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Revisiting electron-correlation effects on valence shake-up satellites of neon
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We report an electron momentum spectroscopy study on valence shake-up satellites of neon. A symmetric
noncoplanar (e, 2e) experiment was performed at an incident electron energy of 1.2 keV, and the recoil-
ion-momentum–dependent (e, 2e) cross sections or momentum profiles of the shake-up satellites have been
obtained. Furthermore, theoretical momentum profiles have been calculated on the basis of the distorted-wave
Born approximation using configuration interaction wave functions of the initial neutral and final ionic states.
Comparison between experiment and theory has revealed that contrary to a general expectation, electron
correlation in the initial neutral state has a significant influence on the shapes of momentum profiles for neon
satellites. It has been shown that the Dyson orbitals of transitions to the 2p4(1S)3s 2S and 2p4(1D)3p 2P ionic
states are more localized than those of the associated primary ionizations due to electron-correlation effects.
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I. INTRODUCTION

Two-hole–one-particle (2h-1p) excitations of atoms and
molecules are of interest for investigating electron-correlation
effects, since such multielectron processes cannot be de-
scribed by the independent particle model. In the ionization
spectra of atoms and molecules, 2h-1p excitations are rep-
resented by satellite lines, which fall at higher ionization
energies than the main lines associated with single-hole ionic
states [1,2]. In particular, when sufficiently high energy is
transferred to the ejected electron, the 2h-1p states arise from
a so-called shake-up mechanism in which a sudden change of
potential due to the removal of an electron promotes another
electron to an unoccupied orbital [2]. In this case, the satel-
lite structure does not depend on second- and higher-order
ionization mechanisms, such as two-step mechanisms [3,4],
and is described by electron correlation in the target initial
neutral and final ionic states. Shake-up satellites can thus
provide a wealth of information about the many-electron wave
functions of the target states and also offer a stringent test for
many-body theories.

Simple atomic targets are especially suitable for the quanti-
tative investigation of electron-correlation effects. The reason
is that, in contrast to molecular targets, there is no influence of
molecular vibration; the influence may appreciably affect the
ionization cross sections [5,6], making it difficult to precisely
extract electron-correlation effects on shake-up satellites. Be-
sides, the interaction between the ejected electron and residual
ion can be treated theoretically with high accuracy for atoms
due to their single-center nature. Thereby, a number of studies
on shake-up satellites have been performed for rare-gas atoms
by means of high-energy photoelectron spectroscopy (PES)
[2] and electron momentum spectroscopy (EMS) [7–15]. Nev-
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ertheless, there are still unresolved issues, even for a simple
ten-electron atom, neon.

The first detailed EMS study of neon satellites was carried
out by Brunger and Weigold in 1992 [8] and later extended by
Samardzic et al [9]. In the studies, electron-impact ionization
(e, 2e) experiments were conducted, and the symmetries and
spectroscopic factors of the valence satellite states were deter-
mined by means of the recoil-ion-momentum–dependent (e,
2e) cross sections or momentum profiles. The data analysis
was performed using the target Hartree-Fock approximation
(THFA) [7], with general assumptions that electron correla-
tion in the initial neutral state is not important and the satel-
lite structure is governed by electron correlation in the final
ionic states. Owing to the difficulty in measuring the weak
satellite bands, there were inconsistencies between the EMS
and PES results in certain details. To resolve this problem,
we performed EMS measurements with improved statistical
accuracy in 2005 [10]. The band assignments and values of the
spectroscopic factors were thus revised, and the controversies
in the earlier studies were largely resolved.

