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State-resolved differential cross sections of single-electron capture in swift
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We report on double and single differential cross section measurements of the 1s2s2 2S, 1s2s2p 2P±, and
1s2s2p 4P doubly excited states produced by single-electron capture in 6–15 MeV collisions of pre-excited
C4+(1s2s 3S) ions with H2, He, Ne, and Ar targets. Ab initio cross section calculations based on a three active
electrons atomic orbital close-coupling approach are compared to the measurements for collisions with the lighter
H2 and He targets, showing an overall good agreement. Theoretical details concerning Auger electron angular
distributions, partial cross sections, impact parameter dependencies, and radiative cascade feeding effects are
discussed. The populations of the 1s2s2p 4P, 2P−, 2P+ multiplets concerning the spin symmetry are finally
presented for the four collision systems and discussed following the comparisons between theory and experiment.
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I. INTRODUCTION

The fundamental process of single-electron capture (SEC)
in ion-atom collisions and the related dynamics of a many-
body quantum system is a challenging theoretical problem.
Even for the simple system of proton scattering from a hy-
drogen atom, richly studied both theoretically and experimen-
tally, its theoretical description and modeling are still under
investigation (see Ref. [1] and references therein). Modern
theoretical SEC treatments are oriented towards semiclassical
close-coupling approaches (e.g., atomic orbital close-coupling
(AOCC) [1–3], two-center basis generator method (TC-BGM)
[4,5], molecular orbital close-coupling (MOCC) [6]), as well
as lattice-based finite-difference calculations [7], classical
trajectory Monte Carlo (CTMC) simulations [8], continuum
distorted-wave (CDW) approaches at sufficiently high inci-
dent energies [9], and other perturbative methods. Although
numerous SEC experimental results have been reported since
the advent of accelerators in an effort to model total cross sec-
tion dependencies [10], only state-selective SEC studies have
offered the most stringent tests of theory. State-selective SEC
data obtained with the techniques of energy gain spectroscopy
[11,12], x-ray spectroscopy [13,14], Auger spectroscopy
[15–18], and COLTRIMS [4,19–24] have been reported dur-
ing the last decades. The results of these studies, aside from
their inherent physical significance towards the detailed un-
derstanding and modeling of the SEC process, are essential
for the development of a number of fields such as astrophysics
[25,26] and plasma physics [27].

Despite the abundance of state-selective SEC studies, only
recently has SEC involving multi-open-shell excited ions re-
ceived attention [5,15–18,28]. This is a demanding theoretical
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problem, as it is of multielectron nature and inherently bears
important dynamic electron correlation effects. Furthermore,
it offers the testing grounds for examining the validity of
the commonly used single active electron picture, adopted in
independent electron, independent event, and frozen core ap-
proximations, as well as arguments concerning the population
of levels following spin statistics [16–18,28,29]. It should be
pointed out that the SEC of a target electron to the ground
state of an ion primarily results in singly excited states that
can be explored by time-of-flight techniques [30] and various
photonic deexcitation spectroscopies [14,31]. Alternatively,
SEC to excited ionic states (e.g., 1s2s 3S for He-like ions)
may give rise to doubly excited states much more efficiently
explored by state-resolved Auger spectroscopy, particularly
for low-Zp ions [15].

Recently, the long-standing problem of how a multi-
unpaired-electron ion core behaves while undergoing SEC
during fast ion-atom collisions has been resolved [28]. There,
focusing on swift collisions of C4+(1s2s 3S) ions with helium
and dihydrogen, we presented results on the formation of
doubly excited C3+(1s2s2p) 4P and 2P± states, where 2P−
and 2P+ correspond to the doublet levels of lowest and highest
energies, respectively. Emphasis was primarily given to the
ratio R of the 4P / 2P± SEC cross sections as a measure of the
spin statistics population ratio. High statistics state-resolved
KLL Auger spectra, strongly supported by intensive close-
coupling calculations involving the dynamics of three active
electrons (3eAOCC), highlighted the importance of strong
electron correlations. At the same time, these results also ex-
posed the weaknesses of both statistical arguments and single
active electron approximations in modeling the populations of
the atomic states originating from capture.

This paper is an extension of our work already presented
in Ref. [28]. Here we are concerned with the detailed study of
the SEC process induced in collisions between C4+(1s2s 3S)
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FIG. 1. Cross-sectional view of our ZAPS experimental setup. Electrons emitted at θ = 0◦ with respect to the ion beam direction are first
decelerated and focused onto the entry of the HDA by the injection lens and subsequently energetically analyzed by the HDA and imaged
onto the 2D PSD within a narrow strip along the dispersion axis (as seen in the inset). The projection of the image along the dispersion axis
corresponds to the electron spectrum in red shown in the inset.

projectiles and different gas targets (T: H2, He, Ne, Ar), i.e.,

C4+(1s2s 3S) + T → C3+(1s2s2l 4,2L) + T+ (1)

↓
C4+(1s2 1S) + e−

A (θ = 0◦, ε′
A), (2)

where θ is the electron observation angle with respect to
the projectile beam direction and ε′

A the Auger electron en-
ergy in the rest frame of the projectile. Double and single
differential cross sections (DDCS and SDCS, respectively)
are reported for the production of the 1s2s2 2S, 1s2s2p 2P±,
and 1s2s2p 4P states. 3eAOCC calculations are detailed and
compared to the measurements on the SDCS level. Additional
information with respect to the angular distributions, the par-
tial cross section contributions, and the process probability
dependence on the impact parameter is provided. Finally,
further support of the nonstatistical population of the above
states is also given.

II. EXPERIMENT

A. The experimental setup

High-resolution KLL Auger electron spectra were obtained
using the zero-degree Auger projectile spectroscopy (ZAPS)
[32] experimental station located at the NCSR “Demokri-
tos” 5.5 MV Tandem accelerator facility [33]. This ZAPS
setup, illustrated in Fig. 1, has been described in detail in
Refs. [34,35]. The electron spectrometer consists of an elec-
trostatic single-stage hemispherical deflector analyzer (HDA)
equipped with a four-element injection lens and a two-
dimensional position sensitive detector (2D PSD). The C4+
ion beam passes through the doubly differentially pumped gas
cell, where it interacts with the gas target, and upon exiting
continues on through the spectrometer to be collected in a
Faraday cup for normalization purposes. KLL Auger electrons
generated from the deexcitation of the C3+(1s2l2l ′) electronic
configurations [Eq. (2)], produced in the collision and emitted

in the forward direction along the ion beam (θ = 0◦), are
preretarded and focused by the injection lens onto the entry
of the HDA to improve their energy resolution and collection
efficiency. They are then energetically analyzed by the HDA
and imaged onto the 2D PSD within a narrow strip along the
dispersion axis [36]. The projection of the image onto the dis-
persion axis results in the Auger electron spectrum, as shown
in the inset of Fig. 1. In this study, high statistics spectra were
recorded with sufficient energy resolution (0.15%) to clearly
separate the C3+(1s2l2l ′) KLL Auger lines.

B. Electron yield normalization

In ZAPS, the measured electron DDCS is determined from
the following formula [32,37]:

DDCS j ≡ d2σ j

d�dEj
= Ne

j

NI Leff n �� �Ej T η
, (3)

where Ne
j is the number of electrons detected in channel j

(out of a 256 channels binning scheme used on the PSD), Leff

the effective length of the target gas cell, NI the number of
ions collected in the Faraday cup, n the target gas density,
�� the effective solid angle averaged over the length of
the gas cell, �Ej the energy step per channel in the spec-
trum, and T the analyzer transmission determined here by
three electroformed meshes of 90% transmission each. The
absolute overall spectrograph efficiency η was obtained by
performing auxiliary in situ measurements of either elasti-
cally scattered (binary encounter) electrons from bare C6+ ion
beams, as typically done for increased accuracy in all such
ZAPS measurements [32,38], and/or measurements of the tar-
get Ne-KLL Auger production utilizing proton beams [32,39].
Both methods gave very similar results, i.e., an overall effi-
ciency η = (50 ± 5)%. It should be noted that our present data
acquisition system allows for a maximum count rate of about
100 kHz with negligible dead time. The DDCS are then trans-
formed to the projectile rest frame according to the kinematics
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transformation [32]:

d2σ

d�′dε′ = d2σ

d�dε

√
ε′

ε
, (4)

where the quantities in the projectile rest frame are denoted
with primed symbols. The electron kinetic energy ε′ in the
projectile rest frame can be related to the corresponding labo-
ratory frame kinetic energy ε as [32]

ε′(tp, ε) = ε + tp − 2 cos θ
√

ε tp, (5)

with

tp = m

Mp
Ep = 548.58

Ep (MeV)

Mp (u)
(eV) (6)

being the reduced projectile energy known also as the cusp
electron energy (electrons isotachic to the projectile ion). θ is
the angle between the vectors of the projectile velocity Vp and
the emitted Auger electron velocity in the laboratory frame v,
with θ = 0◦ in our ZAPS measurements. Ep and Mp are the
kinetic energy and mass of the projectile, respectively, while
m is the electron mass.

