PHYSICAL REVIEW A 106, 022810 (2022)

Coherent treatment of transfer-excitation processes in swift ion-atom collisions
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For more than 40 years since the first ion-atom collision investigations of the two-electron process of
electron transfer with excitation and its resonant and nonresonant features, a satisfactory quantum mechanical
treatment has been lacking. We present now such a comprehensive transfer excitation treatment using a three-
electron atomic orbital close-coupling approach within a full configuration interaction formalism, exemplified
by C*+(1s?) + He collisions at 0.5-18 MeV impact energies. The calculated cross sections for the production of
C**(1s2p? *D), which shows the strongest resonance signature among the KLL Auger transitions, are found to
be in excellent agreement with zero-degree Auger projectile spectroscopy measurements covering the maximum
of the resonance peak and its high energy wing. At the lower energies, the theoretical results show a second
maximum which is interpreted through a nonresonant one-step transfer excitation mechanism, never considered
to date. The present, fully coherent, many-body treatment provides an important advance in the modeling and
understanding of multielectronic processes in quantum systems under strong and ultrafast perturbations.

DOI: 10.1103/PhysRevA.106.022810

I. INTRODUCTION

The understanding and modeling of the dynamics of many-
body quantum systems under intense, ultrafast perturbations
is nowadays a great challenge in physics and chemistry, for
atoms and molecules in the gas phase or in condensed matter
[1-3]. Energetic (MeV) collisions of few-electron ions with
atomic targets provide ideal laboratories to address such chal-
lenges. Indeed, the interaction time in such collisions is much
smaller than 1 fs, while the interplay between the electron-
nucleus (e-n) and electron-electron (e-e) interactions, as well
as electron exchange effects, remains complex. Though these
can now be very efficiently taken into account in atomic,
molecular, or condensed matter systems in the ground state
or near equilibrium, as in quantum chemistry (e.g., see [4]),
the theory and modeling have yet to reach a similar level
of sophistication for dynamical quantum systems such as
ion-atom/molecule collisions. Even so, such few-electron col-
lision systems are still sufficiently simple to allow for an
understanding based on the individual particle interactions
[5]. In particular, special interests and challenges exist when
considering the dynamic effect of the interactions between
two electrons located on different centers (also known as two-
center e-e interactions). This is especially true for electron
transfer with excitation (TE) occurring in ion-atom collisions
[6,7] or interatomic Coulombic decay (ICD) in weakly bound
systems [8].

A fully coherent treatment, as well as a direct comparison
with experiment, as proposed for example in ICD systems
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[10], has in general been lacking in the description of mul-
tielectronic processes for swift ion-atom collisions. In this
work we present such a coherent treatment with experimental
support for the process of TE occurring in MeV ion-atom
collisions. TE is a two-electron process involving the exci-
tation of a projectile electron with the simultaneous transfer
of a target electron resulting in a doubly excited projectile
state. Interest in TE, and particularly its high energy resonant
character, has been partly generated by its close relation to
the electron-ion collision process of dielectronic capture, a
process where a free electron may be captured by an ion,
with important applications to plasma cooling (e.g., see [11]
and references therein). In asymmetric collisions of heavy
projectiles with light targets two distinct peaks are typically
observed in the TE cross sections as a function of impact
energy [7,12]: A high-energy peak designated as resonant
transfer excitation (RTE) [6], and a low-energy peak des-
ignated as nonresonant transfer excitation (NTE) [7,13,14].
Both RTE and NTE mechanisms are shown schematically
in Fig. 1. The relative importance of these two distinct peak
structures in the TE cross section has been evidenced ex-
perimentally utilizing a variety of different techniques (see
reviews [9,15] and references therein), primarily through their
dependence on impact energy, projectile charge, and target
species. In particular, state-selective TE measurements have
been realized, especially for the lowest atomic number Z, pro-
jectile ions, by high resolution Auger projectile spectroscopy
[16-25] and have provided the most stringent tests of theory.

Two different models have been developed to elucidate the
impact energy dependence of the TE cross sections. The RTE
contribution has been described to first order by a one-step
mechanism mediated by the two-center e-e interaction (TCee)
(see Fig. 1 top). It has been modeled through the impulse

©2022 American Physical Society
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FIG. 1. Schematic of known TE mechanisms leading to the pro-
duction of the doubly excited projectile C3*(1s2p? 2D) level in
collisions of C**(1s?) 4+ He, of interest here. Indicated in red is
the two-center electron-electron (e-e) interaction (TCee), while in
green the electron-nucleus (e-n) interaction. The 1s — 2p projectile
excitation is indicated by a straight dashed arrow, while the transfer
of a target electron to the projectile 2p by a curved dotted arrow.
Also indicated are the projectile velocity V), in red and the impact
parameter b. (Top) Resonant transfer excitation (RTE), mediated by
the TCee interaction, in which both excitation and transfer occur si-
multaneously in the same single step and are therefore correlated, and
(bottom) nonresonant transfer excitation (NTE), mediated by two
separate (e-n) interactions taking place in a sequence of uncorrelated
events. Figure adapted from Ref. [9].

