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Società Italiana di Fisica
Springer-Verlag 2001

Radiative cooling of fullerene anions in a storage ring

J.U. Andersena, C. Gottrup, K. Hansen, P. Hvelplund, and M.O. Larsson

Institute of Physics and Astronomy, University of Aarhus, 8000 Aarhus, Denmark

Received 12 March 2001 and Received in final form 12 June 2001

Abstract. Thermionic emission from hot fullerene anions, C−N , has been measured in an electrostatic storage
ring for even N values from 36 to 96. The decay is quenched by radiative cooling and hence the observations
give information on the intensity of thermal radiation from fullerenes. The experiments are analysed by
comparison with a simulation which includes the quantisation of photon energy and the statistics of
emission. Experiments with heating of the molecules with a laser beam confirm the interpretation of the
observations in terms of radiative cooling and give an independent estimate of the cooling rate for C−60.
The measured cooling rates agree in general within a factor of two with the prediction from a classical
dielectric model of a thermal radiation intensity of ∼ 300 eV/s for C60 at 1 400 K, scaling approximately
with the 6th power of the temperature and with the number of atoms in the molecule.

PACS. 36.40.-c Atomic and molecular clusters – 36.40.Cg Electronic and magnetic properties of clusters
– 36.40.Qv Stability and fragmentation of clusters – 36.40.Wa Charged clusters – 39.10.+j Atomic and
molecular beam sources and techniques

1 Introduction

Studies of the dynamics of fullerenes at high temperatures
are important for the understanding of their formation
and extraordinary stability [1,2]. The main decay chan-
nels for a highly excited fullerene molecule are emission of
small clusters (mainly C2) and electron emission. The key
parameter in a statistical description is the energy barrier
or activation energy for the decay. Most efforts have been
devoted to studies of C2 detachment, and there has been
much controversy over the magnitude of the activation en-
ergy for this process [3–5]. Recently, it has been realised
that radiative cooling of the hot fullerene molecules must
be taken into account in the analysis of experiments, and
attempts have been made to estimate the rate of this cool-
ing from the experiments [4,6–9].

We have developed an alternative method for measur-
ing the radiative cooling of hot fullerenes, in which the
ambiguities involved in disentangling the interplay of two
poorly known processes are avoided. The method is based
on observation of the decay of fullerene anions in a stor-
age ring [10–13]. The additional electron in the anions is
bound by only about 3 eV [2], and hence electron emis-
sion dominates over C2 detachment with a barrier of or-
der 8–10 eV [8]. The emission is analogous to thermionic
emission from a metal, and the rate constant is given
by an expression similar to the Richardson-Dushman for-
mula [11,14]. The electron affinities of the fullerenes are
known fairly well [15] and the pre-exponential factor in
the formula may be estimated via detailed balance from
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measured attachment cross-sections. It is therefore possi-
ble to simulate the observed decay rate as a function of
time and extract the strength of radiative cooling as a
function of their temperature [11].

The heating of molecules by photon absorption and
competition between fragmentation and emission of pho-
tons from hot molecules has been studied extensively,
in particular by Dunbar’s group (see, for example,
Refs. [16–19]). This work has focussed on the interaction
of molecules with infrared radiation, which is dominated
by the molecular vibrations, but an extension to higher
temperatures, where electronic degrees of freedom domi-
nate the cooling, was reported in reference [20]. Continu-
ous, black-body like emission spectra have been recorded
both for very hot fullerenes [21] and for metal clusters [22].
It is difficult, however, to draw conclusions on the emission
intensity from the observed spectra; for example, there
can be additional cooling by particle emission [22]. Direct
quantitative evidence for radiative cooling was obtained in
an experiment with V+

13 clusters in an ion trap [23], from
the dependence of the fragmentation yield on the delay
between two laser pulses exciting the ions. The measured
cooling rates were found to be in fairly good agreement
with calculations based on the Mie theory for absorption
of radiation from small particles [24,25], with the bulk
dielectric function for vanadium.

Similar calculations have been carried out for radiation
from fullerenes. However, these molecules consist of a sin-
gle shell of atoms, and a quantitative description cannot be
obtained with a bulk dielectric function, for example from
graphite (see Appendix C of Ref. [26]). Also calculations
based on measured absorption cross-sections [20,27] are
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Fig. 1. Schematic layout of the electro-
static storage ring ELISA.

unreliable because the strength and width of absorption
lines depend strongly on temperature [28]. As an alterna-
tive, a classical dielectric model has been developed, with
parameters adjusted to reproduce the main features of the
available experimental results on the absorption of elec-
tromagnetic radiation by fullerenes, in the gas phase, in
solution, and in solid films [26,28]. Through detailed bal-
ance, the model then provides a quantitative prediction of
the intensity of radiation from fullerenes, as a function of
the internal temperature and of the number of atoms in
the molecule [26].

Here we report on an extension of the measurements of
cooling of hot fullerenes, with the aim of testing the pre-
dictions from this model. We have mainly used a newly
constructed storage ring, ELISA (ELectrostatic Ion Stor-
age ring, Aarhus), which has made it possible to study
fullerene anions, C−N , with even N values from 36 to 96.
Also the analysis of the measurements has been improved.
An important simplifying approximation was the treat-
ment of radiative cooling as a continuous process [11]. We
have now developed simulations based on the master equa-
tion, in which the quantisation of photon energy and the
statistics of the emission process are taken into account.
The calculations are similar to simulations applied earlier
by Dunbar and others in the study of radiative heating
and cooling of molecules [16–20]. As a supplement, we
have tested the interpretation of the experiments by in-
troducing heating due to absorption of photons from a
laser.

In the following, we first describe the experimental de-
tails with examples of the measured spectra. We then
discuss in some detail the physical interpretation of the
results and the simulations applied to derive the rate of
radiative cooling from the measurements. Brief theoretical
discussions of thermionic emission and thermal radiation
are given in Appendices A and B. Finally the data are pre-
sented together with fits by simulations, and the derived
cooling rates are compared with the predictions from the
dielectric model. An attempt at a more detailed analy-
sis of the radiation from the magic fullerenes, N = 50,
60 and 70, based on measured energies and strengths of
radiative transitions, is described in Appendix C. In par-
ticular, the role played by the additional electron in the
anions is analysed.

2 Experiments

The experiments have been carried out at the ion storage
rings in Aarhus [29]. The small, purely electrostatic ring

ELISA is illustrated in Figure 1 [30]. In the ion source,
fullerene molecules exit from an oven into a plasma created
by electron bombardment of the support gas (normally
nitrogen). Both negative and positive ions are formed and
the source can deliver nanoampere currents of C60 and
C70 ions. The fullerene powder contains small amounts of
heavier fullerenes, and lighter fullerenes are created by C2

emission in the hot plasma. Only fullerene ions with an
even number of atoms are formed with sufficient intensity
(> 10−11 A). The ions are extracted and accelerated to
22 keV and are then mass selected by a magnet.