C. Mixed-state He-like ion beams

Our experiments necessitate the use of He-like ion beams
pre-excited in the 1s2s 3S state. However, He-like ion beams
produced in tandem Van de Graaff accelerators are typi-
cally delivered in a mixture of 1s2 1S ground and 1s2s 1,3S
metastable states [40]. The 1s2s 1S component has a reduced
production probability, i.e., 1/3 of that for the 1s2s 3S, as-
suming a statistical production probability. Moreover, due to
its lifetime of 3 μs (much shorter than the lifetime of 20 ms
of the 1s2s 3S component [40]) it suffers further population
reduction up to the target area. Depending on the production
method and location (12.1 m or 26.4 m from the target) this
value may be further reduced from 25% to 50% [40]. In
addition, the contribution of the 1s2s 1S component to the for-
mation of the 1s2s2p 4P state is negligible (spin forbidden),
while the contribution to the 1s2s2p 2P states was found to
be marginal upon calculation. Thus, hereafter, its contribution
to the analysis of the data will be omitted. To extract the
contributions of the ground state from those of the metastable
state component we use our recently reported mixed-state
beam method [41]. It relies on varying the metastable frac-
tion in the He-like ion beams, which is possible by utilizing
different stripping media, i.e., gas or foil. In the case of gas
stripping, the metastable fraction depends also on the strip-
ping energy [42,43], while in the case of foil stripping it
depends mostly on the atomic number and thickness of the foil
[42,44–48]. Our method requires performing two different
measurements with He-like beams of appreciably differ-
ent 1s2s 3S metastable content as expressed by the relative
intensities of the 1s2s2p 4P peak [35,40,41]. The first mea-
surement utilizes a high metastable fraction typically obtained
with carbon foil stripping, either inside the accelerator tank
at the terminal (foil terminal stripping, FTS) or at a post-
stripper after the accelerator tank (foil poststripping, FPS).
The choice of FTS or FPS method depends mostly on the
ion beam energy. The second measurement utilizes a lower
metastable fraction typically obtained with N2 gas stripping

either inside the accelerator tank (gas terminal stripping, GTS)
or outside the accelerator tank (gas poststripping, GPS). Thus,
we utilized two different stripper positions: one inside the
terminal, at a distance of ∼26.4 m, and a second one, at a
distance of ∼12.1 m from the target, just before the switching
magnet for proper charge state selection.

The DDCS for the collision energies 6, 9, 12, and 15 MeV
and for the H2, He, Ne, and Ar gas targets, obtained in such
double measurements for high and low 1s2s 3S metastable
fractions, are presented in Fig. 2. Single-collision conditions
were tested and ensured for all targets. Accordingly, the Auger
electron SDCS are obtained after integrating each Auger peak
x over the electron energy ε′ in the projectile frame DDCS
spectrum, as

dσi[x] ≡ dσi[x]

d�′ =
∫

[x]
dε′ d2σi[x]

d�′dε′ ,

for i:1, 2 and x: 2S, 2P−, 2P+, 4P, (7)

where the index i = 1, 2 refers to the two different measure-
ments. Here dσi[x] will be used as a shorthand for dσi[x]

d�′ to
avoid unnecessary clutter in the mathematical expressions to
follow. Note that dσi[x] are not true cross sections since they
depend on the beam component content and therefore will be
referred to as apparent cross sections.

From these double measurements, the ground- and
metastable-state individual contributions to the production of
the 1s2l2l ′ electronic configurations are extracted according
to the following two requirements of the method:

(a) The 1s2s2p 4P state is produced solely from the
1s2s 3S component by single-electron capture.

(b) The 1s2p2 2D state is produced predominantly from
the 1s2 1S ground-state component by the process of transfer
excitation.

It should be noted here that the 1s2s2p 4P is a long-
lived state, which has certain implications for its detection
efficiency that will be considered below. The true SDCS,
dσg[x]/d�′ and dσm[x]/d�′, corresponding to the 1s2 1S
ground and 1s2s 3S metastable states, respectively, are then
derived as [Ref. [41], Eqs. (A.12) and (A.13)]

dσm

d�′ [x] = dσ2[x]dσ1[2D] − dσ1[x]dσ2[2D]

dσ1[2D] − dσ2[2D]
, (8)

dσg

d�′ [x] = dσ2[x]dσ1[4P] − dσ1[x]dσ2[4P]

dσ1[4P] − dσ2[4P]
, (9)

for dσ1[x], dσ2[x], and x as in Eq. (7). In this paper, we focus
on SEC to the metastable 1s2s 3S component of the ion beam
and therefore the determination of the SDCS, dσm[x]/d�′.
These SDCSs are reported for zero-degree measurements as
dσ [x](0◦)/d�′ (where we have dropped the implied m sub-
script) in Table V for the doublets 2S, 2P±, and Table VI for
the 4P, as well as in Fig. 5 for H2 and He and Fig. 11 for Ne
and Ar targets, respectively.

D. Determination of the metastable fraction

Our method, as can be seen from Eqs. (8) and (9), does
not require the explicit determination of the beam metastable
fractions f [1]

3S and f [2]
3S . However, this information is implicit in

Eqs. (8) and (9) and can be readily extracted as [see Ref. [41],
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FIG. 2. Projectile rest frame 0◦ DDCS for collisions of 6, 9, 12, and 15 MeV (top to bottom) C4+(1s2 1S, 1s2s 3S) mixed-state beams with
H2, He, Ne, and Ar gas targets (left to right). The red symbols are electron spectra obtained from the low f3S fraction beam content, using GTS
or GPS. The blue symbols are spectra obtained from the high f3S fraction beam content, using FTS or FPS, as evident from the enhanced yield
of the 1s2s2p 4P peak in the latter. See text for details on the ion-stripping procedures. The doubly excited states are identified by their Auger
energies as shown for He at 6 MeV collision energy.

Eq. (A.14)]

f [i]
3S = dσi[

4P]
dσ2[2D] − dσ1[2D]

dσ2[2D]dσ1[4P] − dσ1[2D]dσ2[4P]
(10)

for dσi[x] as in Eq. (7). The metastable fractions were de-
termined from the apparent cross sections, obtained after
integrating the Auger peaks in the DDCS spectra with the He
target, and are shown in Fig. 3. The fractions obtained with
H2 targets were not used since they have much larger inherent
uncertainties due to poorer statistics. High fractions were ob-
tained using GPS (at Ep = 6 and 9 MeV) and FTS (at Ep = 12
and 15 MeV), while low fractions were obtained mostly using
GTS. It is seen that over the projectile energy range used, both
the high and the low values are fairly constant with average
values of (17.5 ± 3.5)% and (5.5 ± 1.5)%, respectively.

E. SDCS for collisions with heavy targets

In the case of heavy gas targets, like Ne and Ar used here,
the requirement (b) above is not well fulfilled because the
1s2p2 2D state has a nonnegligible probability to be produced
also from the 1s2s 3S component [37], mostly due to the
many more electrons available for SEC from the target L and
M shells. Thus, in the case of Ne and Ar targets, Eqs. (8)
and (9) are not valid anymore. In this case, however, it is

still possible to obtain SDCS with the additional information
about the beam content, readily obtained from the previous

FIG. 3. Metastable state C4+(1s2s 3S) fractions obtained with
He targets. High fractions f [1]

3S
(blue filled circles) were obtained with

GPS (6 and 9 MeV) and FTS (12 and 15 MeV), while low fractions
f [2]

3S
(red open circles) were obtained with GTS, using Eq. (10). See

text for details on the ion stripping processes. Dashed lines: Average
values of f [1]

3S
= (17.5 ± 3.5)% and f [2]

3S
= (5.5 ± 1.5)%. The shaded

area around the dashed lines represents the uncertainty in these
average fractions.
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measurements with He or H2 targets for which conditions (a)
and (b) are valid, using Eq. (10). In our measurements, we
performed the DDCS measurements for each stripping condi-
tion on all four targets, in sequence one after the other (proper
flushing the gas delivery lines to clear any contaminants of
the previous target is extremely important), thus ensuring the
consistency of the beam metastable content used across all
four gas targets.

