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Theoretical investigations on single charge-transfer processes in collisions of F2++H→F++H+ and its
reverse process have been carried out at collision energies from 20 eV/u to 10 keV/u. The molecular orbital
expansion method within the semiclassical impact parameter formalism has been employed for the scattering
dynamics, while the ab initio multireference single- and double-excitation configuration interaction �MRD-CI�
method was adopted for determination of molecular electronic states. The initial channels correspond to the
quintet and triplet states for the corresponding collision processes, respectively. Four molecular states in the
quintet manifold and eight molecular states in the triplet manifold were coupled. In the quintet manifold, the
charge-transfer cross sections for F2++H→F++H+ range from 1.3�10−22 cm2 at 20 eV/u to 2.5�10−15

cm2 at 10 keV/u. The cross sections of the reverse process, F++H+→F2++H, range from 3.0�10−22 cm2

to 2.3�10−15 cm2 in the same energy range. In the triplet states, the charge-transfer cross sections for F2+

+H→F++H+ range from 1.1�10−18 cm2 to 2.5�10−16 cm2, and its reverse process gives charge-transfer
cross sections ranging from 1.7�10−24 cm2 to 1.5�10−17 cm2.
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I. INTRODUCTION

Research on charge-transfer processes has been a central
topic in atomic collision dynamics over the past decades. The
topic is of fundamental importance for understanding basic
atomic physics and also of crucial importance in various ap-
plications. Although experimental and theoretical data for
charge-transfer cross sections for heavy ion collisions are
important in many fields, the investigation for heavy ions,
that is, ions heavier than carbon and oxygen, have been rela-
tively scarce. A particularly interesting example in this cat-
egory is fluorine.

Fluorine atoms have previously been thought to be rare in
the astrophysical environment, but recently found to be
abundant in giant stars �1�. Collision and charge-transfer pro-
cesses involving fluorine atoms may play an important role
for ionic spatial and energy distributions of such objects.
Fluorine atoms and ions are also notorious for their negative
environmental impact, such as the ozone depletion in the
stratosphere �2�, which provides yet another motivation for
studying their dynamics and reactivity in collisions with
other atoms. Per-fluorocarbons �PFCs� are known to be one
of the most efficient etching gases �3� for semiconductor in-
dustries, and hence, electron and ion collisions with PFCs
and their derivatives are of particular importance for evalu-
ation of low-temperature plasma behavior. In addition, fluo-
rine atoms and ions play an important role in biology and
living cells �4�. These examples clearly illustrate the impor-
tance of studying charge-transfer reactions in collisions in-
volving fluorine atoms �5–9�. To the best of our knowledge,
there are no experimental data available for this collision.

The present theoretical calculation of charge-transfer cross
section attempts to supply the needed data and stimulate ex-
perimental studies.

We have earlier reported an investigation of the single
charge-transfer processes in collisions of F2+ ions with a he-
lium atom and its reverse process �9�, providing comprehen-
sive theoretical cross section data. In this paper, we present a
study on single charge-transfer processes in collisions be-
tween F2+ ions and a hydrogen atom and its reverse process,
and provide detailed cross section data. The FH2+ molecule
exists in low-lying singlet, triplet and quintet states. Since
our interest is primarily concerned with charge-transfer
within the same spin-manifold, we do not include spin-orbit
coupling in the collision treatment. As will be seen below,
the lowest energy singlet configurations that separate to FH2+

and H at large nuclear separation lies about 4.2 eV above the
lowest energy of the corresponding triplet and quintet con-
figurations. Therefore, we do not include the singlet manifold
in the collision treatment, and focus on collisions involving
the triplet and quintet states at collision energies from
20 eV/u to 10 keV/u. In Sec. II, we briefly explain how the
molecular orbitals and the energies of the corresponding mo-
lecular states are obtained, and in Sec. III we present detailed
cross sections for the charge-transfer processes. Finally, in
Sec. IV, we provide our conclusions and also some thought
on how to compare the calculated cross sections with mea-
surements.

