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Charge transfer in F?* ions colliding with He atoms below keV energies and its reverse process
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Charge transfer processes in collisions 8t fons with He atoms were studied by using the molecular
representation below 600 eV energies. The groutid4S) state and one excited {?D) state are considered
as the initial channels in order to examine the effect of the excited state. We have also investigated charge
transfer processes in the reverse ion-ion collisions. Cross sections for nonradiative charge transfer in the
ground quartet state?F+He collisions are found to increase gradually with the impact energy and reach
around 2x10 *®cn? at 558 eV, while those from the doublet state also show a gradual increase and stay
nearly constant with 1210 *6cn? at the same energy. Cross sections for the reverse processes for both
symmetries are found to be very small with a magnitude less than®t8? due to the strong Coulomb
repulsion between two ions, but rapidly increase as the collision energy increases to re&@h'3and
10" cn? for the quartet and doublet manifolds, respectively, at the highest energy studied.

PACS numbegps): 34.50-s, 34.20.Mq

[. INTRODUCTION P ions[4—6] on H and He atoms. As a part of this project, we
here present a theoretical investigation on charge transfer in
Charge transfer processes for heavy-ion impact are impoieollision of F4* ions with He atoms based on a molecular
tant basic processes in various scientific and technologicaitate expansion method below 1 keV/The processes we
applicationg 1]. Over the past decade, an intense effort fromare concerned with ar@) the ground-state ion impact
the atomic physics community toward a better understanding i 4 L . .
of scattering dynamics over a wide range of energies has F("S) +He("S)—F" +He (1a
resulted in a basic understanding of compiled experimental = ) .
cross-section data. As a consequence, a large number of €7 (i) the excited-state ion impact
tremely interesting new physics has emerged making the 24,2 1 + "
field prosperous and lively. However, although there have FOD) THE(S) — F +He, (1b)
been a large number of studies of collisions of",H
Hel™,...,d" ions with simple atoms and molecules, rela-
tively few investigations have been performed on other Fr+He"(1s)—F?"(*S) + He(1S) (10
heavy ions Z>9) because of, in part, some difficulties in
producing these ions in experimeffd. However, scattering and
processes by these ions are particularly interesting and im-

and their reverse processes,

portant because not much spectroscopic information for the F*+He*(1s)—F**(°D)+He('S). (1d)
ions is available, and these complex systems possibly lead us
to a new phenomenon of collision physics. The energy defect between the grourid (S) and the ex-

Recently, HF molecules have been detected in interstellsgited P*(°D) states is approximately 4.3 eV. Therefore,
medium, and the origin and formation mechanisms ardhese two ions may be produced simultaneously through
sought[3]. From this observation, therefore+ ions are  y-fay or ion-impact ionization in the natural environment
expected to be present in interstellar environment, and tdke the astrophysical environment, or laboratory plasma.
play a subtle role for astrochemistry. Also, fluorine ionsHence, it is necessary to put together all information of the
(F9*) and atoms are known to be present in biological syseffect from these states when modeling scattering dynamics.
tems including the human body, and the knowledge of its
interaction with other atoms and molecules are needed for Il. THEORETICAL MODEL
medical and biological study. In a previous publication in
our series of investigations of electron capture processes by
heavier-ion impact, we have reported the study on Si, S, and The adiabatic potential curves of HéFare obtained by

employing theab initio multireference single- and double-
excitation configuration interactioMRD-CI) method[7],
*Deceased. with configuration selection at a threshold of .00 8E,,