For the heavier Ne and Ar targets, for each state x, the
contributions from each beam component, dσm[x]/d�′ and
dσg[x]/d�′, are then calculated from the following system of
equations [see Eqs. (A.1) and (A.2) in Ref. [41]], which is
always valid independent of any requirements such as (a) and
(b) used above:

(
1 − f [1]

3S

) dσg

d�′ [x] + f [1]
3S

dσm

d�′ [x] = dσ1[x], (11)

(
1 − f [2]

3S

) dσg

d�′ [x] + f [2]
3S

dσm

d�′ [x] = dσ2[x]. (12)

The fractions f [1]
3S and f [2]

3S , shown in Fig. 3, were computed
from Eq. (10) using the apparent SDCS, dσi[x] [Eq. (7)],
determined from collisions with the He target under the
requirements (a) and (b). Solving the system of two lin-
ear equations, Eqs. (11) and (12), for the two unknowns
dσg[x]/d�′ and dσm[x]/d�′, where now the fractions f [1]

3S and
f [2]

3S are known coefficients, we obtain

dσg

d�′ [x] = f [2]
3S dσ1[x] − f [1]

3S dσ2[x]

f [2]
3S − f [1]

3S

, (13)

dσm

d�′ [x] =
(
1 − f [1]

3S

)
dσ2[x] − (

1 − f [2]
3S

)
dσ1[x]

f [2]
3S − f [1]

3S

. (14)

Equation (14) and the average metastable fractions deter-
mined from collisions with He (shown in Fig. 3, dashed lines)
were used to compute the SDCS for the Ne and Ar targets (see
Sec. IV).

F. The 1s2s2p 4P state solid angle correction

The 4PJ states are characterized by inherent total angular
momentum J-dependent long lifetimes [49–51]. Thus, the
three 1s2s2p 4P states, i.e., 4P1/2, 4P3/2, and 4P5/2, Auger
decay all along the projectile path from the gas cell to the
spectrometer and even through it. This results in a variable
detection solid angle ��J (VpτJ , z), a function of the product
of the J-level lifetime τJ and the ion beam velocity Vp, as well
as the acceptance solid angle ��(z) at each point z of the
decay. In a recent publication, we have treated this effect in
a Monte Carlo-type simulation using the SIMION ion optics
package to include any possible effects due to the injection
lens [52], otherwise difficult to model analytically. There we
introduced the effective solid angle correction factor GτJ as the
ratio of the effective solid angle originating from a long-lived
J level to the solid angle of a prompt state decaying inside
the gas cell. The overall effective solid angle correction factor
Gτ is then determined as the statistical averaging of the GτJ

correction factors. Thus, we have

�� = Gτ ��0(s0), (15)

TABLE I. Solid angle correction factors Gτ and GτJ computed
according to Eq. (16) and Eq. (17) used in the correction of the 4PJ

(J = 1/2, 3/2, 5/2) solid angle �� as given by (Eq. (15)).

Ep Vp

(MeV) (mm/ns) Gτ Gτ1/2 Gτ3/2 Gτ5/2

6.0 9.820 1.91 1.31 2.56 1.71
9.0 12.02 1.97 1.45 3.05 1.46
12 13.88 2.01 1.60 3.40 1.28
15 15.52 2.04 1.74 3.63 1.15

Gτ =
∑

J (2J + 1)ξJGτJ∑
J (2J + 1)ξJ

, (16)

GτJ = ��J

��0(s0)
, (17)

with the solid angles defined as [52]

��J = 1

Lc

∫ Lc

z′=0
dz′

∫ Lc/2+s0−z′

z=0
dz

exp
(− z

VpτJ

)
VpτJ

× ��0(Lc/2 + s0 − z′ − z), (18)

��0(s0) = 1

Lc

∫ Lc

z′=0
dz′��0(Lc/2 + s0 − z′)), (19)

��0(s) = 2π

(
1 − s√

r2
0 + s2

)
, (20)

with ��0(s0) = 1.515 × 10−4 sr for the gas cell of effective
length Lc = 52.5 mm centered at a distance s0 = 289 mm
from the lens entrance having an opening radius r0 = 2 mm
[52,53]. In the above calculations, we have used for the life-
times τ1/2 = 2.94 ns, τ3/2 = 7.10 ns, and τ5/2 = 121.36 ns
[51] and for the Auger yields ξ1/2 = 0.99, ξ3/2 = 0.94, and
ξ5/2 = 1.00 [54]. The correction factors Gτ and GτJ used for
the 4P state are listed in Table I. All other states are prompt,
and for these Gτ = 1.

Our SIMION results were confirmed experimentally using
Be-like mixed-state C2+(1s22s2 1S, 1s22s2p 3P) beams [55].
There the 1s2s2p 4P state is produced from the 1s22s2p 3P
metastable state via 1s ionization, leading to the production
of 1s2s2p 4P state free of cascade effects (described in more
detail in Sec. IV), thus allowing for the accurate determination
of the correction factor Gτ . Accordingly, the SDCS for the 4P
state was also determined by Eq. (8), but corrected by further
dividing by Gτ .

III. THEORY

The objectives of the present calculations are (i) to describe
as precisely as possible the capture processes to produce C3+

in the autoionizing states observed experimentally, (ii) to pre-
dict the capture cross sections for higher levels of interest for
cascade effects, (iii) to take into account the interelectronic
repulsion and spin effects in up to three open shells, and (iv)
to cover the entire energy range within the same treatment.
Though requiring extremely intensive computations, we chose
to solve nonperturbatively and within a full configuration
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FIG. 4. Collision geometry. The impact parameter b and velocity
Vp define the collision plane (xz) and R(t ) the projectile (P) trajec-
tory with respect to the target (T). The positions of the three electrons
with respect to the target center are denoted r1, r2, r3. Note that for
clarity we locate the origin of the reference on the target; this does
not restrict the generality of our results, which are Galilean invariant.

interaction approach the eikonal equation [56], equivalent
to the time-dependent Schrödinger equation (TDSE) in the
semiclassical approximation (atomic units are used in the
following),

i
d

dt
ψ (r1, r2, r3, t ) = Hψ (r1, r2, r3, t ). (21)

The time t is related to the target (T)-projectile (P) relative
position by the usual straight-line, constant velocity, relation,
R = b + Vpt , with b and Vp being the impact parameter and
velocity, respectively, as seen in Fig. 4.

In Eq. (21) the Hamiltonian operator includes all Coulomb
interactions between the nuclei and the three active electrons.
Since two of the three active electrons correspond to the
projectile, we performed calculations only for the He and di-
hydrogen targets, both modeled as an atom binding a unique,
active electron. For the molecular target, we therefore do not
take into account two-center effects (such as orientation, inter-
ferences, etc. [57–59]) due to the enormous increase that the
two-center description would have required in computational
effort. However, since the experiment was performed on an
isotropic (nonoriented) target, our approach is a convenient
and averaged alternative to model the electronic processes
occurring during the collisions. The scattering wave function
is expanded onto a set of asymptotic states (and pseudostates)
φPPP

k and products φT
i φPP

j of asymptotic states (and pseu-
dostates) as

ψ (r1, r2, r3, t ) =
∑
i, j

cT PP
i, j (t )φT

i φPP
j +

∑
k

cPPP
k (t )φPPP

k .