II. THEORY

We use the molecular-orbital close-coupling �MOCC�
method, together with the semi-classical impact parameter
approximation in which the nuclear trajectory is assumed to
be a straight line. We chose this approach because of the*Deceased.
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following reasons. In the intermediate collision energy re-
gion of low keV, the use of the molecular orbital basis set is
appropriate, since at collision velocity v less than vel, the
colliding particles spend enough time in the vicinity of each
other to form a quasimolecule. Also the validity of the
straight line trajectory for calculation of total cross section
has been established �10–15� even at low eV energies. The
method we use has been applied to calculation of charge
transfer cross sections in numerous cases of ion-atom/
molecule collisions �for some examples, see �16–29��. Some
of these examples include charge asymmetric cases such as
silicon and its ion colliding with He �27,28� and oxygen ions
with H2 �26� and the results were usually in good agreement
with available experiments. If a basis set is complete, any of
them should lead to similar results �30�. The choice of basis
set depends on how to describe the collision processes by a
relatively small number of basis functions. We chose the mo-
lecular orbital basis set in the present work. At higher colli-
sion energies, excitation and ionization become more impor-
tant than charge transfer, and the number of molecular
orbitals to be coupled become large. Therefore, alternative
approaches such as using Sturmian basis sets �31–33� or
Monte Carlo method are often used �34,35�.

Molecular states: The FH2+ molecular wave functions and
their adiabatic potentials were generated by employing the
ab initio multireference single- and double-excitation con-
figuration interaction �MRD-CI� method �36–38� with the
configuration selection at a threshold of 5.0�10−8Eh, and
energy extrapolation, using the Table CI algorithm. The basis
set was obtained from the Extensible Computational Chem-
istry Environment Basis Set Database, Version 1.0, as devel-
oped and distributed by the Molecular Science Computing
Facility, and Environmental and Molecular Sciences Labora-
tory. This approach gives results for the energies and cou-
plings which are very close to the results for full CI �39–41�.
The same basis set was used for F in our earlier work �9�.

Table I shows the molecular states, and their asymptotic
systems at large internuclear separation, R. Also in this table
the relative energy levels were compared with observed en-
ergy levels �42�. From this table, we see that the FH2+ mol-

ecule exists in a number of low-lying singlet, triplet and
quintet states.

Scattering dynamics: We used the semiclassical
molecular-orbital close-coupling �MOCC� method, together
with the straight-line trajectory, for investigating scattering
dynamics of the collision �43�. The total scattering wave
functions were expanded in terms of products of time depen-
dent expansion coefficients �probability amplitudes�, elec-
tronic states and the plane wave type electron translation
factors �ETF’s�, where ETF’s were expanded with respect to
velocity and included up to the first order of the velocity. The
total wave function was substituted into the time-dependent
Schrödinger equation, thus yielding the first-order coupled
equations. The coupled equations were solved numerically to
obtain the probability amplitude and then following the usual
procedure, we determine cross sections for charge-transfer.
Since we do not include the spin-orbit coupling in our
Hamiltonian, we consider the charge-transfer processes
within each spin manifold separately. We do not include the
singlet manifolds in the present study, since the singlet
ground state that separates to F2+ and H lies above the mo-
lecular energy levels considered here.

III. RESULTS AND DISCUSSION

In the following two subsections we present the results of
our calculations for the charge-transfer cross sections within
the quintet and triplet manifolds respectively.

A. Quintet states

We coupled four quintet states in Table I, namely, 1 5�−,
2 5�−, 3 5�−, and 1 5� states. The 3 5�− and 1 5� states are
degenerate at large internuclear separation, R, separating to
F+�2s22p33p� and H+ ions. Figure 1 shows the molecular
potentials of these states. We observe no apparent avoided
crossings among those states. The 1 5�− state has a very
shallow well of depth �0.43 eV around R=4.5 a.u. The ra-
dial and rotational coupling matrix elements among these
four states are shown in Figs. 2 and 3, respectively.

