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Abstract. Low energy electron attachment to the fullerene molecule (C60) and its temperature dependence
are studied in a crossed electron beam–molecular beam experiment. We observe the strongest relative
signal of C60 anion near 0 eV electron energy with respect to higher energy resonant peaks confirming
the contribution of s-wave capture to the electron attachment process and hence the absence of threshold
behavior or activation barrier near zero electron energy. While we find no temperature dependence for the
cross-section near zero energy, we observe a reduction in the cross-sections at higher electron energies as
the temperature is increased, indicating a decrease in lifetime of the resonances at higher energies with
increase in temperature.

PACS. 34.80.Ht Dissociation and dissociative attachment by electron impact – 34.80.Lx Electron-ion
recombination and electron attachment

1 Introduction

Low energy electron capture by the fullerene molecule
has been studied by many groups in the last decade
including the observation of long lived anion formation
(C−

60) through the electron attachment to the fullerene
molecule (C60) for the electron energies ranging from close
to zero eV to 10 eV. Various techniques like free-electron
attachment [1–9], Rydberg electron transfer [4,10,11] and
Flowing Afterglow Langmuir Probe (FALP) [12] have been
used for such studies.

Although the longevity of the anion product (C−
60)

from the above mentioned experiments is well established,
there has been a major disagreement in the results from
these experiments as far as the close to zero energy elec-
tron attachment is concerned. The free-electron attach-
ment experiments by Jaffke et al. [2], Vostrikov et al. [3]
Huang et al. [4] and Matejcik et al. [5] as well as the
FALP experiment by Smith et al. [12] indicate a thresh-
old for the electron attachment to the fullerene molecule
close to zero eV. This threshold had been observed to be in
the range of 150 to 260 meV. Tosatti and Manini [13] ex-
plained this behavior and estimated the threshold for the
low energy electron attachment to C60 in the similar range
using the symmetry arguments. The arguments ruled out
the s-wave nature of the electron capture at electron en-
ergies close to zero eV. The threshold was obtained using
the p-wave nature of the capture mechanism. These argu-
ments were based on the oversimplification of the problem
in which the inelastic cross-section is substituted by the
elastic cross-section [4]. Some of the free electron attach-
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ment experiments [1,6–9] as well as the Rydberg electron
transfer experiments [4,10,11] indicated the s-wave na-
ture of the electron attachment near zero eV. These ex-
periments also showed the absence of an activation barrier
in this phenomenon. One of the arguments given for such
an absence of a threshold behavior is induced polarization
caused in the C60 molecule due to the incoming electron.
The argument of Tosatti and Manini is countered using
the effect of rotational motion of the molecule which makes
L = 0 state available for the s-wave kind of capture [10].

Gianturco and co-workers have studied the resonances
in C60 in terms of the elastic differential cross-sections [14].
Their quantum scattering calculations indicated that the
threshold behaviour of the electron attachment cross-
sections may be due to the occurrence of a virtual state
from s-wave scattering in the ag symmetry and a peak in
the p-wave scattering in the t1u symmetry [15]. They have
also tried to analyze the single particle resonances in the 2
to 25 eV range in terms of the dynamical trapping behind
different centrifugal barriers [16]. Fabrikant and Hotop [17]
estimated the relative contribution of s-wave and p-wave
for electron capture cross-section for near zero energy us-
ing Vogt-Wannier (V-W) model. They used the high reso-
lution data by Elhamidi et al. [6] and the Rydberg electron
attachment rate to estimate the absolute cross-sections
near zero energy. Though the data by Elhamidi et al. is
supposed to have the highest resolution, the relative in-
tensity of the peak they observed at zero energy is much
smaller than that obtained by Vasil’ev et al. [7]. Vostrikov
et al. [8] had also reported a relatively higher peak near
zero energy (at 0.15 eV) as compared to the attachment
cross-sections at higher energies. A neutral beam deple-
tion measurement by Kasperovich et al. [9] also showed
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fairly large relative cross-section at zero energy. Though
the most recent measurements [6–9] and the theoretical
calculations [17] indicate the presence of the s-wave at
near zero energies, there appears to be uncertainty regard-
ing the relative contribution of the s-wave to the overall
attachment cross-section as seen in the widely differing rel-
ative intensities at zero energy in the experiments [6–9]. In
addition, there is the suspected role of temperature of the
C60 vapor that may be responsible for the observed dis-
crepancies. The role of temperature of the C60 vapor has
been considered to explain the s-wave attachment near
zero energy [7,18]. The argument has been that the pop-
ulation in the Ag (L = 0) vibrational state is substantial
for temperatures above 600 K making the s-wave capture
possible [7]. Considering the discrepancies that exist in
the relative cross-sections, we have investigated the elec-
tron attachment to C60 as a function of temperature. We
find that the cross-sections at zero energy to be relatively
large as compared to higher energies signifying the domi-
nance of the s-wave attachment. The cross-sections seem
to be independent of temperature below 1 eV, though at
higher energies there appears to be a systematic decrease
with increase in temperature.

