Ref. 40.
' Experimental value, Ref. 10.
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imation is given by

4a
o(co) = co Ima(~),

C

where Ima(co) is the imaginary part of the frequency-
dependent dipole polarizability.

The many-body perturbation theory (MBPT) expan-
sion for a(co) can be derived" ' for an atom of charge
Z described by the Hamiltonian

N XH=gT+ g v,, (2)

where T,- represents the kinetic energy operator for the
ith electron and all one-body potentials acting on the ith
electron. The term Ui represents the Coulomb interac-
tion between electrons i and j.

The Hamiltonian may be simplified by approximating
the electron pair-interaction term g, v, by a sum of in-
teractions with a single-particle potential V; chosen to ac-
count for the average interaction of the ith electron with
the remaining N —1 electrons. The Hamiltonian then be-
comes

(3)

where
N

Ho= g (T, + V;), (4)

and

X Ã

H, = g V;,
—g V;.

When the atom is exposed to an external electromagnetic
radiation field Fe,cosset, the resulting interaction is given
in the dipole approximation by

1V

V,„,=F cosset g z; .
i=1

(6)

where l(o and pf are exact many-electron initial and final
states, respectively. The dipole velocity form is

where Eo and Ef are energy eigenvalues corresponding to
l(o and gf.

By use of many-body perturbation theory, the matrix
element ZI (Z, ) is obtained from an infinite series of
open diagrams which have one dipole interaction and any
number of interactions with the electron-correlation per-
turbation H, given by Eq. (5) and leading to the final
state. Low-order perturbation diagrams contributing to

Using time-dependent perturbation theory, Ima( co ) is
given in terms of dipole matrix elements and matrix ele-
ments of the correlation interaction H, . The length form
of the many-body dipole matrix element is

,V

ZL f Zi 0
i =1

Zl (Z, ) for the transition 3p ~3p rk are shown in Fig.
1. The symbol r represents a bound excited orbital, and k
represents a continuum orbital. The exchange diagrams
are not always shown but are understood to be included.
In these diagrams a solid dot represents the dipole matrix
element and a dashed line between two lines represents
interaction with the correlation term H, . Coulomb in-
teractions with H, below (above) the dipole interaction
correspond to correlations in the initial (final) state. Fig-
ures 1(f) and 1(g) are second order in H, . Diagrams con-
tributing to ZL (Z, ) for the transitions p ~k involving a
single excitation are not shown but were included. More
details about these diagrams may be found in previous
work. ' Diagrams for single-excitation cross sections
which contain double-electron resonances are shown in
Fig. 2. Figures 2(a) —2(c) have a series of simple poles
from energy denominators,

D„=2@~ EI, ~ EI, "+CO

when the k" and k'" states represent resonant bound
states such as 3dnp, 4pns, 4pnd, etc. These poles are
broadened and shifted by summing higher order-
contributions, as indicated in Fig. 2(d), to all orders by
the use of our coupled equations method. The coupled
equations method is equivalent to the K matrix or close-
coupling method discussed by Starace. Resonances due
to the diagrams shown in Fig. 2 appear in the 3p k cross
section. Figure 1(g) also contributes to double-electron
resonances when the r' and k" states represent resonant
bound double-excited states. These resonances appear in
the 3p rk cross section, where r is a bound excited state.

The channels included in our calculation 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 (b,SCF). Using ex-
perimental energies corresponds to a summation of
higher-order terms in the perturbation expansion. We
did not include 2p~ed/es channels since a preliminary
calculation indicated their eff'ects on the 3s and 2p chan-
nels were small. We have included channels correspond-
ing to all large satellites observed by Svensson et al. ' at
1487 eV photon energy.

The 3s3p ( S) orbitals were obtained from a Hartree-
Fock (HF) calculation ' and md orbitals of 3s 3p md( S)
were evaluated by 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 cal-
culation (CI) for 3s3p ( S) and 3s 3p md( S) was per-
formed by using 10 md orbitals (m =3—12) as described
by Smid and Hansen to account for the strong interac-
tion between the 3s3p level and the 3s 3p ('D )md
series. The influence of the ed continuum in the CI cal-
culation was not explicitly included but is roughly
represented in the highest md orbital. The overlap in-
tegrals were included in calculating interaction between
3s3p and 3s 3p md states. The mixing coefticients were
used to calculate appropriate potentials for bound and
continuum states of 3s3p ( S)ep and 3s 3p md( S)ep.
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FIG. 1. Lowest-order diagrams which contribute to the dipole matrix elements of the transition 3s'3p ~3s'3p rk. Dashed lines
ending with a solid dot indicate matrix elements of z. Other dashed lines represent Coulomb interactions. (a)—(c) Final-state correla-
tions; (d) and (e) ground-state correlations; (f) and (g) coupling between final-state channels.

