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ABSTRACT
A semiclassical model describing the charge transfer collisions of C60 fullerene with different slow ions has been developed to analyze avail-
able observations. These data reveal multiple Breit–Wigner-like peaks in the cross sections, with subsequent peaks of reactive cross sections
decreasing in magnitude. Calculations of charge transfer probabilities, quasi-resonant cross sections, and cross sections for reactive collisions
have been performed using semiempirical interaction potentials between fullerenes and ion projectiles. All computations have been carried
out with realistic wave functions for C60’s valence electrons derived from the simplified jellium model. The quality of these electron wave
functions has been successfully verified by comparing theoretical calculations and experimental data on the small angle cross sections of
resonant C60 + C+60 collisions. Using the semiempirical potentials to describe resonant scattering phenomena in C60 collisions with ions and
Landau–Zener charge transfer theory, we calculated theoretical cross sections for various C60 charge transfer and fragmentation reactions
which agree with experiments.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100357

I. INTRODUCTION

Charge transfer in ion–atom collisions has been studied inten-
sively for decades, mostly due to high demands in plasma physics,
astrophysics, and atmospheric science.1–3 A detailed understand-
ing of electron transfer processes in ion–atom collisions is at hand,
thanks to observations and theoretical analysis involving both quan-
tum and classical mechanics. The most accurate results have been
obtained for resonant and quasi-resonant charge transfer because
only a few states are involved in the electron capture process. The
majority of ion–atom systems do not support resonances between
electronic states and are mostly treated in expensive numerical
calculations operating with extended basis functions.4 Recent exam-
ples of such multistate calculations can be found in the theoretical
analysis of charge transfer collisions of highly charged ions.5

Significant simplification can be carried out for the theo-
retical description of slow collisions, when velocities of heavy
nuclei are much smaller than typical electron velocities. In the

semiclassical approximation, the motion of heavy particles is con-
sidered classically and electronic degrees of freedom are treated
quantum mechanically.6–9 In this model, transitions between dif-
ferent electronic states occur in specific regions of nonadiabatic
behavior, such as areas of pseudo-crossing10–12 or crossing (nona-
diabatic transition induced by rotational interactions7) of electronic
energy curves.

The current development of experimental and theoretical
investigations includes investigations of charge transfer collisions
with more complex targets, such as molecules, nano-sized clusters,
and condensed matter materials.13–16 These processes are of inter-
est due to their applications in biomedical fields and nanoscience. In
these investigations, fullerenes have been especially well studied, as
they are an example of nanoparticles with well-defined structure and
well-defined electronic properties.17–20

In 1992 and 1993, Christian et al.21–25 published a series of
papers reporting relative cross sections for various fragmentation
and charge transfer reactions involving C60. These papers reported
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the relative values of charge transfer cross sections for collisions
between carbon, nitrogen, neon, oxygen, lithium, or sodium cations
with C60. These relative cross sections were measured as a function
of collision energy for pure charge transfer as follows:

X+ + C60 → X + C+60, (1)

where X is C, O, N, Ne, Na, or Li. They also reported data on the
energy dependence of relative cross sections for charge transfer and
fragmentation collisions with C60,

X+ + C60 → X + C+60−2n + nC2, (2)

where n is an integer. The cross section of C59 formation was mea-
sured by Christian et al. to be significantly smaller than the cross
sections for the fragmentation of an even number of carbon atoms
(except in the case of the carbon cation). The authors suggested that
the ions X+ and C60 fullerene form an intermediate long-lived com-
plex that decays into different reactive channels of fragmentation.
For this scenario, each of the reactions shown in Eq. (2) forms a
Breit–Wigner-like resonance.