2 Experimental

The experiments were carried out in a crossed beam ar-
rangement. The effusive beam of C60 vapor was generated
by using an oven with a capillary tube in front. The oven
temperature was measured using a calibrated thermocou-
ple. The C60 beam was made to cross the electron beam
at 45◦ in the plane perpendicular to the flight tube axis.
The electron beam was generated using a hot tungsten
filament and collimated using a uniform magnetic field of
strength 50 Gauss. This magnetic field was generated at
the centre of the chamber where the electron gun resides
using two identical magnet coils in the Helmholtz geom-
etry. A trochoidal monochromator was used to improve
the energy resolution of the electron beam [19]. The in-
teraction point was maintained at the center of the source
region of the detection system. The linear Time of Flight
(ToF) Mass-spectrometer with the Wiley-McClaren ge-
ometry was used for the mass selection of the negative
ions [20]. The apertures on the ion extraction electrodes
and the flight tube were provided with fine wire mesh for
uniformity of the electric field. This also prevented the
field penetration in the interaction region from the accel-
eration region which could affect the energy calibration.
A channel electron multiplier operated in the pulse count-
ing mode was used as the ion detector at the end of the
300 mm long flight tube. A shielded and positively biased
Faraday cup was used to measure the electron beam cur-
rent.

Using the time-of-flight mass spectrometer, we con-
firmed that no negative ion signal is present except that
due to C−

60 in the electron energy range 0 to 10 eV when
only C60 vapor beam was present in the interaction region.
For the time-of-flight measurement we needed to pulse the

Fig. 1. Comparison of C−
60 (squares) signal with that of SF−

6

(circles) collected separately with the electron gun operated in
DC mode. The two curves are normalized at the peak. Also
given is the current profile of the gun during the run.

electron gun. It was found that this deteriorated the en-
ergy resolution of the electron beam. Hence we used the
electron gun in the DC mode in order to maintain higher
energy resolution. A small DC extraction field (<1 V/cm)
was used along with the small flight tube voltage (20 volts)
in order to detect the C−

60 ions. The spectrum was taken
for long enough time to improve the signal to noise ratio.

The energy resolution of the electron beam near zero
energy was determined using the full width at half max-
imum of the SF−

6 peak. The typical energy width of the
electron beam was found to be 130 meV when the gun
was operated in DC mode with the ions being detected
without mass separation. The negative ion signal from
SF6, which is dominated by SF−

6 as a function of elec-
tron energy is given in Figure 1 along with the electron
beam current. We also give the negative ion signal from
C60 obtained from identical electron gun conditions. The
peaks in both these appear at the same energy. Also the
electron current profiles remain almost identical in both
cases. A further check on the zero of the electron energy
scale for the C−

60 excitation function was carried out using
a mixture of SF6 and C60. In this case the electron gun
was operated in the pulsed mode so that the two types of
ions could be separated using the time-of-flight arrange-
ment. The ion yield curves and the electron beam current
were measured simultaneously using the General Purpose
Interface Bus (GPIB) based data acquisition system de-
scribed elsewhere [21]. This mode of operation, though
had a poorer energy resolution of 350 meV, confirmed that
there is no shift in the peak position of the C−

60 as com-
pared to that of SF−

6 signal.