The symbol e represents both bound and continuum
states. The bound and continuum ed and es states of
3s 3p ( P )ed and 3s 3p '( P )es were calculated in
Hartree-Fock ' potentials. The same ed and es states
were used for the bound and continuum states of
3s 3p ('D, P, 'S)4p( P)ed/as states. The interaction be-
tween the 3s 3p ( P) and 3s 3p 4p( P) ionic states were
included in Fig. 1(b). Cross sections for other channels
based on 3s 3p 4p are believed to be small.

Our coupled equations method was used to couple
the interactions between single- and double-excitation
channels to all orders in perturbation theory. We
corrected ed (es) wave functions used for
3s 3p ('D, P, 'S)4p( P)ed (es) by including the
difference between the potentials appropriate for
3s 3p ('D, P, 'S)4p( P)ed (es) states and 3s 3p ( P)ed
(Es ) states in the coupled equations. Calculated cross sec-
tions for 3s 3p ~3s3p ep excitations and for
3s 3p ~3s 3p ('D)md( S)ep and 3s 3p 4p( P)adios
excitations were. used to determine the satellite intensi-
ties. The photoionization threshold energies were taken
from experiment' ' for all excitations considered.

III. RESULTS

(a)

) k

(c)

k'

(b)

Ilk

k'I

We present results in Fig. 3 for our calculated 3p par-
tial cross section (3p ~ed and 3p as ) from threshold at

FICi. 2. Resonance diagrams involving doubly excited states.
Symbols as in Fig. l.



39 CORRELATION SATELLITES IN THE PHOTOELECTRON. . . 637

T W T

30

20

&n

10

25 45 55 65 ?5
PHOTON ENERGY (eV)

85

FIG. 3. 3p cross section, in dipole length (solid line) and di-

pole velocity (dashed line) formalism. The curves are the sum of
3p ~ed and 3p~es contributions. These curves were obtained

by the coupled equations method including coupling with the
photoionization with excitation channels.

15.76 to 100.00 eV in both length and velocity approxi-
mations. In the range 26.2 —29.10 eV there are single-
electron excitations 3s~np which are degenerate with

3p ~ed, es excitations and give rise to resonances. The
dominant resonances calculated in this range are
3s3p ( S)4p at 26.2 eV, 3s3p ( S)5p at 28.00 eV, and
3s3p ( S)6p at 28.50 eV. The resonances corresponding
to two-electron excitations 3p ~mn lie between 35.24
and 40 70 eV. The resonance at 34 20 eV is
3s 3p ( P)4p( P)5s. Other large resonances are
3s 3p ('D)4p( P)5s at 35.24 eV, 3s 3p ('D )4d( S)4p at
36.56 eV, 3s 3p ('D)5d( S)4p and 3s 3p ('D)3d( S)5p
at 37.10 eV, and 3s 3p ('D)4d( S)5p at 39.51 eV. We
have used this nomenclature since our calculated bound
(continuum) states corresponding to two-electron excita-
tions are based on channels such as
3s 3p ('D)md( s)ep('P), etc. , where ep refers to both
bound states np (n ~4) and continuum states. As a re-
sult, we have a resonance state represented as
3s 3p ('D)4d( S)4p('P) which differs from the usual
coupling order. A more complete representation of this
resonance would include admixtures with the
3s 3p ( 'D )4d( P, D )4p('P ) levels and there would then
be three different 4d4p resonances. However, because of
strong coupling of 3s 3p ( 'D )41( S ) with the 3s3p ( S)
single-excitation level, we expect that the
3s 3p ('D)4d( S)4p('P) description is appropriate for
the largest of these three resonances. The cross section,
which has a minimum at 53.00 eV, gradually increases
and reaches a maximum near 84.0 eV.