To our knowledge, there has been no detailed theoretical explo-
ration of these reactions for slow ion collisions. This is likely due
to the difficulty surrounding theoretical approaches to dynamical
properties of the C60 + X+ system at different interparticle distances.
Even an accurate ab initio evaluation of the binding energy of C2
in C60 has already proven to be a difficult computational task.26,27
In light of this, we have developed a semiempirical model in order to
offer theoretical insight into these charge transfer and fragmentation
reactions while avoiding expensive ab initio calculations. Our model
is essentially based on the semiclassical description of the C60 + X+
system and on the models of nonadiabatic transitions developed in
the theory of atomic collisions.6–8

We propose a simplified model, which starts by using the jel-
lium model suggested by Baltenkov et al.28 to describe the electron
wave functions in C60. This model is combined with electrostatics
and various measured physical parameters of C60 to create pseudo-
potential curves for a positive ion interacting with C60. By using
results of the resonant scattering theory of a multichannel colli-
sion process and Landau–Zener theory of nonadiabatic transitions
between different electronic states,10–12 we developed a theoretical
model that fits the original experimental data obtained for different
projectile ions.

II. SIMPLIFIED MODEL OF C60 ELECTRONIC STATE
Taking advantage of the symmetry of C60, we use the jellium

model suggested by Baltenkov et al.28 We consider charge transfer
processes that involve only fullerene valence electrons.

Since C60 is a sphere-like object, we can approximate it as pro-
ducing a potential well that is only a function of the radius r. At
large distances, r ≫ RC60 (RC60 being the radius of the C60 shell), the
leading term of the real electron potential is the Coulomb potential.
Therefore, one could write the potential as follows:

U(r) = U∗(r) +Ulr(r) = U∗(r) − f (r, a)
r

, (3)

where r is the distance of a valence electron from the center of
C60, U∗(r) is the short-range potential, Ulr(r) is the long-range

potential, and f (r, a) is the Tang–Toennies damping function.29,30
The Tang–Toennies damping function prevents the long-range
Coulomb term from dominating at short ranges; it is given as

f (r, a) = 1 − e−ar 4∑
k=0

(ar)k
k!

, (4)

where a is an adjustable parameter that dictates the range at which
the function is suppressed. For the short-range part, Baltenkov et al.
asserts that a Lorentzian potential is more realistic than the proposed
alternatives (such as a delta function). This potential is given as

U∗(r) = −UL
d2

(r − RC60)2 + d2 , (5)

where UL is the maximum well depth and the width of the well
is given by 2d. RC60 = 6.665 a031 corresponds to the radius of the
C60 carbon shell. We consider only s-electrons with zero angular
momentum. The C60 wave function will be affected by the incom-
ing ion and this effect can be different depending on the ion. To
account for this, the width of the positive background d was used as
a fit parameter for the density of states model, as discussed later in
the article. The model pseudo-potential from Eq. (5) provides ade-
quate description of a single electron wave function in the region
localized around the C60 carbon shell, if an accurate value of the
electron energy ε is used as a parameter of the Schrödinger equa-
tion. These wave functions will be used to calculate potentials for
C60 + X+, the long-range behavior of these potential will be calcu-
lated using a more accurate method that does not use these wave
functions (see Sec. IV). Therefore, we are most concerned with the
behavior of the wave function around the C60 shell and so we only
use the potential shown in Eq. (5) when calculating the wave func-
tions.We solved the Schrödinger equation numerically and obtained
the electron wave function for an ε value equal to the experimental
value of the photoionization energy for C60, which is about 7.58 eVs
according to De Vries et al.32

We solved the Schrödinger equation using a Verlet algorithm
and adjusted the well depth UL until the wave function converges to
zero as r approaches infinity, indicating that 7.58 eVs had become
an eigenvalue. We found that d = 0.5a0, d = 0.32a0, and d = 0.28a0
obtained good results for the oxygen ion, nitrogen ion, and neon
ion cross sections, respectively (this will be discussed later). Since
the energy is held constant, adjusting d has a minimal effect on
the wave functions. For d = 0.5a0, d = 0.32a0, and d = 0.28a0, we
foundUL = 0.88a0,UL = 1.19a0, andUL = 1.31a033 respectively. The
resulting wave functions are shown in Fig. 1.