(22)

The superscripts T, PP, PPP denote states describing one,
two, and three electrons on their respective centers (He, C4+,
and C3+, respectively), including the usual energy phases,
and for the projectile states, the electron translation factors
exp(iVp · ri − iV 2

p /2), to ensure Galilean invariance of the
results [2]. Note that in Eq. (22), the electrons are treated as
indistinguishable, and thus, the total wave function, as well
as the atomic φ states, are fully antisymmetrized. The TDSE
can then be written as a set of coupled differential equa-

tions for the expansion coefficients c (≡cT PP
i, j or cPPP

k ), ċ(t ) =
−iS−1M c(t ), where S is the overlap matrix and M the
coupling matrix, involving all couplings, notably the two-
center interelectronic Coulomb repulsion. These equations are
solved for an initial state i, [C4+(1s2s 3S) + He(1s2) in the
present case] using the robust predictor-corrector time-step
method and code developed by Shampine and Gordon [60].
The c(t ) coefficients are asymptotically probability ampli-
tudes from which one gets the partial cross sections for
production of the state X (= 2S+1L) given by

σ [X ](L, ML ) = 2π

∫ +∞

0
bdb|cX (b, t → ∞)|2, (23)

for all channels X spanned in our basis set. Here the state
indicator [X ] may sometimes be omitted when clear, with
the partial cross section then simply written as σ (L, ML ),
where ML is the magnetic quantum number. In our approach,
which does not include spin-orbit coupling, the total spin
of the three-electron system is conserved and requires two
independent calculations, one for the doublet and one for the
quartet spin symmetries. The cross sections from these two
series of calculations are therefore averaged by a factor 1/2
to ensure unitarity. Furthermore, the capture probabilities are
rather small in the range of impact energies under consider-
ation so that they are also multiplied by 2 to account for the
two electrons of the target.

In more detail, the He, C4+, and C3+ states are expressed
as linear combinations of Gaussian-type orbitals (GTOs) and
of spin-adapted products of these GTOs by diagonalisation
of the respective atomic Hamiltonian operators within a full
configuration interaction approach. The GTO exponents are
optimized to minimize the number of GTOs, while ensur-
ing accurate binding energies for the important states under
consideration. The present calculations are based on a set
of seven, seven, and 22 GTOs, that are centered on helium,
hydrogen, and carbon, respectively. Their parameters are pre-
sented in Table II.

In our one-electron model of the helium target, the active
electron of He is bound to He+ by using a model potential,
expressed as

V (r) = −1

r

13∑
i=1

ci exp(−βir
2), (24)

with the values of the coefficients ci and βi given in Table III.
These values were used to obtain a ground-state energy close
to the first ionization energy and correct Coulombic limits at
r → 0 and r → +∞.

For the carbon center, the GTO set allows for obtain-
ing accurate binding energies for the important states under
consideration, i.e., C4+(1s2s 3S) and C3+(1s2l2l ′ 2S+1L), as
presented in Table IV. Finally, the dynamical calculations
for the doublet spin symmetry of the C4+ + He (C4+ + H)
collision system include 1794 (1807) bound, autoionizing
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TABLE II. Orbital angular momentum quantum numbers l and
exponents α of the GTOs G(r) = N rl exp(−αr2) for hydrogen, he-
lium, and carbon centers. The notation 4.931(−3) stands for 4.931 ×
10−3. Note that the number of GTOs for carbon is 22 considering the
multiplicity of 3 for each of the l = 1 orbitals.

Hydrogen Helium Carbon

l α l α l α

0 4.931(−3) 0 7.250(−3) 0 5.500(−2)
0 2.457(−2) 0 2.903(−2) 0 1.298(−1)
0 1.591(−1) 0 1.163(−1) 0 3.064(−1)
0 4.360(−1) 0 4.656(−1) 0 7.231(−1)
0 1.152 0 1.864 0 1.707
0 1.905 0 7.466 0 4.028
0 6.850 0 2.990(1) 0 9.507

0 2.244(1)
0 5.296(1)
0 1.250(2)
1 2.600(−1)
1 7.500(−1)
1 2.449
1 8.000

states and continuum pseudostates and, for the quartet spin
symmetry, 802 (812), respectively. These numbers are limited
by a maximal energy cutoff equal to about 31 a.u. relative
to the ground states of the collision partners. The coupled
differential equations were solved in a large time region corre-
sponding to a projectile-target internuclear maximal distance
equal to 100 a.u. The convergence of the results has been
tested with respect to this parameter, as well as with respect to
the size of the GTOs and state basis sets, and was found to be
within 15% at worst for the channels under consideration.

The 3eAOCC calculations provide the probability ampli-
tudes as a function of the impact parameter b from which
the production cross sections can be readily evaluated using
Eq. (23) for any of the 1s2l2l ′ 2S+1L channels treated. Follow-
ing an Auger decay of the 2S+1L state to a final ionic state with
L f = 0, as in the case of the C4+(1s2) ground state examined
here, the SDCS depend only on the cross sections of the mag-
netic states, σ (L, ML ) of the autoionizing levels [64]. Thus, in
this case, the Auger electron SDCSs can be computed at any
observation angle θ (or θ ′ in the projectile rest frame) for the
produced 2L doublet states using the well-known Auger elec-
tron angular distribution LS-coupling formula [64] written as
an expansion of even-order Legendre polynomials, Pk (cos θ ′):

dσ [2L]

d�′ (θ ) = ξ [2L]
σtot[2L]

4π

2L∑
k=0,even

Ak (L) Pk (cos θ ′), (25)

where the total LS-multiplet production doublet cross sec-
tion σtot[2L] is computed as

σtot[
2L] =

L∑
ML=−L

σ (L, |ML|). (26)

The projectile rest frame emission angle θ ′ in Eq. (25) is
related to the electron laboratory frame emission angle θ with
respect to the direction of the projectile velocity by the frame

transformation relation:

cos θ ′ = −ζ ′ tan2 θ ±
√

1 + (1 − ζ ′2) tan2 θ

1 + tan2 θ
, (27)

with

ζ ′ = Vp

v′
A

=
√

tp

ε′
A

, (28)

where the Auger electron energy ε′
A = 1/2 mv′

A
2 and the cusp

energy tp as already defined in Eq. (6). The ± sign in Eq. (27)
refers to the forward (+) or backward (−) emitted Auger
electron [32].

In Eq. (25), ξ [2L] is the mean Auger yield of the LS
multiplet (usually computed as the statistical average over its
J components ξJ ) given in general by

ξ [2S+1L] ≡
∑J=L+S

J=|L−S|(2J + 1)ξJ

(2S + 1)(2L + 1)
. (29)

Finally, the angular distribution parameters Ak [64] are in gen-
eral complicated functions of partial cross sections σ (SLJ ),
the interfering phases of the emitted l, j partial Auger waves
and the reduced Auger matrix elements of the SLJ → S f L f Jf

Auger transition. However, in the case where just a single l, j
Auger partial wave is emitted, these coefficients are much
simplified and independent of the phases and the reduced
Auger matrix elements. This is always the case when the final
ionic states S f L f Jf have Jf = 0 [64,65], as in the case here,
where the final ionic state is the C4+(1s2 1S) ground state
with S f = L f = Jf = 0. For an isolated SLJ resonance these
have been computed within the LSJ intermediate coupling
[65,66]. If the SLJ resonances are completely unresolved,
their contributions have to be added coherently within the
same LS multiplet (case of totally overlapping resonances).
The expression for Ak then for L f = 0 and S f = S ± 1/2
can be shown to be given by [see Table I in Mehlhorn and
Taulbjerg [64] or Kabachnik et al. [67] Eqs. (12) and (13)]

Ak (L) = αk (L)Ak0(L), (30)

with the anisotropy coefficient αk[L] given by [67]

αk (L) = (−1)L
√

(2L + 1)(2k + 1)

(
L L k
0 0 0

)
, (31)

and the alignment parameter Ak0[L] given by [see Ref. [67],
p. 4655]

Ak0(L) =
√

(2L + 1)(2k + 1)∑
ML

σ (L, |ML|)

×
L∑

ML=−L

(−1)L−ML

(
L L k

ML −ML 0

)
σ (L, |ML|).