A remarkable exception is a satellite band at ionization
energy of 55.83 eV; it exhibited an unexpected momentum
profile whose shape could never be explained within the
framework of the THFA. We therefore suggested the appre-
ciable influence of electron correlation in the initial neutral
state to this satellite band [10]. More recently, Li et al.
[11] conducted high-energy-resolution EMS measurements
on neon at an incident electron energy of 1.2 keV, together
with theoretical calculations based on the plane-wave impulse
approximation (PWIA) [7]. The symmetry-adapted-cluster
configuration interaction (SAC-CI) wave functions [16–19]
were used in the computation of momentum profiles to take
into account electron correlation, not only in the final ionic
states but also in the initial neutral state. The attempt [11],
however, failed to reproduce the experimental result, and a
significant discrepancy between experiment and theory has
remained unresolved for the 55.83-eV band. Furthermore,
most of the spectroscopic factors reported by Li et al. [11]
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are considerably higher than those of our previous work [10],
while the shapes of the momentum profiles obtained from
the two studies [10,11] are properly in agreement. Clearly,
further studies are needed to get a full understanding of neon
satellites.

Under the circumstances, we have reinvestigated electron-
correlation effects on the shake-up satellites of neon. In this
work, an EMS experiment has been carried out for neon
using an energy- and momentum-dispersive multichannel
EMS spectrometer [20]. We have also performed theoret-
ical calculations using configuration interaction (CI) wave
functions. The distorted-wave Born approximation (DWBA)
[7] has been applied to the calculations, since it is essen-
tially important to take into account distortions of the in-
coming and outgoing electron waves (distorted-wave effects)
[7] for properly describing (e, 2e) processes in the inner-
valence region with binding energies above ∼30 eV. In such
a high-binding-energy region, where many satellite bands
appear, momentum profiles are appreciably influenced by the
distorted-wave effects. For instance, it has been reported that
neglecting the effects leads to significant overestimation of the
inner-valence ionization cross sections of neon and hydrogen
fluoride [10,21]. Despite the importance, however, theoretical
calculations including both the initial-state correlation and
distorted-wave effects, to our knowledge, have not been per-
formed for shake-up satellites. By making comparisons be-
tween the experimental and theoretical results, the influences
of electron correlation in the initial target state have been
examined.

II. EXPERIMENT

EMS is a kinematically complete electron-impact ioniza-
tion experiment under high-energy Bethe ridge conditions
[7,22,23]. The ionization process of an atom A can be written
as

e0(E0, p0) + A → e1(E1, p1) + e2(E2, p2) + A+,

where Ej
′s and p j

′s ( j = 0, 1, 2) are the kinetic energies and
momenta of the incident, inelastically scattered, and ejected
electrons, respectively. Here A+ denotes the residual ion. The
binding energy Ebind and the recoil momentum of A+, q,
can be determined by means of the energy and momentum
conservation laws:

Ebind = E0 – E1 – E2, (1)

q = p0 – p1 – p2. (2)

The EMS experiment of neon was performed at E0 =
1.2 keV in the symmetric noncoplanar geometry [7], where
the scattered and ionized electrons having equal energies
(E1 = E2) and equal scattering polar angles of 45° are de-
tected in coincidence. In the geometry, the magnitude of
the recoil-ion momentum, q = |q|, is related to the out-of-
plane azimuthal angle difference between the two outgoing
electrons (�φ = φ2 – φ1 – π ):

q =
√

(p0 −
√

2p1)
2 + (

√
2p1 sin(�φ/2))

2
. (3)

High-grade neon gas (Nippon Sanso, >99.999 95%) was used
without further purification.

Details of the spectrometer used in the measurement are
described elsewhere [20]. Briefly, it consists of an electron
gun, a sample inlet system with eight gas nozzles, a spher-
ical analyzer, and a pair of position-sensitive detectors. The
electron gun produced an electron beam of typically 20 μA
during the measurement. Experimental results were obtained
by accumulating data at an ambient sample pressure of 3.0 ×
10−4 Pa for ∼ 4 weeks runtime. The resultant instrumental
energy and momentum resolutions were 2.7 eV FWHM and
about 0.19 a.u. at q = 1.0 a.u., respectively.