III. TEST OF THE ELECTRON WAVE FUNCTIONS:
RESONANT CHARGE TRANSFER

We calculate the total cross sections for the resonant charge
transfer case to test the accuracy of the one-electron wave func-
tions obtained with the jellium model. The reaction for this case is
C+60 + C60 → C60 + C+60. We use the Holstein–Herring method34 as it
simplifies the cross section so it only depends on the single particle
electronic wave function. This method is briefly discussed below. A
schematic of this method is shown in Fig. 2.
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FIG. 1. The electron wave functions calculated for C60 using the jellium model.
The black dotted and dashed curve corresponds to d = 0.5a0 and UL = 0.88a0.
The blue dashed curve corresponds to d = 0.28a0 and UL = 1.19a0. The red solid
curve corresponds to d = 0.32a0 and UL = 1.31a0. The value of d was chosen so
the results of the density of states model (see Sec. V A) matched the data.21–23

FIG. 2. chematic of the method used to calculate the small angle charge transfer
cross section for C60 − C+

60
. The unperturbed valence electron wave functions for

the two C60 molecules are represented by ψA and ψB. ψA and ψB are the same
wave functions except for a spatial shift. ψA moves at a constant speed v in the
z-direction. The gray dashed line represents the plane halfway between the two
C60 molecules. This plane rotates as time passes.

The electrons of the C60 − C+60 pair move much faster than
the colliding molecule. Therefore, the electron energies and wave
functions adjust promptly to any change of the inter-fullerene dis-
tance R(b, v, t) (where b is the impact parameter, v is the velocity,
and t is time). For the considered interval of collision energies, the
fullerene motion is classical; more specifically, it is a straight line
trajectory, if R(b, v, t) is larger than the diameter of the C60 car-
bon shell. The charge transfer cross section is calculated using the
following:

σ = ∫ ∞

0
2πb P(b, v) db, (6)

where P(b, v) is the probability of charge transfer occurring. Assum-
ing a system of two C60 − C+60 states, which are degenerated as
R(b, v, t) → ∞, the C60 − C+60 valence electron wave function can be

approximated as the gerade and ungerade sums of two C60 valence
electron wave functions ψ(r). If we also assume an adiabatic pro-
cess, the probability of the resonant charge transfer collisions P(v, b)
can be calculated using the energy splitting between the gerade and
ungerade quasi-molecular states as

P(v, b) = sin2∫ ∞

−∞

εg − εu
2

dt, (7)

in atomic units. This energy splitting can be estimated using the elec-
tron probability flux through the plane halfway between the two C60
molecules, i.e.,

εg − εu = 2∫ ∞

−∞
∫ ∞

−∞
ψ( f (z) + b/2, y, z)∇ψ( f (z) + b/2, y, z)

⋅
�→
R(b, v, t)
∥R⃗(b, v, t)∥dy dz, (8)

where ψ(r) is the valence electron wave function of an unper-
turbed C60 molecule. The above equation is again in atomic units.
For lowest order perturbation theory, we can use the jellium wave
functions. More accurate theoretical models take into account a
wave function transformation induced, at large distances, by the
ion. We have chosen the impact parameter b to be along the
x axis and the two particles to be shifted by ±b/2 from the origin.
The moving projectile was chosen to move along the z axis at a
constant speed v starting at z = −∞. The f (z)-function character-
izes the plane that is the perpendicular bisector for the two C60
molecules (the gray dashed line in Fig. 2). In this case, f (z) is
given as

f (z) = −vt
b
z + v2t2

2b
. (9)