(32)

For the S = 1/2, L = 1 case of interest here (i.e., the 2P±
states), we have only an A2 term. Evaluating according to
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TABLE III. Coefficients and exponents used to represent the system He+ + e− by the model potential defined in Eq. (24).

i 1 2 3 4 5 6 7 8 9 10 11 12 13

ci 1.0 0.02122 0.23856 0.24184 0.18409 0.12201 0.13192 0.01928 0.10648 0.10665 −0.04115 −0.07789 −0.07425
βi 0.0 0.73506 4.59598 13.37885 47.82184 260.82361 1.78475 0.50641 1.07305 2.38839 12.09488 30.87964 153.60719

Eqs. (31) and (32) and (26), we have (see Ref. [64], Table 1)

α2(L = 1) = −
√

2,

A20(L = 1) =
√

2
[σ (1, 1) − σ (1, 0)]

σ (1, 0) + 2σ (1, 1)
,

A2(L = 1) = α2(L = 1)A20(L = 1)

= 2
σ (1, 0) − σ (1, 1)

σ (1, 0) + 2 σ (1, 1)
. (33)

For L = 0, only k = 0 survives in the summation of Eq. (25)
giving A0 = 1, consistent with the expected isotropic emis-
sion.

For θ = 0◦, as in our ZAPS measurements, we have from
Eq. (27) cos θ ′ = ±1 with Pk (±1) = 1 (for k even). Then,
directly from Eqs. (25) and (33) for L = 0, 1, we have for the
levels 2S and 2P±, respectively:

dσ [2S]

d�′ (θ = 0◦) = ξ [2S] σ [2S](0,0)
4π

, (34)

dσ [2P±]

d�′ (θ = 0◦) = 3 ξ [2P±] σ [2P±](1,0)
4π

, (35)

and thus the θ = 0◦ SDCS are seen to be sensitive only to the
ML = 0 component of the partial cross sections. For measure-
ments at θ 
= 0◦, no such simplification takes place and all
ML values come into play [68,69]. Since for low-Zp ions the
spin-orbit interaction is negligible, the spin has a negligible
effect on the production of the resonances. Thus, Eq. (35) was
assumed to be a good approximation for the 1s2s2p 4P state
too. The C3+ KLL Auger yields ξJ are all very close to 1, and
we have therefore taken ξ [2S+1L] = 1 for all L = 0, 1.

TABLE IV. Binding energies (in a.u.) of some of the important
C4+ and C3+ states included in our basis set used in the close-
coupling calculations. The values are relative to the corresponding
ground states. For comparison, the last line shows the values from
other sources, as indicated.

C4+ C3+

1s2s 1s2s2p 1s2s3s 1s2s3p

3S 4P 2P− 2P+ 4S 4P

10.90 10.73 10.95 11.11 12.17 12.55
10.99a 10.77b 10.99b 11.15b 12.22c 12.31b

aEngstrom et al. [61] and NIST Atomic Spectra Database [62].
bChen [54].
cDumont et al. [63].

IV. RESULTS AND DISCUSSION

In this section we present our results related to the SEC
process in fast collisions of pre-excited C4+(1s2s 3S) beams
with gas targets [see Eq. (1)].

A. H2 and He targets

In Fig. 5 and Tables V and VI, we present the experi-
mental and theoretical SDCSs for the 1s2s2 2S, 1s2s2p 2P−,
1s2s2p 2P+, and 1s2s2p 4P states obtained in collisions of the
pre-excited C4+(1s2s 3S) beams with H2 and He targets. The
experimental SDCSs were obtained after a straightforward
integration of the peaks in the DDCS spectra according to
Eq. (7). Special care was taken for the proper background
fit and subtraction, since our two-spectra measurement tech-
nique is sensitive in electron yield differences. Only the 2S
peak, residing on the low energy wing of the 1s2s2p 4P peak,
was fitted to extract the SDCS. Moreover, in the case of the
1s2s2p 4P peak, the SDCS, obtained after subtracting the
fitted 2S peak, was corrected by further dividing it by the
solid angle correction factor Gτ , listed in Table I according
to projectile energy Ep.

In Fig. 5 reasonable agreement between the calculations
and the measurements can be observed. For the case of He,
the SDCS calculations are seen to be larger than the mea-
surements (close to an average factor of 2) except at the
higher projectile energy of 15 MeV, for which the agreement
is very good. The strongest deviations are for the 2S state,
possibly due to the difficulty to extract the Auger yield from
the low-energy tail of the 4P peak (see Fig. 2). Indeed, for the
lowest energies, the 2S presents a much lower yield compared
to the 4P, inherently increasing its uncertainty. However, at
the highest energy (15 MeV), the 2S yield is relatively in-
creased, improving its accuracy, as evident from the improved
agreement with the theoretical results. Even better agreement
is seen for the case of H2, although the statistical error bars
are larger than for He. This latter point is attributed to the
fact that H2 has smaller SEC cross sections compared to He,
even by an order of magnitude and, thus, suffers from poorer
statistics in the measurements. Indeed, for the 2S state at
the highest projectile energy (15 MeV), corresponding to the
smallest cross section of the set of measurements for H2

targets, the SDCS could not be obtained within a reasonable
error bar.

B. Cascade feeding of the 1s2s2p 4P

For the 1s2s2p 4P state, which corresponds to the strongest
capture channel under consideration, contributions from se-
lective cascade feeding [18] were also included in the
3eAOCC results, as discussed in detail in Ref. [70]. SEC
may result in both doublet and quartet 1s2snl 2,4L, (n � 2)
states. Configurations with n > 2 may decay to the 1s2s2p
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FIG. 5. 0◦ Auger electron SDCS for the 1s2s2 2S, 1s2s2p 2P−, 1s2s2p 2P+, and 1s2s2p 4P states obtained in collisions of C4+(1s2s 3S)
with H2 and He targets. Symbols: Measurements (squares, H2; circles, He targets). Only statistical uncertainties are shown. Solid lines with
symbols: 3eAOCC calculations (black, H2, red, He). Dotted lines also include the cascade feeding of the 1s2s2p 4P states from higher lying
(1s2snl 4L, n > 2) quartet states and listed under the (SEC+C) columns in Table VI, computed according to Eq. (36). The lines correspond
to interpolations between the theoretical points to guide the eye.

configuration radiatively, by E1 transitions, thus increasing
its initial population. However, the 1s2snl 2L doublets have
strong Auger decay rates to the 1s2 ground state and are
quickly depleted. Thus, they do not significantly affect the
initial population of the 1s2s2p 2P states. On the contrary, the
1s2snl 4L quartet states have very weak Auger decay rates to
the 1s2 ground state and thus radiatively decay via cascades
to the lowest quartet state, i.e., the 1s2s2p 4P, acts as a kind
of “excited ground state” for the radiative cascading of these
higher lying nl 4L quartet states [5,18,70]. Recently, we have
presented a detailed treatment of the selective cascade feed-
ing mechanism in carbon resulting in the significant increase
of the population of the 1s2s2p 4P state [70]. Our results
include cross sections for cascade feeding from the n = 3,
n = 3 + n = 4 shells and an extrapolation to include all n →
∞ according to the well known n−3 law for the SEC process
[5,71] as listed in Table VII. Here we note that the l = 2
and l = 3 (e.g., 3d, 4d, 4 f ) orbitals were not included in our
three-active electron calculations (3eAOCC), and the related
cross sections were therefore evaluated within a one-electron
treatment (1eAOCC).

Accordingly, for the total contribution to the 4P includ-
ing cascade repopulation (SEC+C), the θ = 0◦ SDCS is
given by

dσ [4P]

d�′ (0◦) = 3ξ [4P]
(σ [4P](1, 0) + σC

0 [n→ ∞])

4π
(36)

with ξ [4P] = 1, as previously. Here σC
0 [n → ∞] is the cas-

cade contribution to the ML = 0 magnetic state of the 4P given
in Table VII and computed in our cascade analysis presen-
tation [70]. The above SDCS for the 4P with and without
cascade feeding are shown in Fig. 5. As can be seen, cascade
feeding seems to account for an overall increase of ∼70%
for H2 and ∼55% for He of the SDCS for the experimental

collision energies. For He, the SDCS calculations are seen to
be larger than the measurements, while for H2 the agreement
is slightly better, further improving when cascade feeding is
included. The calculated total cross sections for nl SEC to the
1s2snl 4L levels leading to cascade feeding of the 4P are also
shown as a function of collision energy in Fig. 6.

