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Projectile excitation to autoionizing states in swift collisions of open-shell He-like ions with helium
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Atomic orbital close-coupling calculations involving three active electrons within a full configuration interac-
tion formalism are used to investigate projectile excitation. Cross sections for the production of the autoionizing
(2s2p 3P) states in 0.5–1.5 MeV/u collisions of C4+(1s2s 3S) and O6+(1s2s 3S) ions with He are presented.
Results are compared to accompanying 0◦ Auger projectile spectroscopy measurements. While the projectile
energy dependence of the theoretical results is in overall agreement with experiment, theory is found to be
somewhat smaller than experiment. Critical comparisons to first-order Born and a minimal basis close-coupling
calculation indicate that the use of low-order perturbative treatments and related interpretations may be ques-
tionable in this energy range. Such a nonperturbative treatment, which does not rely on any scaling parameters
or renormalization, is seen to provide an important advance in the modeling of multielectron multi-open-shell
quantum systems under ultrafast perturbations, whose understanding seems to still be incomplete.
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I. INTRODUCTION

The excitation of an electron from one bound state to
another in an atom or ion is a fundamental quantum mechan-
ical process pervading most atomic physics. Together with
electron capture and ionization, it constitutes one of the most
important ion-atom collision processes. Apart from its interest
to atomic physics, such excitations are responsible for the vast
majority of x-ray radiation encountered in various kinds of
plasmas in astrophysics [1], in high-energy density physics
experiments, and in laboratory fusion devices [2,3]. Thus, it is
surprising that such excitation processes in atomic collisions
have received much less attention either theoretically or ex-
perimentally than electron capture or ionization, particularly
since there remain substantial differences between theory and
experiment even for the most basic collision systems, such
as H(1s) + H(1s) and He+(1s) + H(1s) (see Refs. [4,5] and
references therein).

While the excitation of H and He by particle beams such
as electrons (see, for example, [6,7] and references therein) or
bare ions [8–10] has reached a high level of sophistication
and accuracy utilizing ab initio nonperturbative treatments
also, excitation with ions carrying electrons into the collision
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(known as dressed ions) is not yet as advanced, mostly relying
on perturbative treatments. The additional projectile electrons
introduce considerable complexity, acting not only as passive
screening agents, but also as dynamic exciting agents them-
selves, clearly demonstrating phenomena such as collision
energy thresholds and electron exchange interactions [11].
Furthermore, in most experiments, the final state of the tar-
get following projectile excitation is not usually determined.
Therefore, contributions from both ground- and excited-target
states (including ionization) need to be considered for an
accurate comparison to experiment, further increasing the dif-
ficulty of the calculations.

In dressed ion-atom collisions, such an excitation is real-
ized through the Coulomb interaction of the excited electron
with either (a) the positively charged (screened) nucleus via
electron-nucleus (e − n) interactions or (b) the electrons via
electron-electron (e − e) interactions of the colliding partners
(see reviews [11–16] and references therein, as well as [17]
for relativistic collisions). Investigations have focused mostly
on the excitation of highly charged few-electron projectiles in
collisions with simple targets such as H and He to make the
problem more tractable.

Experimentally, such excitations have been investigated
using ion beams provided by accelerators, where the impact
energy Ep and the atomic number of the projectile ion, Zp,
can be varied. Thus, projectile excitation has been investigated
with the additional advantage that the projectile charge state
q (and therefore the number of electrons carried into the
collision, Zp − q) can also be controlled, allowing for invalu-
able isoelectronic projectile excitation studies as a function
of both Ep and Zp for different initial ground-state configura-
tions of the projectile. In particular, state-selective projectile
excitation has been investigated primarily through the high-
resolution recording of the emitted ensuing photon [18–22]
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or Auger electron [23–28] for various collision systems, in-
cluding even relativistic H-like [29] or He-like uranium [30].
More recently, the possibility to also use initial projectile
configurations other than the ground state, such as the 1s2s 3S
excited metastable state in He-like ions, opens up new ex-
citation channels such as the production of doubly excited
states, thus becoming amenable to high-resolution Auger
spectroscopy even for He-like systems.

Theoretically, early investigations predominantly used
first-order perturbation theory based primarily on the plane-
wave Born approximation (PWBA) [31] to calculate 1s → nl
target excitation of H or He, first by bare projectiles including
protons and heavier ions, but also of dressed projectiles [32]
in the framework of an independent electron approximation
establishing useful semiempirical scaling law dependencies
on q and Zp and an overall understanding of target excita-
tion [20]. However, with the advent of growing computer
power, nonperturbative close-coupling calculations (see [33]
and references therein) more and more took over effectively
as the state of the art using one, two [34,35], or even three
[36] active electrons with increasingly larger basis states to
describe excitation, single-electron capture (SEC), transfer-
excitation (TE), and target ionization (TI). Of course, for fast
enough collisions, cross sections for the excitation of both
perturbative and nonperturbative approaches should converge,
thus providing ways to check theoretical results and establish
common validity regions.

