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Abstract
We discuss the interpretation of delayed electron emission from excited clusters
as a statistical process analogous to thermionic emission from a hot filament. We
argue that transition state theory is not a good theoretical framework for electron
emission. Instead the calculation of emission rates may be based on detailed
balance and theoretical or experimental cross sections for electron capture,
but there can be large uncertainties in theoretical estimates of cross sections.
We emphasize the conceptual simplicity obtained with the introduction of the
microcanonical temperature. In experiments, the energy distribution is often
so broad that it is essential to account for its modification by depletion, which
for a very broad distribution leads to a decay rate inversely proportional to
time. Another complication is photon emission, and we present estimates of
the radiation intensity based on a simple model of a cluster as a sphere containing
a gas of free electrons.

In the analysis of experiments, we first discuss the information about cluster
dynamics obtained from studies of photoelectron spectra. However, we focus
mainly on a detailed analysis of measurement of the rate of delayed electron
emission and its dependence on the cluster excitation. Often the parameters of
a statistical description, derived from fits to measurements, have appeared to
be inconsistent with estimates from theory or from independent experiments.
We analyse a measurement of laser-induced electron emission from small Nb
clusters and find that inclusion of anharmonic effects in the heat capacity and,
even more important, of the competition by radiative decay leads to more
reasonable parameters in the statistical description than obtained from the
original analysis. The most detailed studies have been performed for fullerene
anions. For most of the measurements, radiative cooling is not significant, but
it is important to take into account the finite width of the energy distribution,
deriving from the initial heating in an oven. Measured cross sections for electron
attachment can be applied in lifetime calculations, and an improved analysis
leads to the conclusion that the experiments are consistent with the interpretation
of electron emission as thermionic emission.
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1. Introduction

Delayed electron emission has been established as an important decay channel for excited
clusters, both neutral and negatively charged [1]. Typically, the cluster is excited by absorption
of one or several photons in the visible or UV range. The initial excitation is then electronic,
either a single-electron transition or a plasmon excitation, which couples to single-electron
excitations on a femtosecond time scale [2–4]. If the excitation energy exceeds the threshold
for electron emission, this may happen on the same time scale by a direct coupling between
electronic states [5–7]. Alternatively, the energy may become dispersed over all the degrees
of freedom of the system through the coupling between electronic excitations and atomic
vibrations, typically on a time scale of picoseconds [2, 6]. Electron emission will then be a
much slower, statistical process. The mechanisms for electron emission can be distinguished
both by their very different time scales and by the energy spectra of the emitted electrons [6,7].
We focus in this review on delayed emission on a time scale of tens of nanoseconds or longer.

In the analysis of experiments on delayed electron emission, the crucial question is whether
the measurements are consistent with the assumption that all quantum states corresponding
to the given excitation energy are populated with the same probability. A full statistical
equilibrium includes also states with a free electron, and the detailed balance between emission
and absorption processes gives a relation between the emission rate and the cross section
for attachment. Comparisons between measurements and statistical calculations have shown
very large discrepancies [8, 9] which have been interpreted as evidence for breakdown of the
hypothesis of statistical equilibrium. It is the purpose of this review to examine critically both
the predictions from statistical theory and the analysis of measurements.

Delayed electron emission has been observed for many different types of molecules and
clusters [10, 11], but we consider here only results for the simplest type of cluster, consisting
of a single species of atoms. The dynamics of hot isolated clusters is usually dominated by
emission of monomers (and/or dimers), electrons and photons. In the macroscopic limit, the
level of excitation is specified by a thermodynamic temperature, and the main parameters in the
statistical description of the three processes are the evaporation enthalpy, the work function
and the emissivity (or absorptivity). Statistical emission of electrons from bulk material is
denoted ‘thermionic emission’, and the rate is given by the Richardson–Dushman formula [12],
while the intensity of thermal radiation is given by the blackbody formula, multiplied by
an average absorptivity. For an excited cluster the three processes are in competition, and
electron emission dominates over evaporation when the atomic binding is much stronger
than the electron binding [13]. Partly for this reason, the most detailed studies of delayed
electron emission from clusters have been made for refractory metals [8, 14–19] and for
fullerenes [7, 9, 20–34].

An important quantity to consider when comparing emission of particles from a cluster to
the corresponding process for bulk material is the ratio of the wavelength of the particles to the
cluster radius. For an atom with 1 eV kinetic energy the reduced wavelength is a small fraction
of an Ångstrom. This implies that we may always picture emitted atoms as localized particles,
and there is little difference from evaporation from a bulk surface, except for a difference in
dissociation energy. For electrons with typical thermal energies, the reduced wavelength is
comparable to the radius of a small cluster, and the quantization of angular momentum can
therefore be important for electron emission from clusters. For a 1 eV photon, the reduced
wavelength is much larger than the radius of even quite large clusters containing thousands
of atoms, and the confinement of the cluster electrons to a volume with an extension small
compared with the wavelength of the electromagnetic radiation has a profound influence on the
physics of absorption and emission. Strong collective electron oscillations (surface plasmons)
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can be excited by the radiation field, which may be considered constant over the cluster, just
as for absorption by a single atom (the dipole approximation).

In the description of cluster dynamics there are many interesting and useful analogies to
nuclear physics [35–40]. Thus the surface plasmon is analogous to the giant dipole resonance in
nuclei, where a collective motion of the protons relative to the neutrons is excited [41,42]. The
statistical model is the Bohr compound nucleus [43], with loss of memory of initial conditions
and with decay rates determined by statistical factors. As discussed by Bohr and Wheeler [44],
the description of the fission process is very similar to the transition state theory of unimolecular
chemical reactions, with a potential barrier as a function of a reaction coordinate and with a rate
expressed in terms of the number of quantum states at the saddle point of the fission barrier.
They also showed that neutron emission can be expressed in the same way, with a barrier
equal to the neutron binding energy. The transition state was specified as a neutron moving
away from the nucleus just outside the nuclear surface, combined with a quantum state of the
residual nucleus. However, they warned that the condition for application of the transition state
method, that the reduced wavelength be smaller than the nuclear radius, may not always be
fulfilled for neutrons, which are much lighter than fission fragments. Electron emission from
clusters is in this respect analogous to neutron emission from nuclei. In a careful discussion
of the application of the transition state concept to molecular reactions [45], Wigner listed
as a further condition that all systems crossing the potential barrier react. To be emitted or
attached, an electron must usually exchange energy with atomic vibrations and, owing to the
large mass difference between electrons and atoms, the probability can be quite small for such
exchanges. We conclude that, in general, transition state theory is not a good framework for
the description. Instead we shall adopt Weisskopf’s more general formalism based on detailed
balance (or reciprocity). Here, the emission rate is expressed in terms of the cross section for
attachment of an electron [46]. This cross section may be estimated theoretically [47], and
if both the attachment cross section and the emission rate have been measured, the detailed
balance relation can be used to check the assumption of statistical equilibrium.

