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Angular differential cross sections for elastic scattering and charge transfer in low-energy He™—He collisions under-
pin diverse plasma applications, yet systematic quantum mechanical data remain scarce. Employing the fully quantum
mechanical molecular-orbital close-coupling method with high-accuracy ab initio potential energy curves, absolute angu-
lar differential cross sections are computed over 0.005-1250 eV/u and scattering angles 0.01°-90°. The present results
show good agreement with available high-resolution experimental benchmarks in both magnitude and oscillatory structure,
with improved consistency over existing semiclassical and single-electron approaches. By decomposing the cross sections
into separate symmetric and antisymmetric channel contributions, three classes of oscillatory structures and their energy
evolution are identified: regular oscillations from two-channel quantum interference, irregular oscillations from rainbow
scattering in the deep attractive well, and fine-scale oscillations from matter-wave diffraction off the repulsive wall. This
work provides the first systematic, fully quantum mechanical differential cross-section dataset across the low-energy and
full angular range, serving as reliable reference data for plasma modeling and related applications.
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1. Introduction

The He*—He collision system is a prototypical symmet-
ric scattering system in atomic collision physics, and its elas-
tic scattering and charge transfer processes are of consider-
able interest in several important application fields. In fusion
plasma research, when the plasma temperature in the region
near the divertor target plates of tokamak devices such as ITER
and DEMO falls below 40 eV, charge transfer reactions be-
tween helium ash and He*/He?* surpass the proton—helium
system and become dominant.!!! In astrophysics, Wedlund et
al.'>31 pointed out in their study of the atmosphere of comet
67P/Churyumov-Gerasimenko that charge exchange between
solar wind o particles and the cometary neutral atmosphere is
the primary source of helium ions, which in turn drive cas-
cading charge exchange reactions. Furthermore, Yousfi et
al.'*1 showed that elastic and inelastic collision parameters
of He™ with He and air molecules in atmospheric-pressure
low-temperature plasma jets are crucial for understanding the
formation and propagation mechanisms of ionization waves, a
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technology with broad prospects in biomedical remote treat-
ment applications. These application scenarios establish a
clear need for angular differential cross sections (DCS) data
of elastic scattering and charge transfer in He*—He collisions.

Substantial experimental and theoretical effort has been
devoted to the angular DCS of this system. More broadly,
recent work continues to highlight the importance of differ-
ential and state-resolved observables in ion—atom collision
studies. 7]

On the experimental side, Lorents ez al.[8! carried out pi-
oneering measurements in the 10-300 eV/u and 1°-36° range,
while Vestal et al.”) measured DCS at lower energies of 0.12—
7.55 eV/u up to 90° laboratory angle; however, both works
were limited in angular resolution by the experimental con-

ditions available at the time. (10]

Subsequently, Gao et al.
achieved high-angular-resolution measurements of absolute
DCS in the 62.5-1250 eV/u and 0°-10° range, which remain
the most reliable experimental benchmark data for this system
to date. More recently, Guo et al.!''l employed recoil-ion mo-

mentum spectroscopy to measure DCS for charge transfer at
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7.5 keV/u and 25 keV/u, providing new experimental refer-
ence data for the high-energy regime. Overall, the existing ex-
perimental record lacks high-angular-resolution absolute DCS
data below 62.5 eV/u.