approximation (IA), as a quasifree resonant electron scatter-
ing analogous to the inverse Auger process [17,18,26,27].
However, the TA, even though fairly successful in describing
the relative collisional energy dependence of RTE, is not an
ion-atom collision theory, but is based on an electron im-
pact theory adjusted for the initial energy distribution of the
electron according to the momentum distribution (Compton
profile) of the target electron carried into the collision. On
the other hand, the NTE contributions have been interpreted
by a sequence of uncorrelated excitation and transfer events,
each independently driven by separate e-n interactions [28,29]
(see Fig. 1 bottom). Both TE mechanisms can be expected to
occur in the same ion-atom collision contributing coherently
to the production of the same final (doubly excited) projectile
state. To date, calculated cross sections for these different TE
mechanisms have only been computed separately in indepen-
dent treatments. Thus, their contributions to the total TE cross
sections could only be added incoherently, allowing at most
for interesting speculations about possible RTE-NTE inter-
ferences [5,16,25,28,30-32]. Such ad hoc treatments cannot
be considered satisfactory and the development of a coherent
approach to properly describe transfer excitation within an
ion-atom collision framework has been long awaited.

Up to now, the theoretical description of TE within co-
herent approaches has proven problematic, essentially due
to the difficulty of including several electrons and both e-e
and e-n interactions within the same dynamical treatment

[5,33]. Only two such dynamical treatments have appeared
so far in which the signatures of RTE and NTE have been
sought, both involving two-electron collision systems: (i) the
two-electron atomic orbital close-coupling (CC) treatment
[28], and (ii) the continuous distorted wave four-body (CDW-
4B) approach [34-36]. The CC calculations were carried out
for the benchmark near symmetric He™ (1s) + H(1s) system.
Stemming from a minimal CC basis set, the cross sections for
the dominant He(2p? 'D) RTE resonance were found to be
much larger than measurements for an H, target (see [37] and
Fig. 6 in [9]). Nevertheless, this approach showed the way
for such exact nonperturbative TE treatments, while intro-
ducing a refined model to assess the RTE contributions. The
CDW-4B was applied mainly to highly asymmetric systems
(e.g., ST+ H [34] and references therein). The computed
cross sections were compared at the RTE peak to low res-
olution x-ray measurements making an accurate quantitative
interpretation difficult. On the other hand, the NTE peak was
too low in collision energy to be described by CDW-4B.
This approach was also applied to the He™ + He [16,35] and
He™ (1s)+ H [36] systems, but found to disagree strongly with
both experiment and the previously mentioned CC results of
Ref. [28]. Since then, due to the difficulties of such computa-
tions and measurements, no further attempts have been made
towards a comprehensive coherent treatment.

In this work we present a nonperturbative treatment of
transfer excitation occurring in 0.5-18 MeV collisions be-
tween a two-electron projectile C**(1s?), and a helium target.
We focus on the production of the C3+(1s2p2 D) state (for
short 2D in the following), which shows the strongest RTE
resonance [9,24] among the KLL Auger transitions, i.e., on
the TE process of Eq. (1),

C*(15*) + He — C**(1s2p? *D) + He ™" (1)
LCH(1s?) + e, (0 =0°). (2)

Cross sections were experimentally determined using zero-
degree Auger projectile spectroscopy (ZAPS) [38] by detect-
ing the emitted 2D Auger electrons at § = 0° with respect
to the beam direction [see Eq. (2)]. Our theoretical treatment
considers the dynamics of three active electrons using semi-
classical close-coupling calculations (referred to as 3e AOCC
in the following), within a full configuration interaction ap-
proach [39]. This implementation allows for a coupled and
coherent treatment of all processes such as target and projec-
tile excitation, ionization, single electron capture, as well as
TE and therefore goes well beyond the methods developed in
the past.

In a recent publication [40] we have reported experimental
and theoretical results, relating to single electron capture to
the metastable 1525 S component of the C** ion beam, using
the same experimental apparatus and theoretical approach.
Thus, for pertinent details, we refer the reader to this publi-
cation.

II. EXPERIMENT

Our measurements were conducted at the National Center
for Scientific Research (NCSR) “Demokritos” 5.5 MV tan-
dem accelerator facility [41], utilizing the ZAPS setup (for
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FIG. 2. Typical C3*(1s2/2l’) Auger KLL spectra showing the
1525 28, 152s2p *P, 152s2p 2P, and the 1s2p? 2D lines obtained
in collisions of mixed-state C** (1s2, 1s2s 3S) ion beams with helium
target. The 2D is assumed to be exclusively produced from the ground
state component by transfer excitation, while the *P is exclusively
produced by single electron capture to the metastable 152s 3S com-
ponent. The two spectra are obtained from C*' ion beams with
different 1s2s 3S admixtures fi (and therefore also different ground
state 1s? fractions, f, = 1 — fx) controlled by varying the ion strip-
ping conditions.