In a statistical equilibrium, the decay rate is proportional to the ratio of the level densities
in the final and initial states, and we apply a thermodynamic description similar to Klots’
finite-heat-bath theory [48, 49] to evaluate this ratio. However, we emphasize the use of
the microcanonical temperature in the description. As argued in detail in [50], this is the
appropriate temperature concept for a small isolated system (see also [46]). For decay of small
systems, the temperatures in the initial and final states can be quite different, and the ratio of
level densities takes the form of a Boltzmann factor with an effective decay temperature close
to the average of the two values. For the distribution in kinetic energy of the emitted electrons,
the final temperature is shown to be the appropriate parameter [46].

In an experiment, the emission rate is deduced from the time dependence of the yield.
Ideally, this dependence is exponential with a rate constant given by the statistical formula.
However, a number of effects may distort this simple picture. We shall mainly discuss two
effects which are related to the distribution in internal energy of the clusters: firstly, the
distribution can have a substantial width, which can derive either from the production in a
source or from a spread in the subsequent excitation. This distribution is then modified by
the decay because the clusters with the highest energies have the shortest lifetimes, and if
the distribution is broad, the exponential decay is replaced by a yield inversely proportional to
time [51]. Secondly, the energy distribution may be modified by photon emission. Blackbody-
like spectra of thermal radiation have been observed both for refractory metals [52, 53] and
for fullerenes [54], and the quenching of electron emission by radiative cooling has been
studied for fullerene anions in a storage ring [55, 56]. Via detailed balance, the intensity of
thermal radiation can be estimated from a dielectric description of light absorption by small
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particles [57], which has been studied extensively for metal clusters [58, 59]. For fullerenes,
the intensity has been calculated from a dielectric model which reproduces the main features
of absorption experiments [60], and the calculations reproduce measurements rather well [61].

In the following we first review the theoretical description of thermionic emission. Then we
discuss the analysis of experiments and begin with a brief account of measured electron energy
spectra [6,16–19,23]. The results illustrate clearly the distinction between direct emission and
delayed, statistical emission. They also show that, on very short time scales, the competition
between the various mechanisms can depend strongly on the method of excitation, for example
on the wavelength and duration of a laser pulse [6]. We concentrate on studies of the time de-
pendence of the decay. Among the many measurements on refractory metals we have selected a
particularly informative experiment on small Nb clusters for detailed analysis [8]. The original
analysis of the measured lifetime versus excitation energy showed large deviations from ex-
pectations based on a statistical description, thus indicating perhaps a failure of the assumption
of a complete statistical equilibrium [1, 30]. However, an estimate of the intensity of thermal
radiation indicates that competition by photon emission could play an important role and, in
addition, there may be significant effects of anharmonicity on the vibrational heat capacity.

The other example chosen for detailed analysis is the delayed electron emission from
fullerene anions [9,24–32,34]. They offer a unique possibility to test the equilibrium hypothesis
because both electron capture cross sections and decay rates have been measured. The intensity
of thermal photon emission has also been studied in detail for these ions [55, 56, 61]. In most
experiments the anions were produced with a fairly large spread in internal energy, and we
find that previously reported strong deviations from a statistical description most likely have
been caused by insufficient consideration of this aspect. When the finite width of the energy
distributions is taken into account, the rate of electron emission after capture by a neutral C60

molecule is in excellent agreement with the detailed balance relation and hence confirms the
interpretation of the decay as thermionic emission. The rates of emission from the few other
fullerene anions studied also appear to be in accord with detailed balance. An experiment
on electron emission after laser excitation of cold C−

60 ions has very recently confirmed these
conclusions [62].

2. Statistical description of electron emission

With the assumption that all states compatible with conservation of energy and angular
momentum are populated with equal probability, a simple description is obtained which is
known in nuclear physics as Bohr’s compound nucleus model [43]. As discussed in the
introduction, transition state theory does not seem useful for electron emission from clusters,
and instead the formalism developed by Weisskopf for particle emission from nuclei offers
a natural framework [46, 47]. The relation between the two descriptions is discussed in the
appendix (see also [63, 64]).

2.1. Detailed balance

For particle emission from a cluster in statistical equilibrium, the decay rate is related to the
reverse process of particle absorption via detailed balance, i.e. the equality of rates of transitions
back and forth between any two quantum states [65]. To obtain rate constants k one sums these
transition rates over final states and introduces an appropriate average over initial states. If the
number of available states is represented by the level density ρ, the resulting statistical balance
may be expressed as

kdecayρparent = kf ormationρproducts . (1)
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The role of angular momentum conservation in the process requires special attention (see
also the discussions in [46, 66]). For a cluster, most of the angular momentum is usually
tied up in collective rotation. The moment of inertia is large and the spacing of rotational
energy levels hence very small. Transfer of a significant angular momentum from rotation
to internal excitation (vibrational or electronic) is then improbable because excitation of an
internal state with large angular momentum must take out a considerable amount of energy
from the vibrational heat bath. Thus we may assume the internal and the rotational energy to
be separately conserved for an isolated cluster.

Electron attachment or emission leads to only small changes in angular momentum or
moment of inertia of a cluster, and the rotational energy is therefore nearly unchanged.
Furthermore, the transition probabilities are virtually independent of the rotational state. This
may be seen, for example, from an expression for the transition rate as a sum over final states
of the square of the matrix element of a transition operator. The function expressing energy
conservation should have a finite width corresponding to the reaction time, and owing to
the very small spacing of rotational levels one may therefore sum freely over the few final
rotational states which give a non-vanishing contribution. Applying closure, one then finds
that the rotational quantum numbers disappear from the expression and only an average over
the initial orientation of the cluster remains. The rotational degrees of freedom are spectators,
and the level densities in equation (1) may be taken to refer to vibrational and electronic states
of the cluster only, for fixed internal excitation energy.

On the right-hand side of equation (1), there is a contribution to ρ from the emitted or
captured electron, and at first we also specify the energy ε of this electron. The level density
is then a product of the level density of the daughter and the number of states within a small
energy interval dε for a free electron, which we imagine to be enclosed in a volume V . The
rate of attachment for an electron is equal to its velocity multiplied by its spatial density, V −1,
and by the capture cross section, σc(ε), and from equation (1) one obtains for the rate constant
for emission of electrons in the energy interval dε [62, 67–71] (see also the appendix),

k(E, ε) dε = 2m

π2h̄3 σc(ε)ε
ρd(E − Eb − ε)

ρp(E)
dε. (2)

Here m is the electron mass and the parent and daughter level densities have indices p and d.
The internal excitation energy of the parent is E while Eb is the electron binding. The formula
contains an explicit spin degeneracy factor of two for the emitted electron while the electronic
degeneracies of the parent and daughter are included in the level densities.

