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Strongly perturbed state-selective charge exchange between slow Ar®* and He
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We report an experimental and theoretical study of state-selective charge exchange processes in Ar®* on
He collisions at 1 and 3 keV/amu, benchmarking the fundamental electron capture dynamics under strong
perturbations. The quantum-state selectivity has been experimentally resolved for one 1s electron of He capture
into 4s, 4p, 4d + 4f, and Ss states of Ar’" ion along with the corresponding scattering angle differential cross
sections. By comparing to theoretical calculations with a two-active-electron semiclassical asymptotic-state
close-coupling approach, we are able to verify the important role of electronic correlations during the collisions
and that the impact parameter sensitive transition probability significantly mediates the state-selective specifics.
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The reaction of charge exchange (CX) between highly
charged ions (HCIs) and neutrals is a fundamental process
of dynamical two-center quantum state transition. It has been
the subject of intensive theoretical and experimental stud-
ies, motivated by understanding of few-body problems [1,2],
and diagnosing of fusion and astrophysical plasmas [3-7].
Differing from CX at high energy collisions, a simple ve-
locity matching and impulsive approximation are no longer
valid owing to the nonadiabaticity at low collision energies
[8—14]. For simplicity, a single-active-electron treatment with
an independent-particle model has long been used for CX
involving few- or many-electron targets [15], despite its insuf-
ficient accuracy in describing experimental observations [16].
In particular, the low-energy HCIs conditions strongly per-
turb electron transition, which even stresses the challenging
towards understanding CX dynamics.

With the advent of advanced experimental techniques, the
details of nf-resolved state-selective capture can be unraveled
for slow HCIs (n and ¢ are principal quantum number and
orbital angular momentum number, respectively). Using a
high-resolution x-ray spectrometer, Leutenegger et al. [17]
have measured emissions following CX between Ar'8* and
P'>*, and H,, and found high end Lyman series is greater by
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a factor of two for P'** than for Ar!”*. Another significant
development is the cold target recoil ion momentum spec-
troscopy (COLTRIMS) [18,19], with which state-selective
and the scattering angle differential cross sections can be
solely obtained [20-22]. Otranto ef al. [23] have attributed the
oscillatory structure of the transverse momentum distribution
in 1-10 keV/amu Ne®* CX with Na(3s) to electron swaps by
comparing to classical trajectory Monte Carlo calculations.
A Fraunhofer-type diffraction has been revealed for n- and
L-resolved state-selective capture in C** on He collisions
[24], which extends the previous study of Van der Poel et al.
[25]. Consequently, the unexplored structures in the transition
probabilities could become feasible experimentally for the
scattering angle of the projectile.

In this paper, we investigate the collision dynamics of Ar®*
single CX with He at 1 keV/amu and 3 keV/amu, where
the strong perturbations with strengths are v,/v, = 3.8, 6.7
(ve and v, are the classical 1s orbital velocity of He and the
projectile velocity, respectively). Although previous studies
show that cross sections of n = 4 capture are predominant for
the collision energy from 20 eV/amu to 25 keV/amu (the
perturbation strengths are from 2.7 to 47.6) [26-28], scat-
tering angle differential cross sections are sparsely reported.
The present nf-resolved single CX state-selectivity and the
corresponding scattering angle differential ones are measured
using the COLTRIMS setup and compared with theoreti-
cal results calculated with a two-active-electron semiclassical
asymptotic-state close-coupling (SCASCC) approach, which
succeeds in quantitatively reproducing total cross sections for
various CX processes [29-32]. Our state-of-the-art calcula-
tions give an excellent description of the present measured
state-selective CX cross sections in both magnitude and shape.
Thereby, we make an essential step in the understanding of
CX dynamics with two active electrons under strong pertur-
bations.
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FIG. 1. Two-dimensional momentum distributions in the 1
keV/amu Ar®* CX with He. The horizontal axis and the vertical
axis represent the longitudinal recoil ion momentum P, and the
transversal recoil ion momentum P , respectively.

