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Abstract Electron capture between solar wind ions and neutral spebis contributed to the
understanding of X-ray production from solar system badiEse charge transfer and excitation
processes in solar wind ions of HEls) colliding with Li(1s22s) atoms are studied by utilizing the full
guantum-mechanical molecular-orbital close-couplinyl@CC) method with impact energies of 0.003—
2keVamu . Comparisons of cross sections from single- and multi-goméitional calculations for a self-
consistent field (SCF and MCSCF) process are carried outliRetiow that the dominantreaction channels
are He(k2! '3L) + Lit(1s 'S). Good consistency is found among present total and stdeetive charge
transfer and excitation cross sections with other themaktind experimental data in the same energy
region. Due to the differences between coupling matrix eleiin high-energy states, the charge transfer
cross sections calculated from SCF and MCSCEF split slighgliy > 0.4 keVamu!. Weak Stueckelberg
oscillations for charge transfer appear in the present war&ddition, the differences of cross sections for
electron excitation to Li(322p) in the singlet/triplet molecular states with Hgs) are much smaller than
those of charge transfer processes because of the similagyegaps from Li(322p) to the ground state in
singlet/triplet states in the large region.
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1 INTRODUCTION and stellar atmospheres, namely the solar wind charge
exchange (SWCX) proceskif et al. 2019.

The study of charge transfer processes by ions colliding The solar wind originates from activity in the solar
with atoms or molecules is significant in astrophysical anccorona and is composed of electrons, protons?tHe
man-made plasmakifbinski et al. 2001 These processes ions and a small fraction of highly ionized heavier
can change the distributions of charge and electronidmns. As reported byswaczyna et al(2019, after charge
state, and influence the ionization balance and radiatioexchange with interstellar neutral atoms a number of
losses Dalgarno 198k In particular, they have important solar wind HE* turn into He", which become an
applications in astrophysics researchédeft 1994. In  important constituent of the solar wind. Lithium atoms
an astronomy environment, the charge transfer has beavhich originated in the Big Bang are one of the most
confirmed as a major cause of the soft X-ray backgroundbundant elements in the universe after hydrogen and
(SXRB) (Cravens 2000Krasnopolsky & Mumma 2001 helium (Polosukhina et al. 201@Polosukhina & Shavrina
Bhardwaj et al. 20062007, which is produced in solar 2007 Ramirez etal. 2012 Furthermore, collisions of
wind ions colliding with neutral gases in comets, and solamultiply charged ions with lithium atoms can also be
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used to diagnose the property of plasmas in thermonucleavo sets of orbitals are considered, i.e., the single-
fusion reactors by means of Li beam spectroscopynd multi-configurational self-consistent field (SCF
(Schweinzer et al. 1994 and MCSCF respectively Werner & Knowles 1985
fnowles & Werner 198 methods are performed

by utilizing the multi-reference single- and double-
gxcitation configuration interaction (MRDCI) package
(Buenker & Phillips 1985 Krebs & Buenker 1996 and

the MOLPRO Hans-Joachimetal. 20}10program,
McCullough et al. (19829 measured the charge transfer respectively. Then by adopting thgse two orbital sets into
cross sections of He colliding with Li in the energy he MRDCI package for the following CI procedures, the
range of 5-44 keV (1.25-11keV amt) and 6.7-800 keV poteptlal energy curves, and rad.lal and rotational cogplin
(1.68—200keV amu'). Varghese et al.(1984 reported matrices are obtam.ed.. Comparlsons. between the pr-es.ent
the experimental cross sections at projectile energie%harge transfer/excitation cross sections and the egistin
between 0.257 and 8.2 keV (0.06—2.05keV atjuLater, experimental and theoretical data are presented. Atomic
Aumayr & Winter (19858 and Dubois & Toburen(1985 units are used throughout unless otherwise stated.
measured the cross sections at impact energies of 2—-20 keV

(0.5-5.0keVamu!) and 2-100keV(0.5-25keVamt), 2 THEORETICAL METHODS

respectively. As far as we know, the first theoretical ressult
appeared ilBransden et al1984) relying on a two-center
atomic orbital expansion between 1 and 400keV (0.25The nonradiative charge transfer/excitation cross sec-
100kevVamu'). Liuetal. (2016 studied the electron tions for Het colliding with Li have been calculated
capture from Li by H& applying the two-center atomic by employing the QMOCC method. A brief descrip-
orbital close-coupling (TC-AOCC) method in a wide tion of this method is given here as more details
energy range of 0.1-100keVamu The experimental have been provided elsewher&irfura & Lane 1989
and theoretical results seem to be in general agreemepygelman etal. 1992 In the perturbed stationary state
in the whole energy range, except that when the collisiofpss) model Keil etal. 1981 Bransden & McDowell
energiesE > 0.5keVamu’, the total charge transfer 1992 zygelman et al. 1992 the total wave functions of a

cross sections calculated ransden etal(1984 are  collision system can be expanded approximately in terms
closer to the measurementsAdimayr & Winter (1985h).  of the adiabatic electric wave functian 77)

However, the TC-AOCC results afiu et al. (2016 agree
well with the experimental data afarghese et al(1984 (R, 7) = Zﬂ(ﬁ)wi(ﬁ,?). 1)
and Dubois & Toburen (1985, which are about 20%— i

50% larger than those oAumayr & Winter (19858h.