This plane rotates with time, and at t = 0, it is equivalent to the
y-z plane. We would like to study only elastic collisions with
charge transfer so the impact parameter has a minimum of 2RC60 .
If b < 2RC60 , then the two C60 carbon shells would collide, result-
ing in other collision processes and non-straight line trajectories.
The resulting calculated cross section compared to data reported
by Rohmund and Campbell for small angle scattering35 is shown
in Fig. 3. We repeated this calculation using two different values
for the parameter d. The changing of d made a small difference
in the cross section; this indicates that the parameter d can be
adjusted. The calculations are in good agreement with the mea-
sured small angle cross sections, indicating that the jellium model
wave functions are adequate. It is important to note that Glotov
and Campbell later corrected the total cross sections reported by
Rohmund and Campbell35 by taking into account large scattering
angles.36 The theory we used assumes straight line trajectories so
the original data on the small angle charge transfer cross section
are more applicable. The presence of large angle scattering in res-
onant charge transfer collisions has not been observed (to our
knowledge) in ion–atom collisions or in collisions involving sim-
ple molecules. A new theoretical model should be developed to
describe resonant charge transfer collisions with large scattering
angles.
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FIG. 3. The small angle cross section for C60 + C+
60

resonant charge transfer. The

black dots represent data from Rohmund and Campbell.35 The curves are theo-
retical calculations made using the wave functions from the jellium model, shown
in Fig. 1. The red line corresponds to d = 0.5a0 and the blue dashed line corre-
sponds to d = 0.28a0. The adjustment of the parameter d has little effect on the
small angle cross section.

IV. PSEUDO-POTENTIALS
A simplified description of collision processes involving com-

plex systems can be achieved with the introduction of pseudo-
potentials.37,38 A large number of quasi-molecular states are involved
in the considered charge transfer and fragmentation processes. We
have constructed pseudo-potentials that describe resonant scat-
tering and charge transfer processes as an evolution of C60 + X+
quasi-molecular states. The long-range asymptotic behavior of our
potentials corresponds to the long-range interactions in C60 + X+
and C+60 + X systems. Modeling molecular interactions using elec-
trostatic potentials is a well-known technique, which is especially
effective for long-range interactions. We combine this technique
with the wave functions calculated using the jellium model to cal-
culate the potential energies for C60 interacting with a positive ion.
To this end, we convert the wave functions shown in Fig. 1 to
charge distributions, these charge distributions distribute one neg-
ative charge (due to the valence electron). The potential from this
one negative charge is added to the potential of the jellium posi-
tive background [i.e., Eq. (5)]. For the long-range behavior, C60 is
treated as a dielectric sphere. The charged ion induces an image
point and a line charge inside C60.39 This image is responsible for
a weak attractive force outside the spherical shell. The dielectric
constant was set to εr = 4 based on results by Ren et al.40 and Ortiz-
López et al.41 At large distances, this attractive polarization roughly
behaves as a r−4 potential. To prevent the long-range potential from
dominating at shorter ranges, the long-range potential is multi-
plied by a Tang–Toennies damping function,29 which is shown in
Eq. (4). In this case, a is chosen so the long-range potential has
as little effect on the short-range potential as possible while keep-
ing the long range well as deep as possible. The potential created
by the dielectric approximation is much stronger than the typi-
cal approach approximating the long range well as being a result
of the polarizabilities of the two molecules. The resulting poten-
tial is depicted in Fig. 4 with the long-range behavior shown in the
inset.

FIG. 4. The potential constructed for C60 interacting with a positive ion. The curves
are our model potentials and the points represent DFT calculations. The wave
function used for the oxygen, nitrogen, and neon potentials are shown in Fig. 1.
The long-range behavior of the potentials are shown in the inset.