We assume that the electron energy ε in equation (2) is a small fraction of the total energy
so that lnρd(E−Eb−ε) may be expanded to first order in ε. In this expansion we introduce the
microcanonical temperature Td of the daughter at energy E−Eb. A microcanonical ensemble
is the ensemble representing a system in statistical equilibrium at well defined energy, and for
a system at excitation energy E with level density ρ(E) the microcanonical temperature is
defined by

1

kBTm

= d

dE
ln ρ(E), (3)

where kB is Boltzmann’s constant. The expression in equation (2) now takes the form

k(E, ε) dε = 2m

π2h̄3

ρd(E − Eb)

ρp(E)
σc(ε)εe−ε/kBTd dε, (4)

and integrating over ε we obtain for the total emission rate constant

k(E) = ν
ρd(E − Eb)

ρp(E)
, (5)
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where

ν � 2mk2
B

π2h̄3 σcT
2
d . (6)

In the expression for the frequency ν, the cross section is averaged over a thermal energy
distribution at the microcanonical temperature Td ,

σc =
∫ ∞

0
dε εe−ε/kBTd σc(ε)

/∫ ∞

0
dε εe−ε/kBTd . (7)

For a bulk surface, similar arguments based on detailed balance lead to the Richardson–
Dushman formula for the rate Ie of electron emission per unit area of a surface at temperature
T [12],

Ie = mk2
B

2π2h̄3 (1 − R)T 2 exp

(−W

kBT

)
, (8)

whereW is the work function andR is a reflection coefficient for incident low-energy electrons.
This formula corresponds to equations (5) and (6), with the ratio of level densities replaced
by a Boltzmann factor, as discussed in section 3, and with 4σc replaced by (1 − R) times the
unit surface area. In statistical equilibrium, the current of emitted electrons is balanced by the
captured fraction, 1 − R, of the inward current. The factor of four is most easily understood
for a spherical emitter, for which it may be interpreted as the ratio between the surface area,
relevant for emission, and the geometrical cross section for capture.

2.2. Capture cross section

In the description based on detailed balance, the information on the dynamics of the emission
process is contained in the capture cross section, σc(ε), and we discuss simple theoretical
estimates which are relevant for the experiments to be analysed. Introducing the angular-
momentum quantum number l of the incident electron, we may express the capture cross
section as a sum over the corresponding partial cross sections [47, 65],

σc(ε) = πλ� 2
lmax∑
l=0

(2l + 1)T (l, ε), (9)

where λ� is the reduced de Broglie wavelength. As discussed in [65], this expression can
be given a pictorial interpretation: the angular momentum lh̄ may be associated with an
impact parameter range from lλ� to (l + 1)λ� and the corresponding classical cross section is
πλ� 2(2l + 1). The transmission factor T (l, ε) can never exceed unity and may be thought
of as a sticking probability, and lmax is an effective cut-off beyond which this probability
is small. For application of a classical model it is required that lmax be large. For a first
estimate, we may use the geometrical cross section, which for a cluster with N atoms and
with a typical atomic volume of 20 Å3 is of order πr2

N ∼ 9N2/3 Å2. The (classical) l value
corresponding to impact parameter rN decreases with decreasing energy, and it becomes equal
to unity at ε = (e2/2a0)(a0/rN)

2, where e is the elementary charge and a0 the Bohr radius of
hydrogen (Gaussian units). Since this energy typically is of the same order as kBTd , the lowest
few angular momenta may dominate the averaged cross section in equation (7) and angular
momentum selection rules can therefore be important. With the geometrical cross section and
kBTd ∼ 0.2 eV, we obtain from equation (6) a frequency factor ν of order 1013–1014 s−1 for
small clusters, N < 100.

The cross section may be enhanced by attraction between the electron and the cluster
[47, 72, 73]. The enhancement by the Coulomb force in the formation of a neutral cluster can



Thermionic emission from clusters R7

easily be evaluated in a classical model. For an electron with impact parameter q, the angular
momentum barrier at distance r from the centre of attraction amounts to εq2/r2 and adding to
this the electrostatic potential −e2/r from a spherically symmetric charge distribution on the
cluster, we obtain the effective potential for the radial motion. We assume that the electron
has to get very close to the cluster to lose sufficient energy to get captured into a bound orbit,
and the cross section may then be expressed in terms of the impact parameter qc at which the
electron reaches a minimum distance rN ,

πq2
c =

(
1 +

e2

rNε

)
πr2

N. (10)

The enhancement over the geometrical cross section is typically an order of magnitude. We
may then ignore unity in the parentheses and obtain as the condition for a classical description
lmax = (2rN/a0)

1/2 > 1. This condition is energy independent and is always fulfilled. For the
averaged cross section in equation (7) we then have

σc � πr2
N

e2

kBTdrN
. (11)

A somewhat weaker enhancement is expected for attachment to a neutral cluster due to
attraction of the electron by the induced dipole moment [47,74–76]. The interaction potential
is at large distances −αe2/2r4, where α is the polarizability. The effective potential for the
radial motion then has a maximum, and with the asymptotic form of the interaction potential
the impact parameter below which the energy exceeds this maximum is given by

qc = (2αe2/ε)1/4. (12)

For q < qc, the electron spirals inwards until it hits the cluster surface. The cross section is
then independent of the cluster radius and proportional to ε−1/2, and the thermal average in
equation (7) becomes the Langevin cross section,

σc = π
(
παe2/(2kBTd)

)1/2
. (13)

This picture breaks down at high energies where qc becomes comparable to rN but this is
usually not important for thermal electrons. On the other hand, the classical calculation may
not be justified for such electrons since the l value corresponding to the impact parameter in
equation (12) is not much larger than unity for ε ∼ kBTd and α ∼ r3

N . However, one obtains
nearly the same result from a quantal calculation when the asymptotic condition for small r
corresponds to the presence of a sink at r = 0 (ingoing-wave approximation) [74].

These cross sections may be strongly reduced due to low sticking probabilities T (l, ε) in
equation (9), even for low l values. The electron must lose sufficient energy in the collision to
become bound and since it is much lighter than an atom, it may scatter elastically with a large
probability. An electron reflected at the cluster surface at energy ε′ transfers a momentum of
order h̄k = 2(2mε′)1/2 to an atom. If the atom is bound in an oscillator with frequency ω, the
probability Pexc for excitation of the oscillator is then given by the small difference between
unity and the absolute square of the expectation value of exp(ikx), and for the ground state we
obtain

Pexc � ε′

h̄ω

4m

M
, (14)

where M is the atomic mass. This result equals the ratio between the maximum energy transfer
to a free atom and the quantum of excitation of the oscillator, h̄ω. The order of magnitude of
the excitation probability is Pexc ∼ 10−3–10−4 for ε′ ∼1 eV.

The dynamics of attachment or emission of electrons depends also on the availability of
bound electron states and, as is well known from atomic spectroscopy [77], charged and neutral
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clusters are very different in this respect. For a positive ion, there is an infinite number of
Rydberg states in the Coulomb potential, whereas the potential from a neutral atom or cluster
may barely accommodate a single bound state. Nevertheless, the existence of such a state may
be crucial for the attachment probability near zero energy, as has been suggested for electron
attachment to C60, for example [78, 79].

The simple estimate in equation (14) indicates that the cross section can be much smaller
than given by equation (11) or (13). However, the interaction of an electron with a cluster
is complex; there can be many pathways for excitation, and there is a large uncertainty in
theoretical estimates [80–82]. This implies that, contrary to the suggestion in [47], for example,
a comparison of observed rates of electron emission with values calculated on the basis of
theoretical attachment cross sections does not in general provide a reliable answer to the
question whether or not the electron emission is thermionic in character.