It is convenient to classify the available data betwee

Because of the suggested applicability above an
the quasi-one-electron models of the element Li in
theoretical descriptions, there are many earlier studie
of the charge exchange process fortHeolliding with
Li in a large energy regionAuciello et al. (197§ and

2.1 Scattering Calculations

rHereﬁ and 7 are the internuclear distance and electron
0.5 and 5keVamu' into two groups based on the position vector in the center of mass coordinate of nuclei.

values of total charge transfer cross sections. Resuléﬁ% partial W_ave expans;on for _ea_ch ch_annel fungnon
of Aumayr & Winter (19858 and Bransden et al(1984 Fi( ) thg radla! functlorf (R) satisfies this differential
are included in the low group (LG), while the high equation in rotating coordinates

group (HG) is comprised of data frordarghese et al. 2 J(J 4+ 1) — N2 ;
(1984, Dubois & Toburen(1989 and Liu et al. (2018. TR 2u(u(R) — E)| f1(R)
Discrepancies exist among experimental and theoretical
works in the impact energies of 0.5-5keVamu In = (VH(R) + V(R) ' (R).

addition, few studies have appeared below the energies @fere ;; and u are the reduced mass and the diagonal
0.1keVamu'!. More investigations are expected for the gdiabatic potential matrix respectively(J + 1) and A

He™ and Li collision system. are eigenvalues of the total angular momenturd and

In this paper, the charge transfer and excitatiorthe electronic angular momentui,, respectively.V
processes caused by the Héon impact on Li atoms andV ¢ are matrices of the radial and rotational coupling,
in the energy region of 0.003 to 2keVamu are which connect the adiabatic states and cause transition
investigated by relying on the quantum-mechanicabetween the samé/(?) or different (/) symmetry. The
molecular-orbital close-coupling (QMOCC) method most important term in radial coupling can be expressed
(Bransden & McDowell 1992 Zygelmanetal. 1992 asAfj: = (i % |7), which is usually calculated by finite-
In order to test the convergence of our calculationsdifference methods. But asif-j: is nearly singular and

)
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Table 1 Asymptotic Atomic Energies for the HetiMolecular States to the Singlet States

Energy and error (eV)

Molecular states Asymptotic atomic states NIST(Kramida et al. 201p VMRDCI Error
1+ He(1s? 1S) + Lit(1s2 1S) -19.196 -19.182 0.014
2+ Het (1s 29) + Li(1s22s 2S) 0 0 0
3yt He(1s2s 1S) + Lit(1s2 1S) 1.420 1.416 -0.004
41yt 1 Het (1s 2S) + Li(1s22p 2P°) 1.847 1.838 -0.009
iyt 20 He(1s2p 1P°) + Lit(1s2 1S) 2.022 2.017 -0.005
6lxt Het (1s 2S) + Li(1s23s 2S) 3.373 3.362 —-0.011
7'et He(1s3s 1S) + Lit(1s2 1S) 3.724 3.755 0.031
gly+, 3l HeT (1s 2S) + Li(1s23p 2P°) 3.834 3.816 -0.018
olxt, 4Alln He(1s3p 1P°) + Lit(1s2 1S) 3.891 3.888 —-0.003
10'2+, 5M1, 11 A Het (1s 2S) + Li(1s23d 2D) 3.878 3.899 0.021
1'%+, 6111, 21 A He(1s3d 'D) + Lit(1s2 1S) 3.878 3.905 0.027

Table 2 Asymptotic Atomic Energies for the HetiMolecular States to the Triplet States

Energy and error (eV)