For studying the effect of temperature of the C60 va-
por on the electron attachment process near zero eV, the
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Table 1. Summary of the relative ion yield near zero eV electron energy as compared to that near 1 eV.

Reference Technique Oven Electron energy Relative ion yield

temperature (K) resolution (meV) (I
C−

60
(0 eV)/I

C−
60

(1 eV))

1 Free electron 670 200 <1
attachment

6 Free electron 725 30 ∼1
attachment

7 Free electron 673 90 ∼7
attachment

Our experiment Free electron 723 130 8.9 ± 0.3
attachment

Fig. 2. Plot of C−
60 ion yield (circles) as a function of the

electron energy taken at 818 K. Also given is the results from
reference [6] (squares) after its energy scale is shifted up by
200 meV. The inset shows the same data multiplied by 10.
The data are normalized to have the same magnitude at the
valley between the first two peaks (please also see text).

excitation function for the C−
60 was taken at different oven

temperatures in the range from 648 K to 818 K.

3 Results and discussions

The results of our measurements are given in Figure 2
along with the results from Elhamidi et al. [6]. One can
clearly see a strong enhancement of the zero eV peak in
our data as compared to the higher energy structures. The
ratio of intensity of C−

60 peak near zero eV to that at
higher electron energy (1 eV) was calculated. The result
is tabulated in Table 1 along with the ratios from the
previously reported experiments.

It appears from the ion yield curves (Fig. 2) that there
is no threshold behavior or presence of activation energy
for the C−

60 ion formation near zero electron energy. Also in
spite of the energy resolution of the electron beam on the
poorer side as compared to the previously reported exper-
iments, we see the maximum ratio of the intensity of the

C−
60 ion peak near zero eV to the ion peak at higher energy.

Moreover we could obtain all the structures in the higher
energy part of the spectrum, which were obtained in the
experiment performed using a better electron energy res-
olution [6], except for a small but systematic difference of
200 meV. We notice that such a shift is present in the ex-
tended energy spectrum given by Elhamadi et al. [6] (their
Fig. 1) as compared to their own higher resolution data in
a smaller energy range (their Fig. 2). Hence in Figure 2 we
have shifted their data by 200 meV to the higher energy
side. This shift could be justified further by a comparison
with other available data [2,3,7]. The shift brings all the
high energy peaks in excellent agreement in the two sets
of data in Figure 2, with the notable difference being the
difference in the zero energy peaks. The difference in the
peaks at zero energy may be attributed to the difficulties
associated with the use of a pure electrostatic electron gun
used by Elhamadi et al. [6].

There may be a question whether the relative inten-
sity of the peak at zero energy as compared to that at
higher energies observed in our data is due to increased
path-length in the presence of the magnetic field for elec-
trons near zero energy. This is important as the previous
results by Vasilev et al. [7] as well as the present one,
both showing relatively large zero energy peaks as given
in Table 1, were obtained using a magnetically collimated
electron beam unlike the case of Elhamidi et al. [6]. In this
context we provide the data collected simultaneously on
SF−

6 and C−
60 by having both target molecules simultane-

ously present in the interaction region. For this purpose,
the electron gun had to be operated in the pulsed mode
and hence the energy resolution was poorer. The data thus
obtained for the two anions along with the electron gun
current profile is given in Figure 3. From a comparison
of this figure with that of Figure 2, we note that as the
width is reduced by a factor of 2, the relative intensity
of the zero energy peak with respect to that at 1 eV of
C−

60 increases by a factor 2. If the large intensity of the
zero energy peak seen in the experiments using magnetic
collimation were due to systematic error from increased
path-length, the peak height should have increased much
faster with improvement in resolution. We note that the
zero energy peak in C−

60 has a finite width of 150 meV as
seen in measurements by Elhamidi et al using an electro-
static gun [6] with an energy resolution of 30 meV and by
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Fig. 3. Comparison of C−
60 (squares) signal with that of SF−

6

(circles) in the extended energy scale, collected together with
the electron gun operating in pulse mode. The inset shows the
electron gun current profile along with both the ion yield curves
around zero eV.