TABLE I. MO states, asymptotic configurations, and calculated and measured relative energies. The
measured energies are obtained from �42�. The energies of different J multiplicity were averaged.

MO
Asymptotic

configuration
Measured

energy �cm−1�
Calculated

energy �cm−1�

1 3�− ,1 3� F+�2s22p4�+H+ 0 46

1 1�+ ,1 1� ,1 1� F+�2s22p4�+H+ 20873 21204

2 1�+ F+�2s22p4�+H+ 44919 45263

1 3�+ ,2 3� F+�2s12p5�+H+ 164798 164331

2 3�− ,1 5�− F2+�2s22p3�+H 172511 169724

2 5�− F+�2s22p33s1�+H+ 176654 174146

3 3�− F+�2s22p33s1�+H+ 182865 180615

3 5�− ,1 5� F+�2s22p33p1�+H+ 202610 200813

1 1�− ,2 1� F2+�2s22p3�+H 206595 204692

2 1� ,4 3�− 206595 204692

3 3� ,1 3� 206595 204692
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First, we consider

F2+ + H → F+ + H+. �1�

In this case, the entrance channel is 1 5�−, and all other
outgoing channels correspond to those of charge-transfer,
producing F+ and H+ ions. Figure 4 shows calculated single
charge-transfer cross sections, together with partial cross sec-
tions. Charge transfer to the nearest state, 2 5�−, dominates
in the entire energy range considered here, but transfer to
other states increases with energy. The total cross section
increases rapidly from 1.4�10−22 cm2 at 20 eV/u to 2.5
�10−15 cm2 at 10 keV/u.

Next, we consider the reverse process, namely,

F+ + H+ → F2+ + H. �2�

The incoming channel is the 2 5�− state in this case, and the
charge-transfer state is the 1 5�− state. The remaining two
states correspond to excitation of F+ ions.

Figure 5 shows the charge-transfer cross sections and the
excitation cross sections. The charge-transfer cross sections
are small at low energies �3.0�10−22 cm2 at 20 eV/u� by
several orders of magnitude, compared to the excitation cross
sections �2.3�10−15 cm2 at the same energy�, but increase
rapidly with energy. The charge-transfer cross sections re-
main nearly constant beyond �5 keV/u, while the excitation
cross sections saturate at a much lower kinetic energy around
�0.8 keV/u. This may be understood from the radial cou-
pling matrix elements shown in Fig. 2. Radial couplings are
more effective in charge-transfer than rotational coupling at
low collision energies. In Fig. 2, the radial coupling matrix
elements between the incoming 2 5�− state and the excited
F+ states �curves �b� and �c�� are longer-range couplings than
that between the the incoming and charge-transfer 1 5�− state
�curve �a��. Therefore, at low collision energies the excitation
cross sections become relatively larger than those for charge

FIG. 1. The relative energy levels of the FH2+ molecule in the
quintet manifold. The solid lines are from the bottom 1 5�−, 2 5�−,
and 3 5�−, respectively, and the dotted line is 1 5�.

FIG. 2. Radial coupling matrix elements in the quintet manifold.
�a� 1 5�−–2 5�−, �b� 1 5�−–3 5�−, and �c� 1 5�−–4 5�−.

FIG. 3. Rotational coupling matrix elements in the quintet mani-
fold. �a� 1 5�−–1 5�, �b� 2 5�−–1 5�, and �c� 3 5�−–1 5�,
respectively.

FIG. 4. F2++H collision in the quintet manifold. The partial
cross sections are long dash for 2 5�−, chain for 1 5�, and dotted
line for 3 5�−, respectively. The total transfer cross sections, shown
with a solid line with circles, are the sum of these partial cross
sections.
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transfer. The magnitudes of the radial couplings, curves �a�
and �b� are comparable in the R�10 a.u. range and there-
fore, as the collision energy increases, excitation and charge-
transfer cross sections both behave in similar manner.