On the theoretical side, Marchi and Smith!'?! first ap-
plied a semiclassical two-state theory using the potential en-
ergy curves calculated by Reagan et al.!'3! and Phillipson ef
al."¥ to compute elastic scattering DCS at 7.5-150 eV/u, but
could only qualitatively describe the main structural features
observed experimentally due to insufficient accuracy of the
potential curves in the long-range region. Olson et al.!'> im-
proved the agreement with experiment at 5 eV/u and 7.5 eV/u
through parameterized potential curves combined with an it-
erative two-state theory, but also noted the extreme sensitivity
of the DCS to the potential energy surface accuracy and the
need for more precise structure calculations. The semiclassical
JWKB results of Gao et al.!'! agreed well with their experi-
mental data over 62.5-1250 eV/u. In a subsequent study, 6]
Gao et al. qualitatively analyzed the origins of oscillatory
structures in the small-angle region in terms of three physi-
cal effects: quantum interference between the gerade/ungerade
(g/u) channels, rainbow scattering from the potential well, and
matter-wave diffraction from the repulsive wall, but that anal-
ysis was confined to the 62.5-1250 eV/u energy range and the
0°-10° small-angle interval within a semiclassical framework.
Zhao et al.'7! computed charge transfer DCS over the cor-
responding energy range using the single-electron two-center
atomic orbital close-coupling (TC-AOCC) method; their re-
sults agreed with experiment at small scattering angles but
showed increasingly significant deviations as the scattering an-
gle increased. Regarding the physical mechanisms underlying
the oscillatory structures in the DCS, Aberth et al. 8] and OI-
son et al.!’) confirmed with two-state theory that the regular
oscillations originate from quantum interference between the
g and u channel scattering amplitudes, while Barat et al.l!”]
experimentally revealed the role of ungerade state channel ex-
citation in the disappearance of oscillatory structures at high
energies and large angles.

From the above, it is evident that existing theoretical
work has relied primarily on semiclassical approximations or
single-electron models, while systematic fully quantum me-
chanical calculations remain lacking in the low-energy regime
(<100 eV/u) and at large scattering angles, where experimen-
tal data are also scarce. For the symmetric Het—He sys-
tem, the interference between the gerade and ungerade chan-
nels plays a central role in shaping the fine oscillatory struc-
tures in the angular DCS. Recent developments in fully quan-
tum treatments of low-energy ion—atom collisions have fur-
ther underscored the need for approaches beyond semiclassical

[20,21

descriptions. 1 In this context, the molecular-orbital close-

coupling (QMOCC) method is particularly suitable, as it rigor-

ously treats the quantum scattering dynamics through partial-
wave expansion and naturally accounts for the two-channel in-
terference in symmetric collisions.

To address these theoretical limitations and provide high-
accuracy benchmarks, a systematic fully quantum mechanical
investigation is conducted in this work. Using high-accuracy
Hezr potential energy curves previously obtained by the multi-
reference single- and double-excitation configuration interac-
tion (MRD-CI) method,??! the QMOCC method is employed
to systematically compute the absolute angular DCS for elastic
scattering and charge transfer in He*(1s)-He(1s?) collisions
over the energy range 0.005-1250 eV/u and laboratory scat-
tering angles from 0.01° to 90° (corresponding to the full 0°—
180° center-of-mass range for this homonuclear system). The
results are benchmarked against available experimental(®!0]
and theoretical!!%1>17] data, and the separate g and u channel
contributions are analyzed over the full angular range to elu-
cidate the underlying physical mechanisms of the oscillatory
structures.

2. Theoretical method

The theoretical framework and numerical implementation
of the QMOCC method have been systematically described
in Refs. [20,21,23-25].
mulas relevant to the DCS calculation and specifies the com-

This section outlines the core for-

putational parameters used in this work. Under the Born—
Oppenheimer approximation, the QMOCC method expands
the total wave function in adiabatic electronic states and re-
duces the three-dimensional scattering problem to a set of
coupled radial equations via partial-wave expansion. These
equations are solved numerically using the multichannel log-
derivative method!2%! to obtain the reaction matrix K, from
which the scattering matrix S is constructed as
I+iK;jy

1

Sijg=

where I is the identity matrix and J is the total angular mo-
mentum quantum number.