At the beginning of each cycle of the measurement, a
new bunch of ions is injected and stored in the ring while
the previously stored ions are dumped. It is a great ad-
vantage of the electrostatic ring that the ring parameters
can be left untouched when ions with a different mass are
injected. This makes it possible to store very weak beams,
and we have made measurements on fullerene anions with
even numbers of atoms from 36 to 96. Electron detach-
ment from stored ions is monitored by detection of neu-
tral molecules with a channel-plate detector in a corner
of the ring. The secondary electrons generate a light pulse
from a fluorescent screen and, in addition to the electronic
counting, the distribution of the pulses over the detector
area (∼ 12 cm2) is recorded with a camera and displayed
live. The divergence of the beam is small enough that the
pulses from the molecules neutralised by electron emission
are focussed in the central area of the detector. There is
also nearly complete collection of neutrals formed by colli-
sions because the dominant rest gas is hydrogen which has
a very small mass compared to the fullerenes. The same
type of detector was used at ASTRID (Aarhus STorage
RIng, Denmark), but owing to the larger circumference
(∼ 40 m) of this ring, the average distance from the re-
gion of decay to the detector is larger (∼ 6 m compared
to ∼ 2 m). Furthermore, the beam size and divergence in
ASTRID are larger than in ELISA. Hence the collection of
neutrals is incomplete, and oscillations of the yield with
time, associated with betatron oscillations of the beam,
are often observed. The necessity to average over such
oscillations contributes to the poorer time resolution of
measurements at ASTRID compared to those at ELISA.

The counts in the neutrals detector were stored in a
multichannel spectrum, with the channel number repre-
senting the time after injection, and counts were accu-
mulated with the maximum injection rate allowed by the
desired length of the spectrum. To avoid a dependence of
the spectral shape on beam current it was found necessary
to limit the current in ASTRID to give a count rate of less



J.U. Andersen et al.: Radiative cooling of fullerene anions in a storage ring 191

Fig. 2. Time spectrum of neutrals counts for a stored C−56

beam in ELISA, compared with a 1/t distribution.

than 30 kHz just after injection. The dependence of the
spectrum on beam current at higher count rates seemed
to be due to a pressure transient in the ring, caused pre-
sumably by the high flux of neutral molecules hitting the
walls in the vacuum tubes just after injection. Detector
saturation effects were only observed for at least an or-
der of magnitude higher count rates. We have applied the
same restriction to the currents stored in ELISA.

A typical spectrum is illustrated in Figure 2. The time
resolution of the experiment is the revolution time, which
is about 100 µs in ELISA and a factor of four longer for
45 keV fullerene ions in ASTRID. Each point in the figure
corresponds to an integral over one revolution time. At
short times, t < 20 ms, there is a very high rate of neu-
trals, which we interpret as thermionic emission from hot
molecules [11]. The rapid decrease of this signal carries
information about radiative cooling. At longer times, the
stored current is reduced exponentially due to collisions
with rest gas molecules, and with pressures of a few times
10−11 mbar the lifetime is of order 10 s. For the shortest
times, t < 1 ms, the decrease of the yield is due to de-
pletion of the hottest molecules, and as discussed below
(see also Refs. [11,13]), the time dependence is expected
to be close to a 1/t distribution, where t is the time af-
ter creation of the ensemble of isolated hot molecules. We
have observed that this part of the spectrum depends on
the parameters of the plasma ion source, in particular on
the anode voltage. The dependence can be accounted for
by introduction of a contribution to t from a delay ∆t of
a few hundred microseconds inside the source. A plausi-
ble explanation is that the heating by bombardment with
energetic electrons is weak near the exit aperture, and
that the delay corresponds to an ion diffusion time in the
plasma. The delay can be reduced and nearly eliminated
by an increase of the anode voltage. For the measurements
shown in Figure 2 the delay is found to be ∆t ∼ 100 µs,
only.

As illustrated in Figure 1, the beam from a laser can
be used to heat the molecules in one side of the ring. Such

Fig. 3. Time spectrum of neutrals counts for a stored C−60

beam in ELISA, with and without irradiation by a 4.5 W CW
Nd:YAG laser. Each point corresponds to a 40 ms interval.

measurements provide a test of the interpretation of the
measurements in terms of radiative cooling, and they can
also give an independent check of the measured cooling
rates. We have carried out experiments with both pulsed
and CW laser beams. The measurements with a CW laser
were performed at ASTRID with a set-up similar to the
one shown in Figure 1. With a small moveable plate block-
ing the beam from a Nd:YAG laser, the irradiation could
be switched on and off at well defined times after injection
of the ion beam, with a rise time of about 1 ms. One ex-
ample is illustrated in Figure 3. Here the stored C−60 beam
was illuminated continuously with a 4.5 W laser beam.
Initially, the cooling of very hot molecules dominates and
the yield decreases rapidly, but after a few hundred mil-
liseconds an equilibrium between cooling and heating is
established, leading to an exponential decay of the beam
by electron emission with a life time much shorter than the
collision lifetime. The small curvature in the logarithmic
plot can be explained by incomplete overlap of the laser
beam with the ion beam. Owing to the larger dimensions
of ASTRID and the larger beam size, it is more difficult
to optimise the overlap in this ring. Even when averaged
over many revolutions, the overlap can be quite different
for ions with large and small amplitudes in the betatron
oscillations around the central trajectory in the ring. How-
ever, the non-uniformity of the illumination can be taken
into account in the analysis, as discussed in Section 5. The
measurements with a CW laser give a detailed test of the
interpretation of the observations in terms of radiative
cooling, but it is difficult to obtain quantitative estimates
of the cooling rates from these measurements because the
absorption cross-section is poorly known.

At ELISA we have used a pulsed OPO (Optical Para-
metric Oscillator) laser with variable wavelength and
10 Hz repetition rate. The laser was synchronised with
the injection of ions into the ring, with a variable delay.
We shall in Section 5 analyse a measurement with heating
at 30.3 ms by a 2 mJ pulse of 1.2 eV photons. The counts
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Fig. 4. Section of a time spectrum for C−60 stored in ELISA and
exposed at ∼ 30.3 ms after injection to a 2 mJ laser pulse with
1.2 eV photon energy. The points correspond to 5 µs intervals
and the revolution time is about 100 µs.

of neutrals over six revolutions of a stored C−60 beam near
this time are shown in Figure 4. The stored ion pulse fills
93% of the circumference of the ring, and the plateaus of
counts from one revolution are separated by a narrow dip.
After the laser pulse, the count rate is enhanced by about
a factor of two for the ions hit by the laser, and this in-
crease is seen each time the hot molecules pass in front of
the detector. The heated molecules cool faster, and hence
the enhancement of the yield decreases with the storage
time after the laser pulse. As we shall show in Section 5,
it is possible from the observed rate of decrease to derive
an independent estimate of the cooling rate.