For comparison with the pseudo-potentials, density func-
tional theory (DFT) calculations were performed using the recently
developed APFD dispersion corrected hybrid functional42 and the
6 − 31 + G(d) Gaussian basis set. This method was designed to
provide an accurate description of long-range molecular interac-
tions. A comparison of the pseudo-potentials and DFT potentials
for C60 interacting with oxygen and nitrogen is shown in Fig. 4.
C60 +O+ is not the ground state of the system; therefore, it is dif-
ficult to perform a DFT calculation of this configuration, which
is why we performed the potential energy curve calculation for
C60 +O. Both the DFT calculations and the pseudo-potentials pre-
dict a high peak at 6.665a0 and two shallow wells: one within the
C60 shell and one directly outside the C60 shell. All DFT calcu-
lations were performed with the Gaussian 16 electronic structure
programs.43

Although not directly included in the calculation of theC60–ion
interaction, the electron wave function is slightly disturbed by the
presence of the ion. Such influence can be accurately determined at
large distances r between the projectile ion and C60, but it requires
elaborate numerical computation. The most simple empirical way to
take into account the charge’s interaction with the electronic states
of C60 is to include a dependence of the width parameter d in Eq. (5)
on the projectile.

Quasi-molecular charge transfer theory also requires poten-
tials for C+60 interacting with a neutral atom in both ground and
excited states in order to locate regions where adiabatic charge trans-
fer can occur. At large distances between the C+60 molecule and the
atom, the charge around the C+60 molecule induces a dipole in the
neutral atom. The magnitude of this dipole is dependent on the
polarizability of the neutral atom. The long-range potential V(r)
of the interaction between C+60 and the neutral atom with polariz-
ability αX behaves as V(r) = −αX/2r4. A set of potentials for the
C+60 + X interaction (with X representing O, N, and Ne) has been
computed. These potentials are shown in Fig. 5. The polarizabilities
α used are α = 0.802 Å3 for oxygen,44,45 α = 1.10 Å3 for nitrogen,44,45
and α = 0.382 Å3 for neon.46 The polarizabilities vary depend-
ing on the state but do not vary significantly; so, for simplicity,
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FIG. 5. The potentials constructed for C+
60

interacting with oxygen (black dashed
and dotted line), nitrogen (red line), and neon (blue dashed line). The potential
was calculated using the polarizabilities of the atoms interacting with a positively
charged spherical shell. To avoid non-differentiable points, the potentials where
made smooth by applying a Gaussian filter. This potential should be accurate for
longer ranges.

we only used the ground state polarizabilities. These potentials are
likely not accurate inside or near the spherical shell but should be
more accurate on longer ranges since the polarization potential is
the dominating term for large distances. Since the relevant regions
of nonadiabatic interaction (which are needed for Landau–Zener
charge transfer theory) between the two potentials are located at long
ranges, these potentials should be accurate enough in the region of
interest.

V. NON-RESONANT CHARGE TRANSFER
AND FRAGMENTATION

Christian et al.21–23 proposed that the fragmentation occurs
separately from charge transfer. They proposed that when charge
transfer occurs, the resulting C+60 is in a rovibrational state that
allows the process to be near resonant. Since C60 has many rovi-
brational states, there is likely a state that allows for this. This
rovibrational state is proposed to be unstable and theC+60 then decays
into C+60−2n + nC2. We used the potentials constructed in Sec. IV to
create a reaction pathwaymodel that can explain uniquely the exper-
imental set of data on the charge transfer collisions between slow
ions and C60.21–24 We treat the charge transfer and the fragmen-
tation of C60 separately (as Christian et al. proposed), multiplying
the results from both together to obtain the final results. The frag-
mentation is treated as an inelastic scattering process using a density
of states model. Charge transfer is modeled using Landau–Zener
charge transfer theory. A schematic representation of our model is
shown in Fig. 6. The curves in Fig. 6 represent effective potentials
of different reactive channels. According to Landau–Zener theory,
it is near the intersection between these channels that the state may
change.