Molecular states Asymptotic atomic states NIST(Kramida et al. 201p MRDCI Error
13et HeT (1s 29) + Li(1s22s 29) 0 0 0
28+ He(1s2s 3S) + Lit (152 1S) 0.624 0.608 -0.016
33yt 1310 He(1s2p 3P°) + Lit(1s2 1S) 1.768 1.758 -0.010
435+, 2311 Het (1s 2S) + Li(1s22p 2P°) 1.847 1.835 -0.012
5+ Het (1s 2S) + Li(1s23s 2S) 3.373 3.362 -0.011
63x+ He(1s3s 3S) + Lit(1s2 1S) 3.522 3.537 0.015
et 31 He(1s3p 3P°) + Lit(1s2 1S) 3.811 3.807 —-0.004
83xt, 4311 Het(1s 2S) + Li(1s23p 2P°) 3.834 3.816 -0.018
93y, 5311, 13 A He(1s3d 3D) + LiT(1s2 1S) 3.878 3.892 0.014
10°%T, 6°11, 22 A Het (1s 2S) + Li(1s23d D) 3.878 3.892 0.014

changes very rapidly near an avoided crossing, generallyBhe cross section for statéto j can be defined as
unitary transformation is made to transform the adiabatic

representation to a diabatic one, in which tAé is T(imsj) = %Z(QJ—F 1) |5J|ij- (7)
smoothly varying or zero. Under this transformation, the v
radial function relates to Although the PSS model is reliable for very low ener-
f7(R) = Cg” (R), gies, it has inherent defects such as the individual terms in
(3)  the expansion (1) do not satisfy the scattering boundary

¢+ AC =0
ar T - " . o
conditions. At moderate impact velocities, these defects

C is the unitary transformation matrix whell — oo can be corrected by introducing the Bate-McCarroll plane-
andC(R) — I. Correspondingly, the radial coupling wave translation factorsBfansden & McDowell 199p
function becomes and the total wave functions are expressed by

& JUHLN 2uE] 9] =W U (Ryg) =0, w(H7) =3 F(R)u(B,7) exp(in(B,7)). (8)
Uy (R)=[C(u— P)C_l]w’- '

(4)  exp(ir(E,7)) is electron translation factor (ETF). By
U(R) is the diabatic potential matrix whose off-diagonal choosing the reaction coordinates and switching function
elements contribute to the charge transformatioims the  from Gargaud et al(1987, which is identical to the semi-
rotational coupling matrix with elements classical common translation factor (CTF) adopted by
1 12 40 Errea et al(1982), the radial and rotational interaction can
Py = jFW[(J FA)( £ A+ D]7AGS(AL A F1)] pe replaced byBacchus-Montabonel & Ceyzeriat 1998
(5) . 2 .
To solve Equation 4) the multichannel log-derivative <Z|8</|af _+(?Z .__Ej?'; /|2'€2|j> ’
algorithm ofJohnson(1973 is implemented, from which Uiy AT E5)EET
the K matrix is obtained. Thé matrix can be written as ~ where z? and zz are the components of the quadrupole
I+iK, moment tensor, ang ande; are the electronic energies of
Sy :m- (6) statesy; andy; respectively.

9)
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2o o SCF calculation, only the molecular orbitals in ground
. om configuration®, are varied to obtain the minimal energy,
o o while in the MCSCF calculationsWerner & Knowles
33 ) ;1g 1985 Knowles & Werner 198pboth the CI coefficients
& 02 1 {c"} and molecular orbitals, from which the configura-
g s tions ¢, are constructed, are varied. In our calculation,
£ 93 —=Lua9iaeyy  the SCF and MCSCF processes are performed by
2 I the MRDCI and MOLPRO Klans-Joachim etal. 200
94l I R ograms, respectively, then the orbital sets are adopted
@ T into the MRDCI treatment to perform the following CI
95 . " - = " o calculations.
Internuclear distance R (a.u.)
9.0 . . . . 3 RESULTSAND DISCUSSION
So-rn 8T —— 1%
ol e 3.1 Adiabatic Potentialsand Couplings
= — 11’ —— 475"
é R ::Z: The adiabatic potential energies of the Helsystem have
g 7l —7 ] been calculated by thab initio MRDCI package from
= Leasasse | INtErnuclear distanc& = 1.0 to 50.0 a.u. with a threshold
ZE AN TSR = ?lcill);t((llip: of 5x10~% hartree (1.3610 %eV) for configuration
= A sy, SElection. For the collision of Hgls) + Li(1s%2s),
04 NG T i eleven't (ten3Xt) and two'A (two 3A) states inA;
(b) L) symmetry as well as siXII (six *II) states inB; symmetry
93 s 0 5 ” o o corresponding to the charge-transfer/excitation states a
Internuclear distance R (a.u.) included in the singlet (triplet) manifolds. Tablésand

Fig.1 Adiabatic potential curves for Heti molecular 2 list the energy Ieyels for the Hetiasymptotic atomic
states in singlet (a) and triplet (b) manifolds. The solid States of singlet/triplet manifolds (only MCSCF results
dotted and dashed lines represent¥he IT andA states, —are listed, as the differences between SCF and MCSCF

respectively. calculation are about ¢ a.u.) and compared with the
experimental atomic energies from National Institute
2.2 Electronic Structure Calculations of Standards and Technology (NISTKrémida et al.