3 Depletion and cooling

There is good evidence for the interpretation of elec-
tron emission from fullerene anions as a statistical pro-
cess (Appendix A). A statistical equilibrium of an isolated
molecule can be represented by a microcanonical ensem-
ble of molecules with fixed excitation energy E, and a mi-
crocanonical temperature may be introduced, defined by
the relation 1/kBT = d/dEρ(E), where ρ(E) is the level
density and kB Boltzmann’s constant [31]. For the large
fullerene molecules, it can with sufficient accuracy be cal-
culated as the temperature T of a canonical ensemble with
average excitation energy equal to E. Even at excitation
energies of 10–20 eV, the range relevant for our experi-
ments, the temperature is moderate and hence nearly all
the energy resides in vibrations. The connection between
temperature and average excitation energy for C60 was
calculated as described in reference [11], and as illustrated
in Figure 5 it may between 1 000 K and 2 000 K be ap-
proximated by the linear expression

E[eV] = 7.4 + 0.0138(T [K]− 1 000). (1)

The heat capacity, C = 0.0138 eV/K, corresponds to
the high-temperature limit for ∼ 160 harmonic oscilla-

Fig. 5. Heat capacity of C60, calculated as described in
reference [11] The line is from a linear fit in the range
1 000–2 000 K, as given in equation (1).

tors, which is ∼ 8% less than the total number of in-
ternal degrees of freedom, 3N − 6 for CN . For the other
fullerenes, we scale the expression in equation (1) by a
factor (3N − 6)/174.

In the plasma ion source the ions are bombarded with
electrons and we expect the fullerene ions to emerge highly
excited and with a broad distribution in temperature.
This is supported by our observation of decay in ELISA
of fullerene cations injected from the same source, in-
dicating that the distribution for these ions extends to
T ∼ 3 000 K [32]. After exit from the source, the distribu-
tion in temperature of the anions is modified by depletion
due to thermionic emission and by cooling due to emis-
sion of photons. Let us first disregard radiative cooling.
The time dependence of the distribution is then given by

− ∂

∂t
g(Te, t) = k(Te)g(Te, t), (2)

where k is given by equations (A.2, A.3), and where,
for simplicity, the distribution in excitation energy is ex-
pressed as a function of the emission temperature Te. The
total rate of electron emission at time t is then obtained as

Ie(t) =
∫

dTek(Te)exp (−k(Te)t) g(Te, 0). (3)

The weight function multiplying the initial distribution,
g(Te, 0), has a sharp maximum. From differentiation we
find that the rate constant is km = t−1 at the maximum,
and from the Arrhenius expression in equation (A.2) we
obtain for the corresponding emission temperature,

Tm(t) = Eb/GmkB, with Gm = ln(νt). (4)

We have denoted the magnitude of the exponent in
equation (A.2) by G since this quantity is usually called
the Gspann parameter in statistical analysis of cluster dy-
namics. With the frequency ν given in Appendix A, we
obtain Gm ' 23 in the time range of a few ms for decay
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Fig. 6. Intensity of electron emission from C−60 ions leaving at
t = 0 an oven at 1 300 K. The triangles give the results of a
calculation based on equations (3, A.2, A.3), with an energy
distribution normalised at t = 0 and with the decay parame-
ters discussed in Appendix A. The solid curve illustrates a 1/t
dependence and the dashed curve gives the intensity for decay
in thermal equilibrium at 1 300 K.

of C−60, and the temperature at the maximum becomes
Tm ≈ 1 300 K. The weight function multiplying g(Te, 0)
in the integral in equation (3) may be approximated by a
Gaussian, centred at Tm and with a width given by

σ =
(

d
dTm

ln k(Tm)
)−1

' Eb

kBG2
m

· (5)

If g(Te, 0) varies slowly with temperature, it may be taken
outside the integral and we then obtain

Ie(t) ' 1
t

Eb

kBG2
m

g(Tm, 0), (6)

where we have omitted a factor
√

2πe−1 ' 1. Since Gm

varies only slowly with time, the decay rate is nearly pro-
portional to t−1 [6,11,13,33].

It is interesting that the width of the region con-
tributing effectively to the decay rate is quite narrow,
2σ/Tm ' 2G−1

m < 10%, narrower by more than a fac-
tor of two than the width of a canonical distribution. This
suggests that thermionic emission may be used to select
an ensemble of molecules with quite well defined excita-
tion energy. The calculation shown in Figure 6 illustrates
that the canonical energy distribution is quite broad in
this context. The rate of electron emission has been cal-
culated for C−60 molecules leaving at time t = 0 an oven
at temperature 1 300 K. Owing to the depletion from the
high-energy side, the rate is highly non-exponential and
much closer to a 1/t distribution.

In view of the expected t−1 scaling, our observation
of a nearly exponential decay with lifetimes of the or-
der of a few milliseconds for fullerene anions stored in
ASTRID gave strong evidence for quenching of the elec-
tron emission by radiative cooling [11]. We first, as before,

treat the radiative cooling as a continuous process with-
out quantisation of the photon energy. The temperature
of the molecules is now a function of time but it is conve-
nient to keep their initial emission temperature Ti as the
variable in the distribution and to describe the radiative
cooling by a separate function, Te(Ti, t) [34]. The devel-
opment with time of this function and of the distribution
h(Ti, t) is then governed by two coupled equations,

− ∂

∂t
Te(Ti, t) = Ir(Te)/C

− ∂

∂t
h(Ti, t) = k(Te)h(Ti, t), (7)

with k given by equations (A.2, A.3) and with Ir(Te) de-
noting the radiation power. If it is proportional to some
power of the emission temperature,

Ir(Te) = CγTne , (8)

we obtain an analytical solution for the time dependence
of the emission temperature [4],

Te(Ti, t) =
(
T
−(n−1)
i + (n− 1)γt

) −1
n−1

. (9)

It is very instructive to consider the case n = 2, for which
the equations (7) have analytical solutions,

Te(Ti, t)−1 = T−1
i + γt

h(Ti, t) = h(Ti, 0)exp
(
−νe−Eb/kBTi(1− e−αt)/α

)
,

(10)

with α = γEb/kB. We now insert these formulas into the
analogue of equation (3),

Ie(t) =
∫

dTik(Te(Ti, t))h(Ti, t)

=
∫

dTiνe−Eb/kBTie−αt

× exp
(
−νe−Eb/kBTi(1− e−αt)/α

)
h(Ti, 0). (11)

After extraction of a factor α/(exp(αt) − 1), the inte-
gral has the same form as before, and the result can
be obtained from equations (4, 6) with the replacements
νt→ ν(1− e−αt)/α and t−1 → α/(eαt−1), i.e.,

Ti,m(t) =
Eb

kBGm
,

Ie(t) ' α

eαt − 1
Eb

kBG2
m

h(Ti,m, 0),

with Gm = ln
(
ν(1− e−αt)/α

)
. (12)

At short times the rate is unchanged, Ie ∝ t−1, but the
decay is quenched exponentially, Ie ∝ exp(−αt), after a
characteristic time τc = α−1. According to equation (8),
τc is given in terms of the cooling rate by the relation

τ−1
c = −G d

dt
lnTe. (13)

When the rapid depletion stops, the initial temperature
corresponding to the maximum of the weight function in
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Fig. 7. Decay rates for electron emission from C−60 (dashed)
and C2 emission from C60 (dotted) compared with the radia-
tion intensity obtained from the dielectric model (full). From
reference [26], Figure 7.

equation (11) approaches the value

Tc = Eb/GckB, (14)

where Gc = ln(ντc).
For higher powers n, for example n ' 6 as in the di-

electric model discussed in Appendix B, a similar result
is obtained, with a characteristic time determined from
equation (13) evaluated at t = τc and Te = Tc. This can be
understood qualitatively from the comparison in Figure 7
of the radiation intensity, as predicted from the dielec-
tric model, with the rate of electron emission according to
equation (A.2). The characteristic temperature Tc is close
to the crossing of the two curves [26], and cooling domi-
nates for T < Tc. This temperature is reached at t ∼ τc
when hotter molecules have decayed, and for t > τc the
rate of electron emission is reduced by cooling according
to equations (9, A.2). An approximate analytical extrap-
olation to the region t < τc was given in reference [11].
The most important difference from equation (12) is that
the function ln(Ie(t)) has a curvature for t� τc, which is
positive for n > 2 and increases with n. The measured cur-
vature of this function therefore gives information about
the temperature dependence of the radiation intensity.