A. Density of states
We estimate parameters of the states involved in the reso-

nant scattering process. The potential shown in Fig. 4 is part of
the effective potential of radial motion. The full potential of the
collision contains the centrifugal potential which depends on the
impact parameter b. This term affects the depth and shape of the
interior potential well. For large b, the total potential becomes com-
pletely dominated by the centrifugal term; this occurs somewhere
around b ≈ 8a0 depending on the projectile and its kinetic energy.

FIG. 6. Above are two sketches representing our model. The black lines represent potentials for C+
60−2n + X + nC2, where n is 0, 1, 2, or 3. These potentials represent the

lower energetic boundary for the reaction since nC2 can have any amount of kinetic energy. The blue dashed line represents the potential for the initial state C60 + X+.
Landau–Zener theory assumes that the transfer between states only occurs in the region where these two potentials cross. The red dashed and dotted line represents
internal bound states for C+

60
+ X . The energy of these bound states changes for different values of the angular momentum l (corresponding to different impact parameters).

When the collision energy is roughly equal to that of one of these bound states, the chance of tunneling increases, causing a resonance.
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The interior potential well was fit to a harmonic oscillator for several
values of b and the top 20 states were calculated each time.47,48 A
list of states and their energies were obtained for all values of b
that still allowed for an interior well. When a particle collides with
roughly the same energy as one of these states, a resonance occurs.
Each resonance was broadened using a Gaussian function and all the
states were summed together to obtain the multiple resonance shape
function σ∗(ε), shown below,

σ∗(ε) = ∑
i

1
c
√
2π

exp
⎡⎢⎢⎢⎢⎣
−1
2
( ε∗i − ε

c
)2
⎤⎥⎥⎥⎥⎦
, (10)

where c is the standard deviation of the Gaussian (which corre-
sponds to the effective width of each state), the sum is over all the
bound state energies (represented by ε∗i ) calculated previously. The
shape function σ∗(ε) is normalized to the total number of bound
states ε∗i . Broadening the energies using a Gaussian function has
been used to take into account a variety of physical effects, such
as deformation and vibrational excitation of the C60 carbon shell,
Doppler broadening, lifetime broadening, and other possible broad-
ening processes. The standard deviation c is the same for all states
and is fit to the data from Christian et al. The entire function is
scaled so the peak of the model is the same height as the peak of
the data. This last step must be done since Christian only measured
the relative cross sections.

The cross section for C60 charge transfer collisions with slow
ions can be predicted by the Landau–Zener cross section7,8,11 mod-
ulated by the resonance shape function σ∗(ε). For illustration, the
theoretical cross section for C+58 production from C60 colliding with
oxygen cations is shown in Fig. 7 alongside the data digitized from
Christian’s paper.23 In this example, the width of the Gaussian c was
found to be 7.39 eVs.

Notice the peak of our potential shown in Fig. 4 has roughly the
same energy as the peak of the fragmentation of a single C2. Due to

FIG. 7. Our model for C60 + O+ cross sections shown alongside the measured
cross sections.23 The black dots represent data for an oxygen ion colliding with
C60 and knocking off one C2 leaving C+

58
. The blue squares represent data for an

oxygen ion colliding with C60 and knocking off two C2 leaving C+
56

. The red dashed
line represents the cross section before accounting for a decrease in probability
due to the opening of the C+

56
+ 2C2 reaction channel. The black line represents

our model after accounting for this reduction in cross section.

the size of C60, a wide range of impact parameters will only shift the
barrier up slightly. Most of the states calculated using our method
have an energy slightly higher than this peak, causing a high density
of states at the energy of the peak. Since each state corresponds to a
resonance, a high density of energy levels creates a large peak in the
cross section. Therefore, a peak in the potential barrier translates to
a peak in the cross section. The curve overpredicts the cross section
for a specific fragmentation for higher energies. This is consistent
with Christian’s explanation that the probability of one interaction
is reduced through the opening of new reaction pathways, causing
a reduction in the cross section. To account for this, we subtracted
one cross section from the next and refit our cross sections for the
final figures.