Madden et al. observed two-electron excitation reso-
nances in the region between 27.0 and 40.0 eV including
the resonances 3s 3p ( P)4p( P)5s at 33.60 eV and
3s 3p "('D)4p( P)5s at 35.26 eV. Our calculated posi-
tions for these resonances are 34.20 and 35.24 eV, respec-
tively. The resonance 3s 3p ('D)3d( S)4p does not ap-
pear in our calculated 3p cross section, in
agreement with experimental observation. The
resonances 3s3p ('D)4d( S)4p, 3s 3p ('D)5d( S)4p,
3s 3p ('D)3d( S)5p, and 3s'3p ('D)4d( S)5p which we

calculated were not identified by Madden et al.
The 3s~np resonance structure in Fig. 3 does not

agree as well with experiment as that calculated previ-
ously in a low-order many-body calculation in which
corrections to the 3s ~np dipole matrix elements due to
interaction with 3p ~ed, t s excitations and initial-state
correlations were omitted. Including these correlations in
the present calculation gives worse agreement with exper-
iment. However, additional higher-order diagrams not
included in this coupled equations calculation tend to re-
store good agreement with experiment. Experimental
results exist for the total cross section (including satellite
channels) starting at the 3p threshold, and these will be
compared with our calculated total cross section in a
later figure.

We compare results of two different calculations for
the 3p partial cross section in Fig. 4. The dashed line
represents the 3p partial cross section in length form cal-
culated including only the interactions between final-state
channels in which there is a single excitation. The chan-
nels coupled were 3s 3p ed, 3s 3p es, and 3s3p ep. The
full curve represents the 3p partial cross section in length
form (also shown in Fig. 3) which includes interactions
with single- and double-excitation channels. We notice a
slight decrease in the 3p cross section once we include the
interactions with double-excitation final-state channels.
We interpret this as due to loss of flux from the
3p ~ed, es channels to the photoionization with excita-
tion channels.

We present our results for the 3s~ep length and ve-

locity cross sections from threshold at 29.24 —100.00 eV
in Fig. 5. The resonances are the same double-electron
resonances as in the 3p cross section. The resonance at
34.20 eV is 3s 3p ( P)4p( P)5s. Other dominant reso-
nances are 3s 3p ( 'D )4p ( P ) 5s at 35.24 eV,
3s 3p ('D)4d( S)4p at 36.56 eV, 3s 3p ('D)5d( S)4p
and 3s 3p ('D)3d( S)5p at 37.10 eV, and
3s 3p ('D)4d( S)5p at 39.51 eV. The nomenclature of
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FICi. 4. Solid line represents the 3p cross section (3p~ed
plus 3p ~es) in length form as shown in Fig. 3. The dashed line
represents the 3p cross section in length form calculated by in-
cluding only final-state channels in which there is a single exci-
tation. The difference between the dashed curve and the solid
curve is interpreted as loss of Aux to the photoionization with
excitation channels.
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FIG. 5. Partial photoionization cross section calculated in di-

pole length ( — — ) and dipole velocity (
———

) formalism for

3s 3p ~3s3p'ep. A, 3s cross section measured by Adam et al.

(Ref. 7); 0, 3s cross section measured by Samson et al. (Ref. 46);

O, cross section measured by Houlgate et al. (Ref. 47).
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FIG. 6. Photoionization cross sections of 3s'3p ('D)md('S)
satellites. ( ——~ —.) line is the cross section of the

3d ( S) satellite in length (velocity) formalism. . . . and

are the cross sections of 4d ( S) and 5d ( S) in the

length formalism, respectively. A, experimental cross section

measured by Becker et al. (Ref. 49); (t), O, and C' give the exper-

imental cross sections of the 3d('S), 4d { S), and 5d( S) satel-

lites. These experimental values were determined using the ex-

perimental relative intensities of Ref. 9 and our calculated 3s

cross section. ~, 4d('S) cross section measured by Samson

et al. (Ref. 11).

the resonances was explained earlier in this section. The
cross section has a Cooper minimum at 43.80 eV. Our
calculated 3s cross section is in good agreement with ex-

7, 46, 47periment. ' ' Our results agree with those calculated
by Amusia et al. except at the Cooper minimum where48

their calculated 3s cross section is zero. The nonzero
value in our present calculation is due to the contribution
to the 3s cross section from the imaginary part of the di-
pole matrix elements corresponding to the transition
3s ~ep. However, the minima measured by Samson
et al. and by Houlgate et al. are closer to zero than46 47

our calculated minimum.
In Fig. 6 our results for the 3s 3p ('D )md( S)ep

(m =3,4,5) cross sections are presented and compared

with experimental values. Our calculated results were

presented in a previous article, and we show them again

to compare with recent experimental measurements. "
The solid dot at 77 eV for the 4d cross section was ob-

tained in the recent measurement by Samson et al. " By
observing the fluorescence spectrum of the satellite lines