4 Discrete model

In this section we describe simulations which include
the quantisation of the emitted radiation. Simulations
based on a master equations have a broad applicability
in physics [35]. The calculations described in the follow-
ing were based on methods we had developed in a different
context [36]. Similar simulations have been applied earlier
in the analysis of experiments involving radiative cooling
of molecules [16–20].

It is convenient for numerical evaluation to formulate
the description in discrete notation. We now again use

the emission temperature in equation (A.3) as the vari-
able and divide the temperature scale into intervals ∆T
with midpoint Tj. The distribution over Te at time t is
expressed as a vector {gj(t)}, where the element gj is the
number of molecules in the jth interval. The rate may
then in analogy to equation (3) be written as

Ie(t) =
∑
j

k(Tj)gj(t). (15)

The continuous cooling of the distribution is replaced by
probabilities Wijdt of transitions from Tj to Ti. The tran-
sition strengths are obtained from equation (B.1) with the
model cross-section σ(ω) ∝ ω2,

Wij ∝ (j − i)4

(
exp
[

(j − i)C∆T
kB(Tj − (j − i)∆T/2)

]
− 1

)−1

,

(16)

for Tj > Ti. The constant of proportionality is varied to
fit a measurement, and the resulting value of the radia-
tion intensity is the principal results of the experiment.
For emission of radiation Wij is zero for Ti > Tj, but
the formalism can also describe absorption of photons
with energy ~ω by inclusion of off-diagonal matrix ele-
ments for (i − j)C∆T = ~ω. A temperature dependence
of the absorption cross-section can be represented by a
j-dependence of the magnitude of this matrix element.

The matrix Aij(dt) which propagates the distribution
from t to t+ dt,

gi(t+ dt) =
∑
j

Aij(dt)gj(t), (17)

includes depletion in the diagonal,

Aij(dt) ={
Wijdt for i 6= j

1− (
∑
nWnj + k(Tj) + 1/τ) dt for i = j

. (18)

The three terms in the parenthesis represent radiative
cooling (and heating), thermionic emission, and electron
detachment in collisions with rest-gas molecules. We as-
sume the cross-section for the latter process to be in-
dependent of temperature (it is roughly geometric [37])
and τ is then the measured lifetime at long times, where
thermionic emission is negligible.

The main problem in the numerical evaluation is the
choice of the magnitude of the temperature interval ∆T .
With decreasing∆T , the size of the matrices increases and
the computing time increases rapidly. However, we have
found that usually∆T can be chosen as large as 20 K with-
out significant loss of accuracy. For a given value of ∆T ,
the basic time interval dt must be chosen small enough for
the diagonal elements to be close to unity in the relevant
temperature range. This, in contrast, represents no com-
putational problem because the propagator from t = 0 to
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a final time t can be evaluated by matrix multiplication
in geometric progression,

Aij(2ndt) =
∑
n

Ain(2n−1dt)Anj(2n−1dt),

n = 1, 2, 3, ... (19)

Only ten steps are required to calculate a propagator to
milliseconds when dt is of the order microseconds, and
reduction of dt by a factor of two adds only one extra
step.

The accuracy of the continuum approximation in
equation (7) depends on the magnitude of the photon en-
ergies. To estimate the accuracy, we consider the change
in the emission rate due to cooling alone. From equa-
tions (15, 17, 18) we find(

d
dt
Ie(t)

)
rad

=
∑
i,j

k(Ti) (Wijgj(t)−Wjigi(t))

=
∑
i,j

(k(Ti)− k(Tj))Wijgj(t). (20)

We expand the change in the rate constant to second order
in the temperature change Ti − Tj = −(j − i)∆T after
emission of a photon with energy C(j − i)∆T = ~ω,

k(Te − (j − i)∆T )− k(Te) ' −(j − i)∆Tk′(Te)

+ 1/2(j − i)2∆T 2k′′(Te), (21)

where k(Te) is given by equation (A.2). When only the
first-order term is retained we obtain from equation (20)(

d
dt
Ie(t)

)
rad

=
∑
j

−(Ir(Tj)/C)k′(Tj)gj(t), (22)

where Ir(Tj) is the radiation power at temperature Tj .
This formula is equivalent to the result obtained from
the continuum approximation (first lines in Eqs. (7, 11)).
The relative magnitude of the second-order term in equa-
tion (21) is therefore a measure of the deviation from the
continuum model, and the condition for applicability of
this model may be expressed as

~ω < 2(CTe)/G. (23)

For Te = 1 200 K, the right-hand side is about 1 eV. When
photon energies of this magnitude are important, the con-
tinuum description is not sufficiently accurate. The second
derivative of k is positive, and it is seen that the correction
term reduces the effect of radiation on the decay rate. Fits
to experiments with the continuum approximation for the
radiative cooling therefore lead to underestimates of the
radiation power. As indicated by equation (23), the error
is largest for the smaller fullerenes, and with the photon
energy spectrum predicted by the dielectric model the er-
ror varies from ∼ 30% for N = 36 to less than 10% for
N = 96. However, the error can be larger when discrete
emission lines are included, like the 1.15 eV line for C−60.

5 Results and discussion

We now present experimental results together with the
curves obtained from simulations, and typical examples
are shown in Figure 8. The initial distribution in temper-
ature was chosen as a Gaussian with maximum at 2 000 K
and a width ∼ 450 K, which was varied slightly (typically
within ±10%) to optimise the fit. The role of the width
parameter is to determine the fall-off of the distribution
towards low temperatures. The measured quantity which
depends on this fall-off is the ratio between the intensities
at short and at long times, since the rate of thermionic
emission at short times is proportional to the value of the
distribution at high temperatures while the rate of colli-
sional detachment dominating the yield at later times is
proportional to the integral of the (depleted) distribution.

The earliest part of the decay curve is determined by
depletion and should be close to a 1/t distribution, as dis-
cussed in Section 3. As mentioned in Section 2, we have
found it necessary to include a delay of typically a few
hundred microseconds in the ion source to reproduce the
observations in this depletion region by simulation. How-
ever, this does not have much influence on the derivation
of a radiation intensity from the measurements. In the
simulations, an electronic radiation intensity proportional
to T 6 was used, with the absolute power adjusted to fit
the experiments. The strength of the radiation is deter-
mined by the characteristic time scale for the decrease of
the neutrals yield by orders of magnitude below the 1/t
curve (see Fig. 2), according to equation (13). The sensi-
tivity of the calculated curves to the cooling power and to
its dependence on temperature is illustrated in Figures 9e
and 9f. We see that the high quality of the fits to exper-
iments in Figures 8 and 9 implies that the temperature
dependence of the radiation intensity is close to the sixth
power of T , as predicted by the dielectric model.

