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C60 MODELING

We use the atomic units (a.u.) unless specified other-
wise. The C60 environment is simulated using two dis-
tinct model potentials: one using the density functional
theory (DFT) within the local density approximation
(LDA) [1, 2] and the other employing the static annular
square well (ASW) model [3]. In the DFT description,
the positively charged ionic core created by sixty C+

4 ions
is approximated by an attractive jellium potential VJel.
A constant pseudo potential [4] is added by imposing the
charge neutrality of the system to improve the quantita-
tive accuracy [2]. This produced a close agreement with
the first ionization threshold of 7.54 eV for C60 known
from the experiment [5] and the C60 shell thickness ∆
to be 2.41 a.u. around the known molecular radius of
6.70 a.u. The ground-state electron density ρ(r) of C60

is obtained by solving the Kohn-Sham equations for a
system of 240 electrons (four valence electrons from each
of sixty carbon atoms). For the e-C60 interaction, the
radial DFT-LDA potential can be written as:

VDFT(r) = VJel(r) +

∫
ρ(r′)

r − r′
dr′ + VXC(ρ(r)), (1)

where the second and the third term on the right
hand side, respectively, denote the direct and exchange-
correlation interactions. The exchange-correlation poten-
tial used in the present study is [1]:

VXC(ρ(r)) = −
(
3ρ(r)

π

)1/3

− 0.0333 ln

[
1 + 11.4

(
4πρ(r)

3

)1/3
]
. (2)

In Eq. (2), the first and the second term embody the ex-
change and the correlation effects, respectively. Hartree-
Fock formalism within LDA was used to derive the ex-
change potential form [1].

The ASW potential is defined as [3]:

VASW =

{
−U, ri ≤ r ≤ ro,

0, otherwise
, (3)

where the inner radius ri = rc − ∆
2 = 5.26 a.u. and the

outer radius ro = rc +
∆
2 = 8.17 a.u. The mean radius
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FIG. 1. (Color online) DFT (a) and ASW (b) e-C60 interac-
tion potentials.

rc and thickness ∆ of C60 cage are taken to be 6.70 a.u.
and 2.91 a.u. This value of ∆ matches the diameter of
a carbon atom. The well depth U = 0.26 a.u. is chosen
in such a way that it simulates the correct C60 electron
affinity, 2.65 eV known from experiment [6].
The polarization effect must be taken into considera-

tion for a meaningful assessment of projectile-target in-
teraction. This effect is approximated by the long-range
static polarization potential of the form [7]:

VPol =
−α

2 (r2 + b2)
2 , (4)

where α = 850 a.u. is the static dipole polarizability and
b = 8 a.u. is the cut-off parameter of C60. This polar-
ization potential is added to both the DFT [Eq. (1)] and
ASW [Eq. (3)] potentials in order to obtain the final e-C60

interaction potentials:

VC60 = VDFT/ASW + VPol. (5)
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A comparison of these interaction potentials is presented
in Fig. 1

PARTIAL WAVE ANALYSIS

The scattering state wave function in e-C60 collision is
the solution of the radial Schrödinger equation [8, 9]:{

−ℏ2

2m

d2

dr2
+

[
VC60

+
ℏ2ℓ(ℓ+ 1)

2mr2

]}
uℓ(r) = Euℓ(r).

(6)
Here uℓ(r) is the scaled radial wave function for a given
angular momentum quantum number ℓ, and VC60

is the
model potentials (DFT/ASW) as defined in Eq. (5). The
solution of Eq. (6) is obtained using Numerov’s method
[9] with a radial grid size of 0.001 a.u. The scattering
phase shift (δℓ) of the ℓ-th partial wave is evaluated using
the asymptotic wave function form given by [8]:

uℓ(r > rmax) ∝ kr[jℓ(kr) cos δℓ − nℓ(kr) sin δℓ]. (7)

For a given incident energy E, the incident momentum
(or the wave vector) k =

√
2E (in a.u.). Also, jℓ and

nℓ are Bessel functions of the first and second kind, re-
spectively. rmax represents the practical radial infinity,
which in the present study is taken to be 28 a.u. Beyond
this distance, the scattering center has no interaction ef-
fect on the scattered particle. Let r1 and r2 be the two
asymptotic radial points beyond the interaction region
(r > rmax), using which phase shift (δℓ) can be com-
puted [8] by,

tan(δℓ(k)) =
ξjℓ(kr1)− jℓ(kr2)

ξnℓ(kr1)− nℓ(kr2)
, (8)

where

ξ =
r1uℓ(r2)

r2uℓ(r1)
. (9)

The numerical values of the Bessel functions (jℓ and nℓ)
are obtained by using standardized subroutines SPHJ
and SPHY [10]. After obtaining the scattering phase
shifts from different partial waves, the total scattering
amplitude f(k, θ) can be calculated as [8]:

f(k, θ) =
1

2ik

∞∑
ℓ=0

(2ℓ+ 1)Pℓ(cos θ) [exp(i2δℓ)−1] ,(10)

where Pℓ(cos θ) is the Legendre polynomial and exp(i2δℓ)
represent the scattering matrix element. Partial waves
from ℓ = 0 - 120 are considered to ensure the inclusion of
all relevant partial waves. The differential cross-section
(DCS), which is a measure of the fraction of scattered
particles of a given incident momentum in a given direc-
tion per unit solid angle, is written by the expression [8]:

dσ

dΩ
= |f(k, θ)|2. (11)
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FIG. 2. Fast Fourier transform (FFT) results of DCS com-
puted for ASW potential in partial wave analysis for energy
E = 200 eV. Vertical lines indicate the C60 geometric param-
eters (see text) that well correspond to FFT peak positions.

BORN APPROXIMATION

To extract the diffraction-encoded structural informa-
tion using the Fourier transform, we consider the bare
ASW potential, Eq. (3), and apply the first-order Born
approximation. Thus, the scattering amplitude f(k, θ) is
expressed as:

fBorn =
−2m

ℏ2

∫ ∞

0

V (r)
sin(qr)

qr
r2dr, (12)

where the q = 2k sin(θ/2) is the momentum transferred
for a given impact energy. When the ASW potential
form of V (r) is substituted in Eq. (12) the DCS can be
analytically evaluated as:

dσ

dΩ
= C1(q) + C2(q) cos(2riq) + C3(q) cos(2roq)

+ C4(q) cos(2rcq) + C5(q) cos(2∆q) + C6(q) sin(2riq)

+ C7(q) sin(2roq) + C8 sin(2rcq) + C9(q) sin(2∆q) (13)

where Cn(q)’s are coefficients, which are also functions of
ri and ro. Eq. (13) reveals that the DCS inherently has
four oscillation frequencies, which correspond to the geo-
metric features of C60: shell thickness ∆, inner diameter
di = 2ri, mean diameter dc = 2rc and outer diameter
do = 2ro. In Fig. (2), the fast Fourier transform (FFT)
of the numerically obtained DCS data, using Eqs. (10)
and (11), is shown. The four distinct peaks confirm that
the peak location matches with C60’s geometry.
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