C. Impact parameter dependence

In Fig. 7 the impact parameter b dependence of the re-
duced probability bP(b) for the production of the 1s2s2 2S,
1s2s2p 2P−, 1s2s2p 2P+, and 1s2s2p 4P states is presented
for the He target. For all three P states a similar behavior is
observed. The production probability follows a typical bell-
shape behavior with an increase up to b ranging between 0.5
and 1.0 a.u., followed by an exponential decay. The maximum
is seen to shift to smaller impact parameters with increasing
projectile energy. For example, in the case of the 1s2s2p 4P
state, the maximum is located around b = 1 a.u. for the
smallest energy Ep = 2 MeV, while around b = 0.5 a.u. for
the highest energy, Ep = 18 MeV. This indicates that in the
range of energy under consideration the main contribution
to the cross sections comes from head-on collisions, as
expected.

For the 1s2s2 2S state, the behavior of the reduced prob-
abilities with respect to the impact parameter have a special
feature, not observed in the P states: they show two maxima,
separated by a minimum. These minima are similar to the
Cooper minima observed in atomic photoionization spectra
for states which possess nodes [72]. Indeed, we observe such
structures for electron transfer to 2s, but not to 2p orbitals,
so they can be called “Cooper-like minima,” as also advo-
cated in photoionization of diatomic molecules [73]. It is then
quite interesting to observe that at low energies, the important
contribution to the cross sections is located at large impact
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TABLE V. Experimental and theoretical 0◦ Auger electron SDCS for the doublets 1s2s2 2S, 1s2s2p 2P−, and 1s2s2p 2P+ obtained in
C4+(1s2s 3S) + H2, He, Ne, and Ar collisions. The theoretical SDCS were obtained applying Eqs. (34) and (35). The 3eAOCC partial cross
sections, σ (L, ML ), obtained using Eq. (23) are also listed. Measurements show only statistical errors. The SDCS, ( dσ (0◦ )

d�′ ) are also shown in
Fig. 5, while σ (L, ML ) are also shown in Fig. 8. Entries indicated by − means no result was acquired, while an empty (blank) entry means this
entry does not apply. Numerical format as in Table II.

H2 H(1s) He He(1s) Ne Ar
Expt. Theory Expt. Theory Expt. Expt.

Ep
dσ (0◦ )

d�′
dσ (0◦ )

d�′ σ (L, 0) σ (1, 1) dσ (0◦ )
d�′

dσ (0◦ )
d�′ σ (L, 0) σ (1, 1) dσ (0◦ )

d�′
dσ (0◦ )

d�′
(MeV) (×10−21 cm2/sr) (×10−21 cm2) (×10−21 cm2/sr) (×10−21 cm2) (×10−21 cm2/sr) (×10−21 cm2/sr)

L = 0:1s2s2 2S
0.5 − − − − 7.64(3) 9.60(4) − −
1 − − − − 3.51(3) 4.41(4) − −
2 − 1.98(2) 2.49(3) − 6.02(2) 7.56(3) − −
3 − 4.61(1) 5.79(2) − 1.70(2) 2.14(3) − −
4 − 1.81(1) 2.27(2) − 9.07(1) 1.14(3) − −
5 − − − − 5.99(1) 7.53(2) − −
6 2.6 ± 4.5 6.51 8.18(1) 13 ± 4.1 4.22(1) 5.31(2) 40 ± 12 28 ± 8.3
7 − − − − 3.10(1) 3.89(2) − −
8 − − − − 2.32(1) 2.92(2) − −
9 5.8 ± 5.2 2.44 3.07(1) 5.8 ± 1.8 1.74(1) 2.18(2) 28 ± 8.4 13 ± 4.4
12 1.2 ± 1.7 8.36(−1) 1.05(1) 3.4 ± 0.83 6.86 8.62(1) 14 ± 4.1 51 ± 16
15 − 2.33(−1) 2.93 2.9 ± 1.7 2.85 3.58(1) 4.9 ± 1.2 30 ± 8.7
18 − 7.20(−2) 9.05(−1) − 1.24 1.56(1) − −

L = 1:1s2s2p 2P−
0.5 − − − − − 3.50(3) 1.47(4) 2.22(4) − −
1 − − − − − 5.38(3) 2.25(4) 1.19(4) − −
2 − 6.89(2) 2.89(3) 9.63(2) − 2.42(3) 1.01(4) 3.18(3) − −
3 − 3.05(2) 1.28(3) 2.94(2) − 1.10(3) 4.59(3) 1.07(3) − −
4 − 1.16(2) 4.86(2) 1.11(2) − 4.88(2) 2.05(3) 4.44(2) − −
5 − − − − − 2.24(2) 9.38(2) 2.08(2) − −
6 5.1 ± 4.3 2.25(1) 9.44(1) 2.08(1) 50. ± 9.8 1.15(2) 4.83(2) 1.04(2) 46 ± 12 39 ± 10.
7 − − − − − 6.41(1) 2.67(2) 5.41(1) − −
8 − − − − − 3.71(1) 1.56(2) 2.96(1) − −
9 5.7 ± 5.0 3.28 1.38(1) 3.08 6.3 ± 1.9 2.22(1) 9.28(1) 1.76(1) 34 ± 8.7 7.4 ± 3.6
12 0.58 ± 0.68 7.67(−1) 3.21 9.19(−1) 2.1 ± 0.47 5.97 2.50(1) 5.18 21 ± 5.3 32 ± 8.8
15 1.6 ± 0.98 2.11(−1) 8.85(−1) 3.02(−1) 2.4 ± 1.4 1.94 8.13 1.86 9.0 ± 1.9 23 ± 6.0
18 − 5.99(−2) 2.51(−1) 9.90(−2) − 7.19(−1) 3.01 8.27(−1) − −

L = 1 : 1s2s2p 2P+
0.5 − − − − − 5.55(3) 2.32(4) 2.31(4) − −
1 − − − − − 8.04(3) 3.37(4) 1.37(4) − −
2 − 1.00(3) 4.21(3) 1.56(3) − 3.60(3) 1.51(4) 4.73(3) − −
3 − 4.40(2) 1.84(3) 5.44(2) − 1.56(3) 6.55(3) 1.90(3) − −
4 − 1.79(2) 7.50(2) 2.13(2) − 7.26(2) 3.04(3) 8.67(2) − −
5 − − − − − 3.40(2) 1.43(3) 4.30(2) − −
6 20. ± 8.5 3.55(1) 1.49(2) 4.19(1) 109 ± 20. 1.80(2) 7.53(2) 2.24(2) 98 ± 25 54 ± 15
7 − − − − − 1.02(2) 4.28(2) 1.21(2) − −
8 − − − − − 5.98(1) 2.50(2) 7.00(1) − −
9 5.8 ± 4.7 5.34 2.24(1) 6.74 13 ± 3.8 3.61(1) 1.51(2) 4.42(1) 76 ± 21 13 ± 3.9
12 2.0 ± 2.6 1.28 5.35 2.20 6.5 ± 1.5 1.02(1) 4.27(1) 1.49(1) 54±15 66±20.
15 1.4 ± 0.83 3.48(−1) 1.46 8.96(−1) 5.1 ± 3.0 3.44 1.44(1) 5.83 22 ± 5.6 36±10.
18 − 1.28(−1) 5.37(−1) 2.79(−1) − 1.32 5.54 2.54 − −

parameters and related to trajectories for which the main part
of the electronic cloud of the carbon 2p orbital, i.e., beyond
the node, overlaps optimally with the target 1s orbital at the
turning point. On the other hand, for the production of the
1s2s2p 2P states, this steric effect is absent, explaining the
rather smooth behavior of the probabilities in this case. For

increasing energies, the collisions to produce any of these
states become more and more head-on, explaining the more
rapid decay of the cross sections for the 2S state. Note that the
second probability maximum can still be observed, but is an
order of magnitude less important than the first and therefore
does not contribute to the cross sections.
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TABLE VI. Same as for Table V, but for 1s2s2p 4P states including cascade repopulation (SEC+C) [70]. The theoretical SDCS at θ = 0◦

were obtained applying Eq. (36).

H2 Theory H (1s) He Theory He (1s) Ne Ar

Expt. (SEC+C) (SEC) Expt. (SEC+C) (SEC) Expt. Expt.