Figures 9a–9d show the results for the four magic
molecules [1] with N = 36, 50, 60, and 70. For N = 50
and 60 the cooling is clearly slower than for the others,
but this is not the case for N = 36 and 70 (see also
Fig. 10). This observation correlates with the details of the
absorption spectrum discussed in Appendix B: among the
magic molecules, the HOMO-LUMO gap for the neutral
molecule is largest for C60 (∼ 1.7 eV), somewhat smaller
for C70 (∼ 1.3 eV) and for C50 (∼ 1 eV) [38], and prob-
ably smallest for C36 [39]. However, the strength of the
cooling does not follow this order since there is a strong
transition in the gap for the additional electron in the an-
ions of the first two molecules. The contribution to radia-
tive cooling from this electron should be largest for C−70,
where the transition energy is lowest. It may also play a
role that there are more infrared-active vibrations for this
molecule [26].

The cooling powers obtained from fits to measure-
ments of the type illustrated in Figures 8 and 9 are shown
in Figure 10. The first observation is that nearly all the
points agree with the model prediction within a factor of
two. The experimental points scatter around the predic-
tion but appear to be systematically higher for large N . A
main source of error in the experiments is the uncertainty
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Fig. 8. Typical time spec-
tra of the neutrals yield from
stored non-magic fullerene an-
ions, compared with simula-
tions. The radiation power was
varied to fit the experiments,
and the results are given in Fig-
ure 10.

of the electron affinity Eb. With the assumption that the
radiation intensity scales as the 6th power of T , the in-
tensity derived from the analysis is proportional to E−5

b .
A typical uncertainty of 5% on the electron affinity there-
fore leads to 25% uncertainty in the radiation intensity.
This dependence is illustrated by the alternative analy-
sis for a few fullerenes with the electron affinity reduced
by ∼ 10%, as discussed in Section 3. The pre-exponential
factor ν in equation (A.2) is a less important parameter
because it only enters the formula for the temperature
inside a logarithm (Eq. (14)). Thus a change of ν by a
factor of two leads to changes of only about 10% in the
radiation intensities in Figure 10. The uncertainty from
experimental sources of error can be estimated from the
reproducibility of the results. Many of the spectra have

been recorded several times under different experimental
conditions. Typically, the derived cooling power does not
vary by more than about 10% but differences as large as
25% have been obtained in a few cases. Altogether, the
uncertainties should not be larger than 30–50%.

For hot C−60 molecules, the single-electron transi-
tion at 1.15 eV dominates the absorption below about
1.5 eV [38,40–43], and this line should therefore also
dominate the radiation intensity. In an alternative anal-
ysis, we have simulated the measured decay spectrum in
Figure 9c with a heat radiation composed of two lines, one
at 1.15 eV and the other at 0.25 eV, and with a temper-
ature dependence given by equation (B.1). From the fit
to the measurement we obtain line intensities of 400 eV/s
and 60 eV/s at 1 500 K. As shown in Appendix C, the
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Fig. 9. As Figure 8 but for the
magic fullerene anions C−N , N =
36, 50, 60, and 70. The two lower
curves illustrate the sensitivity
of the simulations to a variation
of the cooling power and its tem-
perature dependence.

Fig. 10. Radiation intensity at 1 400 K for fullerene anions C−N , derived
from fits to the measurements as illustrated in Figures 8 and 9. The results
are compared with the prediction from a classical dielectric model [26]. The
different symbols correspond to different values of the electron affinity. For
C60 and C70 an electron affinity of 2.67 eV was used, and for all the other
fullerenes 3.15 eV. The stars indicate radiation intensities derived with the
alternative value of 2.85 eV.
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Fig. 11. Measurements for C−60

ions in ASTRID irradiated with
a Nd:YAG laser. In Figure 11a
the laser was switched on 0.2 s af-
ter beam injection into the ring,
and the laser beam was blocked
after 0.9 s, and in Figure 11b
the laser was on from 2.0 s to
2.45 s after injection. The solid
lines represent simulations with
the temperature dependent ab-
sorption cross-section illustrated
in Figure 11c, which also shows
the temperature distributions of
the stored molecules at the times
of laser on-set. The laser beam
does not illuminate the ions uni-
formly, as the measurement in
Figure 11d illustrates. Here the
laser beam was on all the time,
and the data are fitted well for
overlap with 50% of the ions. Fig-
ure 11f shows the temperature
distribution as a function of time
in the simulation producing the
fit to the measurement in Fig-
ure 11e.

intensity of the upper line is about a factor of two
higher than estimated from the measured absorption
strength [40–43]. The low-energy radiation is nearly two
orders of magnitude stronger than the calculated contri-
bution from vibrations [26]. A similar result is obtained
for C−70 where the single-electron line at 0.9 eV dominates
the absorption below about 1.3 eV [38,44]. The measured
decay curve is reproduced with two lines at 0.9 eV and
0.25 eV with intensities of 650 eV/s and 210 eV/s at
1 500 K. The prediction from the measured absorption
strength at 0.9 eV is estimated in Appendix C to be about
400 eV/s, and the calculated intensity from infrared-active
vibrations is less than 10 eV/s [26].

5.1 CW-laser experiments

For a stored C−60 beam, the molecules can be heated by
absorption of 1.16 eV photons from a Nd:YAG laser.
Figure 11 shows the results of measurements of this type
at ASTRID. In the first two cases, the laser was turned
on after the signal from thermionic emission had been
quenched by radiative cooling and at different time de-
lays after injection of the ion beam. The thermionic emis-
sion is then regenerated, and after a short time a nearly
stationary situation is established with an equilibrium
between heating and cooling. When the laser is turned
off, the neutrals yield again falls rapidly to the level
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corresponding to collisional detachment alone. As illus-
trated by the curve in Figure 11a, the simulation can de-
scribe also this situation, with the cooling parameters de-
termined by a fit to the experiment without laser heating.
This gives important support to the interpretation of our
electron emission measurements in terms of radiative cool-
ing.

Laser heating at long delays after ion injection gives in-
formation about the dynamics at lower temperatures that
cannot be obtained from the simple lifetime experiments.
In order to fit the measurement in Figure 11b with the
same parameters it is seen to be necessary to include a
temperature dependence of the photon-absorption cross-
section, as illustrated in Figure 11c. Such a dependence
is expected since the laser frequency is very close to the
centre of the absorption line of the additional electron
in C−60 and this line is strongly broadened at high tem-
peratures [38]. If the integral of the line is constant, the
absorption at the centre is weaker at high temperatures.
With the curve shown in Figure 11c the measurement is
reproduced but we do not have sufficient data to establish
the shape of the curve in detail. In the analysis of measure-
ments extending to several seconds after beam injection it
is important to include the reduction of the heat capac-
ity at low temperatures (Fig. 5) and also the vibrational
cooling (see Appendix B).