Samson et al. " have shown that the previous measure-

ment of the 3p ('D)41( S) line in the photoelectron

spectrum contains a contribution of approximately 25%
from the 3p ( P)51( D, P) lines. We obtained the point

represented by a solid dot by subtracting this contribu-

tion from the measurement by Kossmann et al. at 77.0
eV photon energy. The result is in good agreement with

our work and the calculation of Smid and Hansen. The

tabulated threshold energies for the 3s 3p ('D)md( S)
(m = 3,4,5) satellites are given in Table I. For
3s 3p ('D)31( S) channel both length and velocity cross

sections are shown in Fig. 6 and are in close agreement.

The resonance at 39.51 eV is 3s 3p ('D)41( S)5p. Other

resonances shown are the higher members of the Rydberg

series of 3s 3p 41( S)np and 3s 3p 51( S)np. The cross

section has a minimum at 45.00 eV, gradually increases,

and then begins to decrease slightly. This behavior

agrees with experimental observations by Adam et al.
Since velocity and length results are very close for the

3s 3p ('D)41( S)ep and 3s 3p ('D)51( S)ep cross sec-

tions, only 1ength forms are shown. Our calculated cross

sections for the satellites decrease with increasing princi-

pal quantum number (m) of the md series as expected

and as observed in experiments. ' The calculated cross

sections of Fig. 6 do not include effects of relaxation and

polarization and are probably less accurate within 5.0 eV

of threshold than at higher energies.
As pointed out previously by Adam et al. , the shape

of the 31( S) cross section is very similar to that of the

3s 3p ( S ) cross section. ' ' This is interpreted ' as

due to the fact that the coupling with the 3s3p ep chan-

nel is driving the 31( S)ep channel. It is also interesting

to note the strong effects on the 3s3p ep channel due to

coupling with the 3s 3p ed/es channels. We believe

that the 41( S) and 51( S) cross sections would also

show the characteristic shape of the 3s3p ( S) cross sec-

tion if the oscillator strengths were extended into

the region of bound Rydberg states. Very close to thresh-

old in the 41( S ) cross section there are

3s 3p ('D)51( S)np('P) resonances due to high-lying np

Rydberg states, but these are not shown. There should

also be resonance structure in the 51( S) cross section,

but we did not obtain this structure because we did not

include the 61( S ) channel and channels of higher excita-

tion.
The calculated relative intensities for the

3p ('D)md( S) satellites, which include the eff'ects of
ground-state and final-state correlations, were presented

in a previous paper, and our results were shown to be in

reasonable agreement with photoionization experi-

ments. ' '' The relative intensity for a given satellite

is the ratio of the cross section of the satellite to the cross

section of the 3s line, in percent.
We show our results for the 3s 3p ( P)4P( P) cross
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sections [sum of 3s 3p ( P)4p( P)ed and
3s 3p ( P)4p( P)es cross sections] in both length and ve-
locity forms in Fig. 7. The dominant resonances shown
in the range 35.64—40.70 eV are 3s 3p ('D)4d( S)4p at
36.56 eV, 3s 3p ('D)5d( S)4p and 3s 3p ('D)3d( S)5p
at 37.10 eV, and 3s 3p ('D )4d( S)5p at 39.51 eV. These
resonances also appear in the cross sections shown in the
previous figures. The nomenclature of resonances was
explained earlier in this section. Our calculated cross
section (solid line for length and dashed line for velocity)
reaches a maximum value at 43.00 eV, gradually de-
creases, and then increases to a broad second maximum
at higher energies. The dot-dash curve represents the
cross section calculated by Silfvast et al. , who used the
computer code of Cowan to calculate relativistic
Hartree-Fock wave functions and to perform
configuration interaction (CI) calculations including both
initial-state configuration (ISCI) and final ionic-core state
configuration (FISCI) interactions. The "experimental"
results at low energies were deduced by Silfvast et al.
from the total cross section for the sum of four satellites
(Nos. 1, 2, 3, and 4') from Adam et al and .the relative
intensity of satellite No. 2 measured by Adam et al.
Adam et al. have tentatively assigned their satellite No.
2 to either the 3s 3p ( P}4p( P) or 3s 3p ( P)4p( D)
which are very close. Silfvast et al. have compared the
sum of their calculated cross sections for these two satel-
lites to the "experimental" cross section corresponding to
the satellite No. 2 of Adam et al. We have also as-
sumed that this measured satellite cross section is the
sum of the 3p ( P)4p( P) and 3p ( P)4p( D) cross sec-
tions. We then used the ratio between the population
densities (neglecting the energy dependence of the popu-
lation density) of these two satellites as observed by
Silfvast et al. and the above experimental results to es-
timate the cross section of the 3p ( P )4p( P ) satellite at
low energies. We recognize that the experimental points
obtained this way are tentative. They are shown in Fig. 7
as crosses. The experimental values given in the range