For the He*—He system, which consists of two identical
nuclei, the electronic Hamiltonian possesses inversion sym-
metry. The total electronic wave function assumes either sym-
metric (gerade) or antisymmetric (ungerade) form under spa-
tial inversion; the corresponding potential energy curves are
shown in Fig. 1. Previous work[??! established that low-energy
He"—He charge transfer is dominated by the resonant channel
associated with the two lowest states. The present treatment
therefore retains only the two lowest adiabatic states of H<32+ ,
X%} and AL}, Owing to their different inversion symme-
tries, these states are dynamically decoupled, so that each re-
duces to a single-channel scattering problem. The second dis-
sociation limit, He ™ (1s) + He(1s2s 'S), lies 19.820 eV above
the ground entrance channel He ™ (1s) + He(1s2), which closes
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the corresponding excited channels below 9.91 eV/u. More-
over, Ref. [22] showed from 34-state QMOCC calculations
that, even at higher energies, transfer to excited states remains
2-3 orders of magnitude smaller than the dominant ground-
state resonant channel. The two-state approximation adopted
here is therefore well justified for the present DCS analysis.
Accordingly, the S matrix in Eq. (1) reduces to a scalar S§
or % for the respective symmetry. The scattering amplitude in

each channel takes the unified form!24
1 JmﬂX
fEUE,0) = 5 (27+1) (1-585") Py(cos0),  (2)
1K 120

where £ is the initial center-of~-mass momentum and P; denotes
the Legendre polynomial of degree J.

Assuming the initial collision state is [He} + (Hej +e¢)],
the corresponding wave function can be represented by the
radial function [y, (R)+ y,(R)]/2. Elastic scattering leaves
the channel unchanged, so that its scattering amplitude is the
sum of the g and u channel amplitudes; charge transfer corre-
sponds to the final channel [(He, +¢) 4+ He};], obtained from
[We(R) — wu(R)]/2. The effective S matrices for the two pro-

cesses are therefore24]

S5 = %(S§+S§), ¢ = %(S§ -84, 3)

where the superscripts el and ct denote elastic scattering and
charge transfer, respectively.
For elastic scattering, the absolute angular DCS is

do [ F@na-s 2
——=—=1Y (2J+1)(1=55)Ps(cosB)| , 4)
iQ ~ 2| &

while for charge transfer, where the electron is transferred be-
tween two equivalent nuclei so that the initial and final chan-
nels differ despite identical energy levels, the DCS is

dot 1 JZ . :
——=—1) (2J+1)S5 Ps(cosB) ®)
dQ ~ W |~

Integrating Eqgs. (4) and (5) over the full solid angle yields the
total integral cross sections for elastic scattering and charge
transfer, respectively. For this homonuclear collision system,
the laboratory frame scattering angle O, is related to the
center-of-mass angle by 6., = 260,,. Thus, the laboratory an-
gular range 0°-90° corresponds to the full 0°~180° range in
the center-of-mass frame. Throughout this paper, scattering
angles refer to the laboratory frame unless stated otherwise.
The present calculations use the high-accuracy He:2+ po-
tential energy curves obtained by the MRD-CI ab initio
method in Ref. [22], as shown in Fig. 1. For the XZZj
state, the well depth and equilibrium internuclear distance are
D, = 2.458 eV and R, = 2.052 ay, respectively, while for the
AZZg+ state they are D, = 0.003 eV and R. = 8.668 ag. These

values are consistent with previous theoretical and spectro-
scopic data; a detailed comparison is given in Ref. [22]. In
particular, the present D, and R, for the deep Xsz state dif-
fer from earlier values by less than about 0.6% and 0.5%, re-
spectively. For the shallow Azﬁg state, although the present
well depth is somewhat larger than earlier results, the abso-
lute difference is only about 0.001 eV and the deviation in R,
remains below 1%. Because this minimum is only of order
1073 eV, its exact depth is especially sensitive to the details of
the electronic-structure treatment.

5
0.001

(2)
4

—0.001

—0.002,
7

Adiabatic potential energy (eV)

Fig. 1. Adiabatic potential energy curves of the two lowest states Xz):;r
(ungerade) and AZZ‘,g+ (gerade) of Hc:2+ . The inset shows the shallow
well of the AZZgr state in the long-range region.