Vasilev et al. [7] using a magnetically collimated gun with
an energy resolution of 90 meV. We too find a width of
170 meV, though the energy resolution as measured using
SF−

6 was about 130 meV. These also point to the fact that
the relatively large intensity observed in the experiments
using magnetic collimation cannot be due to the increase
in path length.

On a different note, the finite width of the peak could
be a clear indication of the presence of higher order partial
waves contributing to the negative ion signal as described
by Fabrikant and Hotop [17]. Although the present elec-
tron energy resolution is not good enough to separate out
the s-wave contribution from the higher order contribu-
tions, the presence of very strong C−

60 signal near zero eV
despite the poorer energy resolution is indicative enough
to support the presence of significant amount of s-wave
capture behavior.

Fabrikant and Hotop [17] have used a V-W profile to
fit the cross-section measured by Elhamidi et al. since it
was the best available data in terms of energy resolution.
They calculated the V-W cross-sections for s-wave and p-
wave and used the relation σ = c(εσ0 + σ1), where σ0 is
the s-wave V-W cross-section and σ1 is the p-wave V-W
cross-section and c and ε are adjustable parameters, to
determine the total cross-section. They averaged it over
a Gaussian profile of 50 meV width and normalized the
data by Elhamidi et al. with the theoretical cross-section
at 0.2 eV. The best fit gave them a contribution for s-
wave about one-tenth of the contribution from p-wave.
Though the energy resolutions are poorer, both the data
by Vasilev et al. and the present one have larger intensity
at the main peak (about a factor of 6 in both cases) as
compared to the intensity at 0.2 eV. We have attempted
a fit similar to that given by Fabrikant and Hotop [17] by

Fig. 4. Comparison of our data (points) at 818 K with the the-
oretical fit using s-wave and p-wave contributions (Ref. [17])
convoluted with the SF−

6 curve under similar conditions taken
as the instrument function. The best fit needed 45% contribu-
tion from s-wave to that from p-wave. The cross-sections are
normalized to absolute values using the data from Vostrikov
et al. [3,8] (see text for details).

convoluting the SF6 data (taken here as the instrument
function) obtained under similar conditions as that of C60

with the s-wave and p-wave cross-sections taken from ref-
erence [17]. The fit as shown in Figure 4 gave ε = 0.45,
showing considerable contribution due to s-wave. The ab-
solute scale shown in the figure for the cross-sections was
determined using the data from Vostrikov et al. [3,8]. It
may be noted that there are relatively few measurements
of absolute cross-sections for electron attachment to C60.
The data by Vostrikov et al. [3,8] show the zero energy
peak to be shifted to 0.15 eV with absolute cross-sections
of 0.8× 10−14 cm2 [3] and 1.2× 10−14 cm2 [8]. The beam
depletion measurements by Kasperovich et al. [9] give
an absolute cross-section of 9 × 10−14 cm2 at 0.05 eV,
though this may be considered an upper limit as it is the
total scattering cross-section. Due to the uncertainty in
the reliability of the peak position at near-zero energy in
Vostrikov et al. [3,8], we normalized our data with the av-
erage value of the cross-sections they have reported at 1 eV
in the two measurements [3,8], which is 0.34×10−14 cm2.
This gives the peak cross-section of 2.4 × 10−14 cm2 as
shown in Figure 3 as against 0.45 × 10−14 cm2 obtained
by Fabrikant and Hotop [17]. By matching this absolute
value with the theoretical fit, we get c = 0.06.