more details see [40,42]), centered around a hemispherical
electron spectrograph with a preretardation lens. The absolute
overall spectrograph efficiency was obtained by performing
auxiliary in situ measurements of elastically scattered (binary
encounter) electrons from bare C%* ion beams, as typically
done for increased accuracy in all such ZAPS measurements
[38,43]. The C*t(1s?) ions, with about 5%—-30% admixture
of C*(1s2s *S) metastable component, were accelerated to
6-18 MeV with 0.2-20 nA beam intensities on target. Due
to the millisecond lifetime of the C*t(1s2s 3S) state [44],
this beam component may also survive to the target [45]
contributing, in general, to the production of the C**(152£2¢")
states [46] and can thus be a considerable obstacle in measure-
ments, where only the ground state contribution is of interest
[e.g., Eq. (1)]. In the collision energy range measured here, the
2D is almost exclusively produced from the ground state of the
ion beam. This component has been shown to be accurately
determined in situ using our recently proposed “two-spectra
measurement” technique [42,46].

In this technique, two different measurements of the same
Auger KLL spectrum, but with beams prepared with different
1s? fractional content, are utilized (a typical example is shown
in Fig. 2). Such beams can be readily prepared in lower or
higher amounts of ground state component by stripping the
ion beam, either in the tandem accelerator terminal, or after
ion charge selection and energy analysis, in a post-stripper,
usually in gas or thin self-supporting foils [47-50], respec-
tively. Then, noting further that the 1s52s2p *P Auger line
(see Fig. 2) due to spin considerations is exclusively produced
from the metastable 1s2s 3§ component [40,51], the beam

composition can be obtained [45,46,49]. Furthermore, in the
case where the observed KLL Auger lines can be populated
from both ground state and metastable state components, our
two-measurement technique [46] can directly determine each
contribution without the need to explicitly know the amount
of metastable admixture, but just from the measurement of
the relative intensities in the two spectra [40].

In Table I the measured 8 = 0° Auger single differential
cross sections (SDCS), day**(0°)/d$2 for the 2D, and ground
state fractions f, are listed. In some cases, as marked, just
a single spectrum was used whose ground state fraction was
then interpolated. The stripping methods are marked as gas
terminal stripping (GTS), foil terminal stripping (FTS), gas
post-stripping (GPS), foil post-stripping (FPS), and their com-
binations. These stripping methods are explained in more de-
tail in Ref. [45]. The listed SDCS are also displayed in Fig. 3.

III. THEORY
A. 3eAOCC calculations

The 3¢ AOCC calculations involve three active electrons,
modeling the helium target with just one electron, in order to
have the most accurate description of C** and C** electronic
structures. The process then theoretically considered can be
written schematically as

C*(1s%) + He(ls) — C*(1s2p* 2D) + Het.  (3)

The calculations were performed for 0.5-18 MeV impact en-
ergies, covering the entire range of interest. We have adopted
a semiclassical close-coupling (CC) approach, based on an
asymptotic (atomic) description of the scattering event, as
previously used for various collision systems and processes,
e.g. [39,40,51,54-56] (see also [57,58] for a more detailed
description). Here we just outline the main features of the
method as they relate to the present calculations. The elec-
tronic dynamics is described by solving nonperturbatively
the time-dependent Schrodinger equation (TDSE) for a three-
electron Hamiltonian, including the Coulombic interactions
between all particles. The helium target is described within a
single active electron picture, using a model potential, as pre-
viously used in [40,51]. Thus, all results have been multiplied
by 2 to account for the two target electrons in an indepen-
dent particle approximation. The spin-orbit couplings, being
small, were not taken into account. The total scattering wave
function is then expanded in terms of three-electron states,
which allows for an accurate description of the important
C3*(15202¢' 2*11) TE channels. To describe the He, C*t,
and C* electronic states, we use the same Gaussian-type or-
bital (GTO) sets as in [51] from which spin-adapted products
are constructed to diagonalize the isolated target and projec-
tile Hamiltonians within a full configuration interaction (CI)
formalism. The TDSE then reduces to a set of coupled dif-
ferential equations for the time-dependent coefficients, which
asymptotically are the probability amplitudes from which
cross sections are evaluated. The calculations presented in
this work include 1794 states (or 716 energy levels), referred
to as full CC (FCC) in the following and represent several
thousands of hours of computation. They have been tested for
possible numerical issues, as well as by changing the GTO
sets and the number of states included in the basis sets. These
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TABLE 1. Theoretical and experimental results for the 1s2p? 2D state produced in collisions of C**(1s?) with He [see Eq. (1)] at a
projectile velocity V, and energy E,, respectively. Listed are the full 36 AOCC (FCC) partial cross sections o (2, |M;|) for M; =0, £1, £2,
already multiplied by 2 to account for the two electrons on the helium target, the total production cross section oy, and the theoretical 0°
Auger SDCS, do,(0°)/d<2. Also listed are the ion beam stripping combinations used in the measurements (see Sec. Il for explanations) with
the first/second measurement indicated by the separator /, in the case of two-spectra measurements. Finally, the ground state fraction f,, the
measured 0° Auger electron normalized yields d Y4(0°)/d 2 [49], and the experimentally determined 0° Auger SDCS, dojx"'(oo) /d 2 [46] are
also indicated. Both experimental and theoretical SDCS are shown in Fig. 3. Experimental uncertainties in the SDCS include both the statistical
error and the uncertainty in the fraction f,, when single spectrum measurements are involved. In the case of two-spectra measurements only
statistical uncertainties are involved [46]. Entries indicated by — means no result was acquired, while an empty (blank) entry means this entry
is the same as in the previous line and column. The notation 4.31(—1) stands for 4.31 x 107",