III. THEORETICAL CALCULATION

Within the distorted-wave Born approximation [7], the
triple differential cross section (TDCS) of electron-impact
ionization is given by

d3σ

dE1d�1d�2
= (2π )4 p1 p2

p0

∑
av

S f

∣∣〈χ (−)
p1

χ (−)
p2

∣∣V ∣∣ϕ f (r)χ (+)
p0

〉∣∣2
,

(4)
with χ (+)

p0
, χ (−)

p1
, and χ (−)

p2
being distorted waves that describe

the incoming and two outgoing electrons, respectively. Here
V denotes the Coulomb potential and 	av represents a sum
over all unresolved final ionic states. S f and ϕ f (r) are the
spectroscopic factor and the normalized Dyson orbital, which
are defined by means of the overlap between the electronic
wave functions of the N-electron initial neutral and (N-1)-
electron final ionic states, 
i

N and 
 f
N−1:

〈
r
N−1

f

∣∣
N

i

〉 = √
S f ϕ f (r). (5)

The q-dependent TDCS of a given ionization process is gen-
erally referred to as a momentum profile.

In EMS studies on satellites, the THFA has been widely
used to analyze the data [8–10,12,13]. It assumes that the
initial target state is adequately described by the Hartree-Fock
(HF) wave function. Under the assumption, the normalized
Dyson orbital ϕ f (r) of each ionization channel coincides with
a canonical HF orbital, and it follows that the momentum
profile of a satellite transition has almost the same shape
as that of the associated primary ionization. Namely, within
the THFA, the TDCS of a 2S (2P) satellite transition in neon
exhibits a q dependence being quite similar to that of the
2s−1 (2p−1) primary ionization [8–10], though there is a
small discrepancy between them due to the difference of
the ionization energies. Here the relative intensity of each
satellite transition is governed by S f , which corresponds to the
probability of finding the 2s−1 (2p−1) one-hole configuration
in the final ionic state. Based on the above assumption, the
values of S f have been determined by comparing the intensity
of each satellite band with that of the primary ionization or the
THFA calculation [8–11].

In this work, we calculated theoretical momentum profiles
without relying on the THFA to examine the influence of
electron correlation in the initial neutral state. To this end,
S f and ϕ f (r) were obtained from the configuration interaction
(CI) wave functions, which are expressed as superpositions of
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TABLE I. Binding energies (eV) and spectroscopic factors (102 × Sf ) of neon.

Expt [2]. CI Present work QDPT-CI [27] 4h-3p CI [28] GFa [29]

Ebind States Ebind Sf Ebind Sf Ebind Sf Ebind Sf

1 48.46 2s−1 48.00 87.1 48.36 86.9 48.52 86.0 47.72 87.4
2 53.08 2p4(3P)3p 2P 52.88 0.38 52.94 0.39 52.61 0.44 54.05 0.29
3 55.83 2p4(1S)3s 2S 55.72 0.99 55.71 1.05 55.51 1.34 55.08 1.75

2p4(1D)3p 2P 55.70 1.27 55.74 1.19 55.49 1.27 56.31 1.74
4 58.02 2p4(3P)4p 2P 58.01 0.37 57.89 0.27 57.64 0.35 58.21 0.004
5 59.49 2p4(1D)3d 2S 60.06 1.21 59.34 0.81 59.21 0.85 59.68 1.26

2p4(1S)3p 2P 59.33 0.40 59.29 0.21 59.09 0.21 58.60 1.09

aGreen’s function (GF) calculation by Kheifets [29].

Slater determinants, �N
s and �N−1

t :


N
i =

∑
s

CN
is �

N
s , (6)


N−1
f =

∑
t

CN−1
f t �N−1

t , (7)

where Cis
N and Cf t

N−1 are coefficients of the CI expansions
(CI coefficients). The theoretical wave functions were gener-
ated by means of the General Atomic Molecular Electronic
Structure System (GAMESS) program [24]. In the calculations,
atomic orbitals were constructed by means of the d-aug-cc-
pVQZ Gaussian-type basis set [25,26] from which all g-type
functions are excluded. For the initial neutral state, all singly
and doubly excited configurations with respect to the single
determinant ground state were taken into account, while the 1s
orbital was kept doubly occupied. For the final ionic states, we
calculated CI wave functions at the four-hole–three-particle
(4h − 3p) levels, which comprise all configurations with one,
two, three, or four holes in the 2p and 2s valence orbitals and
zero, one, two, or three electrons in the virtual orbitals.