A. Molecular states
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TABLE I. Number of reference configuraion¥,.; and number TABLE II. Asymptotes of FHé".
of roots N, treated in each irreducible representation in the
present calculation for HEF system. Relative energy
Expt. Calc.
State Nief/N
ref’Troot No. Asymptote (cm™b State
7\ 75/6 il
231 36/5 1 F'(PylHe'(*sy) 0 50 (1P2F,(1)AI
2A2 33/5 (25212p4) (1)427,(1)41_[
4 2 F'('Dg)/He"(*S,) 20873 21043 (135+,(2)%I
B, 20/2 o A
2 3 Fr('Sy)/He"(’S,) 44919 45189 (23,
(25°,2p%)
_ _ _ 4 F**(*s,)/He(*s 83885 81477 2537
and energy extrapolation, using the Table CI algori ( S“z) 3( W 2
gy p ¢ > g g . (23 ,2p)
The two elect.rons.m .the firstlowesd moleculay orbital g F*(2D,)/He('S,) 117969 116289 (25 -,(3)2I
(MO) are kept inactive in the present Cl calculation, and the (252,2p%) (2)2A
highest MO is discarded. The coupling matnx elements arg F*(2P,)/He(lS,) 135443 134011 (37, (4)21
calculated using the resulting Cl wave functions. The radial (252,2p%)
coupling elements are c_alculated using a finite-difference, F(°P,)He" (S, 164798 (475 *,(5)2I1
method[9]. In the calculation, for the F atom, thee-pVQZ (252,2p°) (1) *,(2)T1

basis sef{10] is used, but theg function is discarded. In
addition to the above basis set, several diffuse functions are

added. The basis set for the fluorine atom is thus (j) Quartet states charge-transfer channpfs (°P,)
(14s8p3d2 f), contracted td 7s6p3d2 f]. For the helium +He+(2Sg)] are 143~ and %I, and the initial channel
atom, the (1@5p2d_)/[754p2d] basis set is employed. The [F2+(4Su)+HE(ng)] is 243 ~. For charge-transfer cross-

s and p-type functions are from Ref11] and twod-type  section calculations of the quartet states, we included
functions are from Ref12]. The number of reference con- (1437,1%I1) and 243~ (see Table )l. The MO’s in the
figurations and the number of roots treated in each irreducsgme parentheses are degenerate states. The next higher
ible representation in ouab initio MRD-CI calculations are  giates are (£3*,2 “IT) with an energy 80 913 cit higher.

listed in Table I. The MO’s and their asymptotes thus ob- (i) Doublet states: charge transfer chann[aH§(3Pg)

tained are shown in Table II. +He"(?Sy)] are 125~ and 1711, and charge-transfer—
N . excitation channels[F"('Dgy)+He"(*S;)] are 1737,
B. Collision dynamics 221, and 12A; charge transfer excitation channel

A semiclassical MO expansion method with a straight-LF (*Sy) +He"(°S;)] is 223*. The initial channels
line trajectory of the incident ion was employed to study thelF*"(°Dy) +He(*Sy)] are 2?37, 32II, and 2°A. We
collision dynamics above 50 ef43]. In this approach, the coupled eleven states, €&~,1°I1), (1°3*,27I,
relative motion of heavy particles is treated classically, whilel ?A(*A1,?Ay)), and (2 2,223 7,311, and 22A(*Ay,
electronic motions are treated quantum mechanically. ThéA1)). (see Table I.
total scattering wave function was expanded in terms of
products of a molecular electronic state and atomic-type ll. RESULTS AND DISCUSSIONS
electron translation facto&TF’s), in which the inclusion of
the ETF satisfies the correct scattering boundary conditio
Note that the atomic ETF may not be correct for adequat
description of molecular characters of the colliding system
for slow collisions. However, it has been tested extensively  A. Adiabatic potentials and corresponding couplings
and found that reasonable results are obtained. Substituting
the total wave function into the time-dependent Sdimger
equation and retaining the ETF correction up to first order in  Figure 1 shows the potential energies for the three quartet
the relative velocity between the collision partners, we obtairstates for separatiorR up to 2G,. Because the colliding
a set of first-order coupled equations in timeTransitions  particles have an electron structure that is tightly bound, we
between the molecular states are driven by nonadiabatic cogan expect that two particles do not begin to interact until
plings. By solving the coupled equations numerically, wethey come closer to sufficiently smaR, and further, they
obtain the scattering amplitudes for transitions: the square dfave only the weak interaction. Consequently, a weak
the amplitude gives the transition probability, and integrationavoided crossing is seen betweerf3~ and 243~ at R
of the probability over the impact parameter and the azi-—~3.7a,. Apart from this avoided crossing, no other mixing
muthal angle gives the cross section. The molecular stated states can be found among the present states. As expected,
included in the dynamical calculations are the two sets othe corresponding radial coupling matrix element between
states, the quartet and doublet states shown in Figs. 1 and #,*>~ and 23~ shown in Fig. 2 peaks near this avoided
respectively. crossing. The rotational coupling matrix elements are shown