In this paper, we provide a comprehensive investigation
of projectile excitation combining close-coupling calcula-
tions for three active electrons with state-selective single-
differential cross-section (dσ/d�′) Auger electron measure-
ments. Here, we focus on the production of the 2s2p 3P state
(for short, 3P), which is excited from the 1s2s 3S (for short,
3S) initial state of the X q+ ion-beam component,

X q+(3S) + He → X q+(3P) + He(All) (excitation), (1)

|→ X (q+1)+(1s) + e−
A (0◦) (Auger), (2)

where X q+ stands for C4+ or O6+ ion projectiles, and the
Auger electron e−

A in process (2) is detected at the θ = 0◦
laboratory observation angle with respect to the ion beam.
Contributions from various final target states following
projectile excitation [symbolized by He(All), i.e., He in
the ground, excited, or ionized states] are also considered
since, in the experiment, the final state of the target is not
determined. A critical discussion with results obtained using
the long-established first-order Born approximation, as well as
an additional minimal-basis close-coupling calculation, is also
included.

II. EXPERIMENT

Our measurements were conducted at the National Center
for Scientific Research (NCSR) “Demokritos” 5.5 MV Tan-
dem accelerator facility [37]. He-like carbon and oxygen ions
were accelerated to 0.5–1.5 MeV/u with about 0.2–20 nA
beam intensities on target depending on energy and stripping
conditions. The initially negative ion beams were produced
either by a sputter (for C−) or duoplasmatron (for O−) ion
source and were stripped once in the tandem accelerator

terminal. Below about 1 MeV/u for carbon and, for most of
the collision energies, for oxygen, a second stripping after
the analyzer magnet (poststripping) was required to obtain
sufficient beam intensities. The stripping systems utilized thin
self-supporting carbon foils or N2 gas.

In the experiment, the He-like ions are naturally deliv-
ered from the accelerator in a mixture of ground-state (1s2)
and metastable-state (1s2s 1,3S) components. Due to the long
lifetime of the 1s2s 3S states, they survive to the target and
are mixed in with the ground-state ions [38]. The number
of ions in the metastable state is controlled by varying the
density of the stripping medium [39]. The 2s2p 3P state is
found to be predominantly produced by direct excitation from
the (1s2s 3S) state, while contributions from the ground-state
or (1s2s 1S) beam components can be considered negligible
since they involve much lower probability processes such as
double excitation or single excitation with spin exchange,
respectively. In addition, the amount of (1s2s 1S) component
surviving to the target is less than a few percent due to its
much shorter lifetime [38].

The technique of 0◦ Auger projectile spectroscopy (ZAPS)
[40] is used to record the emitted Auger electrons e−

A at
θ = 0◦ with respect to the beam direction [see Eq. (2)].
The metastable fraction f [3S], which critically depends on
the stripping parameters, is also experimentally determined
in situ from the same spectrum [39]. Finally, excitation of
such strongly autoionizing states of low-Zp ions is relatively
free from cascade complications associated with similar x-ray
spectroscopy of singly excited states (see Sec. IV B). Overall,
the above conditions contribute to a rather clean and well-
controlled experimental environment.

Our ZAPS setup is centered around a hemispherical elec-
tron spectrograph with a preretardation lens and a doubly
differentially pumped target gas cell, as already described
[41–43]. To attain sufficient energy resolution, the analyzed
Auger electrons were preretarded in the injection lens of the
hemispherical analyzer by a factor of 4. The spectrograph
transmission is determined by three electroformed meshes
of 90% transmission each. The absolute overall spectrograph
efficiency η was obtained by performing auxiliary in situ mea-
surements of either elastically scattered (binary encounter)
electrons from bare C6+ ion beams, as typically done for in-
creased accuracy in all such ZAPS measurements [40], and/or
measurements of target Ne-KLL Auger production utilizing
proton beams [44]. Both methods gave very similar results,
i.e., an overall efficiency η = (50 ± 5)%. In addition, our
present data acquisition system allows for a maximum count
rate of about 100 kHz with negligible dead time. The above
parameters were carefully determined in a concerted effort
to obtain accurate absolute cross sections. Typical spectra
normalized to the total number of ions (also known as double
differential cross sections or DDCS) in the mixed-state beam
are shown in Fig. 1.

Both 2s2p 3P and 2s2p 1P excitation lines are clearly seen
to lie a bit higher in electron energy than the well-known
1s2l2l ′ KLL Auger lines produced by SEC [36,42] or TE [43].
Normalized θ = 0◦ Auger electron yields, dY exp

A (0◦)/d�′,
were extracted by peak fitting the Auger lines of interest.
Absolute Auger single-differential cross sections (SDCSs) for
the production of 2s2p 3P were then obtained from the Auger
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FIG. 1. Example of normalized Auger electron yields measured
at θ = 0◦ with respect to the projectile for 12 MeV C4+ (bottom)
and 20 MeV O6+ (top) mixed-state beams in collision with He, after
transformation to the rest frame of the projectile (primed quantities).
Right: The 2s2p 3P Auger line, investigated here, produced by exci-
tation from the 1s2s 3S component of the ion beams is highlighted
(green shading). Left: Auxiliary Auger KLL spectra produced in
the same collisions are used in the determination of the 1s2s 3S
metastable fraction f [3S]. Both high (red) and low (blue) metastable
fraction spectra are indicated.

yields as

dσ
exp
A

d�′ (0◦) = 1

f [3S]

dY exp
A

d�′ (0◦). (3)

The f [3S] fraction was determined experimentally from
the Li-like KLL Auger spectrum also accumulated within
the same measurement using our “two-spectra” measuring
technique, as described in detail in previous publications
[39,41,45]. The 2s2p 3P SDCSs, shown in Fig. 3, were deter-
mined according to Eq. (3) from the high metastable fraction
spectra for improved statistics.