Ep
dσ (0◦ )

d�′
dσ (0◦ )

d�′
dσ (0◦ )

d�′ σ (1, 0) σ (1, 1) dσ (0◦ )
d�′

dσ (0◦ )
d�′

dσ (0◦ )
d�′ σ (1, 0) σ (1, 1) dσ (0◦ )

d�′
dσ (0◦ )

d�′
(MeV) (×10−21 cm2/sr) (×10−21 cm2) (×10−21 cm2/sr) (×10−21 cm2) (×10−21 cm2/sr)

0.5 − − − − − − − 5.43(3) 2.27(4) 5.47(4) − −
1 − − − − − − − 9.58(3) 4.01(4) 3.13(4) − −
2 − 7.38(3) 1.75(3) 7.33(4) 2.39(4) − 1.17(4) 5.70(3) 2.39(4) 8.88(3) − −
3 − 1.94(3) 7.33(2) 3.07(3) 7.80(2) − − 3.05(3) 1.28(4) 3.15(3) − −
4 − 6.69(2) 3.01(2) 1.26(3) 3.05(2) − 2.31(3) 1.43(3) 5.98(3) 1.34(3) − −
5 − − − − − − − 6.99(2) 2.93(3) 6.42(2) − −
6 89±45 1.23(2) 7.13(1) 2.99(2) 6.07(1) 302 ± 57 5.70(2) 3.80(2) 1.59(3) 3.33(2) 430 ± 121 130 ± 36.1
7 − − − − − − − 2.19(2) 9.19(2) 1.80(2) − −
8 − − − − − − − 1.31(2) 5.48(2) 1.03(2) − −
9 25 ± 23 1.89(1) 1.13(1) 4.75(1) 9.76 36 ± 11 1.21(2) 8.00(1) 3.35(2) 6.39(1) 204 ± 57.9 55.9 ± 14.7
12 5.6 ± 7.8 4.66 2.73 1.14(1) 3.18 19 ± 4.4 3.63(1) 2.32(1) 9.73(1) 2.12(1) 142 ± 41.3 188 ± 57.5
15 2.1 ± 1.3 1.42 8.32(−1) 3.49 1.25 17 ± 10. 1.22(1) 7.84 3.28(1) 8.28 58.4 ± 15.9 119 ± 34.7
18 − 4.63(−1) 2.75(−1) 1.15 4.80(−1) − 4.63(−1) 2.96 1.24(1) 3.76 − −

D. Partial cross section contributions

In Fig. 8 and Tables V and VI, 3eAOCC partial cross
sections σ (L = 1, |ML| = 0, 1) for the production of the
1s2s2 2S, 1s2s2p 2P−, 1s2s2p 2P+, and 1s2s2p 4P states for
He targets are presented. It is evident that the major contribu-
tion to the P states comes from the ML = 0 magnetic states.

This implies an important alignment of the P states produced
by SEC. This alignment favors ZAPS measurements, since
at θ = 0◦ observation, only the ML = 0 magnetic states can
be observed (for L f = 0 final ionic states as here), as also
mentioned earlier. Similar results are also found for H (not
shown).

TABLE VII. Calculated 1s2snl 4L cross sections (σ [nl 4L]) due to nl SEC and selective cascade feeding of the 1s2s2p 4P from n = 3 and
n = 4 levels in collisions of C4+(1s2s 3S) with He (1s) and H (1s). σC

0 [n = 3], σC
0 [n = 3 + n = 4] and σC

0 [n → ∞] are the cross sections for
the cascade contributions to the ML = 0 magnetic states of 1s2s2p 4P from n = 3, n = 3 + n = 4 and extrapolated to include all higher lying
n → ∞ (i.e., 3 � n � ∞), respectively [70]. Finally, R is the ratio of 4P to 2P± cross sections as given by Eq. (38) and already presented in
Refs. [28,70]. Numerical format as in Table II.

Ep σ [2p 4P] σ [3s 4S] σ [3p 4P] σ [3d 4D]a σ [4s 4S] σ [4p 4P] σ [4d 4D]a σ [4 f 4F ]a σC
0 [n=3] σC

0 [n = 3 + n = 4] σC
0 [n → ∞] R

(MeV) (×10−21 cm2) (×10−21 cm2)

He (1s)
2.0 4.16(4) 1.91(3) 1.57(4) 1.88(4) 9.38(2) 8.37(3) 1.09(4) 6.78(2) 1.01(4) 1.67(4) 2.52(4) 1.95
4.0 8.66(3) 4.54(2) 3.90(3) 2.01(3) 1.82(2) 2.10(3) 5.93(2) 2.71 1.61(3) 2.53(3) 3.71(3) 1.91
6.0 2.26(3) 1.66(2) 9.63(2) 2.53(2) 7.83(1) 4.64(2) 9.07(1) 6.99(−1) 3.35(2) 5.36(2) 7.95(2) 1.93
9.0 4.63(2) 6.32(1) 2.24(2) 2.77(1) 2.20(1) 1.02(2) 9.51 6.09(−2) 7.57(1) 1.18(2) 1.72(2) 2.08
12.0 1.40(2) 2.40(1) 6.68(1) 5.66 1.12(1) 3.03(1) 2.69 1.79(−2) 2.34(1) 3.72(1) 5.49(1) 2.25
15.0 4.94(1) 8.97 2.24(1) 1.47 4.06 9.83 6.72(−1) 4.21(−3) 8.02 1.25(1) 1.84(1) 2.27
18.0 1.99(1) 3.80 8.35 4.71(−1) 1.70 3.62 2.14(−1) 1.00(−3) 3.12 4.83 7.03 2.27
H (1s)
2.0 1.21(4) 9.35(2) 6.38(3) 1.65(4) 8.99(2) 4.44(3) 1.47(4) 1.37(3) 7.90(3) 1.48(4) 2.36(4) 4.36
3.0 4.63(3) 1.55(2) 2.37(3) 2.91(3) 1.55(2) 1.78(3) 2.58(3) 7.67(1) 1.80(3) 3.23(3) 5.06(3) 2.61
4.0 1.87(3) 7.83(1) 9.59(2) 7.75(2) 3.63(1) 6.69(2) 6.36(2) 9.42 5.98(2) 1.01(3) 1.54(3) 2.27
6.0 4.20(2) 3.61(1) 2.12(2) 7.33(1) 1.62(1) 1.20(2) 2.82(1) 5.87(−1) 1.06(2) 1.54(2) 2.17(2) 2.12
9.0 6.70(1) 9.99 3.24(1) 4.47 5.02 1.60(1) 3.10 2.75(−2) 1.54(1) 2.26(1) 3.18(1) 2.20
12.0 1.78(1) 2.59 9.17 8.75(−1) 1.04 4.57 2.74(−1) 2.18(−3) 4.16 5.87 8.07 2.27
15.0 5.99 7.82(−1) 2.89 2.07(−1) 3.90(−1) 1.33 7.17(−2) 6.04(−4) 1.28 1.80 2.47 2.37
18.0 2.11 2.40(−1) 9.62(−1) 5.85(−2) 1.17(−1) 4.30(−1) 1.60(−2) 9.29(−5) 4.15(−1) 5.79(−1) 7.89(−1) 2.46

a1eAOCC nl SEC results (see text).
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FIG. 6. Calculated total nl SEC cross sections for the production
of the 1s2snl 4L states (for short nl 4L) for n = 2, 3, 4 levels in
collisions of C4+(1s2s 3S) with one-electron targets: (top) He and
(bottom) H (both as listed in Table VII).

FIG. 7. 3eAOCC reduced probability bP(b) impact parame-
ter dependence for the production of the 1s2s2 2S, 1s2s2p 2P−,
1s2s2p 2P+, and 1s2s2p 4P states in collisions of C4+(1s2s 3S) ions
with He targets. The lines from top to bottom at b = 2 a.u. correspond
to projectile energies, Ep, from 2 to 18 MeV, as numbered in the
legend.

FIG. 8. 3eAOCC partial and total cross sections for the produc-
tion of the 1s2s2 2S (L = 0) and 1s2s2p 2P−, 1s2s2p 2P+, 1s2s2p 4P
(L = 1) states in collisions of C4+(1s2s 3S) + He targets. Blue
dashed line: partial cross section σ (10) (L = 1, ML = 0); red dotted
line: partial cross section σ (1|1|) (L = 1, ML = ±1); black solid
line: total cross section σtot[1] = σ (1, 0) + 2σ (1|1|). Calculations as
given in Tables V and VI for the doublets (2S, 2P±) and 4P levels,
respectively.