3. Microcanonical temperature and finite-heat-bath correction

In equation (3) we have introduced the microcanonical temperature Tm of a system with
excitation energy E. This is the appropriate temperature concept even when the clusters
emerge from an oven with well defined thermodynamic temperature. Inside the oven, the
canonical energy distribution is maintained by rapid energy exchange with gas molecules or
with the walls, but outside the oven the clusters are isolated and the energy of individual clusters
is the conserved quantity. As suggested by Bohr and Heisenberg, energy and thermodynamic
temperature may be regarded as complementary quantities in classical physics, with a relation
analogous to Heisenberg’s uncertainty relation between position and momentum [83].

In order to evaluate the relation between energy and microcanonical temperature explicitly,
it is useful to observe that equation (3) also expresses the relation between the thermodynamic
temperature and the most probable energy of a canonical distribution [46, 50]. Owing to a
slight skewness of the canonical distribution, there is a small difference between this peak
value E at thermodynamic temperature Tm and the average energy, Ē(Tm),

E � Ē(Tm) − kBTm. (15)

The average energy of a canonical distribution is often easy to evaluate, for example for a
system of harmonic oscillators. Equation (15) may also be expressed as a relation between the
microcanonical and canonical heat capacities, Cm = Cc − kB .

As found in section 2.1 from a Taylor expansion, it is the temperature of the daughter
which determines the energy distribution of emitted particles. This was emphasized already
by Weisskopf [46]. We obtain a different temperature when we perform a similar Taylor
expansion to express the rate constant in equation (5) in Arrhenius form,

k(E) = ν exp

(−Eb

kBTe

)
, (16)

with an effective emission temperature Te. For electron emission, the vibrational level densities
of the parent and daughter clusters are very similar, and when a difference in electronic
degeneracy is included in ν we may therefore represent the level densities by a single functionρ.
When the Taylor expansion of the logarithm of the level density is performed around the
midpoint of the energy interval from E − Eb to E, the terms of even order vanish for the
ratio in equation (5). Assuming that the heat capacity Cm can be considered constant in the
differentiations, we then obtain to fourth order
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ln

(
ρ(E − Eb)

ρ(E)

)
� −Eb

d

dE
ln ρ (E − Eb/2) − 1

24
E3

b

d3

dE3 ln ρ (E − Eb/2)

� −Eb

kB(Tm − Eb/2Cm)

(
1 +

E2
b

12C2
m(Tm − Eb/2Cm)2

)
, (17)

where Tm is the microcanonical temperature before emission. To second order in Eb/2CmTm,
the emission temperature in equation (16) is therefore given by

Te � Tm − Eb

2Cm

− E2
b

12C2
mTm

. (18)

Related ideas were expressed in Weisskopf’s discussion of the statistics of neutron
emission from a compound nucleus [46], but instead of introducing an effective decay
temperature he chose to keep the initial temperature Tm in equation (16) and introduce an
effective binding energy E∗

b . Formulae very similar to equations (16)–(18) are central to
Klots’ finite-heat-bath theory, and the first-order term in equation (18), equal to half the
difference in temperature between parent and daughter, is usually called the finite-heat-bath
correction [48, 49]. However, Klots does not introduce the concept of a microcanonical
temperature but represents a system with well defined energy by a canonical ensemble with the
same decay constant. The ‘isokinetic temperature’ of this ensemble then corresponds to the
emission temperature Te in equation (16). In our opinion, the above description is conceptually
simpler and more transparent.

4. Depletion and 1/t law

We now consider an ensemble with energy distribution g(E, t) at time t . The total emission
rate I (t) is given in terms of the rate constant k(E) by

I (t) =
∫

dE k(E)g(E, t). (19)

Concerning the time dependence of the distribution there is an important distinction between
two limiting cases: if the clusters are in contact with a heat reservoir at temperature T , with
many energy exchanges on the time scale of the decay, the distribution in energy remains
canonical, g(E, t) ∝ ρ(E) exp(−E/kBT ), and the function g(E, t) separates into a product
of this canonical energy distribution and a function of time. The emission rate is minus the time
derivative of the integrated distribution, and inserting equation (5) with an energy independent
factor ν into equation (19) we find that the time dependence is exponential with a rate constant
of Arrhenius form (equation (16) with Te = T ). This result is so well known that it is often
applied also for ensembles of isolated clusters. However, if all interactions with other clusters
and with the surroundings can be ignored, including emission and absorption of radiation,
the excitation energy E is conserved and the clusters decay individually according to the
radioactive decay law with rate constant k(E). The decay then leads to a change in shape of
the distribution g(E, t) and the expression for the intensity becomes

I (t) =
∫

dE k(E)g(E, 0) exp(−k(E)t). (20)

Exponential decay is now obtained only for a very narrow energy distribution. If the initial
distribution is broad compared with the weight function k(E) exp(−k(E)t), it can be extracted
from the integral. The weight function is strongly peaked at an energy corresponding to
k(E) = 1/t . From a Gaussian approximation to the integrand around the maximum one
finds that the peak width varies slowly with time, and hence the integral scales with time
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Figure 1. Intensity of electron emission from C−
60 ions leaving an oven at 1300 K at t = 0. The

triangles give the results of a calculation based on equations (16), (18) and (20), with only the
first-order finite-heat-bath correction included. The initial distribution in excitation energy of the
ions is normalized, and decay parameters are discussed in section 8.2. The solid curve illustrates
a 1/t dependence and the dashed curve gives the decay rate in thermal equilibrium at 1300 K.

approximately as 1/t . This argument has often been used in the statistical analysis of
experiments, and recently the 1/t dependence has been measured directly for clusters and
molecules in a storage ring, where the decay can be followed over several orders of magnitude
in time [51].

We illustrate the non-exponential decay by a thought experiment. In figure 1 is shown
the decay as a function of time of a beam of C−

60 ions emerging at t = 0 from an oven at
temperature T = 1300 K. The decay by electron emission was evaluated from equations (16),
(18) and (20), with only the first-order finite-heat-bath correction included. The parameters for
the rate constant are given in section 8.2, and competing processes like emission of radiation
were ignored. The emission rate initially corresponds to decay in thermal equilibrium at 1300 K
but its time dependence is very different owing to the rapid depletion of the high-energy tail
of the distribution, which dominates the decay in thermal equilibrium. This depletion is
sometimes referred to as evaporative cooling2. The time dependence of the decay is much
closer to the 1/t law obtained for a very broad energy distribution. This law does not contain
any characteristic time and the apparent lifetime derived from observation within a narrow
time window can therefore be determined more by this time window than by the physical
parameters of the decay. On the other hand, the 1/t dependence can be a useful reference [51],
for example for the measurements of radiative cooling discussed below.

5. Photon emission

For small clusters, emission of a single photon usually gives a large change in the lifetime
for electron emission, and we may treat electromagnetic radiation as an alternative decay

2 In our opinion, the term ‘evaporative cooling’ should only be used for an ensemble of interacting systems, where the
high-energy tail is continuously repopulated. An example is cooling of individual clusters by successive dissociation
of monomers.
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channel. For large clusters, on the other hand, radiation can be treated as a continuous cooling
mechanism, which gradually quenches electron emission. Often it can be difficult to detect
the influence of radiation directly and one must rely on theoretical estimates. We shall derive
a simple estimate of the radiation intensity, based again on detailed balance.