III. THEORY

In this section, we present our theoretical results obtained
using the atomic orbital close-coupling approach with three

active electrons referred to as 3eAOCC in the following. In
addition, for the sake of completeness, we also present total
cross sections for excitation using the PWBA from which
most of our present understanding of excitation in ion-atom
collisions derives. Finally, to compare with our experimental
SDCS determined at the observation angle θ = 0◦, we also
present the necessary theoretical Auger angular distribution
formulas.

A. Three-electron atomic orbital close coupling

A semiclassical close-coupling approach was employed for
both carbon and oxygen projectiles to describe the excitation
process in Eq. (1). The treatment is based on a time-dependent
expansion of the scattering states onto sets of asymptotic
states, i.e., states of the two isolated target and projectile
partners of the collision, with exact antisymmetrization of
the three-electron, two-center total wave function. Further-
more, the states have been augmented for each electron by
plane-wave electron translation factors to ensure Galilean in-
variance of the results (see [42]). The two collision systems
can then be described using an ab initio representation, which
allows for the accurate description of C4+ (O6+) and, after
electron transfer, C3+ (O5+) states, including spatial and spin
components (but neglecting spin-orbit coupling). However,
for the target, one of the He electrons is frozen so that the
interactions between the He+ core and the three active elec-
trons is described by a model potential (see Table III in [42]).
For the static (state and basis sets construction) and dynamical
(collision) stages of the calculations, all Coulombic inter-
actions and bi-electronic couplings were taken into account
within a full configuration interaction scheme.

The method has been described in detail previously
[46–48] and already used for single-electron capture [36,42]
and transfer-excitation [43] investigations in C4+-He (and
H2) MeV collisions. In these previous works, we chose
a nonperturbative approach using very large basis sets to
simultaneously describe one-electron processes (transfer,
excitation, and, in a more limited way, ionization) and
two-electron processes (mainly transfer excitation and double
excitation). The present results, therefore, stem from the
same computations for C4+ projectiles using the same sets of
Gaussian-type orbitals (GTOs) for the genuine representation
of the helium and carbon states. For oxygen projectiles,
we have an equivalent representation of the O6+ and O5+
states, with a set of 22 GTOs, i.e., 10 for � = 0 and 3 × 4
� = 1 symmetries. The energies of the projectile states under
consideration in the present work for the C4+ and O6+ ions
were compared to reference values, with an agreement better
than ∼0.9% for carbon and ∼0.5% for oxygen. The target is
described by the same GTO base as in [42], with the ground
state bound by 0.901 a.u. (to be compared to the NIST value
of 0.904 a.u. [49]).

For C4++He collisions, to solve the time-dependent
Schrödinger equation, the expansion of the scattering state
spans the same Hilbert space as in [42], i.e., with a total
of 1794 three-electron bound, autoionizing, and continuum
states (799 of type C4+ × He and 995 of type C3+) for
doublet spin symmetry (802 = 380 + 422 for quartet, respec-
tively). For O6++He collisions, the basis set includes 1357
three-electron states, with 694 of O6+ × He and O5+ types,
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for doublet spin symmetry (598 = 322 + 276 for quartet,
respectively).

The cross sections stemming from these close-coupling
computations, shown in the following, are inclusive cross
sections, i.e., cross sections for excitation to (2s2p 3P) from
all possible final states of the helium target [see Eq. (1)]. This
is mandatory since (i) the target is not analyzed experimen-
tally after collision and (ii) our calculations indicate that He
excitation and ionization are important channels for initially
metastable (1s2s 1,3S) He-like ions. The cross sections for
the production of excited and ionized He, with the projectile
staying in its initial state, are indeed about two orders of
magnitude larger for C4+ collisions (and even more so for
O6+) than those for the processes under consideration, so that
we have been careful to include the simultaneous inelastic
processes acting on both centers in the cross sections pre-
sented in the following.

B. Plane-wave Born approximation (PWBA)

To date, most of our understanding of excitation in atomic
collisions, particularly in first-row few-electron ions and

atoms, has come predominantly from PWBA calculations
performed in the independent electron approximation using
hydrogenic wave functions [32,50]. The first-order Born (B1)
excitation cross section σ B1(P : i → f , T : 0 → n), where
a projectile of atomic number Zp (or Z�

p if screening is
used) with Np electrons is excited from state i to f and
a target of atomic number Zt (or Z�

t if screening is used)
with Nt electrons, is simultaneously excited from state 0 to
n (also spanning the continuum) is given in atomic units
(a.u.) by

σ B1(P : i → f , T : 0 → n)

= 1

2πV 2
p

∫ qmax

qmin

q dq |〈 f n|V |0i〉|2, (4)

where Vp is the projectile velocity and q the momentum trans-
fer. 〈 f n|V |0i〉 is the PWBA excitation amplitude, with V the
perturbation [51] given, for example, for Np = 1 and Nt = 2
by