Theory (FCC) Experiment
0.0) o) 022 ou' L) I STU DN (DY
v, E, (cm?) (cm? /sr) Stripping . /§“° . fgmc (cm?/sr)
(aw) (MeV) (x10721) method (%) (%) (x10721)
1291 050 6.58(—1) 1.84(—1) 1.69(—2) 1.06 2.62(—1) - - - - - -
1826 1.00 147(1)  4.90 557(—1) 2.56(1)  5.84 - - - - - -
2582 200 346(1) 148(1) 8.61(—1) 6.59(1)  1.38(1) - - - - - -
3162 3.00 326(1) 136(1) 1.07 6.18(1)  1.30(1) - - - - - -
3652 400 348(1) 1.03(1)  7.56(—1) 5.69(1)  1.38(1) - - - - - -
4082 500 4541) 805 431(=1) 624(1)  181(1) - - - - - -
4472 600 5.06(1) 651 2.25(—1) 640(1) 2.01(1)  GTS-FPS® - 85.5+5.1 - 189+ 13  222+2.1
GTS-GPS/GTS® 83.6+3.1 933+13 205402 29405 245408
4830  7.00 433(1) 493 118(—1) 534(1)  1.72(1)  GTS-FPS® - 85.5+5.1 - 162411  19.0+1.7
5.164 800 3.08(1) 3.0 6.70(-2) 3.79(1)  1.23(1)  GTS-FPS® - 85.546.2 - 104+ 07 122+ 12
5477 9.00 198(1) 237 423(=2) 246(1) 7.88 GTS-FPS® - 85.5+5.1 - 458+0.19 5374039
GTS-GPS/GTSt 82.5+53 945+1.7 3954006 4534020  4.79+0.29
5657 9.60 - - - - - GTS-FPS® - 85.5+5.1 - 4374046  5.1240.62
5774 1000 122(1) 156 2.87(=2) 1.53(1)  4.85 avg' - 89.0£5.1 - 2884037  3.24+045
6325 1200 4.62 6.60(—1) 1.47(=2) 5.97 1.84 GTS® avg' - 84.6+5.1 - 1.04+ 001  1.1340.21
FTS/GTSE 793449 965+09 085440017 1.04+0.05  1.08+0.06
6.709 1350 - - - - - GTSt - 92.7+413.9 - 0.335+0.030 0.363+0.063
7071 1500 1.26 1.87(—1) 6.24(=3) 1.64 5.00(—1) GTS® avg' - 83.8+12.6 - 0.255+0.061 0.305+0.086
FTS/GTS? 863484 93.9+3.8 035540010 0.386+0.019 0.412+0.036
7746 18.00 4.12(=1) 5.99(=2) 3.18(=3) 5.39(—1) 1.64(—1) FTS* - 71.0+43 - 0.058440.024 0.083+0.034

aFor the 2D state oy is given by Eq. (7).

®Theoretical 0° Auger SDCS for the 2D state, do,(0°)/d 2, determined from the partial cross sections o (2, M} ) according to Eq. (8).

“The ground state fraction fg[” in measurement i (i = 1, 2) is computed from the experimentally determined 1s2s S metastable state fraction
fi145.46] as f11 =1 — fiil.
¢Experimental 0° Auger SDCS for the >D state, doy ™' (0°)/dQ = [dY}"(0°)/dQ]/ 1.

“Results obtained using single Auger KLL spectrum measurements [52] with an f, value interpolated from similar nearest energy two-spectra
measurements.

An average (avg) value was computed when more than one measurements were made having similar values of ground state fraction f, at the
same collision energy.

£Results [51,53] obtained using the two-spectra measurement technique [46].

tests allow us to place a conservative confidence interval of
about 15% on all presented cross sections. In Table I the
calculated total oy and partial cross sections o (L, [M|) for
the 2D are listed. They are displayed in Fig. 5 (top).