Figure 11d shows a fit to the measurement with the
laser on all the time, illustrated also in Figure 3. With
a constant and uniform laser illumination, an equilibrium
distribution in temperature should be approached, and
the signal should decrease exponentially. The deviation
at long times from exponential decay therefore indicates
an incomplete overlap of the laser beam with the beam
of stored ions. The three calculations shown in Figure 11d
correspond to the same power absorbed at short times but
by different fractions of the ions. The experimental results
are reproduced when about half of the beam is unaffected
by the laser. The overlap was stable after alignment of the
two beams but varied somewhat between different series
of measurements. Of course the division of the ions into
fractions with zero and 100% overlap is a crude approx-
imation, but the experiment is not sensitive to details of
the laser intensity distribution.

A measurement with the laser beam on from 0.4 to
1.0 s and the corresponding simulation are illustrated in
Figures 11e and 11f. The distribution at 1.5 ms after ion
exit from the source corresponds approximately to the first
point on the measured yield curve, and the distribution
is cut off at ∼ 1 500 K by depletion due to thermionic
emission. Before the laser is turned on, the distribution
moves down in temperature due to radiative cooling and
it narrows owing to the strong decrease in cooling with de-
creasing temperature. In the calculation of the laser heat-
ing, the inhomogeneous overlap between the laser and ion
beams is represented by a separation of the beam into
two components with and without heating. Part of the
distribution therefore continues to cool down while an-
other part is reheated and reaches an equilibrium while
the laser is on.

Fig. 12. Measurement with C−60 stored in ELISA and exposed
to a 2 mJ laser pulse of 1.2 eV photons at 30.3 ms after injection
(4). The line through the triangles is a fit with the analytical
function given in reference [11]. The circles and the line through
these points are discussed in the text (see Eq. (25)).

5.2 Pulsed-laser experiments

The analysis of the experiment with the pulsed laser is
illustrated in Figure 12. The triangles show a spectrum for
stored C−60 ions, similar to Figure 9c except for the increase
in yield after irradiation with a laser pulse at 30.3 ms.
Each point in the spectrum corresponds to a sum over one
revolution time (see Fig. 4). The curve through the points
was obtained from simulation of a spectrum without a
laser pulse with the simple analytical expression given in
reference [11], with parameters values very close to those
given there. From this simulation we obtain the variation
with time of the internal temperature in the continuous-
cooling model (Eq. (9)). According to our interpretation,
the increase in the yield after 30.3 ms is due to heating
by absorption of a 1.2 eV photon. The ions which have
absorbed a photon should, so to speak, be translated back
in time to the moment when their internal energy was
larger by 1.2 eV.

We have checked the consistency of this description
by the following analysis: we assume that the number of
absorbed photons follows a Poisson distribution. Accord-
ingly, the yield in the five highest channels in a period at
time t (see Fig. 4), renormalised by a factor 3.8 to corre-
spond to the counts in a full revolution, was expressed as

Y (t) = (Y0(t) + aY0(t− δt1)

+ (a2/2)Y0(t− δt2) + ...)e−a, (24)

where Y0(t) is the decay curve without the laser pulse and
a is the probability for absorption of a single photon, while
−δtn is the shift back in time from 30.3 ms corresponding
to an increase of the internal energy by n×1.2 eV. If only
the first-order term is included, there are only two param-
eters in this expression, a and δt1. They can be determined
by the requirement that both the absolute magnitude of
Y (t) and its logarithmic slope should be reproduced. How-
ever, it is necessary also to include the second-order term
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in equation (24). The additional parameter δt2 was chosen
to give the correct ratio Y0(t− δt2)/Y0(t− δt1) according
to the Arrhenius expression in equation (A.2). Note that
it is only for this evaluation of the small second-order term
that the temperature development in equation (9), deter-
mined from the simulation, is used. The contribution from
absorption of three photons can be estimated in the same
way and it turns out to be negligible.

The analysis is illustrated in Figure 12. When only
absorption of up to two photons is included, we obtain
from equation (24)

(Y (t)− Y0(t)e−a)/a = (Y0(t− δt1)

+ (a/2)Y0(t− δt2))e−a. (25)

This equation expresses more directly the idea that the ad-
ditional yield after photon absorption corresponds to the
yield at earlier times. The circles in Figure 12 indicate val-
ues of the left hand side of equation (25), with a = 0.13
and plotted at t − δt1 with δt1 = 18.5 ms. The points
are compared with a curve representing the right hand
side of equation (25), and the values of a and δt1 have
been chosen to give optimal agreement with this curve.
For fixed δt1, the value of a can be chosen to bring the
average magnitude into agreement with the curve, and δt1
has been chosen to bring the slopes into agreement. For
larger values of δt1, the slope of the curve is too steep,
and for smaller values it is too flat. According to the tem-
perature evolution given by equation (9), δt1 = 18.5 ms
corresponds to a change in internal energy which is very
close to the photon energy of 1.2 eV, and this gives a
(nearly) independent confirmation of the cooling analysis.

6 Conclusions

Together with our earlier experimental and theoretical in-
vestigations of fullerenes [11,12,26,28], the measurements
presented here represent the most detailed study yet made
of radiative cooling rates for clusters. Ion storage rings
have turned out to be a unique tool for these investiga-
tions. The decay of cluster ions is easy to detect and can
be followed over five orders of magnitude in time. Already
in reference [11] it was established that the radiative cool-
ing of C60 at temperatures above ∼ 1 000 K is dominated
by electronic transitions. Similar results were obtained at
about the same time for smaller molecules for which the
radiation intensity could be calculated from known oscilla-
tor strengths of electronic transitions [20]. This approach
has also been used to predict the heat radiation from C60

on the basis of data for absorption by C60 in solution and
in solid films [27]. However, the absorption at low frequen-
cies is very different in the two phases and this leads to
differences by several orders of magnitude in predictions
of the radiation intensity below ∼ 2 000 K [26].

For the magic fullerenes C60 and C70 the HOMO-
LUMO gap is fairly large, and in the anions there is a
strong absorption line in the gap from a transition of the

additional electron. We have attempted to account for
the cooling rates for C−60 and C−70 by the emission from
this transition, calculated from absorption strengths mea-
sured for molecules in solution at room temperature. We
find that the oscillator strengths of the lines have to be
somewhat larger than the measured ones. Furthermore,
to reproduce the temperature dependence of the cool-
ing we must introduce emission at long wavelengths with
an intensity which is more than an order of magnitude
higher than that calculated for the infrared-active vibra-
tions. The strong radiation at long wavelengths is prob-
ably associated with vibronic transitions and it indicates
that at high temperatures there are efficient mechanisms
for transfer of electronic oscillator strength to low- energy
vibrational excitations.

These comparisons give a further illustration of the
difficulties involved in basing estimates of radiation in-
tensities on measured absorption cross-sections. The main
problem is that the absorption has been measured in so-
lution at low temperatures and it can be quite different
in the gas phase at the high temperatures where the heat
radiation is observed [28]. An alternative is to apply a di-
electric model of fullerenes, as developed in reference [26].
Here the distribution of oscillator strength at low frequen-
cies is determined as the tail of the plasmon resonances,
and one may expect such a distribution to be approached
at high temperatures, where the detailed quantum struc-
ture is washed out. The model reproduces the measured
radiative cooling of nearly all the investigated fullerene
anions to within a factor of two. This is quite a remark-
able result since one might have expected the radiation to
depend strongly on details of the low-energy spectrum of
electronic transitions at the fairly low temperatures cor-
responding to electron emission from anions [26].