2019. The 2¥* and £X* states (shown in boldface)
asymptotically corresponding to the #Hds) + Li(15%2s)
atomic state denote the initial channel in the singlet and

(Lischka et al. 201p For the Ch(_)'ce of b§3|s set, the_Aug' triplet manifolds, respectively. The differences between
cCc-pVQZ (augmented correlation consistent p0|aI’I2atIOI'bur calculations and the experimental results are below
valence quadruplg)) basis set is employed, i.e. the
(139_’71?’461) basis set coniracted to thes{bp,4d] is used the following scattering calculationbiérrero et al. 1996
for lithium and the (8,4p,3d) contract to [%,4p,3d] for

. . . The charge transfer and excitation channels are
helium. Thef andg Gaussian-type functions are deleted. . . : . .
. . - ““included in the adiabatic potentials of HeLimolecular
for hardly influencing the precision of the electronic

. states. With the exception of the lowest [He{L +
structures. In order to describe the Rydberg states of thﬁJr(lSQ); 1157+] in the singlet state, th&*, TT and A

He atom well, a diffuse (2 2p, 2d) basis of He is added. . . : ; )
. s . _ sttates of the singlet/triplet manifolds in our calculat@me
The spin-orbit interactions are not considered because of .. . L .

. i " entirely displayed in Figurd(a) and (b) for internuclear
the slight fine-structure splittings.

. distance from 1.0 to 30.0a.u. Similarly, the MCSCF data
In the Cl method, the wave functions, of electron . .

. - _are plotted due to the differences in f(a.u. between
staten can be e_xpanded ap_promr_nately by f|n|t§ determ|-SCF and MCSCF calculation. The lowest singlet state
nant wave functions or configuration state functidns [He(1s?) + Li+(1s2): 1'5] is about 19.20eV lower
U = Z I, (10) than the entrance channel in asymptotical region, whose

S charge transfer processes should be insignificant. For the
internuclear distanc& > 5a.u., the potential curves of
the low-energy states show no obvious avoided crossings.

Instance states [He{2s) + LiT; 3'x/23% 1] are closest

The electronic structures of the HeLsystem are obtained
from theab initio configuration-interactions (Cls) method

0.032¢eV in the asymptotic region, which is sufficient for

in which {c¢'} are the linear expansion coefficients with
S ()’ = 1 and (®;[®;) = 4. In traditional

3
K2
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Fig.3 Rotational coupling matrix element amokhg and
{1 states for HeLT molecular states. (a) singlet states; (b)
triplet states.

Fig.2 Radial coupling matrix element among" states
for HeLi™ molecular states. (a) singlet states; (b) triple
states.

In low energy collisions, charge transfer processes
to the initial channels [He + Li(1s22s); 2'%+/13%+],  mainly occur among states adjacent to the initial state,
but no strong interactions are exhibited between themand the important matrix elements for radial and rotational
It suggests that the charge transfer process betwe@®uplings in the Hé&(1s)-Li(1s*2s) system are mainly
[He(1s2s) + LiT; 3'x+/23%*] and initial channels are among the low-energy states. It is found that the coupling
driven by the Demkov-type mechanisidifhura & Lane ~ matrix elements of two low-energy states calculated
199Q Liuetal. 2010, as well as between [He + by SCF and MCSCF almost coincide with each other,
Li(1s22p); 4'2+/435 1], [He(1s2p) + Lit; 5! +/33%+],  eg. 2¥T-3'%+, 235+-43%+ and £L*T-1°11. Their
etc. Avoided crossings appear between [Heg) + Lit;  differences will be discussed later. Results from MCSCF
3'x*/23%*] and [Het + Li(1s22p); 4'X1/33x "] states  calculations are displayed in Figur2and3 with the ETF
at about 4.0a.u., as well as between [H&f) + Li*; effects Erreaetal. 198@included.