0-08
l

77.00—100.00 eV were obtained using our calculated 3s
cross section and the relative intensities measured by
Kossmann et al.

In Fig. 8 we present our results for the
3s 3p ('D)4p( P) cross section [sum of
3s 3p ('D)4p( P)cd and 3s 3p ('D)4p( P)es cross sec-
tions] in both length and velocity forms. The resonances
present in the dense region of Rydberg resonances are the
higher members of the 3s 3p ('D}mdnp (m=3, 4,5) and
3s 3p ('S)4pnd/ns (n ) 5) series. The dot-dash curve
represents the cross section calculated by Silfvast et al.
Adam et al. have tentatively assigned their satellite No.
3 to either the 3p ('D)4p( P) or 3p ('D)3d( D). Since
the 3p ('D)3d( D) cross section was not calculated in
this work, we are unable to make a comparison of our re-
sults for the 3p ('D)4p( P) cross section with experi-
ment.

The partial cross sections 3s 3p ( 'S )4p( P )ed and
3s 3p ('S)4p( P)es were added to obtain the
3s 3p ('S)4p( P) cross section shown in Fig. 9. The res-
onances shown near threshold are the higher members of
the Rydberg series 3s 3p ('D)4d( S)np (n )5) and
3s 3p ('D )5d( S)np (n )4). The dot-dash curve
represents the cross section calculated by Silfvast et al.
The experimental values given in the range 77.00—100.00
eV were obtained using our calculated 3s cross section
and the relative intensities measured by Kossmann et al.
The 3s 3p ('S )4p ( P ) cross section was observed at high
photon energies but not at low photon energies. Our
calculated cross section is quite small near threshold and
is consistent with the experiment of Adam et al. on
which it was not observed at low energies.

In our calculation the ground- (initial-) state correla-
tions for the 3s 3p ed/es cross sections were calculated
by evaluating Figs. 1(d) and 1(e). Our coupled equations
method was used to account for final-state interactions
between the 3p 4ped/es channels and other channels
given in Table I. The lowest-order diagrams contributing
to the final-state correlations are shown in Figs. 1(a)—1(c).
Figure 1(d) with r =4p on the left, k =ed on the right,
and k'=e'p gives the largest contribution to the ground-
state correlations for the 3p pad/es cross sections. The
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FIG. 7. Photoionization cross section of the
3s 3p ( P)4p( P) satellite in dipole length ( ) and dipole
velocity (

———
) formalism. —- —.—., 3s 3p ( P)4p( P) cross

section calculated by Silfvast et al. (Ref. 30); +, cross section
deduced by Silfvast et al. (Ref. 30), from measurement by
Adam et al. (Ref. 7); 0, experimental values determined using
the experimental relative intensities of Ref. 9 and our calculated
3s cross section.
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FIG. 8. Photoionization cross section of the
3s 3p ('D)4p('P) satellite in dipole length ( ) and dipole
velocity ( ———) formalism. —.—.—., cross section calculat-
ed by Silfvast et aI. (Ref. 30).