B. The 1s2p? 2D Auger SDCS and angular distributions

The 2D SDCS were then computed using the Auger angular
distribution (Legendre polynomial expansion) formula [59]:

doy — Otot
— (@) =& —[1 + A, P,(cosO) + AsPys(cos 6)], %)
dQ2 4

where & = 0.9989 is the mean 2D Auger yield [60] and
the anisotropy coefficients A,, A4 are functions of the ’D
partial M;-resolved cross sections. In LS coupling these co-
efficients depend only on L and |Mp| [59] and are given
by

Ay = (17_(’)0(2’ O+o@ =202 o
Otot
A, = <g) 30(2,0) — 4(;(2, 1)+ o2, 2)' ©
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FIG. 3. Projectile energy dependence of absolute 0° Auger
SDCS, do,/dS2 [Eq. (8)], for the production of 2D states by TE
[Eq. (1)]. Experiment (large circles, see Table I): Filled (single-
spectra measurements), open (two-spectra measurements). Error bars
shown only when larger than symbol. Below 6 MeV, measurements
were not possible due to beam current limitations. Theory: Full
3eAOCC TE (FCC, small circles joined by black interpolation line).
IA RTE [red dash-dotted line, see Eq. (9)].

The total 2D production cross section oy is

L
o=y oL, M) =0(2,0)+20(2,1)+20(2,2),
Mp=—L

)

where, due to the axial symmetry around the beam direction,
we also have o (L, M) = o (L, —M}). For 6 = 0° in Eq. (4),
with P,(cos 0°) = 1 for k even, we then directly have

doy —50(2,0)
_— 9 :OO = _—
dQ( )=¢§ 4

showing that at this observation angle the SDCS depend only
on the M; = 0 component of the partial cross section o (2, 0).
Further corrections due to fine-structure interaction during the
time interval between production and Auger decay, i.e., the so
called dealignment factors D, and D, [59], differ very little
from 1 for the C3*(1s2p? D) state [61], with this correction
well within the experimental uncertainty and therefore con-
sidered negligible.

In Table I the 6 = 0° Auger SDCS, dos(0°)/d<2, calcu-
lated according to Eq. (8) for the 2D, are also listed. They are
displayed in Fig. 3.

®)

IV. RESULTS AND DISCUSSION

The experimentally extracted 6 = 0° Auger SDCS,
doy™(0°)/d<2, are shown in Fig. 3 as a function of the impact
energy E,, together with our theoretical FCC results. Also in-
cluded is the RTE impulse approximation (IA RTE) [19], seen
to be about 30% larger than experiment, a known deficiency
for low-Z,, ions [9]. Our FCC results (thick black line) show

1T P—
ool C*(18) + He— C¥(1s2¢°°D)]
;\; 80-
R —=—FCC M=0 .
= 60F e~ FCC M =1 (x2) ]
S sof —4— FCC M=2 (x2) ]
= ]
T wob ]
e r )
© 20} o> 9
O . 1+ 4 3 4 A . PR Bl |

0 2 4 6 8 10 12 14 16 18
Ep - projectile energy (MeV)

FIG. 4. FCC results of ratios of partial to total cross sec-
tions o (L = 2, |M.|)/0: as a function of projectile energy. A strong
M, = 0 contribution is observed for collision energies above 6 MeV
where the high-energy peak lies.

two distinct peaks. The side of the peak above 6 MeV is seen
to be in excellent agreement with our ZAPS measurements,
not only in the energy dependence, but also in the absolute
scale. The low-energy peak located around 2 MeV could not
be recorded experimentally since the C** beam intensity was
too low for reliable ZAPS measurements in this difficult to
access 0.5—4 MeV range.

Additionally, in Fig. 4 the fractional contribution of each
M, component to the total production for the 2D state is
shown. The high energy peak associated with RTE is seen
to be dominated by M; = O contributions, as expected from
the impulse approximation inverse Auger description of this
process given by [9,62]

doghy
dsy

where Y} is the M; = 0 component of the spherical harmonic
Yium, (0, ¢) and oxpg is the total IA RTE cross section [9,22].
The M; dependence is seen to then change quite drastically
between 2 and 4 MeV, where the M; = 1 contributions be-
come of about equal importance signifying the possible onset
of a different mechanism. Finally, the M; = 2 component is
seen to be much smaller and quite constant over the entire
collision energy range.

(0) = & ogpeYin(6. ). 9)

A. Two-level model calculations: Suppressing
the two-step mechanism

To get further insight into the electronic dynamics, we also
performed two-level calculations to model the production of
the C3*(1s2p? 2D) and C3*(1s2p* 2P) states. The compari-
son of these identically configured states [63] offers indeed
additional interesting insights into the mechanisms of their
production [28].