5! H/43%F] and [He + Li(1s%3s); 6'X1/53L 1] states It is apparent in Figure that except for the strong

~ 7.0a.u. With the reduction of internuclear distancesjnteractions between [He§2s) + Lit; 3'X+/23%+] and

the potential curves of the [He Li(1s22p); 1'II]  [Het + Li(1s%2p); 4'%+/33%*] around 3.5 and 4.0 a.u.,
and [He(k2p) + Lit; 131 begin to approach the the radial couplings between the low-energy states are very
initial channels [He + Li(1s?2s); 2'¥7/13%+], and weak. The usual shapes of the coupling matrix elements
then become degenerate around 2.5a.u. As the energyd the distinctive long-range interactions typicallydoey
increases, charge transfer and excitation channels appaar Demkov-type coupling. As mentioned above, the
alternately, which indicates that the electron excitatio{He(1s2s) + Lit; 3'X+/23%*] states are closest to
states may play an important part in Hés) + Li(1s22s)  the initial channels [He& + Li(1s22s); 2'%+/13%4],
collisions. and broad and shallow peaks appear in their radial
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100 E _._"l;r'esem'w'o'cc';]\'ﬁ”' T e rotational couplings between [Fie+ Li(1s22s); 2'%¥]
—m— present OMOCC._S M‘{ and [He" + Li(1s22p); 1'T1] are much shallower, but it is
_____ AOCC(Bransden) > ‘e the opposite in regions adk < 5 a.u. The probabilities of
& WE AOCC(Liu) E electron capture to the’Il state may be larger than those
< 70 N to the LI state in low energy collisions. In addition, unlike
2 L 60 T -." . the X *-13II coupling contributing to the charge transfer
g 50 —’;l—;;u}i-"l--.' channel He(d2p) + Lit, the 2%+-1'1 is responsible
2 0 <l . L for the population of electron excitation channel™He
g 0.1k ' ® Expt. (DuBois) £ Li(1s22p).
© 30 @ Expt. (Varghese)
/ ! 4 Expt. (Aumayar) 3.2 ChargeTransfer Cross Sections
0.01 | o " ] Exp‘t. (McCullough) 1
. L L L 3.2.1 Total cross sections
0.01 0.1 1 10
Energy (keV amu™') Based on the above analyses for the electronic structure

Fig.4 Spin-average total charge transfer cross section@f the HeLi® quasimolecule, the charge transfer cross
in He*-Li collisions and comparison with other results Sections for singlet/triplet states are calculated by the
as a function of collision energies. Theory: presentQMOCC method in impact energies between 0.003 and
QMOCCM (solid line with filled circleyand QMOCCS ~ 2keV amu!'. The present total charge transfer cross
(solid line with filled squargs AOCC results oLiuetal.  gactions acquired from spin-averaged total charge transfe

ggég ((((jjé)sttheedd Illirr]&f Q(%ggmgi?$;?gﬁ22;agf gﬂ]geg ; . cross sections of singlet (25%) and triplet (75%) manifolds

(filled diamond} Aumayr & Winter (19858 (filled tri- ~ @re displayed in Figurd (Supplemental materials: Table
angle3, Dubois & Toburen(1985 (filled pentagonsand S1). Results of SCF and MCSCF calculations are
McCullough et al (1982 (filled hexagonps labeled by QMOCCS and QMOCQM, respectively. The

potential energies and coupling matrix elements between
two low-energy states of Heti calculated by SCF and
MCSCF nearly coincide with each other. However, it is
the slight differences of coupling matrix elements in high-
energy states calculated by these two methods whose
contribution to cross sections increases with increasing
impact energy that lead to the deviation of charge transfer
results. As displayed in Figurd, when the collision
energies are above 0.4keV amy results of these two
methods begin to deviate from each other with a difference
of less than 8%.
23;;‘1'025;\ Y Figure 5 displays some typical coupling matrix
) ) ) ) ) B g E elements calculated by SCF and MCSCF. We can see
20 25 30 35 40 45 50 that the coupling matrix elements between low-energy
Internuclear distance R (a.u.) states are almost identical, e.g.3>2-43%+, but the
Fig.5 Comparing examples of radial coupling matrix differences between matrix elements calculated from these
elements from SCFd@sh-dotted lingsand MCSCF ¢olid  two methods increase with increasing orders of states. For
lines) calculation. instance, the differences of2T-1032+ and 22 +-83n+
are much more obvious than those 682 -8*%+. That
couplings near 12.0a.u. This signifies that the electrois, the larger the sum of two states orders, the larger the
would dominantly transfer to the He{2s) and these two difference in the coupling matrix elements calculated by
couplings are the main gateway of charge-transfer flulSCF and MCSCF between them. As for the differences
from initial channel to the exit channels. of cross sections below 0.01keV amuin these two
Electrons can also be captured by flhestates through methods, it should be ascribed to the sensitiveness for the
the rotational couplings. As shown in Figugthe matrix  finite-difference calculations in the low energy region.
elements of rotational couplings for the singlet manifolds =~ Comparisons of the charge transfer cross sections
are also formally similar to those for the triplet. For between the present QMOCC and the available experi-
R > 5a.u., compared with interactions between fHe mental and theoretical results are displayed in Figure
+ Li(1s%2s); 13¥%] and [He(1s2p) + LiT; 1°I1], the  Theoretical predictions of charge transfer cross sections