WASANTHA WIJESUNDERA AND HUGH P. KELLY 39

0 ~ 04

0. 03

, 0. 02 1

0 01

O. 00 +—— - — —+ ——--—
45 55

I

65
PHOTON ENFRGY

I

75 85
(eV)

95

FIG. 9. Photoionization cross section of the
3s'3p ('S)4p('P) satellite in dipole length ( ) and dipole
velocity (

———) formalism. —.—.—., cross section calculat-
ed by Silfvast et al. (Ref. 30); 0, experimental values determined
using the experimental relative intensities of Ref. 9 and our cal-
culated 3s cross section.

symbol e' represents both bound and continuum states.
Figure 1(d) with k =ed on the left, r =4P on the right,
and k'= e'd is approximately 40%%uo of Fig. 1(d) with r =4p
on the left, k =ed on the right, and k'=e'd. It is also of
opposite sign. The contribution from Fig. 1(e) is small
relative to that from Fig. 1(d). When the 3p 4ped/es
cross sections were calculated including only ground-
state correlations [Figs. 1 (d) and 1(e)], we obtain cross
sections which were approximately 35% as large as our
final cross sections which included both the final-state
correlations and the ground-state correlations of Figs.
1(d) —1(e). Our final cross sections included final-state
correlations to all orders among the channels given in
Table I. We also found that the 3p 4pes cross sections
are much smaller than the 3p 4ped cross sections.

The calcu1ated relative intensities for 3s 3p 4p satel-
lites are given in Table II at photon energies for which
measured or previously calculated values exist. Since our
length and velocity results are very close, only the length
results are shown. Our relative intensity for a given satel-
lite is the ratio of the cross section of the satellite to the
cross section of the 3s line, in percent. Experimental

values are taken from Refs. 9 and 10. The calculated
values of Dyall and Larkins ' are also given. Our calcu-
lated relative intensities for the 3s 3p 4p satellites agree
reasonably with their calculations at 151.0 eV for the
( P )4p and ( 'D )4p cross sections but disagree
significantly for the ('S)4p cross section. At the photon
energy 1487.0 eV, our results are much higher than those
of Dyall and Larkins ' for all three cross sections.

In Fig. 10 we present the total cross section which is
the sum of all the calculated partial cross sections (3p, 3s,
and the satellites). We found that the ratio of the contri-
bution from the sum of the cross sections of satellites we
calculated to the total cross section is approximately 10%%uo

at 40.0 eV. However, this ratio varies as the 3p cross sec-
tion varies with the photon energy. The resonances are
the same as shown in Fig. 3. The agreement between the
calculated and the experimental ' ' cross section is very
good. Our calculated results agree well with previous cal-
culations except near the 3s-np resonances, as discussed
earlier in this section.

In Fig. 11 we present the angular asymmetry pararne-
ter p in length form for the total 3p cross section. Since
length and velocity results are very close, only the length
result is shown. Our result for the P parameter agrees
well with both experimental and previously calculated
results. The resonance structure appearing between
26.62 and 29.10 is due to 3s~np excitations. The Ii pa-
rameter also shows resonance structure due to two-
electron excitations, 3s 3p ~3s 3p mn in the range
34.20-40.70 eV.

IV. DISCUSSION AND CONCLUSIONS

We have used many-body theory to calculate the pho-
toionization cross sections for argon, leaving Ar+ in
md( S) (m=3, 45) and 4p( P) levels, including resonance
structure due to single- and double-electron excitations.
There is good agreement between length and velocity cal-
culations.

We have compared the calculated 3s'3p ( 'D )md( S)ep
(m =3,4,5) cross sections with experimental values. '

Experimental values of Kossmann et al. were deter-
mined from our 3s cross section and their experimental
relative intensities. Our 3d( S) cross section is in good

TABLE II. 3s 3p "4p satellite intensities relative to the 3s line (in percent). Error bars on the last
significant number of each value are given in parentheses.

Energy
(eV)

3p ('P)4p'P
Expt. Calc. Expt.

3p ('D)4p P
Calc.

3p ('S)4p'P
Expt. Calc.

77
90

100
110
120
151

1487

2.3(6)'
2.5(6)'
2.7(6)'
2.5(6)'
2.1(6)'

0.6(1)"

2.8b

2.6b

2.4
2.2b

19
1 3 1.1'
0.8",0.3' 3.7(3)

8.6"
8.2
8. 1

7 9b

7.6
7.0b 6 6,
4 1b 1.8'

6.9(6)a
7.7(8)'
6.9(8)'
7.0(8)'
6.3(6)'

1.5(2)

6.5
6.3
6.1'
6 0b

5.8
5.3",1.6"'

1 9b 0 4c

' Reference 9.
This work. Since length and velocity results are very close, only the length results are given.

' Reference 21.
"Reference 10.
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FIG. 10. The correlated total cross section in dipole length
( ) and dipole velocity ( ———) formalism. 0, experimen-
tal values (Ref. 51); +, experimental values (Ref. 43). The cal-
culated total cross section is the sum of all partial cross sections
including the satellite channels.