In contrast to the (716-level) FCC results, which include
both 2D and 2P levels, these two-level CC calculations used
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FIG. 5. Projectile energy dependence of theoretical total cross
sections oy for the production of the similarly configured 1s2p? 2D
(top) and 1s2p* 2P (bottom) states. Black lines with filled squares:
Full close-coupling (FCC) calculations (used in the SDCS shown in
Fig. 3). Blue lines with open squares: Two-level calculations. Green
lines with open circles: Two-level CC without TCee. Red dashed dot
lines: IA RTE cross sections o1, also shown for both states.

a restricted basis set, including only the initial level, i.e., the
target and projectile ground states, and either one of the final
2D or 2P levels, with their five or three M, magnetic states,
respectively. Without including any single excitation and sin-
gle capture states, this simplified model blocks these specific
channels and therefore deliberately suppresses any two-step
mechanisms involving excitation and capture such as NTE
[28]. As in the FCC calculations, they include all interactions
and couplings between the states. In addition, we developed
a second two-level model in which, for the same restricted
basis set, the coupled equations are similarly solved, but with-
out the two-center e-e coupling matrix elements [referred to
from here on as two-level CC (without TCee)], thus further
blocking also processes mediated by TCee such as RTE. In
the following we present our theoretical results for the 2D and
2p states. Their total production cross sections stemming from
these different calculations are presented in Fig. 5, while the
related reduced probabilities bP(b) in Figs. 6 and 7. The latter
offer additional information on the nature of the production
mechanisms, related to head-on (hard) or distant (soft) colli-
sions.

10— T

o . C"(1s%) + He > C¥(1s2p""D) ]

bP(b) (10 * a.u.)

VA N

r PEDEDE 1 b
oL e e ; :
0.0 0.5 1.0 15 2.0 2.5 3.0 35

b - impact parameter (a.u.)

FIG. 6. Impact parameter-weighted TE probabilities bP(b) (mul-
tiplied by 2 to account for the two target electrons) as a function
of impact parameter b for the 152p? 2D state at selected projectile
energies £, = 1, 2, 3, 4, 6, and 8 MeV. The three panels from top to
bottom correspond to our three different calculations (see text).

1.5

1.04
0.5

0.0- s
4.0 T T T T

3.5
3.0
254
2.04
1.54
1.0
0.5

0.0
2.04

1.54
1.04
0.5
004+

T2level CC |
E, (MeV): 3

—=— 1 6

2
3 E
4

bP(b) (10 * a.u.)

2-level CC (without TCee) |

15 20 25 30 35
b - impact parameter (a.u.)

FIG. 7. Same as Fig. 6, but for the identically configured
1s2p® 2P state. Note that the large-b dependence at E, = 6 and
8 MeV in Fig. 6 (middle panel) is totally absent in the corresponding
middle panel above, as expected by the inverse Auger description of
this process (see text).
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In Fig. 5 (top), the 2D cross sections are shown for the full
and restricted 3e AOCC calculations. As a first general obser-
vation, one can see that the cross sections from the FCC and
the two-level CC calculations show similar structures, with
two peaks. However, observed quantitative differences clearly
demonstrate that even in this high energy regime, couplings to
other states included in the FCC calculations, but removed in
the two-level CC, are important. Only above 12 MeV do both
calculations converge, as expected. In comparison, for the 2P
cross sections, as shown in Fig. 5 (bottom), no high-energy
peak is seen, in any of the 3e AOCC calculations. In the next
two sections we analyze in detail the two observed structures.

B. The high-energy peak and RTE

We first consider the 2D high-energy (~6 MeV) peak at-
tributed to RTE (see Fig. 3). When the two-center bielectronic
repulsion matrix elements are not taken into account, the re-
sulting cross sections [green line in Fig. 5 (top)], do not show
the high-energy peak, contrary to the FCC and two-level CC
calculations. The origin of these differences is clearly eluci-
dated when analyzing the >D TE probabilities as a function of
impact parameter b (Fig. 6): the large-b contribution present in
the FCC and two-level CC calculations above 4 MeV, as seen
in Fig. 6 (top and middle), is wiped out when the TCee inter-
actions are removed [Fig. 6 (bottom)]. Additional evidence for
the two-center (e-e) interactions character of the high-energy
peak is provided by (i) the strong M; = 0 contributions in
this energy regime observed in the FCC calculations shown
in Fig. 4, and (ii) the absence of the high energy TE peak in
the case of the identically configured 1s2p* 2P cross section,
shown in Fig. 5 (bottom). Indeed, this state has an Auger
decay rate about 10* smaller than the 2D [63] and therefore
its production can be expected to be of negligible importance.
This is clearly demonstrated by the IA RTE results shown
in Fig. 5 (bottom). However, our FCC 2P calculation is seen
[black line Fig. 5 (bottom)] to be only about a factor of 15
smaller than that for the 2D around the RTE maximum at
6 MeV. This surprisingly large difference between our FCC
calculations and the IA RTE for the 2P cross sections can
be traced to the fact that in ion-atom collisions in general,
no selection rules apply during the excitation stage of the
collision, while in the inverse Auger model of the IA RTE
approximation, Auger selection rules are facitly assumed in
the production of the 2P and included in the expression for
the oxpg cross section [see Ref. [9] Egs. (9) and (10)]. This is
further supported when analyzing the probabilities for the 2P
state shown in Fig. 7: the FCC and both two-level calculations
do not show any large-b tail as seen for the 2D, mainly due to
the suppression of the two-center (e-e) interaction in this case.
From these different results one can state that the high-energy
2D peak is therefore unambiguously mediated by the TCee
interaction and consistent with the inverse Auger mechanism
giving rise to its resonant character.