0.10

0.08 -

0.06 -

0.04

0.02

Y

o

=)

S
——

Radial coupling matrix elements (a.u.)

o
=3
5]
= .
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below 0.065keV amu' are also given by present cal- 100 Py
culations. For the impact energies below 0.7 keV amu

results of QMOCC are consistent with the measurements |,
of Varghese et al(1984 and calculations ofLiu et al.
(2016. For example atE~0.6keV amu' the cross
sections olVarghese et al1984) are about 7% larger than
ours, but those oAumayr & Winter (1985h are around
20% smaller. In the energy range of 0.7-2keV arhu
the present charge transfer cross sections from bothg
SCF and MCSCF are consistent with resultd.of et al.
(2016 as well as measurements @fubois & Toburen
(1985 (the HG). Usually, the MCSCF calculation can
provide better results than the SCF ones. However, the o.001 - o . o
present results affirm that the differences in cross sestion

obtained from SCF and MCSCF orbital sets are less than
8%, since the correlation effect is not so important forFig.6 Comparing examples of radial coupling matrix
the He" colliding with Li. The results from MCSCF eélements from SCFd@ash-dotted lingsand MCSCF golid
are closer to the AOCC data dfiu etal. (2016. As lineg) calculation.

pointed out byFritsch & Lin (1997, the AOCC method

appears to be most suitable for the determination of. . . )
. . . _singlet and triplet states increases firstly and subsetyuent
coherence parameters in the intermediate-energy regi

o h . )
ecreases, with the turning point around 0.25 keV alu
(aroundv/v, ~ 1 or dozens to hundreds of keV amt). gp

. . Firstly, from Figurel it is known that compared with
For the diffuse data oDubois & Toburen(1985, more y 9 o P
. . ) ) ._the singlet states, the gaps of the initial channels™[He
precise experiments are expected in this energy regio

U Li(1s?25); 135+] and its closest channel [He(2s
In addition, weak Stueckelberg oscillations like collizso I(Ls”2s); ] and its closest channel [He(2s)

+ LiT; 23%%] for triplet states are much smaller in the
+ i ; )
between B+ and H (iu & Wang 2017 only appear in large R range. Moreover, as displayed in Figu2e in

Fhe present_theoretical work, which can also be seef) large R range the radical couplings between [He
in the experimental measurementéi(ghese et al. 1984 Li(1522s); 135+] and [He(1s2s) + Li+: 25+] are slightly

Aumliayr&Wmter 198t5b£ub0|sgxbfrerl;:§)5 The stronger than those between [Her Li(1s%2s); 2'27]
smaiier measuremen's slmayr inter ( b may and [He(Xk2s) + Lit; 3'XF]. However, it is opposite for

. . . 0
be the result of insufficient collection. The 15% Smallerthe internuclear distances near 3.0a.u., which will have

value of Bransden et al. (1984 than Liuetal. (2019 . _— . ) -
important contributions to cross sections at high colfisio
and the present QMOCC most probably results because

. : . . fenergies. The different results of our QMOCC for SCF and
of small expansion basis used in the calculation o lculation will be explained in the state-selective
Bransden et a[1984). MCSCF caicu P

cross sections part.

The total QMOCC charge transfer cross sections for
the singlet/triplet states in HelLi collisions are depicted 3.2.2 State-selective cross sections
in Figure6 and compared with AOCC results biu et al.
(2016. Our QMOCC data connect with the AOCC resultsIn order to investigate the charge transfer cross sections
smoothly around 0.1 keV antd and agree well with those in detail, the state-selective cross sections for electron
of Liuetal. (2016 in the overlapping energy regions. captured to He(d2!) and He(%k3[) are displayed in
Even the singlet and triplet states have similar potentiaFigures7 and 8 (Supplemental materials: Tables S2 and
energies and coupling matrix elements. In the low energ$3, seehttp://ww.raa-j ournal . or g/ docs/
region, the cross sections are sensitive to the molecul8upp/ ns4885SMat eri al s. pdf ), and are then com-
structures. Different charge transfer cross sections wilpared with the only theoretical AOCC resultslaii et al.
be lead by the tiny differences of molecular structureg2016. Our results are consistent witkiu et al. (2016
in the singlet and triplet manifoldd.iu & Wang 2017%. in the overlapping energy range. The electrons are
It is clearly shown that the total charge transfer crosslominantly captured to Heg2l) from initial channels
sections for the singlet states are obviously smaller thafHet + Li(1s22s); 2'X*/13%+] in our calculation due
those for the triplet manifolds when energies are belowto small energy gaps and the long-range interactions of
5keV amu!l. In addition, along with the increasing Demkov-type coupling between them. The cross sections
collision energies, the gap of cross sections between thaf 3/ are one order of magnitude smaller than thoselpf 2

—&— AOCC
Triplet —&— QMOCC_S
—+—QMOCC_M

section (107%cm?)