V = Z�
pZ�

t

R
− Z�

t∣∣R + rp1

∣∣ − Z�
p

|R − rt1| − Z�
p

|R − rt2| + 1∣∣R − rt1 + rp1

∣∣ + 1∣∣R − rt2 + rp1

∣∣ , (5)

where R is the internuclear vector and rp1, rt1, and rt2 are the electron position vectors with respect to their corresponding
nuclear centers. Application to projectile 1s → 2p excitation results in the following well-known [32,51,52] cross sections (in
a.u.):

σ B1(P : 1s → 2p, T : 1s → 1s) = 8π

V 2
p

∫ ∞

q0

dq

q3

∣∣Np GP(q/Z�
p, 1s → 2p)

∣∣2∣∣Z�
t − Nt GT (q/Z�

t , 1s → 1s)
∣∣2

, (6)

σ B1

(
P : 1s → 2p, T : 1s →

∑
exc

)
= 8π

V 2
p

∫ ∞

q0+δ

dq

q3

∣∣Np GP(q/Z�
p, 1s → 2p)

∣∣2{
Nt [1 − ∣∣GT (q/Z�

t , 1s → 1s)
∣∣2

]
}
, (7)

where
∑

exc in Eq. (7) represents the sum over all excited and
continuum states of the target. This sum has been evaluated on
the right-hand side of the equation using the closure approxi-
mation. In the lower limits of the two integrals, q0 = 
εP/Vp

is the minimum momentum transfer, where 
εP is the pro-
jectile 1s → 2p excitation energy, while δ is a parameter
introduced in the closure approximation [53].

The form factors GP(T ) are matrix elements of the projectile
and target [51], respectively, defined, in general, as

GP(T )(q/Z�, i → f ) ≡
∫

ψ
� P(T )
f (Z�, r)eir·qψP(T )

i (Z�, r)dr,

(8)

where ψ
P(T )
f (Z�, r) and ψ

P(T )
i (Z�, r) are either projectile (P)

or target (T) hydrogenic wave functions of the initial state i
(0) or final state f (n), respectively, with the screened nuclear
charge Z� (either Z�

p and Z�
t accordingly). These form factors

are readily evaluated analytically for the projectile 1s → 2p
and target 1s → 1s cases [32,51,54]. When more than one
electron is used, the appropriate screening can be applied.

An interesting and unique feature of the PWBA is the sepa-
ration of the excitation amplitude 〈 f n|V |0i〉 into a product of

one term which depends only on the projectile wave functions
and a second term which depends only on the target. This
separation is important as it allows considerable simplifica-
tion in the evaluation of the target contributions through the
closure approximation. The two mechanisms represented by
Eqs. (6) and (7) are shown schematically in Figs. 2(a) and
2(b), respectively. The sum of both cross sections represents
the total contribution of the target, He(All). The primary
contribution to the 1s → 2p projectile excitation cross sec-
tion [Eq. (6)] is seen in Fig. 2(a) to be due to the Np projectile
electrons interacting with the target nuclear charge Zt [an
(e − n) interaction] whose strength, however, is reduced by
the screening action of the surrounding Nt target electrons.
In the PWBA, this is known as the screening contribution.
The target remains in its initial state [51] and thus this process
involves just a single excitation in the collision.

The second contribution [Eq. (7)] is seen to be due to
the (e − e) interaction between the Np projectile electrons
and the Nt target electrons [also known as two-center (e − e)
interactions or TCee [55]; see Fig. 2(b)]. The interacting target
electron is also excited or ionized [32], resulting in a double
excitation (of both the projectile and target) in the collision
[32]. In the PWBA, this is known as the antiscreening [51]
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FIG. 2. Schematic of the 1s → 2p projectile excitation first-
order mechanisms in collisions of a He-like 1s2s open-shell ion (P)
with a He target (T) resulting in the 2s2p projectile configuration.
Only one electron is shown on the target for simplicity. The projectile
excitation is mediated by the interaction of the projectile electron
with the target: (a) nuclear charge in a (e − n) interaction (green
wiggly line), which is, however, screened (as denoted by the yellow-
shaded area) by the target electron which remains in its ground state;
(b) electron in a (e − e) interaction (red wiggly line), where the
target electron is also excited to the nl orbital (where n can also be
in the continuum). First-order processes (a) and (b) are treated by
the PWBA [Eqs. (6) and (7)] and referred to as the screening and
antiscreening mechanisms, respectively.

contribution. It is then clear that in this first-order theory, the
simultaneous excitation of both projectile and target is only
possible via such TCee interactions [13,51]. The Ep energy
dependence of the antiscreening cross section is also quite
different from that of the screening one. Antiscreening ex-
hibits a distinct threshold behavior rising sharply at much
larger Ep energies [25,56–58] than screening. This thresh-
old behavior has been shown to be tied to the projectile
excitation energy 
εP [53] and has been linked to elec-
tron impact excitation in the quasifree electron scattering of
the target electrons off the projectile causing its excitation
[11,14,25,59].