In the fully quantum-dynamical calculation, the log-
derivative propagation is carried out from Rpyj, = 0.5a¢ to
Rimax = 500aq with a step size of 0.0001ag. The partial-wave
truncation Ji,x increases substantially with collision energy:
convergence is achieved at Jyax == 150 for 0.005 eV/u, rising
to Jmax ~ 12000 at 1250 eV/u. To assess the reliability of the
present dataset, convergence tests were carried out with re-
spect to the radial propagation range, propagation step size,
and the partial-wave truncation Jy,x. At each collision energy,
Jmax Was increased until the DCS changed by less than 0.01%
over the angular range of interest, so that the numerical uncer-
tainty associated with the scattering propagation itself is very
small. The remaining uncertainty is expected to arise mainly
from the quality of the underlying ab initio potential energy
curves, particularly in regions where the DCS is highly sensi-
tive to phase differences between the g and u channels or to
the details of the shallow long-range minimum of the Ang
state.

3. Results and discussion

Using the QMOCC method described in Section 2, sys-
tematic computations of the absolute angular DCS for elastic
scattering and charge transfer in He* (1s)-He(1s?) collisions
are performed over the energy range 0.005-1250 eV/u and
scattering angles 0.01°-90°. To validate the computational
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scheme, a comparison with available experimental and theo-
retical data is first carried out in the 0.01°-10° range.

Figure 2 shows the absolute DCS for charge transfer at
collision energies of 7.5 eV/u, 62.5 eV/u, 125 eV/u, 375 eV/u,
625 eV/u, and 1250 eV/u, compared with the experimental
measurements and JWKB calculations of Gao et al.,'%! as
well as the TC-AOCC results of Zhao et al.!'”! Over the entire
energy range, the QMOCC results show better overall agree-
ment with the experimental datal!”! than either of these two
methods. At the higher energies of 625 eV/u and 1250 eV/u,
both QMOCC and JWKB reproduce the experimental data
reasonably well in terms of the overall magnitude and oscil-
latory structure. Nevertheless, the present QMOCC results
follow the experimental points somewhat more closely in sev-
eral local features, especially over approximately 0.1°-0.3° in
panel (e) at 625 eV/u, where a representative comparison gives
relative deviations of about 8.6% for QMOCC and 46.1% for
JWKB, as well as over approximately 0.08°-0.3° in panel (f)
at 1250 eV/u, where the peak intensities and overall oscillatory

profile are reproduced more faithfully.

By contrast, the TC-AOCC method!!”! agrees with ex-
periment at small scattering angles but develops progressively
larger deviations as the scattering angle increases. This sys-
tematic discrepancy is likely related to the single-electron ap-
proximation and the associated technical treatments adopted
in TC-AOCC, such as basis-set incompleteness and the choice
of electron translation factors, which limit its ability to repro-
duce the full oscillatory behavior across the angular range.
The QMOCC calculations successfully reproduce the oscil-
latory structures observed experimentally at all energies. At
7.5 eV/u [Fig. 2(a)], which lies below the range covered by
Gao et al.,!'" no directly comparable experimental or JWKB
data are available for charge-transfer DCS. Although the low-
energy measurements of Vestal et al.°! extend to this energy
range, they do not provide angle-resolved charge-transfer DCS
and therefore are not included in Fig. 2. The present result
therefore provides a useful fully quantum-mechanical refer-
ence for the charge-transfer DCS in this low-energy regime.

107 £ g 107 £ Ty 107 £
E (a) Charge transfer E (b) Charge transfer ] E (c¢) Charge transfer
—~ s E 7.5 eViu S E 62.5 eViu 1. SF 125 eV/u
7 10F 1100 ¢ 1 10° E
~ E | E | E
= F
10k 4103 F 1103 E
% 10 F 1 10 F 1 10 F
= F—— Present E E E
B 10! e Gao et al. (theory) 10" 110" E
© Gao et al. (experiment) F F
F— Zhao et al.: TC-AOCC 3 3
1071 PR | PR | PR | 1071 P | sanl PR 1071
710’2 10 10° 10' 710'2 107" 10° 10" 107 107" 10° 10!
10 T ——————3 10’ g T T 7 E T ——————
(d) Charge transfer ] F (e) Charge transfer ] 107% (f) Charge transfer

o 10° & 375eViu 4 10°F . 625eV/u 105k 1250 eV/u
2] E| E £ E| E
it/ 1055 1055 E 105% i
z 10* 3 10* 3 310k i
< 100k 10°E 10k A