0.1 ¢

S

C

—e— AOCC
Singlet —®— QMOCC_S
—e—QMOCC M

Energy (keV amu™)


http://www.raa-journal.org/docs/Supp/ms4885SMaterials.pdf
http://www.raa-journal.org/docs/Supp/ms4885SMaterials.pdf
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Fig.7 State-selective cross sections for charge transfer to Energy (keV amu™)

the singlet/triplet states of He £21) in He™ colliding with

. . . Fig. 8 State-selective cross sections for charge transfer to
Li and comparison with AOCC results biu et al. (2016. d d

the singlet/triplet states of He £3/) in He™ colliding with
Li and comparison with AOCC results bfu et al.(2016.

therefore only results of MCSCEF calculation fdr(Babeled
by QMOCC) are displayed in Figug

When electrons are captured by tliestates of He, the
capture process tas3233 1) of triplet states is dominant 3.3 Electron Collision Excitation
because the®Z " is the closest channel with the initial
state. Moreover, the cross sections for H2&) (3! ) of  The adiabatic potential curves of charge transfer and
singlet states and He{2p) (33< ) of triplet states have excitation channels, as shown in Figure appear
close values due to the close energy gaps. Finally, thalternately. Electrons can exchange among the capture
capture to the He@®p) (3' 1) is weakest for the largest states He(dnl) + LiT(1s?) and excitation states Hgls)
energy defect in the/Zfinal states. Notably, the present + Li(1s2n) through their couplings. Some couplings of
QMOCC results of SCF and MCSCF calculation differthose are especially strong, such as between [}23]1
from each other below 0.02keV amb e.g., capture to + Lit; 3'X+] and [He" + Li(1s%2p); 4'X+] states at
He(1s2s) (2°%1) and He(k2p) (5'X1). As mentioned about 3.5a.u., and [He{2p) + Li*; 5'X*] and [He" +
above, the cross sections are sensitive to the moleculai(1s23s); 6! 1] states~ 7.0a.u.. Some of those charge
structures in the low energy region. Although the curvedransfer and excitation states have long-range intenastio
of the SCF and MCSCF calculation for potential energyand the potential energies are close, such as [{2p]1
and radial coupling matrix elements between entrance and Li*; 322*] and [He" + Li(1s22p); 43S1] in triplet
exit channels almost coincide with each other, the finitestates, which can also lead to a certain amount of electron
difference calculations would lead to large differences influx. Aumayr & Winter (19858 measured emission cross
low energy regions. As for the electron captured to the 3sections of Li(%22p)Li(1s%2s) formed from collisions of
states of He, the cross sections of singlet/triplet staage h He™ and Li in impact energies between 2 and 20keV

the same order of magnitude since they have similar energy
gaps with initial channels.
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0ol o ! ' Fig.10 State-selective cross sections of Lsf2p) state

Energy (keV amu™') in the singlet/triplet states and comparison with the two-

Fig.9 Spin-averaged electron excitation cross sectiongenter AOCC results dfiu et al.(2016.

of Li(1s?2p) and comparison with other results. Theory: . .
present QMOCQM (solid line with filled circle$ and When impact energie#’ < 1keV amu', our QMOCC

QMOCCS (solid line with filled squaresresults, SC- electron excitation cross sections lie below the calooifeti
AOCC (dash-dotted ling and TC-AOCC ¢olid line  of TC-AOCC fromLiu et al. (2016, where the QMOCC
results ofLiu etal. (2016; experiment: emission Ccross methods are more reliable because of the limited validity
section for the excitation of Li(22p) (filled diamonds o the AOCC method and the time is sufficient to perform
by Aumayr & Winter(19853. ) . . .

the intermediate multi-step process for these energies
(Liu et al. 20134.

The state-selective electron excitation cross sections
for the Li(1s22p) state are featured in Figur&é0 and
compared with the TC-AOCC calculations bfu et al.
(2016. From FigurelQit is notable that the difference in
Li(1s%2p) electron excitation between singlet and triplet s-
tates is not as obvious as the corresponding charge transfer
X : . , results, mainly due to their identical potential energies o
and Liu et a}l. (2016 are displayed in Figur® in the [He* + Li(1522p): 415+/435+] in the asymptotic region.
energy region of 0.003—3:5kev amb The results of The reasons why the electron excitation cross sections for
SCF and MCSCF calculations are also listed. C':‘ener"""ys;ingIe states are larger than those of triplet states maitres

our QMOCC calculations are in good mutual agreement.,, these two cases. On the one hand, in comparison
in trend with the experimental data &umayr & Winter ’

(19853 and the TC-AOCC ot.iu et al.(2019.