It is clear from Table 1 that various experiments per-
formed over the period of time have used C60 vapor at
different temperatures. Hence one of the possible reasons
for observing the threshold can be the temperature of
the C60 vapor not being adequate. We investigated this
possibility by carrying out the measurements at various
oven temperatures, the results of which are summarized in



V.S. Prabhudesai et al.: Low energy electron attachment to C60 265

Table 2. Relative C−
60 ion-yield at different vapor tempera-

tures in the present experiment.

Temperature (K) Relative ion yield

I
C−

60
(0 eV)/I

C−
60

(1 eV)

648 09.0 ± 1.8

668 09.0 ± 1.4

723 08.9 ± 0.3

793 08.7 ± 0.2

818 07.0 ± 0.1

Fig. 5. Plots of C−
60 ion yield as a function of the electron

energy taken at different C60 vapor temperatures. The plots
are normalized at the peak near 1 eV. The data at 648, 668
and 723 K were smoothed to reduce the scatter.

Table 2, where we have given the relative intensities of the
negative ion signal at electron energy near zero eV to the
electron energy at 1 eV. We find that the ratio is inde-
pendent of the C60 vapor temperature, though there is a
reduction at 818 K. However the ratio of 7 at this temper-
ature is still much higher than what has been generally
reported. We believe that the current measurements rule
out the possibility of temperature of the fullerene vapor
having played a role in the observed disparity in the earlier
measurements.

From the data obtained at different temperatures, we
note a decrease in the cross-sections with the increase in
temperature at higher electron energies. This could be
seen from Figure 5 in which we have plotted the data
obtained at various temperatures after normalization at
the 1 eV peak. Though at lower temperatures there is
large statistical spread, it is seen that the cross-sections
decrease with increase in temperature. This may be ex-
plained in terms of the decrease in lifetime of the negative
ion states formed through electron attachment. The neg-
ative ion lifetime at higher temperature could be smaller
since it becomes increasingly difficult to dissipate the en-
ergy of the incoming electron as many vibrational modes
are already saturated at higher temperatures. The autode-
tachment of C−

60 in terms of a model based on thermionic

emission has been discussed by Matejčik et al. [5]. This
model was used to explain the observed drop in the C−

60
intensity at energies above 7 eV for fixed C60 tempera-
ture. In this model the incident electron energy plus the
electron affinity of the C60 is assumed to go into exciting
the vibrational modes, thereby raising the temperature
of the molecule. And as the temperature increases there
is increasing autodetachment due to thermionic emission.
Based on this model any change in temperature whether
due to the energy transferred from the electrons or by di-
rect heating should lead to corresponding changes in the
lifetime of the negative ion through the thermionic emis-
sion process. Thus our observation of the temperature de-
pendence is consistent with the thermionic emission model
given by Matejčik et al. [5]. We also note that the elec-
tron capture efficiency has been shown to go down with
increase in internal energy of the molecule [6]. This may
also add to a reduction in the negative ion signal with
increase in temperature. Though one expects to see the
temperature dependence at all energies, our data show
no noticeable effect at energies below 2 eV. A plausible
reason for this could be the temperature (including that
transferred from the electron) not being sufficiently large
to make noticeable loss due to thermionic emission.

4 Conclusion

We find that the cross-section for electron attachment to
C60 shows a strong peak at near-zero energies indicat-
ing fairly large contribution of the s-wave capture in the
negative ion formation process. A comparison of all the
existing data show that this peak has an inherent width
of about 150 meV, indicating contribution from higher or-
der partial waves. We rule out the effect of temperature
of the C60 vapor as a possible reason for the disparity in
earlier reported data. However, the lifetime of the C−

60 ions
formed by electron capture above 2 eV appears to decrease
with increase in temperature and qualitatively support the
model of thermionic emission process put forward to ex-
plain the decrease in cross-section at larger energies.
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