B. Triplet states

Figure 6�a� shows the adiabatic potentials of four 3�−

states and one 3�+ state, while Fig. 6�b� shows three 3�
states. The 3�+ state does not directly couple with 3�− states,
but it can couple via the 3� states. Since the 1 3�+ state is
degenerate with 2 3� at large R, and is energetically close to
the entrance channel of F2+ /H, we included the 1 3�+ state
shown by a dotted line in Fig. 6�a�. We did not include 1 3�,
since it does not directly couple with the incoming channels,

and also the energy level is not close to the incoming chan-
nels we consider here. The 3 3�− state and the 4 3�− state
have an avoided crossing �the energy gap of 7�10−5 a.u. at
R=8.8 a.u.�. In Fig. 6�b�, the 3 3� state has an avoided
crossing �the energy gap of 8�10−3 a.u. at R=5.5 a.u.� with
2 3� state. Therefore, we constructed pseudo–3 3�− and
pseudo–4 3�− states, and also pseudo–2 3� and pseudo–3 3�
states by exchanging the potential curves as well as the cou-
pling matrix elements involving these states when R�Rx,
where Rx is the position of each avoided crossing. This is to
ensure that the transition at Rx is 100% between the states.
Among the eight states we coupled, the 2 3�−, 4 3�−, and the
3 3� states separate to F2+ and H at large R, and the other
channels all separate to F+ and H+ ions. The 1 3�− and 1 3�
states are degenerate at large R. Figure 7 shows some repre-
sentatives of the radial coupling matrix elements, while some
of the rotational coupling matrix elements are shown in Fig.
8. The rotational coupling matrix elements between 1 3�−

and 1 3�, and also between 1 3�+ and 2 3� are large and
nearly constant at large R, because of their degeneracy. The
other rotational coupling matrix elements are relatively small
and become negligible beyond R�12 a.u.

First, we consider

F2+ + H → F+ + H+. �3�

The entrance channel is the 2 3�− state, and 1 3�−, 3 3�−,
1 3�+, 1 3� and 2 3� states correspond to single charge-
transfer states. The 4 3�− and 3 3� channel lead to produc-
tion of excited F2+ ions and the ground state H atoms. Figure
9 shows the partial cross sections for each outgoing channel.
The dominant charge-transfer channels are the 1 3�+ and
2 3� states. These two states are degenerate at large R, and
are energetically close to the incoming channel. All partial
cross sections except those for 3 3�− show a similar behav-
ior, that is, a sharp rise up to 1 keV/u followed by a level-off
remaining almost constant, while the cross section for the
3 3�− state shows a sharp increase up to 0.5 keV/u, and after
that, a gradual decrease before again increasing. The cross

FIG. 5. F++H+ collision in the quintet manifold. The partial
cross sections are a full line for 1 5�−, dotted line for 3 5�−, and
chain for 1 5�. The total charge-transfer cross sections: full line; the
excitation cross sections: dashed line.

FIG. 6. �a� Adiabatic potentials of the 3� states. Full lines from
the bottom correspond to 1 3�−, 2 3�−, and 3 3�−. The dot-dashed
line is for 1 3�+, and the long dashed line represents 4 3�−. �b�
Adiabatic potentials of the 3� states. The full lines are from the
bottom 1 3�, and 2 3�. The long dashed line is 3 3�.

FIG. 7. Radial coupling matrix elements in the triplet manifold:
full line, 2 3�–3 3�; dotted line, 1 3�−–2 3�−; dash line,
3 3�−–4 3�−; chain, 2 3�−–4 3�−.
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sections for the 1 3� and 1 3�− show strong interference
patterns around 1.5 keV/u caused by relatively effective
couplings between them.

Figure 10 shows the total charge-transfer and excitation
cross sections. At low energies, the excitation and charge-
transfer cross sections are comparable, but the charge-
transfer cross sections rapidly increase, and are found to be-
come larger than the excitation cross sections beyond
�0.5 keV/u.