(0.5-5keV amal). Liu et al. (2016 calculated the cross
sections for electron excitation to the LifRp) state
by following the single- and two-center AOCC method
(labeled by SC-AOCC and TC-AOCC) in the energy
region of 0.1-100keV amtt. The present QMOCC total
cross sections for electron excitation to the ls{2p) atom
together with the results oAumayr & Winter (19853

with the closest charge transfer channel [H&{)~+Li™;
3321 of [Het+Li(1s%2p); 43%1], the [He(ls2s)+LiT;

: : 1
As the _|mgact energies > 0.4 kev amus, our 3iy+ are closer to initial state and their cross sections are
QMOCC Li(1s°2p) excitation cross sections of SCF larger, on the other hand, the [He@k)+Li+: 3'+] and

and MCSCF calculation also have differences, but thTHe++Li(1522p)' 415+ in single states have long-range
results of SCF calculation are slightly higher Sinceinteractions as éiisplayed in Figuze

the charge transfer cross sections of SCF are smaller
than those of MCSCF. When the collision energies arg, ~oncLUSIONS

below 1keV amu!, the present calculations are smaller

than those ofAumayr & Winter (19853; this difference In the present article, the total and state-selective &arg
may result from the cascade contributions of kRdl, transfer and excitation cross sections for collisions ¢diso
n>2) states on emission. The Li42p) excitation cross wind He™ ions with Li atoms have been investigated
sections from two-center AOCC calculations are smalleby the QMOCC method in the energy range of 0.003
than those of single-center AOCC calculations, becaus® 2keV amu!. The different electronic structures
the population of Li(k2nl) states is also influenced calculated from SCF and MCSCF are used to describe
by the intermediate charge-exchange couplings betweahe dynamical processes. On the whole, our QMOCC
He(1snl) and Li(1s®nl) states, which could reduce the results are in good agreement with the experimental
population of electrons in the Lig#2p) state in the data ofVarghese et al(1984, Dubois & Toburen(1985
collision evolution, particularly at low collision eneggi. and theoretical results ofiu etal. (2016. Insufficient
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collection and deficiencies in basis may have lead toDunning, Thom H., J. 1989, J. Chem. Phys., 90, 1007

the smaller results ofAumayr & Winter (19850 and  Errea, L. F., Mendez, L., & Riera, A. 1982, Journal of Phy#cs
Bransden et al(19849 (the LG). The total cross sections  Atomic Molecular Physics, 15, 101

calculated from the SCF orbital sets are consistent withFritsch, W., & Lin, C. D. 1991, Phys. Rep., 202, 1

the MCSCEF results within 8%. It can be considered thatGargaud, M., McCarroll, R., & Valiron, P. 1987, Journal of
they have reached the convergence and the correspondingPhysics B Atomic Molecular Physics, 20, 1555

cross sections of HelLi collisions are reliable. The total Hans-Joachim, W., P., etal. 2010, Molpro: a Package of b ini
charge transfer cross sections for the singlet manifolds Programs

are smaller than those of the triplet in low energy Heil, T. G, Butler, S. E., & Dalgarno, A. 1981, Phys. Rev. &, 2
region due to the larger energy gaps between kil 1100

+ Lit(1s?) in singlet state and the initial state. The state-Herrero, B., Cooper, I. L., & Dickinson, A. S. 1996, Journél o
selective cross sections of present QMOCC are in accord Physics B Atomic Molecular Physics, 29, 5583

with the AOCC results otiu et al. (2016. In addition,  Isler, R. C. 1994, Plasma Physics and Controlled Fusior, Zb,
the electron excitation processes of lsifIs)Li(lsQZp) Johnson, B. R. 1973, Journal of Computational Physics, 43, 4
agree well with Li(k22p) emission cross sections of Kimura, M., & Lane, N. F. 1989, Advances in Atomic Molecular
Aumayr & Winter (19853 and AOCC results ofiu et al. and Optical Physics, 26, 79

(2018. Since the identical energy gaps between kigp) ~ Kimura, M., &Lane, N. F. 1990, Phys. Rev. A, 41, 5938

and the initial states for single and triplet states are inKnOWles‘ P.J., & Werner, H.-J. 1985, Chemical Physics sfte
the asymptotic region, the difference between k#¢) 115, 259

electron excitation cross sections in singlet/tripletestas Kramida, A., .Ralchenko, Y., Reader, ‘]_" & Team, N. A. 2019,
not remarkable. NIST Atomic Spectra Database (version 5.7.1)
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