Using the atomic orbitals ψ j (r), the normalized Dyson
orbital can be written as

ϕ f (r) = S−1/2
f

∑
j

〈

N−1

f

∣∣a j

∣∣
N

i

〉
ψ j (r) , (8)

with

S f =
∑

j

∣∣〈
N−1
f

∣∣a j

∣∣
N

i

〉∣∣2
. (9)

Here a j denotes the electron annihilation operator for the jth
orbital. From Eqs. (6) and (7), it follows that

〈

N−1

f

∣∣a j

∣∣
N

i

〉 =
∑
s,t

〈
�N−1

t

∣∣a j

∣∣�N

s

〉
CN−1

f t CN
is . (10)

By means of Eqs. (8)–(10) the normalized Dyson orbitals
and spectroscopic factors were calculated in this work. The
theoretical binding energies and spectroscopic factors thus ob-
tained are presented in Table I, together with other theoretical
results reported in the literature [27–29].

Subsequently, the DWBA cross sections were calculated
with the help of the computer program supplied from Mc-
Carthy [30]. Since McCarthy’s program code was originally
developed to make calculations of the TDCS with atomic
orbitals expanded in Slater-type functions, we slightly mod-
ified it to be able to deal with Gaussian-type functions. To

describe the incident and outgoing electrons, distorted waves
were produced using the static potentials of the initial neutral
and final ionic states, and the TDCSs were then calculated on
the basis of Eq. (4).

As mentioned above, it has generally been assumed in
EMS studies that the normalized Dyson orbital of a shake-
up satellite is practically the same as that of the associated
primary ionization, and on this basis, the spectroscopic factor
has been determined from the intensity ratio between the
momentum profiles of the satellite and the primary ionization
[7–11]. This analysis procedure is applicable only when the
influence of initial-state correlation is negligible. To examine
the validity of the analysis procedure, additional calculations
were performed for the satellites using the normalized Dyson
orbitals of the 2p−1 and 2s−1 primary ionizations, as well as
the theoretical spectroscopic factors of the satellites, calcula-
tions which are referred to as primary ionization calculations
hereafter. All theoretical momentum profiles were folded
with the instrumental momentum resolution (except otherwise
noted) according to the procedure of Migdall et al. [31].

IV. RESULTS AND DISCUSSION

A. Binding energy spectra

Figure 1 presents a �φ-angle integrated binding energy
spectrum of neon. It was constructed by plotting the number of
coincidence events as a function of Ebind. Vertical bars indicate
ionization energies taken from the photoelectron spectroscopy
(PES) study [2]. Ionization bands are numbered according to
the notation of earlier EMS studies on neon [9,10]. Band 1
corresponds to the 2s−1 primary ionization and bands 2–5 are
attributed to 2h-1p excitations. The assignments of the bands
are given in Table I.

In order to separate contributions of the individual ion-
ization bands, a deconvolution procedure was used which
assumes a Gaussian curve for each band. The center positions
and widths of the Gaussian curves were inferred from the PES
study [2] and the instrumental energy resolution, respectively,
while the heights of the Gaussian curves were used as fitting
parameters to reproduce the experimental result. The fitting
procedure was applied to a series of binding energy spectra at
each �φ, and the momentum profiles of the individual bands
were subsequently constructed by plotting the area under the
corresponding Gaussian curve against q.
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FIG. 1. Binding energy spectrum of neon. The dotted curves are
the deconvolution functions and the solid curve is their sum. Vertical
bars indicate ionization energies taken from the photoelectron spec-
troscopy study [2]. Inserted in the figure is the full view of the 2s−1

primary ionization band. The energy resolution has been inferred to
be 2.7 eV from the FWHM of the 2s−1 peak.