E. The ratios R and r

In Fig. 9 we show the ratio R of 4P to 2P± cross sec-
tions given by

R =
1

ξ [4P]
dσ [4P](0◦ )

d�′

1
ξ [2P−]

dσ [2P−](0◦ )
d�′ + 1

ξ [2P+]
dσ [2P+](0◦ )

d�′
, (37)

which after applying the Auger angular distributions Eqs. (35)
and (36) is seen to be equivalent to the expression given in
Ref. [28], i.e.,

R = σ [4P](1, 0)

σ [2P−](1, 0) + σ [2P+](1, 0)
, (38)

with the explicit indication that the cross sections are eval-
uated for ML = 0. Furthermore, σ [4P] includes (or not) the
cascade contributions σC

0 [n → ∞]. Equation (37) is readily
used to evaluate the experimental value of R, while its equiv-
alent, Eq. (38), the theoretical value.

This ratio is shown for He and H2 targets in Fig. 9 (bottom
panel) as in Ref. [28], and here we present also the results
for Ne and Ar (top panel). Figure 9 shows also the ratio
R = 2 deduced from the frozen core approximation, inher-
ently omitting cascade repopulation [18,28]. One can see an
excellent agreement between the calculations including the
cascade feeding of the 4P and the experimental data for the
two targets He and H2 (except at 6 MeV for the latter). The
fact that the frozen core limit (R = 2) falls close to these
results is therefore accidental. Comparing the results obtained
for the four different targets, it is striking to see that the ratio
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FIG. 9. Ratio R of 4P to the sum of 2P+ and 2P− cross sections for
ML = 0, as given by Eq. (38) in collisions of C4+(1s2s 3S) ions with
H2, He, Ne, and Ar targets. Lines marked n → ∞ include also the
cascade contributions to the 4P (see text). The values of R for He and
H2 have also appeared in Refs. [28,70]. (Bottom) Solid lines with
symbols: 3eAOCC calculations, Symbols: measurements (red, He;
black, H2). (Top) Same as bottom, but only for experimental results
for the Ne and Ar targets. The dashed lines correspond to the value
for the frozen core spin statistics, while the dotted lines correspond
to the value for the pure spin statistics. Only statistical uncertainties
are shown. The error bars for Ne and Ar are larger than for He and
H2 since their determination necessarily include the additional error
from the metastable fraction as demanded by the use of Eq. (11).

R follows a quite general tendency for high energies, above
9 MeV. This rather flat behavior clearly supports the Pauli
shielding mechanism proposed in [28] and expected to be of a
general nature.

In addition, we provide here further evidence for this find-
ing by examining also the cross section ratio r of 2P+ to 2P−
similarly given by

r =
1

ξ [2P+]
dσ [2P+]

d�′ (0◦)

1
ξ [2P−]

dσ [2P−]
d�′ (0◦)

= σ [2P+](1, 0)

σ [2P−](1, 0)
(39)

with the explicit indication that the cross sections are evalu-
ated for ML = 0. In Fig. 10 (bottom), we compare 3eAOCC
calculations of r to experimental 0◦ SDCS for He and H2.
Considering only the spin statistics of the final 2P± states (pure
spin statistics), r should have the value of 1 since both are
doublets. However, assuming the frozen core approximation,
and the recoupling scheme advocated in Ref. [29], r should
have the value of 3. From Fig. 10 (bottom), it is evident
that the values of r for both measurements and calculations
lie in between these two limits, around the value of 2. The
deviation of r from its pure statistical value of r = 1 can be

FIG. 10. Same as for Fig. 9, but for the ratio r of 2P+ to 2P− cross
sections for ML = 0, as given by Eq. (39).

interpreted considering the Pauli shielding mechanism de-
scribed in Ref. [28], using the Oppenheimer-Brinkman-
Kramers (OBK) approximation. This first-order model (see
the Supplemental Material in Ref. [28] for details) predicted
that the transfer of the electron to the C3+ 2p orbital to pro-
duce the 4P and 2P+ is mainly driven by the attraction of the
target electron by the carbon nucleus, while the production
of 2P− involves only two-center electron-electron matrix el-
ements, of smaller magnitude. Consequently, the 1s2s2p 2P−
cross section is inherently smaller than the ones corresponding
to SEC to the 2P+ state, with the ratio r being then larger
than 1. This is in agreement with the results shown in Fig. 10,
for He (bottom), as well as for Ar and Ne (top) targets, and
partially for H2 (bottom). Furthermore, this model predicted a
value of 3/2 for the ratio R, in agreement with our 3eAOCC
calculations, as seen in Fig. 9 (bottom, n = 2 results, i.e.,
when not including cascade effects) and also Ref. [28].

One might expect that since the production of the two
1s2s2p 2P states proceeds by distinct mechanisms, this fea-
ture would also be reflected by different signatures in the
impact parameter dependencies. However, no such effect is
evident in Fig. 7, as the impact parameter dependence is simi-
lar for both states. The finding that the r values lie between the
two limiting values of the pure spin statistics, and the frozen
core spin statistics provides further support to the nonvalidity
of spin statistics (pure or frozen core) in multielectron multi-
open-shell dynamical atomic systems, first reported in [28].

F. Ar and Ne targets

The determination of the SDCS for the Ne and Ar heavy
targets was performed according to Eq. (14). There the
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FIG. 11. Measured 0◦ Auger electron SDCS for the 1s2s2 2S,
1s2s2p 2P−, 1s2s2p 2P+, and 1s2s2p 4P states obtained in collisions
of pre-excited C4+(1s2s 3S) beams with Ne and Ar targets. Corre-
sponding results for He targets are also shown for comparison. Lines
are drawn to guide the eye. Only statistical uncertainties are shown.

estimated average values of the metastable fractions, f [1]
3S and

f [2]
3S , were used for both measurements. Their 0◦ SDCS are

shown in Fig. 11 in comparison to He. No theoretical attempt
was made to model the heavy targets at present. It is seen
that, for Ne targets, the cross section drops monotonically with
increasing projectile energy, although not as rapidly as for the
H2 or He targets. This behavior clearly indicates that the SEC
process with Ne resembles that of He and could therefore be
possibly modeled in a similar way.

For Ar targets, the cross section is seen to be less sen-
sitive to the dependence on the projectile energy, with a
nonmonotonous behavior. Clearly this is inherently different
from the Ne and He cases and may be due to the contribution
of inner-valence electrons, certainly more likely for Ar than
for Ne. This possibility should be further tested by theoretical
calculations before validated.

Finally, the ratios R and r are also determined from the
measured 0◦ SDCS for Ne and Ar and shown for comparison
in Figs. 9 and 10. Similar values are seen for both Ne and Ar,
as also found for He and H2, demonstrating the generality of
the conclusions drawn in [28].

V. CONCLUSIONS

We report on a joint experimental and theoretical investi-
gation of the fundamental process of single-electron capture
in energetic collisions of pre-excited C4+(1s2s 3S) ions with
gas targets. DDCSs for the production of the C3+(1s2snl 2,4L)
states were determined with high-resolution for H2, He, Ne,
and Ar gas targets, from which the corresponding SDCSs
were obtained using our two-spectra measurement technique
involving mixed-state C4+(1s2 1S, 1s2s 3S) ion beams. Cor-
responding ab initio calculations based on a three active
electrons atomic orbital close-coupling approach were per-
formed for the H2 and He targets resulting in an overall
satisfactory agreement with experiment. The reduced prob-
abilities bP(b) as a function of the impact parameter b
show a similar behavior for the P states, i.e., an increase
followed by an exponential drop, while for the S state a
minimum was observed. In addition, calculated partial cross
sections clearly show that the main contribution to the total
cross section comes from the ML = 0 states, implying an
alignment for the SEC process in the P states. The measured
cross sections for the heavier Ne and Ar targets were not
supported by calculations. However, the SDCSs for Ne targets
are seen to have a similar projectile energy dependence as for
He, while the Ar targets present a much different, rather con-
stant, energy dependence within the experimental uncertainty.
Finally, we provide further evidence, supported by measure-
ments and calculations in fair agreement, for the nonvalidity
of spin statistics population in multielectron multi-open-shell
dynamical atomic systems, as reported in [28], by examining
the ratio r of the doublet 2P+ to 2P− cross sections, which
is free of cascade repopulation. Further isoelectronic inves-
tigations involving other He-like projectiles are called for,
with the same experimental and theoretical sophistication, to
further probe the generality of these different findings.
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