We apply the above cross-section formulas with Np = 1
to account for the one 1s electron in the (1s2s 3S) initial
projectile state and Nt = 2 to account for the two equivalent
1s2 target electrons, using a screened nuclear charge of Z�

t =
1.345 [13]. We also use, for the 1s → 2p projectile excita-
tion energy 
εP, the actual projectile (1s2s 3S) → (2s2p 3P)
excitation energies, i.e., 13.2 a.u. for carbon and 23.6 a.u.
for oxygen, instead of the hydrogenic ones, in an effort to
further improve the calculations. Thus, a screened projectile
nuclear charge, in analogy to the energy of a hydrogenic
1s − 2p transition, is computed as Z�

p =
√

8
εP/3 [7.933 for
O6+(1s2s) and 5.932 for C4+(1s2s), respectively] to account
for the screening by the additional 2s electron.

It is clear that the above first-order Born formulas do not
account for the spin of the states, nor do they include exchange
or antisymmetry. They also do not include any configuration

interactions or strictly address the excitation of autoioniz-
ing states. Nevertheless, the PWBA approach, with all of
its shortcomings, has, to date, provided our main insight to
excitation and loss through the two mechanisms of screening
and antiscreening. If the first-order treatment is valid, these
mechanisms could, in principle, be distinguished if the final
state of the target can be determined. In the former, the target
is unexcited, while in the latter, it is excited or even ionized.
To date, only loss experiments, in which the ionized projec-
tile is recorded in coincidence with the recoiling ionized He
target, have been able to distinguish between contributions
from the He ground state and the He+ final states of the tar-
get [57,58,60,61]. In the present work focusing on projectile
excitation, the final states of the He target are not distin-
guished experimentally. However, they are distinguished in
our 3eAOCC calculations. Comparison to the PWBA results
is thus of interest and discussed.

C. Auger angular distributions

The theoretical projectile frame 2s2p 3P Auger SDCSs at
θ = 0◦ are given by [27,62]

dσA

d�′ (0◦) = ξ
(1 + 2D2)σ [M = 0] + 2(1 − D2)σ [M = 1]

4 π
.

(9)

Here, σ [M] are the M-dependent partial excitation cross sec-
tions, which are functions of the projectile energy Ep and the
azimuthal quantum number M. In the considered LS coupling
for the 2s2p 3P state, we have L = 1 and M = 0, 1. ξ is
the LSJ-averaged Auger yield. D2 is the dealignment factor,
which accounts for the average loss of orbital alignment into
spin alignment in the partially overlapping LSJ multiplets
(2s2p 3P2,1,0) and was calculated according to the formulation
given in Mehlhorn and Taulbjerg [62]. For the 2s2p 3P2,1,0

Auger decay, we obtain, using published fine-structure results,
ξ = 0.951 and D2 = 0.321 for carbon [63] and ξ = 0.850 and
D2 = 0.283 for oxygen [64].

Finally, assuming isotropic Auger emission, we have

dσA

d�′ (0◦) = ξ
σtot

4 π
(isotropy), (10)

where σtot = σ [M = 0] + 2σ [M = 1] is the total excitation
cross section. This is seen to be equivalent to setting D2 = 0
in Eq. (9).

IV. RESULTS AND DISCUSSION

A. Comparison of single-differential cross sections

In Fig. 3, we present the main results of this work, the
measured θ = 0◦ Auger SDCS for 2s2p 3P projectile exci-
tation of C4+ and O6+ projectiles in collisions with helium
and the corresponding 3eAOCC calculations. The 3eAOCC
results represent the state of the art in our theoretical ability to
address excitation in a nonperturbative, close-coupling multi-
electronic approach. The cross sections for the two collision
systems present significant differences with a maximum at
about 0.6 MeV/u for the carbon projectile, while the maxi-
mum is not yet reached at 1.5 MeV/u for oxygen due to the
larger (about a factor of 1.8) Q value of the considered oxygen
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FIG. 3. Absolute, 0◦ Auger single-differential cross
sections [dσA(0◦)/d�′], for production of the (2s2p 3P) from
the (1s2s 3S) initial state of C4+ (bottom) and O6+ (top) projectiles
in collisions with He. Experiment: Black filled circles with error
bars. Theory: Blue open circles connected by lines. The 3eAOCC
results including all possible final He states considered in the basis
are shown as solid lines for dealignment factor D2 [Eq. (9)] and as
dashed lines for the isotropic hypothesis [Eq. (10)].

excitation channel. In Table I, we also tabulate the results used
to generate Fig. 3.

As can be seen in Fig. 3, the calculated 3eAOCC SDCSs
for both ions are smaller, within a factor of 1.5–2 of the
measured SDCSs and in reasonable agreement as to their
projectile energy dependence. Note that calculations using
the dealignment parameter D2 [Eq. (9)] or assuming isotropy
[Eq. (10)] are indicated, with the differences seen to be rather
small, justifying the assumption of isotropy used in the past.

In the measured SDCSs shown in Fig. 3, the observed
error bars include the uncertainty in the determined metastable
fraction f [3S] added in quadrature to the statistical uncertainty
of the Auger data. For oxygen, the uncertainty in f [3S] varied
around 19–28%, while for carbon, it varies around 15%. The
statistical errors determined from the fitted DDCSs for oxygen
were much smaller, mostly varying from 10% at the lower
energies to about 2% at the highest, while similarly for carbon,
from 6% to about 0.7%. Going lower in energy than about
0.5 MeV/u becomes increasingly difficult due to the low ion-
beam intensities (a few tens of pA on target). For these highly
charged ions at the lowest collision energies, poststripping
is required, which further degrades beam quality introducing
energy straggling, which also affects the energy resolution of
the Auger spectra [65].