102 L Ll Yol 2L Ll R “102: R /’-

10 10! 10° 107 10! 10° 107 107 10°

Lab angle 6 (°)

Lab angle 6 (°)

Lab angle 6 (°)

Fig. 2. Absolute DCS for charge transfer in He " (1s)-He(1 s2) collisions at energies of 7.5 eV/u (a), 62.5 eV/u (b), 125.0 eV/u (c), 375.0eV/u (d),
625.0 eV/u (e) and 1250.0 eV/u (f). Red solid line: present QMOCC results; blue solid line: TC-AOCC results of Zhao et al.;!'7) black dotted
line: JWKB results of Gao et al.;“oJ black dots: experimental results of Gao et al. (o]

Figure 3 shows the absolute DCS for elastic scattering at
the same energies. At 7.5 eV/u, the present results are com-
pared with the available two-state theoretical results of Marchi
et al.'"! and Olson et al.,!'>! as well as the experimental data
of Lorents ef al.'¥ and Vestal et al.””! The QMOCC method
provides higher angular resolution at small angles, and the
overall oscillatory trend is consistent with the results of Ol-
son et al.!"! The results of Marchi et al.!'?! exhibit a clear
phase shift in the oscillations due to insufficient accuracy of
their potential energy curves in the long-range region, whereas
Olson et al.!'> improved the potentials through parameter fit-
ting, bringing the large-angle extrema into agreement with

the experiments of Lorents et al.!®) The comparison with the
low-energy experimental data of Vestal ef al.l! is necessar-
ily qualitative because of their limited angular resolution, but
the present QMOCC results remain broadly consistent with
the available experimental trend in the overlapping angular
range, which further supports the reliability of the calculation
at7.5 eV/u.

At 375 eV/u, the QMOCC results agree well with the
high-resolution experimental data and JWKB values of Gao et
al.l'% over the entire angular range, further confirming the re-
liability of the present computational scheme. For the remain-
ing energies (62.5 eV/u, 125 eV/u, 625 eV/u, and 1250 eV/u),
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no other elastic scattering theoretical or experimental data
have been published; the present QMOCC predictions can
serve as a reference for future experimental verification. The
reliability of the present scheme is further supported at the
level of integral cross sections: in previous work,*?! elas-
tic scattering and charge transfer total integral cross sections
computed with the same potential energy curves and QMOCC

method showed good agreement with available experimental
and theoretical data over the broad range 0.005-2500 eV/u.
Together with the present agreement with the available dif-
ferential experimental benchmarks in Figs. 2 and 3, this pro-
vides important external support for the overall reliability of

the present DCS dataset.

10’ T 107 N e A 107_ L B AL B SRR
(a) Elastic scattering (b) Elastic scattering b (c) Elastic scattering  J
s 7.5 eViu 5 62.5 eV/u ; 125 eV/iu
& 10 F 10° ¥ 1100 F 1
o 10°F 10° 110°F 1
3 present L - F 4
T>b . Olson et al. (theory) . . 3
< 100 F Marchi et al. (theory) 100 F 10 E ¥
- Vestal e al. (experiment L - i
_ Lorents et al. (experiment) q L 3
101 sl AT | Pk P 101 MR | 1aal M 101 Ll Pl MR
%0*2 10! 10° 10! %0*2 107! 10° 10! 51;0*2 10! 10° 10!
10 T 10 T 10° g T E
; (d) Elastic scattering kI (e) Elastic scattering kI F (f) Elastic scattering ]
=10 375 eViu 10 625 eViu 107 1250 eV/u
>~ 106 6 6 L i
o~ 107 F 1100 F 10° £
D E
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Fig. 3. Absolute DCS for elastic scattering in Het (1s)-He(1s?) collisions at energies of 7.5 eV/u (a), 62.5 eV/u (b), 125 eV/u (c), 375 eV/u (d),
625 eV/u (e) and 1250 eV/u (f). Red solid line: present QMOCC results; black dotted line: JWKB results of Gao et al.;110 cyan solid line:
iterative two-state results of Olson e al.;!!%] blue solid line: two-state results of Marchi et al.;[!?! green dots: experimental results of Lorents et
al.;!8 orange dots: experimental results of Vestal et al.;!) black dots: experimental results of Gao ef al.!!%]