5.1. Radiation from an isolated cluster

We wish to express the rate of spontaneous emission in terms of the cross section for absorption.
To this end we first apply the detailed balance, as given by equation (1), to relate the Einstein
coefficient Be(E, ω) for induced emission at frequency ω from a cluster at excitation energy
E to the absorption cross section σabs(E − h̄ω, ω) at the lower energy E − h̄ω,

h̄ωBe(E, ω) = cσabs(E − h̄ω, ω)ρ(E − h̄ω)/ρ(E). (21)

Here, c is the speed of light and the densities of states ρ(E − h̄ω) and ρ(E) account
for the degeneracy of the levels at energies E − h̄ω and E. To obtain the intensity of
spontaneous emission, we multiply the expression in equation (21) by the ratio between A

and Be coefficients. This ratio equals the energy per unit volume and unit frequency interval
when each mode in the radiation field is occupied by a single photon, i.e. A/Be = h̄ω3/(π2c3).
We therefore obtain for the radiation power per unit frequency interval,

Ir(E, ω) = h̄ω3

π2c2
σabs(E − h̄ω, ω)

ρ(E − h̄ω)

ρ(E)
. (22)

In an absorption experiment, one does not determine σabs but rather an effective cross section
σ , which is reduced owing to induced emission. Even more important, this cross section is
the quantity which fulfils sum rules independent of the initial excitation energy E − h̄ω; for
transitions between harmonic oscillator levels, for example in absorption of infrared radiation
by vibrations, it is even completely independent of the initial energy. It is therefore for σ rather
than for σabs that we shall derive an expression from a simple model. Applying detailed balance
once again, we obtain for the relation between the effective cross section and the absorption
cross section,

σ(E − h̄ω, ω) = σabs(E − h̄ω, ω) − σabs(E − 2h̄ω, ω)ρ(E − 2h̄ω)/ρ(E − h̄ω). (23)

For an ensemble described by a canonical distribution with a population proportional to
ρ(E) exp(−E/kBT ) integration over E leads to a very simple connection between the two
cross sections,

σabs(T , ω) = σ(T , ω)
1

1 − e−h̄ω/kBT
. (24)

Applying this relation, we find for the corresponding average of the expression in
equation (22) [60],

Ir(T , ω) = h̄ω3

π2c2
σ(T , ω)

1

exp(h̄ω/kBT ) − 1
. (25)

The difference between the Boltzmann factor and the Planck factor is important for photon
energies of the order of kBT or smaller.

We now return to the microcanonical ensemble relevant for isolated clusters. In the
expression for the radiation intensity in equation (22) we may approximate the ratio of level
densities by a Boltzmann factor, as discussed in section 3, and to first order we obtain the
emission temperature Tm − h̄ω/2Cm. We want again to introduce the effective cross section σ .
Since the difference between the two cross sections is important only for very small photon
energies, we may in the last term in equation (23) increase the energy argument by h̄ω in the
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cross section and expand the logarithm of the ratio of level densities around the value E−h̄ω/2
as before. This leads to an expression analogous to equation (25),

Ir(E, ω) � h̄ω3

π2c2
σ(E − h̄ω, ω)

1

exp(h̄ω/kB(Tm − h̄ω/2Cm)) − 1
. (26)

5.2. Dielectric model

For clusters decaying by thermionic emission on a micro- to millisecond time scale, the
temperature is so high that the radiation is usually dominated by electronic transitions. Most
of the oscillator strength resides in collective oscillations of electrons, and we shall represent
these by a simple dielectric model. A century ago, Mie solved the problem of the scattering and
absorption of electromagnetic radiation by a spherical object described by a dielectric function
ε(ω) [57]. The general formulae are quite complicated but they simplify when the radius of
the sphere is small compared with the reduced wavelength c/ω of the radiation. In this limit,
which is of interest here, the formulae may also be derived in a much simpler way [57 (section
5.2), 60]. For a sphere of radius rN one obtains the absorption cross section

σ(ω) = πr2
N

4ωrN
c

Im
ε(ω) − 1

ε(ω) + 2
, (27)

and this expression, which fulfils the sum rules [60], will be applied in equation (26). In
estimates of the radiation from clusters, based on Mie’s theory, the last factor in equation (27)
has often been assumed to be close to unity (see, for example, [15, equation (B1)]). We evaluate
this factor for a simple dielectric function, pertaining to a free electron gas,

ε(ω) = 1 − ω2
p

ω(ω + iγ )
. (28)

Here ωp is the plasma frequency, related to the density n of valence electrons through
ω2
p = 4πe2n/m, and γ is a damping constant. Inserted into equation (27), this dielectric

function leads to a surface plasmon resonance at the frequencyωp/
√

3 with a width determined
by γ . At the temperatures of interest, up to several thousand degrees, the power emitted is
normally dominated by much lower frequencies at which the imaginary part in equation (27)
may be replaced by its low-frequency limit. A combination of equations (27) and (28) then
yields

σ(ω) � πr2
N

4ωrN
c

3γω

ω2
p

. (29)

We now insert this formula into equation (26) and integrate over frequencies. The result is
expressed as the blackbody formula with geometrical surface area and an effective absorptivity
(or emissivity) a(T ),

Ir = 4πr2
Nσ0a(Tm)T

4
m, (30)

where the Stefan–Boltzmann constant σ0 equals π2k4
B/(60c2h̄3) and has the value

3.54×10−9 eV s−1 Å−2 K−4. The absorptivity is given by

a(T ) = 12
γ rN

c

〈ω2〉
ω2
p

, (31)

where the brackets indicate an average over the Planck distribution, with a finite-heat-bath
correction

〈ω2〉 = h̄4

(kBT )4

15

π4

∫ ∞

0

dωω5

exp [h̄ω/(kBT − h̄ωkB/2Cm)] − 1
. (32)
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This expression is proportional to T 2, and in the limit kB/Cm → 0 we have 〈(h̄ω)2〉 �
19(kBT )2. A simple estimate of the plasmon width, which appears often to be reasonable for
small metal particles [58,59], is γ = ξvF /rN with ξ ∼ 0.5–1, where vF is the Fermi velocity
of the valence electrons and is of the order of the Bohr velocity c/137. For large clusters, γ
may instead be estimated from measurements of electron energy loss in bulk material.

The intensities predicted from these formulae are typically an order of magnitude lower
than the values obtained from equation (27) with the last factor equal to unity. Furthermore,
the spectral shape is modified by an additional factor ω in equation (29) and, as a consequence,
the dependence of the total intensity on temperature is changed from the fifth to the sixth
power of T . The distribution in wavelength has been measured for C60 [54] and for large metal
clusters [52, 53], and the temperatures were determined from fits with a spectral function that
did not include the additional factor ω. The temperatures derived with the modified function
are lower by 10–15%.

5.3. Measurements of radiation from clusters

The cooling rate of large clusters can be determined from measurements of the radiation
spectrum as a function of time, as demonstrated in [53] for very large Nb clusters (N ∼ 13 000).
This measurement is here of special interest because we shall later analyse measurements of the
rate of electron emission from small Nb clusters, which could be influenced by photon emission.
The measured cooling rates are factors of 2–4 higher than obtained from our estimate with
h̄ωp = 20 eV and h̄γ = 10 eV [84] and with heat capacity 3NkB . However, as noted by
the authors, the temperatures T � 3000 K are so high that also emission of particles may
contribute to the cooling.