B. Momentum profiles of the 2s−1 primary ionization

Figure 2 shows the experimental momentum profile of the
2s−1 primary ionization. Also depicted in the figure are two
kinds of theoretical calculations. One is the THFA calculation
and the other is the calculation with the CI wave functions,
which are referred to as the HF momentum profile and the CI
momentum profile, respectively, hereafter. For a comparison
of the shapes, we normalized the experiment to the CI mo-
mentum profile so that the area in the region q = 0.2–2.0 a.u.

was the same as that of the CI curve. In the same way, the
HF curve was also scaled to the CI momentum profile by
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FIG. 2. Comparison between the experimental and theoretical
momentum profiles of the 2s−1 primary ionization of neon. The
solid and dashed lines represent the CI and HF momentum profiles,
respectively, both of which are folded with the instrumental mo-
mentum resolution. The experimental and HF momentum profiles
were, respectively, normalized to the CI momentum profile for a
comparison of the shapes. See text for details.
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FIG. 3. The CI momentum profiles of the 2h-1p excitations
as well as the primary ionizations. The upper panel presents the
momentum profiles of the transitions to 2P ionic states and the
lower panel shows those of the transitions to 2S ionic states. To
facilitate comparison of the momentum-profile shapes, the values of
the spectroscopic factors are all set to 1. The theoretical curves are
not folded with the instrumental momentum resolution here.

multiplying a factor of 1.05. The scaling factors thus obtained
were subsequently applied to the results for the satellite bands.
Hence, all experimental and theoretical momentum profiles
share a common intensity scale. It can be seen from Fig. 1
that the CI momentum profile is in excellent agreement with
experiment. Also seen from the figure is that although the HF
momentum profile slightly underestimates the experiment at
low q, the discrepancy is quite small, indicating a minor role
of the initial-state electron correlation in the 2s−1 primary
ionization.

C. Momentum profiles of satellite bands

We now turn our attention to the satellite transitions.
Figure 3 shows the CI momentum profiles of the 2h-1p
excitations, together with those of the 2p−1 and 2s−1 primary
ionizations. The values of the spectroscopic factors are all set
to 1 here to facilitate comparison of the momentum-profile
shapes. The theoretical curves depicted are not folded with
the instrumental momentum resolution, since no comparison
with experiment is made in this figure. In general, a transition
to a 2P ionic state shows a “p-type” distribution, having a
minimum at q ∼ 0 a.u., while that to a 2S ionic state has an
“s-type” distribution with a maximum around the momentum
origin. All the theoretical curves are in accord with this
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FIG. 4. Comparison between the experimental and theoretical
momentum profiles of band 3 at 55.83 eV, which is composed of
two unresolved satellites, one being the transition to the 2p4(1S)3s 2S
ionic state and the other to the 2p4(1D)3p 2P ionic state. The solid line
represents the CI calculation and the dashed line is the theoretical
curve constructed from the momentum profiles of the 2s−1 and 2p−1

primary ionizations (primary ionization calculation). The theoretical
momentum profiles are folded with the instrumental momentum
resolution. Also depicted in the figure are the SAC-CI calculation
[11], which is normalized to the CI curve at q = 0.24 a.u., and the
experimental result reported by Li et al. [11] (open squares).

expectation, indicating that the symmetry of each satellite can
easily be determined from the shape of the momentum profile.

A glance of Fig. 3 shows that the results for the 2P satellite
transitions are, though they all have p-type shapes, substan-
tially different from the 2p−1 momentum profile. The peak
positions shift towards higher q, and the maximum intensities
are considerably lower than that of the primary ionization.
The findings are contrary to general expectation, where the
momentum profile of a satellite band has almost the same
shape as that of the associated primary ionization, indicating
the appreciable influence of electron correlation in the initial
neutral state.