In the theoretical SDCSs shown in Fig. 3, the absolute
uncertainty is expected to be 20% at maximum, as also

reported for capture and transfer excitation in
Refs. [36,42,43], using different sets of GTOs to express
(i) the target and projectile states and (ii) the atomic
states included in the coupled-channel calculations. The
differences between the experimental and theoretical cross
sections cannot be simply explained by the uncertainties
related to these series of data and are difficult to interpret.
Even if we cannot, in principle, rule out systematic errors
(although the greatest care has been taken in the acquisition
and analysis of both experimental and theoretical results), it is
in the modeling of these collision systems that we may try to
find a possible explanation for this disagreement. But first we
exclude cascade effects, which could make the comparison
between theory and experiment less straightforward.

B. Cascades

Since our experimental cross sections are seen to be con-
sistently larger than theory, the question as to whether this
could be due to cascades arises. Radiative cascade feeding is a
well-known problem in Li-like levels (see [66] and references
therein) that also affects levels of H-like ions [30,67]. For
example, 2p projectile states can be fed by dipole (E1) tran-
sitions from higher-lying nl-excited projectile states, which
can have a large fluorescence yield for feeding the 2p level
(as, for example, from the 3s or 3d levels). In the case of
low-Zp He-like projectile levels though, the production of
the 2s2p 3P, which can be fed from higher-lying 2snl 3L
levels by E1 cascades, has a rather low fluorescence yield
[68] since they can also Auger decay strongly to the 1s
ground state, an option not available to H-like projectile lev-
els. Goryaev et al. [64] give maximum fluorescence yields
of � 5% for carbon and �8% for oxygen 2s3l doubly ex-
cited states, which are indeed quite small and thus cannot
account for the difference in the SDCSs between theory and
experiment.

C. 3eAOCC comparison between He and He+ targets

The semiclassical approach, the quality of the important
states, the convergence level of the calculations, and the nu-
merics in themselves cannot be suspected to be the reason
behind the lower values of the 3eAOCC results compared
to the measured cross sections. One should then turn to the
number of electrons kept active in the model. For the two pro-
jectiles, our approach includes all active electrons, with two
active electrons initially, and even three during the collision to
also account for any transfer processes. This, however, is not
the case for the helium target, for which only one electron is
active, the other being included passively to screen the nuclear
charge through a model potential [36]. What should be the
effect of this second electron on our process? One can only
speculate on this since, at present, four-electron calculations
are out of reach (due to CPU and memory requirements)
when considering an initially excited state such as the 1s2s 3S.
Using simple qualitative arguments, one could state that this
second electron (i) would have hardly any effect if the exci-
tation was mainly driven by the electron-nucleus interaction,
and (ii) would multiply the cross sections by two if, alter-
natively, the two-center electron-electron interactions induce

032825-6



PROJECTILE EXCITATION TO AUTOIONIZING STATES … PHYSICAL REVIEW A 109, 032825 (2024)

TABLE I. Main results for the production of the 2s2p 3P state in collisions of He-like carbon and oxygen with helium. The experimental
SDCS, dσ

exp
A (0◦)/d�′, and the theoretical SDCS, dσA(0◦)/d�′, are compared in Fig. 3, while the 3eAOCC total cross sections, σtot, are shown

as the thick blue line in Fig. 4. Either one or two strippers were used, designated as FTS: foil terminal stripping; GTS: gas terminal stripping;
FPS: foil poststripping; and GPS: gas poststripping.

Theory: 3eAOCC Experiment

dσA(0◦)/d�′

Vp Ep Stripping f [3S]a σ [M = 0] σ [M = 1] σtot
b D2

c Isotropyd dY exp
A (0◦)/d�′ dσ

exp
A (0◦)/d�′e

(a.u.) (MeV) (MeV/u) (%) (×10−21 cm2) (×10−21 cm2/sr) (×10−21 cm2/sr)

C4+(1s2s 3S) + He → C4+(2s2p 3P)+He(All)

1.291 0.500 0.0417 0.336 0.0617 0.459 0.0481 0.0348
1.826 1.00 0.0833 4.95 0.437 5.82 0.660 0.441
2.582 2.00 0.167 20.6 3.03 26.7 2.87 2.02
3.162 3.00 0.250 48.7 10.7 70.2 7.16 5.31
3.652 4.00 0.333 86.1 23.2 132 13.1 10.0
4.082 5.00 0.417 113 35.0 183 17.6 13.8
4.472 6.00 0.500 GTS-GPS 13.4 ± 2.0 124 43.7 211 19.9 16.0
4.830 7.00 0.583 GTS-GPS (14.2 ± 2.1) 125 49.3 224 20.6 16.9 4.89 ± 0.30 34.3 ± 5.6
5.164 8.00 0.667 GTS-GPS (14.2 ± 2.1) 121 52.9 227 20.5 17.2 7.49 ± 0.52 52.8 ± 8.7
5.477 9.00 0.750 GTS-GPS 14.1 ± 2.1 114 55.2 224 19.8 17.0 5.11 ± 0.12 36.2 ± 5.5
5.774 10.0 0.833 GTS-GPS (16.7 ± 2.5) 106 56.8 220 19.1 16.6 6.05 ± 0.13 36.3 ± 5.5
6.325 12.0 1.000 FTS 17.6 ± 2.6 92.0 58.5 209 17.4 15.8 6.21 ± 0.052 35.4 ± 5.3
6.709 13.5 1.125 FTS (17.5 ± 2.6) 8.10 ± 0.057 46.3 ± 7.0
7.071 15.0 1.250 FTS 11.5 ± 1.7 75.3 58.6 192 15.4 14.6 4.91 ± 0.035 42.6 ± 6.4
7.746 18.0 1.500 FTS (11.4 ± 1.7) 62.6 56.6 176 13.6 13.3 4.62 ± 0.027 40.4 ± 6.1