The most precise information about cluster cooling rates has been obtained for fullerenes
from the type of results illustrated in figure 2 [61]. The C−

56 ions were injected into a storage
ring from a plasma source, with an initial distribution in excitation energy even broader than
for the thought experiment illustrated in figure 1. Hence the decay should follow the 1/t
dependence given by the dashed line. However, the electron emission is quenched by radiative
cooling for times longer than τc ∼ 1 ms, and from the measured value of this time the radiation
intensity can be deduced [55,61]. For fullerenes, the heat capacity is so large that the quenching
typically requires emission of several photons, and the effect of the heat radiation may to a
good approximation be modelled as a continuous cooling. The intensity has been calculated
from a dielectric model, with parameters adjusted to account for the main features of the
absorption spectrum, and the result is reproduced by the type of estimate given above [60]. The
predictions are in good agreement with measurements of the quenching of particle emission,
both for electrons at temperatures T � 1500 K [61] and for C2 at much higher temperatures,
T � 3000 K [85, 86].

Measurements in a storage ring have also been carried out for electron emission from
anions of small metal clusters [51], and an example is shown in figure 3. The following
analysis of this measurement may serve as an illustration of the application of the formalism
developed in the previous sections: the Al−7 ions were created in a sputter ion source with a
broad distribution in excitation energy. In contrast to the fullerenes, the Al−7 clusters are so
small that typically emission of a single photon is sufficient to quench the electron emission,
and radiation may therefore be included as a competitive decay channel. For photons, the
emission rate varies much more slowly with temperature than for electrons and we may
therefore approximate this rate by a constant 1/τ which is added to k(E) in the exponent
in equation (20). The integral then gives a time dependence proportional to exp(−t/τ )/t ,
and this function is seen to fit the measurements for τ = 2.3 ms. To demonstrate that the time
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Figure 2. Observation of electron emission from C−
56 ions in the storage ring ELISA (from [61]).

The ions were produced in a hot plasma source and without photon emission the yield should be
inversely proportional to time. Hence the reduction relative to the curve labelled 1/t gives the
quenching of thermionic emission by radiative cooling.

Figure 3. The reciprocal of the counts of neutrals (o), recorded turn by turn after injection of
Al−7 clusters from a sputter source into the storage ring ELISA (from [51]). One turn corresponds
to about 50µs. The triangles indicate the reciprocal counts after excitation of the stored clusters with
a laser pulse. The curves show reciprocal yields proportional to time t (dashed) and to t exp(t/τ ),
with τ = 2.3 ms.

dependence is characteristic for the statistical ensemble and does not depend on the means of
excitation, the decay was also recorded after re-excitation with a laser pulse after about 20 ms.
The results after a renormalization are given by the triangles in figure 3.
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In order to compare with the radiation intensity given by equations (30)–(32), we first
estimate the cluster temperature at t ∼ 2 ms from the formulae for electron emission. Choosing
ν = 1011 s−1 as a first guess, we obtain an effective decay temperature of Te � 1180 K from
equation (16) with Eb = 1.9 eV [87]. According to equation (18), this gives Tm � 2060 K and
Td � 490 K for a heat capacity of Cm = 14kB . We can now check whether our guess for the
magnitude of ν was reasonable. From equations (6) and (13) we obtain ν = 3.7 × 1012 s−1, so
our choice corresponds to a sticking probability in the range 10−1–10−2. This is an acceptable
value and a change of ν by a factor of ten does not modify the result much. To estimate the
rate of photon emission, we remove a factor h̄ω from equation (26) before integration, and
obtain the expression in equations (30) and (31) with a factor h̄ω removed from the integral
in equation (32). The bulk plasma frequency is 17 eV for Al, and the simple estimate for
the width, γ � vF /rN , gives h̄γ � 5 eV. We then obtain a rate of about 0.5 × 103 s−1, in
excellent agreement with the measured lifetime. Measurements for the neighbouring clusters,
with N = 8 and 9, gave very similar radiation lifetimes τ .

6. Energy distribution of emitted electrons

In addition to a time delay, thermionic emission from clusters is characterized by a thermal
kinetic energy distribution, as expressed in equation (4). We shall briefly review the
information about the dynamics of electron emission that has been gained from studies of
electron spectra from photo-excited clusters. A number of experiments, with increasing
sophistication in measurement and analysis, have been made on the emission from small
W−

N clusters after absorption of a single photon [13, 16, 17, 19]. Spectra for N = 4–11
from [19] are shown in figure 4. The electrons were emitted within the first 0.1–1 µs
after absorption of a 4.0 eV photon, and the spectra clearly contain two components,
a low-energy part and structures at higher energy, which presumably stem from direct
processes. The curves are fits to the low-energy part and are proportional to a Boltzmann
factor exp(−ε/kBT ) times ε for the dashed curves and

√
ε for the full drawn curves.

Clearly, the latter curves give the better fits, as expected from equation (4) and the cross
section πq2

c obtained from equation (12). In the earlier papers [13, 16] the resolution
at the lowest energies was poor, and the spectra were simply fitted with a Boltzmann
distribution.

The temperatures used in the fits are given in the figure. They correspond to the effective
decay temperature Te in equation (18) with a first-order finite-heat-bath correction. However,
according to our discussion in section 2.1, the temperature governing the shape of the electron
spectrum should be the daughter temperature Td , which is lower by about 25%. The width of
the calculated curves should be reduced by this amount. It is perhaps not so surprising that
the spectra are broader than expected for emission in a full statistical equilibrium since the
measurements include electrons emitted at very short times [7]; it would be interesting to have
spectra recorded with a delay after the photon absorption. In the earlier papers, the error in
the temperature was about twice as large since it was estimated as the photon energy divided
by the heat capacity [13, 16, 17]. However, this is not important for the qualitative distinction
between direct and statistical processes, which was used to establish a correlation between the
observation of thermal electrons and the relative magnitude of the electron affinity and the heat
of vaporization in bulk material [13].

Very detailed investigations of the dependence of the photoelectron spectra on the mode
of excitation have been carried out for the ‘magic’ molecule C60 with ionization energy 7.6 eV.
Delayed ionization from neutral C60, interpreted as thermionic emission, was first observed
in [21,22]. In [23] it was shown that the peaks corresponding to direct multi-photon ionization
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Figure 4. Kinetic energy spectra of electrons emitted from tungsten cluster anions within 0.1–1 µs
after excitation by photon absorption (from [19]). The fits to the low-energy part of the spectra are
discussed in the text.

disappeared when a delay was introduced in the electron detection. For laser wavelengths
above 200 nm the energy spectrum was dominated by low-energy electrons, and it was in good
agreement with a Boltzmann distribution (equations (4) and (10) with a reasonable daughter
temperature Td). Other measurements have shown that the delayed ionization disappears for
laser wavelengths below 213 nm [88], and this can be understood as a depletion of the hot
clusters by single-photon ionization out of the excited triplet states with ∼1.7 eV excitation
energy [89]. The recent study in [6] is very informative about the processes involved in the
redistribution of an initial electronic excitation on other degrees of freedom. With ultrashort
pulses from a 790 nm laser, coherent multi-photon ionization was observed for pulse lengths
less than 100 fs (above-threshold ionization); in the range 100 fs to 1 ps there was evidence
for statistical redistribution of the energy among the electronic degrees of freedom, only (see
also [5,7]), and finally for pulse lengths longer than 1 ps there appeared to be statistical emission
after coupling between the electronic and vibrational degrees of freedom.