In the following sections, we discuss the quartet and dou-
Jlet states separately.

1. Quartet states
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FIG. 1. The adiabatic potentials for the quartet states of the

FHe .
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FIG. 3. The rotational coupling matrix elements of the quartet
states.

in Fig. 3. The matrix element between*2~ and 14I1

peaks atR~2.5a, and becomes negligible @& beyond

quently, beyond-5a,, it appears that all states recover their

~7a,. The 1%II and 1“3 states are degenerate, and therefespective atomic character, and therefore, no strong cou-
fore, the rotational coupling matrix element approaches #®iNg among these states is observed. Figufes &nd 3b)

finite constant value at largB. Note that in Fig. 3, these

illustrate the representative radial coupling matrix elements,

rotational coupling matrix elements shown are not multiplied@"d Figs. 6)—6(d) for the rotational coupling matrix ele-
by b2/R? whereb represents the impact parameter. However Ments. _ _ _
the long-range coupling is suppressed by the introduction of Note that double capture channels lie much higher with

the ETF. Overall, the reaction occurs in the regiorRdess
than 5.

Figure 4 displays the potentials where the dotted lines are

2. Doublet states

the approximate energy defect of 26.6 eV that is not easily
accessible in the present collision energy, and hence, in the
present calculation, we ignored these double capture chan-
nels.

B. Charge transfer cross sections

for the 3, states, chains for th&l states, and broken lines

with diamonds are for thd states, respectively. There is no
obvious strong mixing of molecular states, similar to the,

1. Quartet states
a. F2"+He('S) collisions. As seen from Table I, the

situation for the quartet manifold described above. Consel"cOming channel is 257, and the single charge trans-
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FIG. 2. The radial coupling matrix elements of the
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12— —— ‘ —— generate states, “® ~ and 1“II, and the outgoing channel
I FHe* Doublet is 243", Figure 8 shows the calculated cross sections for
10 1 each incoming channel and the cross sections averaged over

the two incoming channels. In this case also, because of the

8 IS~ ] strong coupling between 43~ and 23~ states, the cross
rd I’z - 2%sf sections are larger when the incoming channel &1

6 ' ) state, and we observe a similar structure at a collision energy

ol , ~0.25keVA. The cross sections are about 30% of those for

the reverse # +He(*S) collision with a magnitude of 0.6

1’y - 2%y X 10™ ¥ cn? at the highest energy. This is because this reac-
| tion is an endothermic process, and moreover, because the
two positive charges prohibit the two particles to come suf-

- ficiently close for strong interaction.

\

)

Radial coupling matrix element (a.u.)