LLJ

LLJ

CL
&C

Q

I

25 35
I . I

45 55 65
PHOTON ENERGY (eV)

75 85 95

FIG. 11. Angular asymmetry parameter P for
3s 3p~3s'3p'ed, es excitations in the length formalism.
Amusia et al. (Ref. 48); 0, Houlgate et al. (Ref. 47); +, Adam
et al. (Ref. 7).

agreement with experiments by Kossmann et al. and
Becker et al. In the 4d( S) case, the experimental
measurements by Kossmann et al. are higher than our
calculated results. Recently, Samson et al. " have shown
that the measurement by Kossmann et al. of the
3p ('D)4d( S) satellite line in the photoelectron spec-
trum at 77.0 eV contains a contribution of approximately
25% from the 3s 3p ( P)5d( D, P) lines. Subtracting
this contribution from the experimental measurement by
Kossmann et al. at 77.0 eV photon energy brings their
result into good agreement with our work and the calcu-
lations of Smid and Hansen. Our calculated 5d( S)
cross section also agrees reasonably with experiment, al-
though it is somewhat lower. The calculated cross sec-
tions were used to determine relative intensities of the
md( S) satellites relative to the 3s3p ( S) main line. We
found that there is strong interaction in the final ionic
states between the 3s3p and 3s 3p ('D)md( S) series, in
agreement with experiments ' and previous calcula-
tions. ' We also found that the inclusion of initial-

state correlations reduced our discrepancy between
length and velocity cross sections by moving the velocity
results closer to length results and there is only a slight
influence of initial-state correlations on the relative inten-
sities.

Smid and Hansen performed a configuration interac-
tion calculation for the 3sjp and 3s 3p ('D)md states
including both bound and continuum md orbitals. They
used mixing coefficients and the lowest-order 3s dipole
matrix elements with the continuum ep to determine di-
pole matrix elements for the 3p md satellites given by
Fig. 1(c) with k =ep on the left and r =md on the right.
They calculated the ratio of the squared dipole matrix
element for a given 3p md satellite line at a given photon
energy to that of the 3s line. This ratio was taken as the
relative intensity for a given satellite at a given photon
energy, and their results are in good agreement with ex-
periment. ' A recent calculation by Hibbert and Han-
sen includes extensive configuration interaction effects
and is in good agreement with the experiment by
Svensson et al. ' at 1487 eV but differs somewhat from
their earlier calculations. Our calculated relative inten-
sities of the 3p md satellites agree with those of Smid and
Hansen within a few percent but not as well with the re-
cent extensive configuration interaction calculations of
Hibbert and Hansen.

We have also compared our calculated 3p 4p ( P)ed /es
cross sections with those given by Silfvast et al. in the
photon energy range 35.0—50.0 eV. Silfvast et al. cal-
culated the contribution of initial-state correlations for
the 3p 4pedles cross sections using configuration in-
teraction among 3p 3p 4p, 3p 4p4f, and 3p 4p states.
In our calculation the initial-state correlations were cal-
culated by evaluating the many-body diagrams of Figs.
1(d) and l(e). We found that Fig. 1(d) with k =ed on the
left, r =4p on the right, and k'=e'd (a configuration not
included by Silfvast et al. ) is 40% of Fig. 1(d) with
r =4p on the left, k =ed on the right, and k'=e'p and of
opposite sign. Silfvast et al. obtained their final ionic-
state configuration interaction contribution by calculat-
ing the dipole transition probability of 3p ~3p 4s/3d
and the configuration interaction of 3p 4s /3d with
3p 4pes/ed continua. This is equivalent to the evalua-
tion of the diagram of Fig. 1(a) with r =4p, k =ed/es,
and k'=4s/3d and higher-order diagrams among the
states considered by Silfvast et al. However, one
should include all 3p ~e'd/e's (both bound and continu-
um states) excitations as we have done. This will increase
the final-state correlation contribution above those found
by Silfvast et aI. In our calculation the coupled equa-
tions method was used to account for final-state interac-
tions between the 3p 4ped/es channels and the other
channels given in Table I.