O6+(1s2s 3S) + He → O6+(2s2p 3P)+He(All)

2.449 2.40 0.150 1.42 0.258 1.94 0.176 0.131
3.162 4.00 0.250 8.22 1.34 10.9 1.00 0.738
3.873 6.00 0.375 15.5 3.11 21.7 1.95 1.47
4.472 8.00 0.500 GTS-FPS 18.0 ± 4.0 25.1 6.12 37.4 3.25 2.53
5.000 10.0 0.625 GTS-FPS 19.6 ± 3.8 33.9 9.86 53.7 4.55 3.63 1.64 ± 0.16 8.36 ± 1.8
5.244 11.0 0.687 GTS-FPS 20.2 ± 3.9 38.7 12.0 62.6 5.26 4.23 2.76 ± 0.26 13.7 ± 2.9
5.477 12.0 0.750 GTS-FPS 20.0 ± 4.5 43.2 14.1 71.3 5.94 4.83 2.70 ± 0.16 13.5 ± 3.2
5.916 14.0 0.875 FTS-FPS 16.0 ± 4.5 50.1 18.0 86.0 7.05 5.82 2.97 ± 0.12 18.6 ± 5.3
6.325 16.0 1.000 GTS-FPS 17.6 ± 4.0 53.8 21.0 95.8 7.73 6.48 2.70 ± 0.19 15.3 ± 3.7
6.709 18.0 1.125 55.0 23.2 101 8.07 6.85
7.071 20.0 1.250 FTS 14.5 ± 3.8 52.9 24.1 101 7.95 6.84 2.40 ± 0.072 16.5 ± 4.4
7.746 24.0 1.500 FTS 17.5 ± 3.7 51.1 26.3 104 7.96 7.01 2.65 ± 0.053 15.1 ± 3.2

aExperimentally determined f [3S] using a three-component ion beam model including the ground- and the 1s2s 1S metastable states. Values
in parentheses are estimations based on interpolation.
bσtot = σ [M = 0] + 2σ [M = 1].
cEq. 9 with D2 = 0.321, ξ = 0.951 for carbon and D2 = 0.281, ξ = 0.850 for oxygen.
dEq. 10 with previous Auger yields ξ .
eEq. 3 with the overall uncertainty computed from the statistical uncertainty of dY exp

A (0◦)/d�′ and the f [3S] uncertainty added in quadrature.

the excitation process. However, these two cases cannot be
taken as strict lower and upper limits of the possible effect
on our 3eAOCC results since this perturbativelike argument
cannot hold in a close-coupling scheme, where channels can
be tightly coupled and their contributions are included coher-
ently.

In order to further investigate the effects of the (e − e) and
(e − n) interactions responsible for excitation, we have per-
formed additional coupled-channel calculations for the same
projectiles, but with a He+ target. Here, we have again only
one electron on the target, but no screening is required as in
the case of the neutral He model target.

In Table II, we report on the total 2s2p 3P excitation
cross sections, σtot, for the two targets He and He+, at four
typical impact energies. The two 3eAOCC cross sections ap-
pear surprisingly close, with differences of less than 25%.
This fact tends to show that the target nuclear charge is
not the determinative parameter in the excitation process
and that the two-center bi-electronic couplings are important.
We may therefore speculate that coupled-channel calculations
including an additional (second) target electron (i.e., in a four-
electron approach) would give higher cross sections, possibly
bridging the gap between the present experimental and theo-
retical SDCSs.
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TABLE II. Total cross sections σtot for (2s2p 3P) excitation
in collisions of (1s2s 3S) O6+ and C4+ ions with He and He+

one-electron targets. Indicated cross sections are from 3eAOCC cal-
culations and correspond to the sum of both ground and excited states
of the target (including ionization), He(All) and He+(All).

σtot (10−20cm2)

Vp Ep O6+ C4+

(a.u.) (MeV/u) Hea He+ Hea He+

5.000 0.625 5.37 4.21 22.6 21.7
5.477 0.750 7.13 5.94 22.4 23.5
6.325 1.000 9.58 8.86 20.9 24.8
7.071 1.250 10.1 10.3 19.2 24.6

aShown as He(All) in Fig. 4 (blue continuous lines).