To gain deeper insight into the oscillatory structures
and their energy dependence, Fig. 4 presents the DCS for
charge transfer and elastic scattering at collision energies of
0.005 eV/u, 0.05 eV/u, 0.5 eV/u, 5 eV/u, 50 eV/u, and
500 eV/u, together with the DCS computed separately from
the Xzzj (u) and Ang (g) potential channels. For visual
clarity, the individual g and u channel results are multiplied
by a factor of 10. The left and right columns use loga-
rithmic and linear horizontal axes, respectively, covering the

10.16] previously at-

full 0.01°-90° angular range. Gao et al.!
tributed the oscillatory structures in the small-angle regime
(0-10°) at 62.5-1250 eV/u to three effects within a semiclas-
sical framework: g/u channel interference, rainbow scattering,
and matter-wave diffraction. The present fully quantum me-
chanical calculations, by decomposing the DCS into separate
channel contributions over the full angular range, advance this
classification to a quantitative level and reveal, for the first
time, the complete energy evolution of these three mechanisms
across five orders of magnitude in collision energy.

Three distinct classes of oscillatory structure can be iden-
tified from the channel-decomposed DCS. The most promi-

nent is the g/u channel interference. Because the effective S

matrices for elastic scattering and charge transfer are the sym-
metric and antisymmetric combinations of $¢ and S* [Eq. (3)],
the phase-shift difference accumulated in the two channels
produces regular oscillations whose period increases approxi-
mately linearly with scattering angle. These oscillations be-
come progressively more distinct above 5 eV/u and domi-
nate the intermediate angular range (approximately 13°-70° at
5 eV/u, 2°-70° at 50 eV/u, and 0.6°-8° at 500 eV/u), with the
onset angle shifting to smaller values as the collision energy

(1827] A direct signature is the strictly complemen-

increases.
tary oscillation between the elastic and charge transfer DCS:
at all energies, each peak in one channel corresponds precisely
to a valley in the other.

The second class of oscillation arises from rainbow scat-
tering in the deep u-state well (D, ~ 2.458 eV). The attractive
potential bends trajectories with different impact parameters
toward the same deflection angle, producing an extremum in
the deflection function at the rainbow angle 6,.1%%1 This is
most clearly seen in the u-channel DCS at 5 eV/u [Fig. 4(d)],
where two superimposed oscillation patterns appear below
0 = 9°: oscillations with large angular separation constitute

the rainbow structure proper, with the first maximum near
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6; being the primary rainbow and the subsidiary maxima at
smaller angles being the supernumerary rainbows, while os-
cillations with small angular separation are superimposed on
them, arising from the interference between partial waves as-
sociated with the far-side branch of the deflection function and
those near the rainbow turning point.[*”! Beyond 6;, only one
classical trajectory contributes and the cross section decays
monotonically. At the lowest energies (0.005-0.5 eV/u), the
collision energy lies below the well depth; incident particles
undergo orbiting and large-angle deflection, and the resulting
irregular oscillations pervade the entire 0-90° range, as seen in
the u-channel DCS of Figs. 4(a)-4(c). With increasing energy,
0, retreats toward the forward direction and the rainbow fea-
tures become progressively less distinct as the collision energy
far exceeds the well depth.