C. The low-energy peak and the NCTE mechanism

We next consider the low-energy (~2 MeV) peak for the
2D state, to date interpreted by a two-step mechanism [14,28].

2p ~. NCTE
I/
1s e,
/)
sl @ J A ~ b
7 U
C4+ /

He

FIG. 8. As in Fig. 1, but for the process of nonresonant corre-
lated transfer excitation (NCTE). Here the transfer occurs during
the overlap (represented schematically by the orange area) of the
electron clouds when the two partners are close by [(2p|1s) term
in Eq. (12)] contributing primarily to the low-energy peak where
transfer is strongest, while the projectile excitation is mediated by
the (e-n) interaction [(2p| VT |1s) term in Eq. (12)].

Since our two-level calculations still show this peak even
though successive excitation and single electron capture (the
main mechanism responsible for NTE, see Fig. 1) have been
deliberately excluded in these calculations, its origin must
necessarily arise from a one-step mechanism. Furthermore,
additionally removing also the TCee interaction [green line in
Fig. 5 (top)], the total cross sections still show the low-energy
peak, albeit somewhat reduced in magnitude, indicating that
the production of 2D in the two-level CC (blue line) is me-
diated by (e-e) and still to some effect by (e-n) interactions
in this energy range. These unexpected results challenge our
present understanding of transfer excitation at low collision
energies. Moreover, looking into the b dependencies of Fig. 6,
we note that the removal of the TCee interaction (bottom)
leaves the shape of the reduced probability curves qualita-
tively unchanged in the low-b region. Thus, the low-energy
peak observed in Fig. 5, arises primarily from this small
impact parameter structure. Similar to the two-level CC re-
sults, the FCC results (top) also show the same unique low-b
structure in the 1-3 MeV energy range, where the low-energy
peak appears in the cross sections. These unexpected low-
energy results point to the existence of a nonresonant but
correlated (i.e., since must be single-step) transfer excita-
tion (NCTE) mechanism. For higher E, energies, the two
well-separated bP(b) structures in the two-level CC results
(middle), are seen to merge in the FCC results (top), demon-
strating the necessity for a coherent description of the two
mechanisms.

We note that for the 1s2p® 2P state a low-energy peak
is also evident (see bottom panel of Fig. 5), even though
the high-energy peak is absent. This is consistent with the
proposed NCTE mechanism (see Fig. 8) for which an (e-
n) interaction is responsible for the 1s — 2p excitation of
the projectile (similar for both identically configured states),
while transfer is possible due to the overlap of the projectile
2p and target orbitals. In addition, as seen in Fig. 7, the impact
parameter dependence of the 1s2p? 2P state is also very sim-
ilar to that for the 2D (Fig. 6), with the notable exception that
the large-b dependence at £, = 6 and 8 MeV is totally absent
as expected by the much suppressed inverse Auger description
of this process already discussed.
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D. Further insights using the OBK model

The present results indicate that full close-coupling calcu-
lations are required to accurately describe transfer excitation.
However, the complex coupling channel schemes involved
make the extraction of underlying mechanisms and models
from these calculations quite awkward. Nevertheless, it is very
instructive to see a clear signature of both head-on (small b)
and distant (large b) collision regimes in the semiclassical
probability representation. An elucidating model may then
be provided by applying to our process the Oppenheimer-
Brinkman-Kramers (OBK) approximation in its prior form
[57]. The perturbation in our three-electron approach can then
be written as

W = V(r,)vLV(r,)———i-i+i (10)

Tik Tk
where initially electrons i and j are bound to the projectile
and electron k to the target. In Eq. (10), Z, is the carbon
nuclear charge and V7 is the model potential describing the
interaction between an electron and He* [51]. The OBK time-

integral
+00
—i / dt
—00

involves the coupling matrix element Wy;(t) = (V7| W |¥;),
where the initial C**(1s%) + He(1s) and final C3*(1s2p* 2D)
states can be approximately expressed in terms of Slater
determinants ~ W; = [1slsls| and W, = (|1s2p2p/| —
1s2p2p'1)/ /2, respectively. Here the bar above the nf
orbitals stands, as usual, for spin-down electrons and the
orbital 1s is centered on He, while 1s and the two orthogonal
(or identical) 2p, 2p’ travelling orbitals are centered on the
carbon. AE;; =E; —E; — sz /2 is the energy difference
between the initial and final states, augmented by the kinetic
part of the electron translation factor [57]. Wy; is then easily
expressed as the sum of two terms

2wy, =

2
(W | W ;) A (11)