7. Rates of delayed electron emission from small Nb clusters

We now turn to the central subject of this review, an analysis of experiments on decay rates
for delayed electron emission from clusters. As our first example, we take the measurements
by Collings et al on neutral NbN clusters, with 5 � N � 13, excited by absorption of 2–4
photons, each with an energy of 3–4 eV [8]. The photon energies were so high that only
one particular number of absorbed photons gave rise to emission on the time scale of the
measurement (∼1 µs). The internal energy of the clusters before absorption corresponded to



Thermionic emission from clusters R17

Figure 5. Arrhenius-like plots for thermionic emission from multi-photon excited NbN clusters
(from [8]). The logarithm of the rate constant k (s−1) is plotted against the reciprocal internal
microcanonical temperature before emission, and from left to right the data correspond to
N = 5, 6, 7, 8, 9, 11, 12 and 13. The lines are linear fits.

temperatures of 300–600 K and was in all cases only a small fraction of the total excitation
energy. Hence the energy distributions may be approximated by δ-functions and the decay
should be exponential; this was confirmed by the measurements [14]. The interpretation of
the electron emission as statistical or ‘thermionic’ emission was supported by the observation
that a change of the excitation energy by a variation in photon wavelength produced the same
change in lifetime as a change through a variation of the initial temperature.

As shown in figure 5, the data in [8] were presented in an Arrhenius plot of ln k versus
1/T , with a value of T equal to the microcanonical temperature Tm at the initial excitation. A
heat capacity derived from a harmonic oscillator model for the cluster vibrations was used. The
statistical analysis of the data was based on Klots’ finite-heat-bath theory [48, 49]. We have
instead fitted the expressions in equations (5) and (17) to the data. Since the reverse process is
attachment to an ion, we have assumed ν to be proportional to the temperature of the cluster
after the emission, as obtained from equations (6) and (11). With this temperature dependence
of ν, the expression in equation (5) is equivalent to the formula from transition-state theory
which was the starting point for the original analysis, and we can compare directly with the
parameters derived in [8] (see appendix). We have obtained the parameters Eb and ν from a
match to the straight lines through the data, and we have checked that over the range of the
measurements the expression in equation (17) is indeed close to a straight line in such a plot and
that the error on Eb introduced by the expansion is very small (∼1%). For the microcanonical
heat capacity in equation (17) we have used the high-temperature limit for harmonic vibrations,
Cm = (3N − 7)kB . We have checked that the values of T corresponding to the data points in
figure 5 are reproduced quite accurately with this approximation.

In figure 6 our results for the energy barrier Eb are compared with the values obtained
in [8]. The overall agreement is rather good but there are significant differences. We find the
barrier to be lower for N = 7 than for the neighbouring clusters, and it is surprising that this
structure is absent in the original analysis because it is clearly visible in the data in figure 5.
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Figure 6. Energy barriers for electron emission from NbN clusters, derived from the measurements
illustrated in figure 5. The circles give the binding energies Eb derived from fits of equations (5)
and (17) to the lines in figure 5, while the triangles represent the values in table II of [8]. The solid
curve connects the ionization potentials from the same table. Reference [38] lists measured values
for the work function of solid Nb in the range 4–4.9 eV. The star indicates the result obtained from
an analysis including the competition from photon emission.

The largest discrepancy occurs for N = 13 where a very low value of Eb was found in [8]
while our value is similar to those for the other clusters. This difference is important for the
qualitative conclusions drawn from the analysis [1]. The energy barriers derived are on average
lower than the ionization potentials by ∼0.8 eV, i.e. by about 15%. As discussed by Collings
et al, the energy barrier may be lower than the ionization energy due to atomic relaxation.
Also, the clusters are very hot even after electron emission, and the ionization potentials have
been measured at much lower temperature. Still, the deviations seem rather large. An even
more serious deviation from the parameters expected for statistical emission is the value of
the pre-exponential frequency factor. We find from our analysis ν ∼ 1011 s−1, in good accord
with [8]. This value is much lower than the estimate, ν ∼ 1015 s−1, obtained from equations (6)
and (11). As discussed in section 2.2, it is conceivable that the cross section for attachment
could be strongly reduced if there is no efficient channel for energy transfer from an incident
electron, but four orders of magnitude is a very large reduction.

We have examined other possible explanations for the low value of ν (see also the
discussions in [8, 30]). The heat capacity applied corresponds to harmonic vibrations and
for the very high temperatures reached in the experiment, close to 104 K for the smallest
clusters, there may be significant anharmonic effects. In fact, the heat capacity for solid
niobium increases strongly from the Dulong–Petit value for temperatures approaching the
melting point near 2700 K [90]. In addition, the heat of melting corresponds to a heating by
about 1000 K [91]. To estimate the influence on our analysis, we have multiplied the heat
capacity by a factor (1 + T [K]/104). We have reduced the temperatures in figure 5 by the
corresponding relation T [K] → 104(−1 + (1 + 2 × 10−4T [K])1/2) and have also applied
the new relation between energy and temperature in the evaluation of the two derivatives in
equation (17). As it turns out, this leaves the electron binding energies obtained from the fits
virtually unchanged but the pre-exponential factors are increased by an order of magnitude!
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Another important effect is the decay by emission of photons. As an example, we have
examined the consequences of a significant competition by radiative decay for the average-size
cluster in the experiment, N = 9, for which the data cover nearly two orders of magnitude in
the measured lifetime (figure 5). As in our analysis of the decay of Al−7 clusters (figure 3), we
assume that emission of a single photon is sufficient to quench the decay. The cluster radius is
rN � 3 Å, and as before we take the bulk plasmon resonance to be at h̄ωp = 20 eV with a width
h̄γ = 10 eV [84]. At a temperature of T = 5×103 K we then obtain from equations (30)–(32)
a rate of photon emission, ∼105 s−1, which is of the same order as the lowest measured rates
of electron emission in figure 5. We have included a photon emission rate proportional to T 5

and also the linear increase of the heat capacity with temperature discussed above. Adjusting
as before the parameters Eb and ν to fit the straight line through the data in the Arrhenius plot
in figure 5, we find Eb to be increased by 0.64 eV and ν to be increased by a factor of 70
relative to the values derived in the first analysis. The fit is now not quite a straight line but has
a positive curvature at the lowest temperatures. There may be an indication of such a curvature
in the data for N = 7 and 9 but it is within the scatter of the data.

We conclude that when the analysis includes a temperature dependence of the heat capacity
similar to bulk values and a competition by radiative decay, we obtain a much better agreement
with predictions. The electron binding is now quite close to the measured ionization potential
(figure 6). The value of the pre-exponential factor is still quite small compared with the estimate
from detailed balance with the capture cross section given by equation (11), but the reduction
is now of a magnitude which could be explained by sticking probabilities of order 10−2.