The third class, matter-wave diffraction off the repulsive
core, produces fine-scale oscillations most clearly visible in
the g-channel DCS at 500 eV/u [Fig. 4(f)], where the ex-
tremely shallow g-state well (D, =~ 0.003 eV) is insufficient
to produce rainbow scattering. A small oscillation near 0.05°
and similar patterns shared by the g and u channels in the 3°-
9° range are consistent with this mechanism: large-angle scat-
tering is dominated by close collisions at small impact param-

eters, where the two potentials are nearly indistinguishable, so
the diffraction patterns in the two channels naturally coincide.
Gao et al. "% similarly attributed such small-angle undulations
to repulsive-wall diffraction.

Over the full angular range, the rate at which the DCS
decreases with angle depends strongly on the collision en-

ergy.
elastic scattering DCS exhibit a forward plateau, a region of

On the logarithmic axis, both the charge transfer and

approximately constant cross section near the smallest an-
gles, whose value rises and angular extent narrows with in-
creasing energy, following the scaling 0 o< E ~1/2 of the first
oscillation peak position. At the low-energy end (0.005—
0.5 eV/u), the DCS drops by only 2—4 orders of magnitude
across the entire range, with oscillatory structures extending
to near 90°; this slow angular attenuation is directly relevant
to low-temperature plasma applications, such as the divertor
region of fusion devices,!!! where large-angle scattering con-
tributes non-negligibly to momentum transfer. At higher en-
ergies, the DCS falls steeply beyond the rainbow region: at
500 eV/u a drop of nearly 4 orders of magnitude occurs over
approximately 5°-15°, consistent with the classical deflec-
tion function,?°! which severely restricts large-angle scatter-
ing when the collision energy far exceeds the well depth.
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Fig. 4. DCS for charge transfer (ct), elastic scattering (el), and contributions from the gerade (g) and ungerade (1) potential channels sep-
arately in Het(1s)-He(1s?) collisions at energies of 0.005 eV/u (a), 0.050 eV/u (b), 0.500 eV/u (c), 5.000 eV/u (d), 50.000 eV/u (e) and
500.000 eV/u (f). For visual clarity, the g and u channel results are multiplied by a factor of 10. Left column: logarithmic horizontal axis; right

column: linear horizontal axis.
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4. Conclusions

Using the QMOCC method together with high-accuracy
ab initio MRD-CI potential energy curves of Hezr , a sys-
tematic fully quantum-mechanical study of absolute angular
differential cross sections (DCS) for elastic scattering and
charge transfer in He™—He collisions is presented over the en-
ergy range 0.005-1250 eV/u and scattering angles 0.01°-90°.
Where high-resolution experimental benchmarks are avail-
able, the QMOCC results agree well with measurements in
both magnitude and oscillatory structure, showing improved
overall consistency compared with the JWKB approximation
and the TC-AOCC method. The systematic deviations of TC-
AOCC at large scattering angles confirm the inadequacy of
the single-electron approximation and its associated technical
treatments for this system. By decomposing the DCS into g
and u channel contributions over the full angular range, this
work advances the oscillatory-mechanism taxonomy of Gao
et al. from a semiclassical qualitative framework to a fully
quantitative level, revealing the complete energy evolution of
the three classes of oscillatory structures: regular complemen-
tary oscillations from g/u quantum interference, prominent at
intermediate and higher energies; irregular oscillations from
rainbow scattering in the deep u-state well, pervading the full
angular range at low energies and retreating toward the for-
ward direction as the energy increases; and fine-scale oscil-
lations from repulsive-wall diffraction within individual chan-
nels. The full-angle calculations further reveal that at low ener-
gies the DCS attenuates only slowly with angle, indicating that
large-angle scattering contributes non-negligibly to momen-
tum transfer under low-temperature plasma conditions. The
low-energy DCS data provided here fill a gap where neither
experiments nor full quantum mechanical calculations previ-
ously existed, and can serve as reference data for collisional
modeling in fusion divertor plasmas, cometary atmospheres,
and atmospheric-pressure plasma jets. The numerical conver-
gence of the scattering calculations, together with the good
agreement obtained with the available differential and integral
benchmark data, supports the use of the present results as a
reliable DCS reference dataset for low-energy He™—He colli-
sions.
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