B. Landau–Zener model of interaction between
different collisional channels

Landau–Zener model of nonadiabatic transitions between dif-
ferent states of compound systems assumes that the transfer between
states is only possible when the energy of the two states is roughly
the same.10–12 This model was chosen because of its effectiveness and
simplicity.When the two potentials get close to each other, the inter-
action between different diabatic states creates an avoided crossing.
It is only at these avoided crossings that the diabatic state can change.
Every time the projectile reaches the distance of a given crossing,
there is some probability of transitioning between states. Given N
number of states, each with only one crossing with the original state
(Fig. 6 shows this scenario with N = 4), the probability of finishing
in a particular state is

Pn = pn n∏
i=1
(1−pi)

⎡⎢⎢⎢⎢⎣
1+⎛⎝

N∑
j=n+1

p2j
j−1∏

k=n+1
(1−pk)2⎞⎠ +

N∏
m=n+1

(1−pm)2
⎤⎥⎥⎥⎥⎦
,

(11)

where Pn is the probability of finishing in state n and pn is the proba-
bility of remaining in the initial diabatic states at the crossing n. The
probability to remain in the initial diabatic state at each one of the
individual crossing points has been shown to be10–12

p = e−2vx/vl , (12)

where vx is the characteristic velocity and vl is the velocity at the
turning point. The characteristic velocity is defined as

vx = πV2
12∣V′11(Rx) −V′22(Rx)∣ , (13)

where V′11(Rx) and V′22(Rx) are the derivatives of the two potentials
at the location of the crossing (Rx being the position of the crossing
point).V12 is the interaction term of the Hamiltonian.V12 is difficult
to calculate and is used as a fit parameter.

When the electron has been captured by the cation, it does
not necessarily occupy any particular electronic state. Therefore, we
calculate crossing points for multiple excited states. This leads to a
system with many adiabatic regions predicted by the crossing points
of the two potentials. The position of the regions of adiabatic tran-
sitions has been predicted using the potentials calculated previously,
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shown in Figs. 4 and 5. To simplify the calculations required for our
model, the potentials in Fig. 5 are usedmultiple times and are shifted
down so that the energy at infinite distance is equal to the excited
state energy. These shifted potentials represent different electronic
excited states. The excited state energies for oxygen, nitrogen, and
neon are all taken fromMoore.49

Some of the crossings are located within the spherical shell. In
order to access these inner crossings, the ion would have to pene-
trate C60 without destroying it. The C60 structure is not maintained
during the interaction (since at least one C2 is removed) and so the
inner crossings were ignored. We also found that only two states are
sufficient to get a reasonable fit, indicating that the resulting neu-
tral atom is most likely in one of two states. Landau–Zener charge
transfer theory predicts that the first crossing dominates the reaction
and the impact of each subsequent crossing gets lower and lower.
Therefore, the excited state with the lowest energy that still has more
energy than the photoassociation energy of C60 (7.58 eVs) is over-
whelmingly the most likely state the electron transfers into. For two
crossings, Eq. (11) reduces to

P1 = p1(1 − p1)(1 + p22 + (1 − p2)2), (14)

P2 = 2p2(1 − p2)(1 − p1). (15)

Because the data do not differentiate between different electronic
states of the resulting outgoing neutral atom, the total charge trans-
fer cross section is the cross section of the two states added together.
The interaction term of the Hamiltonian (V12) of the two cross-
ings and an overall magnitude parameter are all fit to the data. Since
we are assuming that charge transfer and fragmentation are sepa-
rate interactions, all the reactions start with pure charge transfer.
Therefore, the total cross section for just charge transfer (C+60 + X→ C60 + X+) is the sum of the cross sections for all the charge
transfer and fragmentation reactions. The pure charge transfer cross
section calculated for oxygen, nitrogen, and neon are all shown in
Fig. 8.