The experiment was carried out with the COLTRIMS setup
at the low energy electron beam ion source (EBIS) labora-
tory in the Institute of Modern Physics, Chinese Academy of
Sciences. The experimental setup used here is basically the
same as described in previous publications [22,33]. In brief,
a beam of Ar®" ions from the EBIS source intersected with
a supersonic He gasjet in the center of a time-of-flight (TOF)
spectrometer. Lengths of the accelerating tube and the drifting
tube of the TOF spectrometer were 107.5 and 215 mm, re-
spectively. This arrangement meets the Wiley-McLaren time
focusing condition [34]. The recoil ions He* and He?* were
extracted by a homogeneous electric field of 8.3 V/cm and
detected by a position and time sensitive detector (PSD). The
charge changed projectile ions Ar’* and Ar®" were separated
from the primary Ar®* ion beam by an electrostatic deflector
downstream of the collision chamber and detected by another
PSD. With the measured TOF and position information of
recoil ions, the longitudinal and transversal momentum of
recoil ions were reconstructed [22], as illustrated in Fig. 1.
The longitudinal recoil ion momentum P, and the transversal
recoil ion momentum P, reflect the state-selectivity and scat-
tering angle differential cross sections, respectively. Atomic
units (a.u.) are used throughout this paper unless otherwise
stated.

Theoretically, the SCASCC method has been previously
described in, e.g., [29-31,35,36]. The theoretical treatment
is semiclassical in that the relative target-projectile motion
is described by classical straight-line trajectory with constant
velocity, while the electronic dynamics is treated quantum me-
chanically, by nonperturbatively solving the time-dependent
Schrddinger equation (TDSE) for a two-electron Hamiltonian,
including the Coulombic interactions between all particles. In
the present calculations, the two electrons on the He target
are treated as active electrons, while the Ar®t ion is de-
scribed with the frozen-core electron approximation in which
the inner-shell electrons are assumed to be inactive. The in-
teraction of these frozen electrons and the nucleus with the
two active ones is described by the model potential [31].
To describe the Het, He, Ar’*, and Ar®" electronic states,

we use the same Gaussian-type orbital (GTO) sets as in
[31] from which spin-adapted products are constructed to
diagonalize the isolated target and projectile Hamiltonians
within a full configuration interaction formalism. The TDSE
then reduces to a set of coupled differential equations for
the time-dependent coefficients, which asymptotically are the
probability amplitudes from which integral (total) cross sec-
tions are evaluated. In the same manner as in [24,37], the
scattering angle differential cross sections for inelastic pro-
cesses are expressed in the center of mass frame as
dO’ﬁ
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where the scattering amplitude f is given as a Bessel trans-
form of the collision amplitude c¢(b, vp), u is the reduced
mass of the target and projectile, Amg = my — m; with m;,
my the magnetic quantum numbers of the initial and final
states, respectively. It should be noted that all b-dependent
phases (i.e., common phases due to the core-core interaction
in the Hamiltonian [38]) should be included in the collision
amplitudes ¢y (b, vp) of Eq. (1). It is precisely the complete
phase information that allows the extraction of the angular
predictions from straight-line trajectory collision amplitudes.
Explicitly, the amplitudes are

¢/ (b, vp) = ay(b, vp) exp<vizszP1nb), )
P

where ZT and Z” are, respectively, the target and projectile
charges, the amplitude ay(b, vp) is obtained by solving the
coupled differential equations reduced from TDSE in a large,
but finite, time domain.

The calculations presented in this work include 5982 sin-
glet states and pseudostates in total, describing elastic, single
CX, double CX, and ionization channels. The convergence for
4¢-resovled CX cross sections was evaluated to be better than
15% [31].

Figure 1 shows the measured recoil ion momentum dis-
tribution at the collision energy of 1 keV/amu, where n =
4 capture is predominant. This agrees with the extrapola-
tion from a recent measurement [39] and the prediction by
q**//1,/13.6 [40,41], where I, is the ionzation energy of a
neutral target and 24.6 eV for He. For the n = 4 capture, state-
selective populations are distinguished for electron capture
into 4s, 4p, and 4d + 4f states. Note that the experimental
resolution is not adequate to discern 4d and 4 f capture pro-
cesses. For n =5 capture, only 5s capture is observed. In
addition, it is inferred that there is a large energy level gap
between n = 3 capture and the initial channel for the present
CX process, this results in a negligible contribution of n = 3
capture [27,39].