A notable deviation from the primary ionization has been
observed also for the transition to the 2p4(1S)3s 2S ionic state.
As can be seen from the lower panel of Fig. 3, the momentum
profile of this transition has a much lower intensity than that
of the 2s−1 primary ionization. On the other hand, the result
of the 2p4(1D)3d ionization shows fair agreement with the
2s−1 momentum profile, as expected from the THFA. The
CI calculation has revealed that the influence of initial-state
electron correlation strongly depends upon the final ionic state
of each satellite transition.

We subsequently compare the theoretical results with ex-
periment. The momentum profiles of bands 2–5 are presented
in Figs. 4–7. Also depicted in the figures are the experimental
results reported by Li et al. [11]. Because their data have
systematically higher intensities than ours, we have multiplied
a factor of 0.65 to those for comparison in shape. The sys-
tematic intensity differences are unlikely to come from the
uncertainty of our deconvolution procedure; if the error of the
procedure leads to a decrease in intensity for some shake-
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FIG. 5. Comparison between the experimental and theoretical
momentum profiles of band 2 at 53.08 eV, which arises from tran-
sition to the 2p4(3P)3p 2P ionic state. The solid line represents the CI
calculation, and the dashed line is the theoretical curve constructed
from the momentum profiles of the 2s−1 and 2p−1 primary ioniza-
tions (primary ionization calculation). The theoretical momentum
profiles are folded with the instrumental momentum resolution. For
comparison, the experimental result reported by Li et al. [11] is also
presented (open squares).

up bands, the deconvoluted intensities of the other bands
must become higher, since the total intensity is constant. The
source of the inconsistency is not clear now, but it may be
worthwhile to note that we have carefully determined the
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FIG. 6. Comparison between the experimental and theoretical
momentum profiles of band 4 at 58.02 eV, which is ascribed to a
transition to the 2p4(3P)4p 2P ionic state. The solid line represents
the CI calculation, and the dashed line is the theoretical curve
constructed from the momentum profiles of the 2s−1 and 2p−1

primary ionizations (primary ionization calculation). The theoretical
momentum profiles are folded with the instrumental momentum
resolution. For comparison, the experimental result reported by Li
et al. [11] is also presented (open squares).
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FIG. 7. Comparison between the experimental and theoretical
momentum profiles of band 5 at 59.49 eV which stems from transi-
tions to the 2p4(1D)3d 2S and 2p4(1S)3p 2P ionic states. The solid line
represents the CI calculation, and the dashed line is the theoretical
curve constructed from the momentum profiles of the 2s−1 and 2p−1

primary ionizations (primary ionization calculation). Also depicted
in the figure is the CI momentum profile constructed by making use
of the spectroscopic factors predicted by the QDPT-CI calculation
[27] (chain line). The theoretical momentum profiles are folded
with the instrumental momentum resolution. For comparison, the
experimental result reported by Li et al. [11] is also presented (open
squares).

relative intensities of the ionization bands and obtained results
that are consistent with our previous work [10].

First, we focus on band 3 at 55.83 eV, for which the
breakdown of the THFA has been suggested in our earlier
study [10]. The band is composed of two unresolved satellites;
one is the transition to the 2p4(1S)3s 2S ionic state and the
other to the 2p4(1D)3p 2P state. It is evident from Fig. 4 that
the primary ionization calculation significantly overestimates
the experiment below q ∼ 1.5 a.u., being consistent with our
previous work and the high-resolution measurement by Li
et al. On the other hand, the CI calculation has predicted much
lower intensity at small q, and as a result, the deviation from
the experiment is mostly resolved.