FIG. 8. The curves represent Landau–Zener charge transfer theory for two cross-
ings where both interaction terms of the Hamiltonian were fit parameters. The
crossing points were predicted from the potentials shown in Figs. 4 and 5. The
points represent data taken by Christian et al.21–23 The cross sections for all the
different fragmentation reactions were summed together to produce the points
shown.

Notice that the fundamental form of the neon charge trans-
fer cross section is different from the other two ions. This decaying
exponential like form fits well to crossing points with negative
energy while the nitrogen and oxygen curves fit well to positive
energy crossings. Our method predicts negative energy crossings
only so they were shifted up by the photoionization energy of C60
to create positive energy crossings for nitrogen and oxygen.

VI. RESULTS
To obtain cross sections for C+56, C+54, and C+52 production, the

potentials were shifted up in energy so that the peak in the potential
energy had the same energy as the peak of the cross section of inter-
est. The energy threshold for the detachment of C2 molecules from
fullerenes in collisions betweenC60 and different ions can depend on
the type of heavy ion as well as the type of fullerene cation (C+60, C+58,
C+56, C+54, or C+52). For the oxygen cation, we found the value of this
shift to be about 10 eVs for all types of fullerenes, which is in line
with the photo-fragmentation energy of C60.50–52 For C60 colliding
with nitrogen and neon cations, shifts ranging from 4 to 8 eVs were
found to produce more accurate results. Significant excitation of
the rovibrational modes of fullerene cations by heavy ion projectiles
can explain these differences from the photo-detachment data. The
charge transfer cross sections shown in Fig. 8 are multiplied by the
density of states shape function [σ∗(ε)]. As previously mentioned in
Sec. V B, the opening of new channels takes away probability from
previous channels. To account for this mechanism, the final step was
to fit the data for C+58 to

σC58 f = a1 σC58 − b1 σC56 , (16)

where σC58 and σC56 are the cross sections for the production of C+58
and C+56, respectively [obtained by multiplying the cross sections
shown in Fig. 8 by the shape function σ∗(ε)]. Here, a1 and b1 are
fit parameters and are related to the probabilities [Pn in Eq. (11)]
of finishing in the single C2 fragmentation or double C2 fragmen-
tation states. This was repeated for the other cross sections. The
final results for oxygen, nitrogen, and neon are shown in Figs. 9–11,
respectively.

FIG. 9. The data from Christian et al.23 for C60 colliding with O+ plotted alongside
our model (shown in black).
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FIG. 10. The data from Christian et al.22 for C60 colliding with N+ plotted alongside
our model (shown in black).

FIG. 11. The data from Christian et al.21 for C60 colliding with Ne+ plotted
alongside our model (shown in black).

Our model is consistent with statements made by Christian
et al.23 Charge transfer occurs first leaving the C+60 + X complex in
an unstable excited state. This unstable state then decays, expelling
some number of C2 molecules. The cross section of all the frag-
mentation reactions is roughly constant and the cross section gets
reduced with the opening of subsequent channels.

This model makes a few predictions about these fragmenta-
tion and charge transfer processes. Electrostatic forces create a high
barrier at the radius of C60, this barrier must be overcome for frag-
mentation to become likely. If the barrier is overcome with enough
energy, more carbon atoms will be knocked loose. This barrier
remains mostly unchanged for various impact parameters, which
results in the resonances shown in our model. This implies the phys-
ical size of C60 plays a key role in these reactions. Landau–Zener
charge transfer implies that the electron will most likely end up in
the lowest excited state of the atom that still has more energy than
the photoionization energy of C60. Each subsequent energy level will
have a smaller and smaller probability. Finally, the form of the pure
charge transfer cross section is explained by Landau–Zener charge

transfer theory. A positive energy crossing point creates a resonant
like cross section, like the one shown for oxygen and nitrogen. A
negative energy crossing point creates an exponential decay like
cross section, like the one shown for neon.
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