Our measured and calculated relative state-selective CX
cross sections for Ar®* and He collisions at 1 keV/amu are
presented in Table I, as well as available experimental and
theoretical results. The present experimentally derived frac-
tions for 4s, 4p, 4d + 4f, and Ss capture are 3.5%, 22.5%,
70.7%, and 3.3%, respectively, which agree with previous
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TABLE I. Relative state-selective capture cross sections for CX
between Ar®* and He at 1 keV/amu. Gaussian fittings are used
by minimizing the reduced x? value of the composite fitting in all
spectra. The statistical errors are less than 0.5%.

Ours(%) Other results (%)
nl Expt. SCASCC a b c d
4s 3.5 3.6 3.7 5 4 7.2
4p 22.5 22.6 23.0 29 21 35.6
4d +4f 70.7 70.4 71.2 66 75 52.4
5s 33 3.5 3.1 3

a: experiment [28]; b: experiment (error 30%) [27];
c: perturbation theory [27]; d: coupled channel theory [28].

measurements [27,28]. The SCASCC calculations are in bet-
ter agreement with the measurements, compared to the results
from the previous perturbation theory [27] and single-active-
electron coupled-channel method [28]. Similar conclusions at
6.25 and 25 keV/amu can be seen in a very recent publication
[31].

Figure 2 presents the comparison of state-selective single
CX scattering angle distributions between the SCASCC cal-
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culations and present measurements at 1 keV/amu, as well as
the previous experimental and theoretical results from [22] at
3 keV /amu. It can be observed that the scattering angle 6; A
extends to 2.0 mrad at 1 keV/amu, while it is only within
0.6 mrad at 3 keV/amu. This can be qualitatively explained
due to a longer interaction time at 1 keV /amu, which results
in a larger scattering angle. Note that for the 3 keV/amu
impact energy the two-center atomic orbital close coupling
(TC-AOCC) calculations from [22], which is a single-active-
electron treatment, show considerable deviations from the
measurement. As pointed out in [22], such deviations are
probably caused by not considering electron correlations
therein. Here, we take into account explicitly electron-electron
correlation and electron exchange effects between two ac-
tive electrons. By normalizing the measured results to the
present calculated scattering angle differential cross sections,
the SCASCC results agree well with the measurements for 1s
to 4s, 4p, and 4d + 4 f capture for both 1 and 3 keV /amu.
Thus, we clarify that electronic correlations play an important
role in the present collision system at low energies, and cannot
be neglected.

Apparently oscillatory structures with three clear lobes and
a weak one at large angle, and with two clear lobes are ob-
served in the scattering angle differential cross sections for 1s
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FIG. 2. Differential cross sections for capture into 4s, 4p, and 4d + 4f states as a function of 6 g, scattering angle in the laboratory
frame, for Ar3* CX with He. The open squares and solid lines represent the measurements and calculations, respectively. Panels (a), (b), and
(c) represent the comparison between the experimental results and SCASCC calculations at 1 keV/amu; Panels (d), (e), and (f) represent
the comparison among SCASCC, TC-AOCC, and experimental results at 3 keV /amu. The measured results and TC-AOCC calculations for

3 keV/amu are also seen in Ref. [22].
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FIG. 3. (a), (c) Our calculated scattering angle differential cross sections for single electron capture into Ar’" (4s, 4p,, and 4p;) as a
functions of scattering angle; (b), (d) The transition probabilities for electron capture into Ar’* (4s, 4py, and 4p,) as a function of impact

parameter b.

to 4s capture at 1 keV/amu and 3 keV /amu, respectively. Sim-
ilar structures observed in scattering angle differential cross
sections were interpreted by the Fraunhofer-type diffraction
(see Refs. [24,25,42-44] and references therein), where the
first minimum in the cross sections is located at 0.611/p, p
is the aperture radius, and A the wavelength of incident matter
wave. In the present study, at 1 keV /amu, the de Broglie wave-
length of the projectile ion Ar®* is 4.31 x 10™* a.u. in the
laboratory frame. The aperture radius can be estimated from
the maximum of the effective impact parameter, p = 5.0 a.u.
as shown in Fig. 3(b). Thus, one can compute the position of
the first minimum, which is about 6; o5 = 0.05 mrad. Indeed,
one can observe a minimum in the scattering angle differ-
ential cross section for 1s to 4s capture located around 0.05
mrad in the inset of Fig. 3(a). However, the present scattering
angle 6 g extends to 2.0 mrad. This clarifies that the con-
tribution of the Fraunhofer-type diffraction to the dominant
oscillatory structures is negligible in the present capture pro-
cess. At 3 keV/amu, the estimated minimum resulting from
Fraunhofer-type diffraction is located around 0.027 mrad, and
in agreement with the one shown in the inset of Fig. 3(c),
which is also negligible compared to the dominant oscillatory
structures.