D. Contributions from the ground and excited states
of the target

In Fig. 4, we compare, for the 2s2p 3P excitation chan-
nel, the separate contributions from the target ground state

FIG. 4. Total cross sections σtot showing the separate contribu-
tions from the ground- and excited- state (including ionization) target
contributions. Blue lines: 3eAOCC calculations. Red lines: PWBA
calculations. Dashed lines: He(gs) ground-state contributions. Dotted
lines: He(exc + ion) excited- and ionized-state contributions. Con-
tinuous lines: He(All) = Sum of both He(gs) and He(exc + ion)
contributions. Two-level 3eAOCC (2LCC) results are also shown as
the azure lines.

[He(gs)] and excited state [He(exc + ion)] as a function of
impact energy for both oxygen (top) and carbon (bottom)
projectiles in collisions with He. These are compared to the
PWBA He (with Nt = 2) results corresponding to the screen-
ing and antiscreening terms in Eqs. (6) and (7), respectively.
Also shown is the sum of the two contributions [He(All)].

The PWBA results, including all target contributions
He(All), are seen to be mostly larger than the 3eAOCC results,
with the main target contributions in both calculations deriv-
ing predominantly from the target ground state, He(gs). The
Ep dependence of σtot is seen to be very similar for both results
above about 0.75 MeV/u. However, this dependence is seen
to be quite different at the lower collision energies, with the
PWBA He(gs) contributions dropping faster with decreasing
Ep than those of the 3eAOCC, and also peaking at lower Ep.
On the other hand, the PWBA He(All), peaks later than the
3eAOCC.

For the excited-ionized target contributions He(exc + ion),
the PWBA results show the characteristic (e − e) thresh-
old behavior [57] associated with the antiscreening process,
rising rapidly (above 0.25 MeV/u for carbon and above
0.5 MeV/u for oxygen) and then saturating. These different
(e − e) threshold energies are related to the different 2s2p 3P
projectile excitation energies 
εP of the two ions, already
mentioned. Interestingly, these thresholds are not observed in
our results shown in Figs. 3 and 4, for either experimental
or theoretical (3eAOCC). In qualitative agreement, the older
ZAPS measurements of 2s2p 3P projectile excitation for the
similar F7++ He/H2 collision systems also did not show
any such (e − e) thresholds [26]. This unobserved threshold
behavior is clearly puzzling as it has been an important fea-
ture of our general understanding to date of either loss or
excitation, based on the PWBA and TCee interactions (see
[11,14,15,69,70] and references therein).

E. Two-level 3eAOCC calculations

To further investigate these results, we have also performed
two-level 3eAOCC calculations (2LCC) in which only the ini-
tial 1s2s 3S and final 2s2p 3P projectile states, together with
just the ground state of the target He, were included, i.e., ex-
cluding all other processes, such as electron capture. These are
also shown in Fig. 4. The 2LCC results are seen to be larger
than the ones from the full close-coupling calculations, and
therefore somewhat closer to the results of the PWBA which
is similarly derived from a two-state approximation. The large
difference from the full calculations clearly show the effect
of the close coupling with the other states, particularly at the
lowest collision energies. It is only at the highest energies that
both CC calculations are seen to converge, as expected.

These results indicate that the use of low-order perturbative
treatments and related interpretations may be questionable
in our energy range. In particular, the (e − e) threshold
behavior predicted by the first-Born approximation has
only been clearly observed in loss coincidence experiments
[57,58,60,61], where the TCee could be isolated. In singles (as
opposed to coincidence) measurements, only the excitation of
the 1s2s2p 4P in collisions of Li-like O5+ and F6+ ions with
He/H2 targets has shown such a clear threshold [25]. There,
the 4P state can only be formed via spin exchange, which
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is only possible by electron exchange in TCee interactions,
while all (e − n) interactions are blocked.

In the present work, spin exchange is not required for
the production of the 2s2p 3P. However, other (e − n)
interactions, such as double (e − n, e − n) interactions [71]
not included in first-order perturbative treatments, but in-
cluded in our 3eAOCC calculations, could give rise to the
2s2p 3P, while also exciting or ionizing the target. Such
higher-order processes could mask the presence of the much
weaker (e − e) interactions and associated thresholds.

V. SUMMARY AND CONCLUSIONS

We have presented a nonperturbative, three-electron treat-
ment of excitation in the production of 2s2p 3P states in
0.5–1.5 MeV/u collisions of two-electron C4+(1s2s 3S) and
O6+(1s2s 3S) ions with helium. The helium target was mod-
eled by a single electron, while all couplings were included in
a complete and coherent treatment. In parallel, the production
of the 2s2p 3P states was measured using 0◦ Auger projectile
spectroscopy, with the 1s2s 3S metastable component of the
mixed-state beams also determined within the same measure-
ment. This enabled absolute SDCSs comparisons between
theory and experiment with the theoretical SDCSs found to
be about a factor of 1.5–2 smaller than experiment, but with

very similar projectile energy dependencies for both ions. A
comparison between the coupled-channel results and those
stemming from the long-established first-Born approxima-
tion is also provided. The limit of this latter approach is
also discussed, through the comparison of basis restricted
close-coupling calculations. This comparison for excitation
provides an important advance in the modeling and under-
standing of multielectron multi-open-shell quantum systems
under ultrafast perturbations. Further isoelectronic investiga-
tions, particularly of less asymmetric collision systems, are
clearly of interest and will shed more light on these results
and especially on the role of two-center (e − e) interactions.
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