2pIVT[1s) 2p'|1s) + (2p2p| ri I1sls). (12)
ik
The first term represents the 1s — 2p excitation of the projec-
tile by the target core (VT), together with the transfer of the
target electron to the projectile mediated by the two-center
overlap, (2p'|1s), when the two partners are close by. The
second term (2p2p | L [1sls) is a two-center bielectronic re-
pulsion matrix element the so-called TCee interaction. The
expression in Eq. (12), though derived from a first-order
treatment with known drawbacks [57], highlights the two
mechanisms responsible for the two peaks shown in the cross
sections. On the one hand, the second term is dominantly
responsible for the high-energy peak due to RTE. On the
other hand, the low-energy peak stems mainly from the first
term and therefore corresponds to a nonresonant correlated
transfer excitation (NCTE) mechanism (see Fig. 8). Here both
transfer and excitation are induced simultaneously and of a
different nature from the uncorrelated two-step mechanisms
advocated in the past [14,28]. The relative magnitude of the
two terms, as a function of the internuclear distance R and
impact energy, is awkward to address since their actual values
depend also on the mathematical expressions of the initial

and final states. Nevertheless, the Taylor series in 1/R of the
Coulomb operators in (2p| VT |1s) and the the two-center in-
terelectronic Coulomb repulsion appearing in the TCee matrix
element shows that to the nonvanishing first order, the two
terms are close in magnitude (but of opposite sign), while
to second order, (2p| VT |1s) is proportional to an electric
quadrupole interaction, while TCee corresponds to an electric
dipole interaction. Thus, at large impact parameters, the TCee
term in Eq. (12) dominates for our considered final electronic
configurations with two electrons in the 2p orbitals. This is in
agreement with the impact parameter results shown in Fig. 6.

Finally, note that although interferences between all path-
ways leading to the same final state are inherently included in
our close-coupling treatment, we do not see clear evidence of
them in our cross sections, as advocated in previous investi-
gations [5,16,25,28,30-32,34,36,64,65]. However, even in the
much simpler OBK model giving rise to Eq. (12) and a simple
expression for each TE mechanism, the Wy; matrix element
must be integrated over time before its modulus is squared
[see Eq. (11)]. Any discussion concerning the cross term of
Eq. (12) as a signature of interference [5] is therefore not of a
simple and direct matter. Our own quantitative description of
TE requires a nonperturbative many-state approach, in which
all couplings and pathways are coherently considered and
accumulated during the collision. These then carry all possible
interferences between the various mechanisms, but in a very
complex form, not reducible to a simple cross term as given in
Ref. [5], and therefore difficult to assess and unambiguously
verify.

Further experimental results at low energies should be of
interest to probe the mechanism presented in the previous
section. However, such measurements in the energy range of
1-4 MeV would require almost pure C**(1s5?) ion beams (to
avoid additional TE from the metastable components [22,66],
non-negligible at these much lower energies) and will be
difficult to presently obtain at existing highly charged ion
facilities (e.g., ECR sources) mostly due to the rather elevated,
high-voltage (~0.25-1 MV) platforms required.

V. SUMMARY AND CONCLUSION

We have presented results of a nonperturbative, multielec-
tron treatment of transfer excitation in energetic collisions of
He-like ground state ions with helium. All coupling schemes
populating the same doubly excited state are included in one
uniform and coherent treatment. We focus on the production
of the C3*(1s2p? 2D) states in collisions of C**(1s?) with
helium, where our theoretical single differential cross sections
show a distinctive two-peak structure as a function of the
collision energy. We also present C** (1s2p? 2D) single differ-
ential cross sections based on high resolution Auger electron
measurements. For the high-energy peak, there is excellent
agreement between experiment and theory in the energy range
where they overlap, i.e., at resonance (6 MeV) and beyond.
Using simplifying two-level models, we have exposed the
underlying mechanisms essentially responsible for these two
peaks. The high-energy peak arises predominantly from the
two-center electron-electron interaction in soft collisions, i.e.,
at large impact parameters, validating therefore our present
understanding. However, the low-energy peak is found to
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arise mainly from a one-step mechanism. It is mediated by
a single electron-nucleus interaction responsible for excita-
tion correlated to an electron transfer in head-on collisions,
i.e., at small impact parameters, where the target and pro-
jectile electronic clouds largely overlap. Finally, concerning
the interferences advocated in the past, our calculations in-
herently include them in our coherent treatment, but the total
cross sections do not show any significant evidence of their
presence.

Thus, even after almost 40 years since the introduction of
the RTE and NTE mechanisms to explain transfer excitation,
the presence of an additional one-step mechanism is revealed
by a full quantum mechanical treatment, providing further
insights into bielectronic processes in many-body quantum
systems. To further deepen our knowledge of transfer ex-
citation, we suggest two directions of great interest for the
future: The study of other He-like ions, particularly in the low
collision energy range, and investigations of differential cross

sections as a function of scattering angle, e.g., possibly using
recoil ion momentum spectroscopy [67].
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