Next, we consider the reverse case, i.e.,

F+ + H+ → F2+ + H. �4�

In this case, the incoming channel is either 1 3�− or 1 3�. We
studied each case separately, and the results of charge-
transfer and excitation cross sections are compared in Fig.

11. We observe that the cross sections for each incoming
channel did not differ greatly, and show similar magnitudes
and energy-dependence. We took the average of the cross
sections calculated for the 1 3�− and 1 3� incoming chan-
nels, and the resulting charge-transfer cross sections are
shown in Fig. 12. The resulted charge-transfer cross sections
range from 1.7�10−24 cm2 at 20 eV/u and 1.5�10−17 cm2

at 10 keV, while the excitation cross sections are slightly
smaller at the beginning with a value of 3.7�10−25 cm2 at
20 eV/u, but rapidly increase and reach 2.4�10−17 cm2 at
10 keV.

We calculated charge transfer cross sections separately for
each multiplet. However, measuring cross sections experi-
mentally for each multiplet is difficult. One would expect to
be dealing with low ion fluxes, that would make high reso-
lution spectroscopic interrogation of the state of F2+ very
difficult. Likewise, the concentration and perhaps the short

FIG. 8. Rotational coupling matrix elements in the triplet mani-
fold. Solid line, 3 3�−–2 3�; dotted line, 2 3�−–3 3�, chain,
2 3�+–2 3�; long dashed line, 2 3�−–1 3�+; and the upper dashed
line, 1 3�−1 3� that are degenerated.

FIG. 9. Partial cross sections for each outgo-
ing channel in F2++H→F++H+ in the triplet
manifold. �a� 1 3�−, �b� 3 3�−, �c� 4 3�−, �d�
1 3�, �e� 2 3�, �f� 3 3�−, and �g� 1 3�+, respec-
tively.

FIG. 10. Charge transfer and excitation cross sections for F2+

+H→F++H+ in the triplet manifold. Solid line with circles, charge-
transfer, and solid line, excitation, respectively.
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lifetime of the quasimolecule would make its spectroscopy
very difficult. Also, the experiment has to be at very low
energies. For neutrals you could look at the deflection of the
reagents in a magnetic field to distinguish different multi-
plets. The effect of the charge complicates the deflection due
to the spin, but with very high energy resolution one might
be able to see effects due to different spin configurations.
However, the required resolution is probably very high and
obtaining this resolution could be difficult. Alternately, it
might be possible to use the calculated potential curves.
Since the molecular potential curves for HF2+ are known,
one could measure the kinetic energies of the F+ and H+ after
the collision and it may be possible to correlate the kinetic
energies with the potential curves. However, this sort of ap-
proach would only be usable for very low energy collisions,
since the energy differences among the potentials of different
multiplets are less than a few eV.

IV. CONCLUSION

We calculated single charge-transfer and excitation cross
sections in collisions of F2++H→F++H and the reverse col-
lisions at collision energies of 20 eV/u to 10 keV/u, in the
quintet and triplet states. In the quintet state collisions, the
charge-transfer cross sections in F2++H→F++H are 1.3
�10−22 cm2 at 20 eV and rapidly increase to 2.5�10−15

cm2 at 10 keV. In the reverse process, the charge-transfer
cross sections range from 3.0�10−22 cm2 to 2.3�10−15

cm2. In the triplet state, the charge-transfer cross sections for
F2++H→F++H+ collisions range from 1.1�10−18 cm2 at
20 eV/u and 2.5�10−16 cm2 at 10 keV, and its reverse pro-
cess yields the charge-transfer cross sections ranging from
1.7�10−24 cm2 to 1.5�10−17 cm2. The excitation cross sec-
tions range from 3.7�10−25 cm2 at 20 eV/u to 2.4
�10−17 cm2 at 10 keV.
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