Can the results be extrapolated to neutral and posi-
tively charged fullerenes? As for anions, the closed-shell
electronic structure is broken for positive ions, and the
model predictions are expected to have a similar accuracy.
For neutral molecules, the HOMO-LUMO gap is large and
this should lead to lower intensities of thermal radiation.
The observed slow cooling for C−50 gives an indication of
the magnitude of this reduction. Since neutral C60 and C70

molecules have larger HOMO-LUMO gaps than C50, the
intensity of thermal radiation from these molecules should
be very low in the temperature range of our measurements,
at least an order of magnitude lower than observed for
the anions. We therefore now believe that the apparent
good agreement [8,11] between our results for C−60 and
the estimate in reference [4] of radiation from neutral C60

molecules is fortuitous [26]. For the non-magic fullerenes
with smaller HOMO-LUMO gaps, the single additional
electron in the anions should be less important.

For both neutral and charged fullerenes, the accuracy
of the model should be better at the high temperatures
characteristic of C2 emission, since here a gap of about
1 eV has a very small influence on the radiation inten-
sity [26]. The model should therefore be useful for the
analysis of experiments on C2 evaporation, aiming at a de-
termination of the C2 binding energies [6–8]. The strong
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temperature dependence of the radiation intensity may
even be used to determine these binding energies from
the cooling of ions in a storage ring [32] since, according
to equation (14), the characteristic temperature for expo-
nential quenching of the decay rate is proportional to Eb.
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Appendix A

In this appendix we discuss briefly the description of sta-
tistical electron emission. A more detailed discussion is
given in reference [14]. With the assumption of a statisti-
cal equilibrium in the excited molecule and detailed bal-
ance symmetry between electron attachment and electron
emission, one obtains for the emission rate constant,

k(E) ' m

π2~3
〈σa〉Tf (kBTf)2 gf

gi

ρ(E −Eb)
ρ(E)

· (A.1)

Here m is the electron mass and Tf is the temperature of
the molecule after the emission. The average of the attach-
ment cross-section σa contains a weighting by the electron
kinetic energy and by a Boltzmann factor corresponding
to the temperature Tf . The quantities gf and gi are de-
generacy factors for the electron in the final and initial
states (gf = 2), and the last factor is the ratio of the vi-
brational level densities of the molecule in these states.
The frequency spectrum of vibrations is nearly the same
in the two states, and hence the level densities can be
represented by the same function ρ. We assume that the
energy barrier Eb is equal to the electron affinity of the
neutral molecule.

In order to express the rate constant in Arrhenius form,
we expand the logarithm of the level density around the
average energy E − Eb/2. Combining all the factors in
front of the level density ratio in equation (A.1) into a
frequency ν, we then obtain [14,31],

k(E) = νexp (−Eb/kBTe) , (A.2)

with an “emission temperature” given by

Te ' T −Eb/2C. (A.3)

Here T is the temperature before emission, and the
last term in equation (A.3) is the finite-heat-bath correc-
tion [45]. The most important parameter in equation (A.2)
is the electron affinity, which is known fairly well for the
fullerenes [15]. It depends only weakly on the number of
atoms and in the first analysis we have assumed the value
to be Eb = 3.15 eV for all the fullerenes, except for the
magic numbers N = 60 and 70 where accurate values of
Eb = 2.67 and 2.68 eV have been measured [46]. The

weaker binding of an additional electron in these cases is
connected to the high stability of the magic molecules.
According to Figure 3 in reference [15], the electron affin-
ity is also somewhat lower in the regions N = 36–40 and
62–68, and we have for these molecules used the value
Eb = 2.85 eV as an alternative (see also Ref. [47]). We
estimate the uncertainty of Eb to be about ±5% for most
of the other fullerenes.

According to equation (A.1), the factor ν is propor-
tional to the cross-section for attachment of low-energy
electrons. As discussed in reference [14], a cross-section of
60 Å2, with an uncertainty of about 50%, appears to be
a good approximation for C60. For the other fullerenes we
have scaled the cross-section with N . The degeneracy of
the LUMO level occupied by the additional electron has
been assumed to be gi = 6 for C60 and gi = 2 for the
other fullerenes [39]. With these parameters, we obtain
ν = 3 × 106(Tf [K])2 for emission from C−60. An uncer-
tainty of a factor of two in ν is not very important in the
analysis.

Appendix B

In this appendix we discuss briefly the thermal radiation
from fullerenes. A more detailed discussion is given in
references [14,26]. The interaction of fullerenes (mainly
C60) with radiation has been studied intensively since
their discovery. In fact, the early interest in C60 was partly
motivated by attempts to find the origin of absorption
bands observed in radiation from space. Absorption in
the visible and UV range has been studied mainly for
C60 and C70 in solution and for solid films but also for
these molecules in the gas phase. From detailed balance,
one finds that the intensity of radiation from an isolated
molecule with temperature T is related to the absorption
cross-section as a function of temperature and frequency
through

Ir(T ) =
~

π2c2

∫
dω ω3σ(T − ~ω/C, ω)

× [exp (~ω/kB(T − ~ω/2C))− 1]−1. (B.1)

The absorption cross-section σ includes a reduction
for stimulated emission, i.e., it is determined by the net
absorption, which is the quantity normally measured in
experiments. In the weight function, the temperature is
reduced by the correction for finite heat capacity, in anal-
ogy to equation (A.3) (see also Ref. [25]).

A few spectroscopic studies have been made of the
emission of radiation from very hot fullerenes and they in-
dicate that the emission is broad-band and quite similar to
black-body radiation [21]. At high temperatures where the
electronic degrees of freedom are not frozen, the radiation
is dominated by the electrons because of their small mass.
On the other hand, infrared emission from vibrations dom-
inates at low temperatures, where the Boltzmann factors
for electronic excitations become very small.

As argued in reference [11], our observation of cool-
ing of stored C−60 ions cannot be explained by infrared
emission from vibrations. The temperature range of our
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experiments, 1 000–1 500 K, is above the transition region
where thermal radiation of electronic origin sets in. This
transition has also been observed for smaller molecules,
where the radiation intensity could be calculated from
known oscillator strengths of electronic transitions [20].
A similar approach has been tried for the radiation from
C60 [27], but such calculations are of limited scope for the
fullerenes. The main reason is that there is strong electron-
electron correlation and also coupling of electronic and vi-
brational transitions, especially at high temperatures. The
electronic absorption of radiation is therefore not limited
to narrow lines corresponding to well defined transitions
between single- electron states, and the distribution of os-
cillator strength depends on the temperature [38,48]. In
reference [26] the thermal radiation was instead estimated
from a classical dielectric model of the electromagnetic re-
sponse of a fullerene molecule, and we have mainly com-
pared our measurements to predictions from this model.
Such calculations also have the advantage that they give a
general prediction for all the fullerene molecules. For most
of these there is little information available on the detailed
absorption spectrum.