0 4 8 12 16 20
2. Doublet states

R (units of a,) a. F?*+He('S) collisions. The 2257, 32, and
06— 2 2A(%A,,%A,) states correspond to the incoming
i FHe* Doublet | [F?"+He(*S)] channels. The partial cross sections of single
04 L l ] charge transfer corresponding to each of the incoming chan-
I % nels are shown in Fig. 9. The cross sections for the
- 2 2A(%A,) incoming channel are the same as those for
RN 2 2A(A;) and hence, are treated accordingly. In the calcu-
/ RN B lation, we included the rotational coupling matrices for
. LT which AA ==+ 1. For the rotational coupling betweéhand
Pmatn A states, only those matrix elements fhrand IT that are
o matm ] degenerate are included. Figurg®)99(e) show the partial
o matm cross sections for each of these incoming channels. When the
....... A2 ] incoming channel is the 23~ state[Fig. 9a)], the 123~
partial cross sections show a weak but non-negligible struc-
ture at the lower collision energies below 0.3 kaV/This
structure is caused by the small peak nBat3a, in the
radial coupling matrix element between??~ and 123~
FIG. 5. The representative radial coupling matrix elements forStates’ See_n n Flg.(ﬁ. AISQ’ the 173 . gnd 171 partial
the doublet states. cross sections increase with the collision energy, but the
other partial cross sections remain almost constant. When the
3 ?[I state is the incoming channfFig. 9b)], we do not
ferred states are 457, and 1“I1. This is an exthothermic observe the structure seen in theé3l™ partial cross sec-
process. The partial cross sections fof31~, and 141 tions, hence indicating a weak rotational coupling. Here also,
channels and the sum of the@etal cross sectionare in- the 12I1 and 123~ partial cross sections increases with the
cluded in Fig. 7. The cross sections increase fourfold as theollision energy, but the other partial cross sections remain
incident energy increases from 0.1 to 0.6keybut are almost constant. When the 2A(*A;) or 2 2A(?A,) state
found to be rather small with a magnitude 0k20™*%cn?  [see Fig. )] is the incoming channel, the 2. partial
even at the highest energy studied. This is a manifestation @fross sections stay nearly constant in the entire energy range
the weak coupling that connects between the initial andind other partial cross sections only slowly increase with the
charge transferred states because both the projeétilafd  collision energy. When the incoming channel i€I3, the
the target He atom have tight shells. The partial cross seross sections are more than a factor of 2 larger than for the
tions for 13~ are larger than those for 4Il, and they incoming channel of 23 ~. In Fig. 10, we compare total
show a structure at collision energies between 0.2—0.3 ke\Wross sections from each incoming channel. We see that the
This is an effect of interference between the initiaf2~ cross sections for 8I1 and the sum of cross sections for
and 143~ states. The Z1I state is not involved in the dy- 2 ?A(*Al) and 22A(?A2) are comparable, and about 2.5
namics. The total cross sections reflect this structure. This igmes larger than those for the?2, ~ incoming channel. The
caused by the strong peak in the coupling of thiéST average cross sections, obtained by summing the total cross
channel with the incoming channel Bt-3.7a, (see Fig. 2 sections from the four incoming channels and dividing by 4,
The partial cross sections for 1 increase with the colli- are also shown in the same figure. A value of the total cross
sion energy monotonously. section reaches approximately10™ *cn? at 0.6 keVd.
F*+He" collisions. The incoming channels are two de- b. F*+He™ collisions. The incoming channels are the
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FIG. 8. Charge transfer cross sections for different initial incom-
FIG. 7. Partial and total charge transfer cross sections for proing channels and the average in procé®s F*+He" (F?* +He) in
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2 2A.

ground states for the 'F-He' system, namely, 3~ and
1 211 states. Figure 11 shows the partial cross sections for
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FIG. 10. Charge transfer cross sections for different incoming
channels, and the average over the incoming channels for process
(@); F*"+He—F"+He" in the doublet state.

IV. CONCLUSIONS

Charge transfer processes in collision éf fons with He
atoms and its reverse processes have been investigated theo-
retically using the molecular representation below
0.6 keV/u. The quartefthe ground stajeand doubleffirst
excited statestates for the initial channel are considered for
F?>*+He collisions. The magnitude of the cross sections for
charge transfer by the ground-staté"@S) ion impact is
nearly the same as those by the excited statg4D) ion
impact. The ion-ion collision both for the quartet and doublet
manifolds is found to be less effective in the entire collision
energies and corresponding cross sections are smaller by one
to two orders of magnitude. This effect is due in part to the
strong repulsion between two positively charged ions.
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