This is in sharp contrast to the theoretical result by Li
et al. [11]. Their calculation on band 3, which is depicted
in Fig. 4 for comparison, is in significant disagreement with
experiment. There are two major differences between their
calculation and ours. First, the SAC-CI approach was applied
by Li et al. to the calculation of Dyson orbitals. Second,
they computed the theoretical momentum profiles based on
the plane-wave impulse approximation, while the DWBA was
used in the present work. Concerning the latter difference, the
incident and outgoing electrons are described by plane waves
in the PWIA, assuming that the energies of the electrons are
high enough to neglect the influence of the target potential.
According to the PWIA, the (e, 2e) cross section [7] is given
by

d3σ

dE1d�1d�2
= (2π )4 p1 p2

p0
fee

∑
av

S f |ϕ f (q)|2, (11)

where fee is the electron-electron collision factor and ϕ f (q)
denotes the momentum-space representation of the normal-
ized Dyson orbital. The PWIA thus directly relates the (e,
2e) cross section to the momentum density distribution of the
Dyson orbital, |ϕ f (q)|2. Although the PWIA has been widely
used in EMS studies [7,22,23], distortions from the plane
waves have been shown to be non-negligible for neon under
the experimental conditions used [10,21]. The discrepancy
between experiment and theory is thus due at least partly to the
distorted-wave effect. However, its influence on the shapes of
the momentum profiles is not significant [10] and cannot fully
account for the huge deviation from the experiment.

The remaining possibility is the quality of the theoretical
wave functions used. In the SAC-CI approach, unimportant
unlinked terms have been neglected and a perturbation se-
lection of the linked operators has also been performed to
save computational costs [32]. Although these approximations
have little influence on energy values, they may considerably
affect the Dyson orbital of a satellite transition due to the fol-
lowing reason. The main configurations of the initial neutral
and final ionic states are the HF configuration and a 2h-1p
configuration, respectively. When constructing the Dyson or-
bital by means of Eqs. (8) and (10), the overlap between Slater
determinants of the main configurations 〈�N−1

2h-1p|a j |�N
HF〉 van-

ishes owing to the orthogonality of the atomic orbitals and
thus makes no contribution to the result. This implies that the
Dyson orbitals of satellite transitions are not governed only by
the main configurations. In other words, Slater determinants
with small CI coefficients may have appreciable influence.
Thereby, contributions from minor configurations should not
be excluded in the calculation of Dyson orbitals, even if
they are unimportant in energy calculations. By contrast to
the SAC-CI calculation of Li et al., the present work has
taken into account all contributions from the constituent Slater
determinants. This is the reason the CI prediction has shown
much better agreement with experiment than the calculation
by Li et al. The momentum profiles of shake-up satellites are
highly sensitive to the small components of the target wave
functions and can therefore provide a stringent test of the
quality of the theoretical description of the electronic structure
of the target.

Appreciable influences of the initial-state electron corre-
lation have been recognized also for other satellite bands.
Figures 5 and 6 show the momentum profiles of bands 2
and 4, which arise from transitions to the 2p4(3P)3p 2P and
2p4(3P)4p 2P satellite states, respectively. It can be seen from
the figures that there are considerable differences between
the CI and primary ionization calculations for both bands.
Unfortunately, however, the data of band 2 have large error
bars due to its low intensity as well as small separation in
energy from the intense primary ionization; the large exper-
imental uncertainties prevent us from a detailed assessment
of the electron-correlation effects. On the other hand, the
influence of initial-state electron correlation has exceeded the
error bars for band 4; as can be seen from Fig. 6, the primary
ionization calculation considerably overestimates the intensity
at q ∼ 1.0 a.u., while the CI momentum profile has been
satisfactorily reproduced the experiment.

Figure 7 presents the experimental and theoretical mo-
mentum profiles of band 5 at 59.49 eV, which stems from
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transitions to the 2p4(1D)3d 2S and 2p4(1S)3p 2P ionic states.
Owing to the dominant contribution from the 2p4(1D)3d 2S
state, the experimental result shows an s-type shape. As
mentioned above, the initial-state electron correlation gives
only a small influence on the 2p4(1D)3d 2S momentum profile.
Hence, not only the CI momentum profile but also the primary
ionization calculation is in fair agreement with experiment,
though both calculations slightly overestimate the intensity at
small q. The deviation is larger for the primary ionization
calculation, due mainly to the influence of the initial-state
electron correlation on the 2p4(1S)3p 2P ionization. One may
notice from Table I that for band 5, the present CI calculation
predicts larger values of the spectroscopic factors than the
other CI calculations, the quasidegenerate perturbation theory
with CI (QDPT-CI) calculation by Fronzoni and Decleva et al.
[27] and the 4h-3p/4h-4p CI calculation by Decleva et al. [28].
We thus constructed an additional CI momentum profile using
the spectroscopic factors reported by Fronzoni et al. to infer
the origin of the deviation from the experiment. The result is
depicted as a chain line in Fig. 7. The experimental data lie
between the two kinds of CI momentum profiles, indicating
that the actual values of spectroscopic factors are between the
two theoretical predictions used. It has been found that the
experimental momentum profile can be well reproduced, if
assuming spectroscopic factors of 0.0095 and 0.004 for the
2p4(1D)3d 2S and 2p4(1S)3p 2P satellite states, respectively.