Silfvast et al. found that initial-state configuration
interaction was the dominant correlation process. They
also found that the contribution of final-state continuum
es electrons was much smaller than that of final ed elec-
trons. When our 3p 4ped/es cross sections were calcu-
lated including only initial-state correlations [Figs. 1(d)
and 1(e)], we obtained cross sections which were approxi-
rnately only 35%%uo as large as our final cross sections
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which included both final-state and initial-state correla-
tions. Therefore, we conclude that both initial- and
final-state correlations are important. We also found that
the 3p 4pes cross sections are much smaller than the
3p 4ped cross sections, in agreement with Silfvast et al.

Our calculated 3p ( P)4p cross section is not in close
agreement with that given by Silfvast et al. in the pho-
ton energy range 35.0—50.0 eV. Their results agree well
with the tentative experimental values in the energy
range 40.0—45.0 eV. At 54.8 eV their result, if extrapolat-
ed, seems unlikely to agree with experiment. Our results
are in good agreement with experiment at 45.0 and 54.8
eV but not at 40.0 and 43.0 eV. At energies above 77.0
eV, our calculated 3p ( P)4p cross section also agrees
reasonably with the experimental values. In Sec. III we
explained how experimental values were obtained in the
energy ranges 40.0—55.0 eV and 77.0—100.0 eV.

Our calculated 3p ('D)4p( P) cross section is larger
than that of Silfvast et al. in the photon energy range
35.0—50.0 eV. Adam et al. have measured relative in-
tensities in this energy range and were uncertain as to
whether they were observing the 3p ('D)4p( P) or the
3p ('D)3d( D) satellite. We have deduced the cross sec-
tion for the satellite of Adam et al. using their relative
intensities and our calculated 3s cross section, and it does
agree well with our calculated 3p ('D)4p( P) cross sec-
tion in the energy range 35.0—50.0 eV. However, because
of the uncertainty about the 3p ('D)3d( D) satellite, we
have not shown the experimental cross section. It would
be very useful to have both the experimental and theoret-
ical cross sections of the 3p ('D)3d ( D) satellite, and we
plan to calculate the 3p ('D)3d( D) cross section in the
near future.

The relative intensity of the 3p ('D)4p ( P) satellite has
been measured at 1487.0 eV by Svenson et al. , and it is in
reasonable agreement with our result shown in Table II.
Svensson et al. ' did not observe the 3p ('D)3d( D) sa-
tellite in their spectrum at 1487 eV.

Our calculated 3p ( 'S)4p ( P) cross section is very
small near threshold and is consistent with the experi-
ment by Adam et al. in which the 3p ('S)4p( P) satel-
lite was not observed. Our results are in close agreement
with experiment in the energy range 77.0—100 eV.

Dyall and Larkins ' have used multiconfiguration
shake theory ' ' to calculate relative intensities of the
3p 4p satellites of Ar. They performed a configuration
interaction calculation between 3s 3p, 3s 3p np
(n =4—7), and 3s 3p nf (n =4, 5) configurations to ob-
tain the multiconfiguration final state. The initial state

was taken to be the single-configuration state 3s 3p .
Dyall and Larkins ' pointed out that this model is only
applicable in the high-photon-energy region where both
interchannel coupling and the variation of the dipole in-
teraction with energy may be neglected. Our results, at
photon energy 1487.0 eV, are much higher than those of
Dyall and Larkins. '

We performed two different calculations for the 3p par-
tial cross section, one including only the interactions be-
tween final-state channels in which there is a single exci-
tation and the other including interactions with both
single- and double-excitation channels. We notice a
slight decrease in the 3p cross section when we include
the interactions with double-excitation final-state chan-
nels. We interpret this as due to loss of flux from
3p ~ed, es channels to the photoionization with excita-
tion channels.

We have also calculated the total cross section, which
agrees reasonably with experiment. ' ' Our calculated
angular asymmetry parameter for the total 3p cross sec-
tion shows resonance structure due to both single- and
double-electron excitations. The results agree with exper-
imental ' and previously calculated results, although
the experiments ' do not show the resonance structure.

We have found many-body perturbation theory
(MBPT) to be useful in calculating cross sections of pho-
toionization with excitation. We have observed that
there is considerable cancellation among different ampli-
tudes (diagrams) due to both initial- and final-state corre-
lations. In these calculations it is only possible to include
a limited number of excited configurations, and there can
be considerable discrepancy between different calcula-
tions as in the case of calcium. - We have included
many of the correlation effects in our calculation, but still
cannot claim high accuracy. Therefore, it would be
desirable to have more calculations using different
methods and also experimental measurements for cross
sections of photoionization with excitation.
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