To get further insight into the oscillatory structures, we
present in Fig. 3 the calculated scattering angle differential
cross sections for electron capture into 4s, 4pg, and 4p; (the
subscript of magnetic quantum number 1 in 4p; is the absolute
value of £1 in 4p4; unless it is stated otherwise), together
with corresponding impact-parameter-dependent transition

probabilities at 1 and 3 keV/amu. Note that, in the SCASCC
method, Cartesian GTOs are used where p, orbital orients
along the z-axis, and p; orbital orients along the x axis (see
collision geometry in Fig. 1 of [31]). In Fig. 3(b) transition
probabilities for 4s capture process at 1 keV/amu are dom-
inated by three strong peaks at large impact parameter b at
3-5 a.u,, and several weak ones at smaller b. In general,
small-angle scattering implies the dominant contribution of
distant trajectories (large b), and vice versa. A comparison
between transition probabilities and scattering angle differ-
ential cross sections may suggest that oscillatory structures
with three clear lobes shown in Fig. 3(a) are correlated with
the three strong peaks in Fig. 3(b), and the weak lobe at the
larger angle is correlated with the weak peaks in the smaller
b transition probabilities. At 3 keV /amu, the cross section for
4s capture process in Fig. 3(c) show two clear lobes, and the
corresponding transition probabilities are also dominated by
two strong peaks for b at 2-5 a.u..

Furthermore, the relative contributions of the magnetic
substates are investigated by considering dynamical cou-
plings at strong perturbations [45-47]. First, the SCASCC
calculations show that the scattering angle differential cross
sections for the 4p; capture is dominant over the 4py one;
this is in accordance with propensity rules [48—51]. That is,
the projectile ions transferring the angular momentum leads
to that electron orbital angular momentum mainly orients
perpendicular to the scattering plane, which is defined by the
projectile ion moving vector and internuclear vector between
two collision partners. Second, the oscillatory structures in the
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cross sections of 4s, 4pg, and 4p; behave in a similar way
with the corresponding transition probabilities for both 1 and
3 keV/amu. For example, in the transition probabilities at 1
keV/amu shown in Fig. 3(b), the 4s oscillations are similar
with the 4p; ones (except a slight shift toward small ) but
in opposite phases with the 4py ones. In Fig. 3(a), the cross
sections for electron capture into 4s and 4p; also show similar
oscillations but with opposite phases compared to 4p, ones.
At 3 keV/amu, in Figs. 3(c) and 3(d) the 4s oscillations are
close to the 4py ones but in opposite phases with 4p; ones.
These suggest that the impact-parameter sensitive transition
probabilities mediate the oscillatory structures in the scatter-
ing angle differential cross sections. Moreover, the transition
probabilities are essentially determined by the collision en-
ergy dependent couplings among electron capture into 4s, 4 p,
and 4p;.

In conclusion, we present a joint experimental and the-
oretical study of CX between 1-3 keV/amu Ar®* and He
with COLTRIMS, with the strong perturbation strengths of
3.8 and 6.7, respectively. The state-selectivity of CX has
been resolved for one 1s electron of He capture into 4s, 4p,
4d +4f, and 5s states of Ar’T ion. Our SCASCC calcula-
tions, taking into account both electronic correlations between
the two active electrons and important one- and two-electron
channels, reproduce well the measured state-selective capture

cross sections and the scattering angle differential ones. Com-
parison with the existing theoretical calculations demonstrates
the importance of the electronic correlation effects. We also
find the correspondence of oscillatory structures between the
scattering angle differential cross sections and the impact pa-
rameter dependent transition probabilities. To this end, we are
able to conclude that the impact parameter sensitive transition
probability significantly mediates the state-selective capture
specifics. This study possibly extends CX studies now into a
regime of highly excited quantum-state selective dynamics as-
sociated with electron orbital angular momentum orientation
at stronger perturbations.
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