D. Dyson orbitals

Within the PWIA, the (e, 2e) cross section is proportional
to the square modulus of the Dyson orbital in momentum
space, which is related to the position-space representation
by the Dirac-Fourier transform [see Eq. (11)]. Despite the
distorted-wave effect being non-negligible, its influence on
the shapes of momentum profiles is not significant for neon,
and the present work may thus bring insights into the spatial
distributions of the Dyson orbitals.

With this consideration in mind, we look into the momen-
tum profile of band 3 again. As can be seen from Fig. 4, the
experimental result is much broader than the primary ioniza-
tion calculation. It strongly suggests that the associated Dyson
orbitals have sharper distributions than those of the primary
ionizations in position space, because the Fourier transform of
a narrower function yields a broader function and vice versa.
To confirm this, we subsequently compare the theoretical
Dyson orbitals of the 2p4(1S)3s 2S and 2p4(1D)3p 2P satellite
transitions with those of the 2p−1 and 2s−1 ionizations. The
radial parts of the orbitals, R(r)’s, are shown in Fig. 8,
which are multiplied by the distance from the nucleus, r. It
can be seen from the figure that the Dyson orbital of the
2p4(1S)3s 2S satellite transition is, as expected, more localized
near the nucleus than that of the 2s−1 ionization due to the
difference in electron-correlation effects. The same is true for
the 2p4(1D)3p 2P satellite transition.

It may be worthwhile to note that Dyson orbitals are
not only related to the (e, 2e) cross sections but are also
required to calculate electronic factors of angular distributions
of photoelectrons, Compton profiles, and are further relevant
for other orbital imaging experiments [33]. Theoretical efforts
have thus been devoted to the study of Dyson orbitals [33–35].
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FIG. 8. Comparisons between the normalized Dyson orbitals of
the primary ionizations and shake-up satellites. Shown in the figure
are the radial parts of the orbitals multiplied by the distance from the
nuclei, rR(r)’s. See text for details.

EMS can provide a powerful tool to experimentally investi-
gate electron-correlation effects on Dyson orbitals.

V. SUMMARY

In this study, we have investigated electron-correlation
effects on the 2h-1p excitations in neon. The momentum
profiles of the shake-up satellites have been measured at
an incident electron energy of 1.2 keV in the symmetric
noncoplanar geometry. Theoretical momentum profiles have
also been calculated using CI wave functions of the initial
neutral and final ion states. Comparisons between experiment
and theory have revealed that the initial-state electron corre-
lation considerably affects the shapes of momentum profiles
for the neon satellites, contrary to the expectation from the
THFA. This implies that the spectroscopic factors cannot
always be determined simply from the intensity ratio between
each satellite and the primary ionization. For the 55.83-eV
band, the inclusion of initial-state electron correlation has
brought agreement with the experimental momentum profile
and settled the controversy in the literature [10,11]. It has been
shown that the momentum profiles of the shake-up satellites
are highly sensitive to minor components of the target wave
functions and can thus provide a stringent test of the quality of
theoretical methods to describe the electronic structure of the
target. Besides, it has been demonstrated that the momentum
profiles provide information on the spatial distributions of the
Dyson orbitals.
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