The radiation power in equation (B.1) may be repre-
sented by the macroscopic black-body formula,

Ir = Sσ0a(T )T 4, (B.2)

where S is the surface area, σ0 = 3.54 ×
10−9 eV s−1 Å−2 K−4 is the Stefan-Boltzmann con-
stant, and the absorptivity a(T ) equals the absorption
cross-section σ(ω) divided by the geometrical cross-section
and averaged over the Planck spectrum of black-body
radiation (with the small corrections in Eq. (A.3) for the
finite heat capacity) [26]. The dielectric model predicts
σ(ω) ∝ ω2 for small ω, and this implies a(T ) ∝ T 2 and
Ir ∝ T 6. At 1 400 K the radiation intensity from a C60

molecule becomes Ir ≈ 300 eV/s and, with the scaling
of parameters suggested in reference [26], the intensity is
approximately proportional to the number of atoms N in
a fullerene molecule. The model predicts an intensity of
3.3× 104 eV/s for C60 at 3 000 K, a typical temperature
for C2 emission from fullerenes, and this is about 10%
higher than obtained with an exact T6 scaling from
1 400 K. For comparison, a value of Ir = 2−3× 104 eV/s
is obtained from the data in reference [6] for cationic
fullerenes (N < 60). To derive this estimate, we have
used a value G = 33 of the Gspann parameter and a
temperature corresponding to kBT = 0.3 eV, and we have
included the correction by a factor of three mentioned in
reference [34].

At not too high temperatures, the dielectric model is
expected to overestimate the thermal radiation due to the
presence of a HOMO-LUMO gap, which blocks the emis-
sion of low energy photons (Fig. 9 in Ref. [26]). In neutral
fullerene molecules, the gap is of order 1 eV but it varies
strongly with N [38,47]. The trend of the variation seems
to be that the gap is largest in the region N = 60–70. For
ions there are additional electronic transitions available
and the radiation is expected to be closer to the model
prediction. We shall especially consider the influence of

the additional electron in the anions of C50, C60, and C70.
The calculations in reference [39] predict that the lowest
transition energy for this electron is highest in C50, some-
what lower in C60, and very small in C70. For the latter
two molecules, the transition energies and strengths have
been determined in experiments [40–44], and the energies,
1.15 eV and 0.91 eV, follow the predicted trend. These two
lines, with a strong thermal broadening, have also been ob-
served for hot anions in a storage ring [38]. Spectroscopy
in the energy range 0.7 to 3 eV on stored C−50 ions did
not reveal any strong absorption line but only the typical
monotonic increase in absorption above ∼ 1 eV. This in-
dicates that the energy of the single-electron transition is
probably above ∼ 1.5 eV, where it may be hidden in the
strong absorption lines for the neutral molecule.

The thermal radiation from infrared-active vibrations
was also estimated in reference [26], with an upper limit
of about 10 eV/s at 1 500 K for the fullerenes with lower
symmetry. This is a low intensity compared to the ob-
served cooling power. However, vibrations can still play
an important role because of the strong coupling between
vibrational and electronic transitions, which is reflected in
the thermal broadening of electronic absorption lines [38,
48]. For example, vibrational transitions can “steal” oscil-
lator strength from electronic transitions [49]. Our obser-
vations of radiative cooling may give information on the
importance of such mechanisms. In the laser experiments
with C−60 the cooling at long times and fairly low temper-
atures is important and we have added to the electronic
radiation a vibrational contribution given by equation (44)
of reference [26].

Appendix C

In this appendix we estimate the intensities of thermal
radiation from the single additional electron in C−60 and
C−70, based on equation (B.1) and measurements of ab-
sorption [40–44]. For C−60 a line at 1 078 nm has been ob-
served, with extinction coefficient 12 000 (`/mol) cm−1. To
convert this into a molecular absorption cross-section σm,
we divide by Avogadro’s number and multiply by ln10,
and we obtain σm = 0.46 Å2. For the integration in equa-
tion (B.1) we need also the relative width of the absorp-
tion peak which appears to be about 5% FWHM [42].
However, there are strong vibronic side bands at shorter
wavelengths which increase the integrated cross-section by
about a factor of two.

We may argue that the side bands should be included
as additional oscillator strength at the unshifted line fre-
quency ω0: they appear because the equilibrium distance
between carbon atoms is slightly different in the excited
electronic state. In the sudden approximation, the proba-
bilities for vibrational excitation can be calculated as the
square of the matrix element of the shift operator δ(∂/∂x)
between the initial and final vibrational states, where δ is
the shift of the equilibrium value of the vibrational coordi-
nate x. The symmetry of the matrix element then implies
that the ratio of the probabilities for excitation and de-
excitation equals the Boltzmann factor giving the relative
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populations of the initial states for the two transitions.
Observations of absorption at high temperatures T have
confirmed this prediction of a skew line shape σ(T, ω),
fulfilling the relation σ(T, ω0 + ∆ω)/σ(T, ω0 − ∆ω) '
exp(~∆ω/kBT ) [38]. If we disregard the factor ω3 in equa-
tion (B.1) and also unity in the Planck factor, the inte-
gral becomes just the integrated cross-section multiplied
by the Boltzmann factor corresponding to frequency ω0.
Inclusion of the factor ω3 in the integrand gives a factor
close to ω3

0.
With an effective linewidth of 10% when the sidebands

are included, we obtain for the integrated cross-section,
~
∫
σdω = 0.053 eV Å2. The Planck factor is 7 290−1 at

1 500 K if the finite-heat-bath correction is omitted, and
this correction gives a reduction by a factor 0.78. We
must also take into account the polarisation of the sol-
vent with refractive index n ' 1.4, and this adds a factor
of 9n/(n2 + 2)2 = 0.79 to our estimate of Ir [28]. Finally,
we then arrive at an estimate of the radiation intensity in
equation (18), Ir ' 200 eV/s at 1 500 K, from the single-
electron transition at 1.15 eV in C−60.

A similar estimate can be made for C−70, based on the
measurement in reference [44] of absorption in solution.
The line is found to be close to 0.9 eV, with a maximum
extinction coefficient of 4 000 (`/mol) cm−1 and appar-
ently with a Lorentzian line shape with Γ/~ω0 ∼ 10%.
The Planck factor is 1 110−1 with an additional factor of
0.87 for the finite-heat-bath correction. We take the cor-
rection for refraction to be a factor 0.79 as above. We then
arrive at the estimate Ir ' 400 eV/s at 1 500 K from the
single-electron transition in C−70.

As discussed in Section 5, these estimates are some-
what lower than the radiation intensities needed to
reproduce the observed cooling. One possible explanation
is that, in addition to the effect associated with polari-
sation of the solvent, the surrounding solvent molecules
could influence the tail of the wave function of the sin-
gle additional electron in the fullerene anion and thereby
modify the oscillator strength of the transition. This could
be significant because of the drastic reduction in strength
of low-energy transitions due to screening by electron po-
larisation in the fullerene molecule. The effect of screen-
ing has been demonstrated both by comparisons of quan-
tum calculations with experiments [50] and in the devel-
opment of a classical dielectric model [26]. In the latter
calculations it was found necessary to introduce a spill-
out of a small part of the density of loosely bound elec-
trons in order to account for the measured absorption at
low energies. Similarly, the tail of the wave function for
the single electron is no doubt important. Such questions
could be resolved by measurements of absorption in gas-
phase molecules, for example with the method used in
reference [38], but it is difficult to obtain absolute cross-
sections.
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