8. Formation and decay of fullerene anions

The fullerenes, and in particular C60 and C70, have a special position in this picture. The
electron affinity is known for most fullerenes [92] and, as discussed in section 5.3, the influence
of radiative decay on electron emission has been studied in detail. Cooling turns out not to
be important on a time scale much shorter than a millisecond (see figure 2). The loss of
atoms is dominated by C2 emission, and the energy barrier is so high that this channel is
completely suppressed in anions. Furthermore, both emission rates and cross sections for
electron attachment have been measured, and this allows a test of the assumption of a statistical
equilibrium in the decaying anions.

Energy-resolved capture cross sections have been measured with crossed beams of
electrons and fullerene molecules from an oven [24,26–29,32,34]. It is difficult to determine
absolute cross sections but from one experiment values between 20 and 80 Å2 were reported,
with a strong resonance a little above zero energy (ε ∼ 0.2 eV) [29]. The magnitude is close
to the geometrical cross section, σc � 50 Å2 for a radius of ∼4 Å. In this and in the other early
crossed-beam experiments, there seemed to be a strong decrease of the cross section at zero
energy and this was interpreted as absence of s-wave attachment [93]. These observations
agreed with flowing-afterglow experiments (FALP), which yield absolute cross sections of
80–100 Å2 at electron temperatures of a few thousand K but a much lower attachment rate at
low electron temperatures [25, 31].

Since the energies of thermally emitted electrons are typically a few tenths of an eV
only, the behaviour of the capture cross section near zero energy is important for calculation
of emission rates via detailed balance. There was already some early evidence against the
suggested absence of s-wave attachment: significant capture rates were measured in collisions
between atoms in a high Rydberg state and C60 and C70 molecules [78, 79], and this strongly
indicated that there should be a finite attachment cross section at very low electron energies
and, consequently, a finite contribution from s-wave capture. Furthermore, a new analysis
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of data from one of the crossed-beam experiments also indicated the presence of an s-wave
contribution [79]. Despite the difficulty in performing crossed-beam experiments at very
low electron energies, the recent measurements in [32, 34] seem now to have established the
presence of a quite strong s-wave contribution to the capture of low-energy electrons by C60. At
the same time, more sophisticated theoretical calculations [94] indicate that the estimates in [93]
were too crude to be reliable. However, the physical mechanism of the s-wave capture is not yet
clear. An interesting suggestion is capture via a real or virtual bound state in the polarization
potential [78, 79, 94]. There is also an unresolved discrepancy with the FALP measurements.
The internal temperature of the molecules could be important since the coupling between
electronic and vibrational excitations increases strongly with temperature. Due to gas cooling
in the FALP measurements, the internal temperature of the fullerene molecules was lower than
in the crossed-beam experiments, where the molecules exit an oven at T ∼ 800 K.

Although the absolute magnitude of the cross section at low electron energies is still
somewhat uncertain, there is sufficient information for an approximate calculation of emission
rates, based on detailed balance as discussed in section 2. In the following we shall apply
values of σc = 20 and 60 Å2 as alternatives to represent the likely range of the thermally
averaged attachment cross section for C60. These values are an order of magnitude smaller
than the Langevin cross section in equation (13), which with the polarizability of 82 Å3 for
C60 becomes σc � 350 Å2 for kBTd = 0.15 eV.

8.1. Early studies of electron emission from C−
60

Delayed electron emission from fullerene anions was first observed by Smalley’s group [20].
Subsequently the process was studied in detail by Yeretzian et al with the aim to establish
whether it could be understood as thermionic emission [9]. In these experiments, the internal
energy was varied through a change of the collision energy in reflection of the ions from a Si
surface, and the logarithm of the measured decay rate was found to be approximately linear in
the reciprocal perpendicular collision energy, as illustrated in figure 3 of [9]. On the assumption
that the average energy converted into molecular excitation in the reflection is proportional
to the collision energy, this figure can be interpreted as an Arrhenius plot. The value of the
proportionality constant could be adjusted to give agreement between the apparent activation
energy and the electron affinity, but the intercept with the ordinate axis was at a much lower
frequency, ν � 108 s−1, than expected from a statistical calculation. It was therefore concluded
that the results were incompatible with the equilibrium hypothesis. We shall argue that this
conclusion is probably not correct.

To understand the results we must consider the analysis of the experiment in some detail.
At each collision energy, an ensemble of molecules was created with a considerable spread
in excitation energy, and the observed time dependence of the emission intensity could not
be described by a single exponential. One therefore considered the average rate constant,
which according to equation (20) is equal to the initial value of the electron intensity from
a normalized distribution, k = I (0). In figure 7, the data points from [9] represent the
normalized decay rate at short times, and they are here plotted at energies E equal to 16% of
the perpendicular kinetic energy of the molecules before reflection from the Si surface. The
lines represent our calculations. We have used the rate constant k(E) in equation (16) with the
parameters discussed below in the analysis of the crossed-beam experiments, and this function
is given by the dashed curve. The three solid curves give the average rate constant for energy
distributions that are 2, 3 and 4 times wider than a canonical distribution, which has an rms
width of about 10%, and the logarithmic slope is seen to decrease strongly with increasing
width. Our calculations also contain a correction for the finite time resolution δt ∼ 0.1 µs of
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Figure 7. Analysis of the decay rates for C−
60 ions reflected from a solid surface with average

excitation energy E [9]. The dashed curve gives the rate constant, as in figure 9 below. The solid
curves are calculated from equation (33) for δt = 0.1µs and for Gaussian energy distributions
with 2, 3 and 4 times the canonical width, which is about ±10%. The data points are from [9].

the experiment: the quantity derived from the measurements is not I (0) but the intensity I (t)

averaged over the interval from 0 to δt , and from equation (20) we obtain

k̄exp � 1

δt

∫ δt

0
dtI (t) = 1

δt

∫ ∞

0
dE g(E, 0)(1 − exp(−k(E)δt)), (33)

where the function g(E, 0) represents the distribution in excitation energy just after the surface
collision at t = 0. At high collision energies, the exponential term can be neglected and the
equation leads to a limiting value, kexp → δt−1. Indeed, such a saturation is observed in the
data in figure 7. A different analysis was attempted in [9] for the measurements at the highest
energies and this gave slightly higher values of kexp, but it is simply not possible to extract
information about frequencies higher than ∼δt−1 from data recorded with time resolution δt .

We may conclude that the apparent large discrepancy between the results of this experiment
and a statistical picture of electron emission is strongly reduced when reasonable estimates of
the width of the energy distributions and of the experimental time resolution are included in the
analysis. In [95] it was suggested that the molecules could have an additional high excitation
energy from the initial laser desorption process, but they should be cooled efficiently by the
carrier gas in the type of source used in the experiment. A similar source in the same laboratory
produced large sodium clusters without shell structure from evaporation in the mass spectrum.
The stability of these clusters gives an upper limit of less than 400 K for N > 100 [96].

8.2. Delayed electron emission from C−
60 after electron attachment

Measurements of the lifetime as a function of excitation energy have been performed in
conjunction with crossed-beam attachment experiments [26,32,34]. Here the excitation energy
can be calculated fairly accurately, and the experiments have yielded consistent lifetimes which
differ substantially from those obtained in the earlier measurements. The connection between
decay rate and attachment cross section has been discussed by Matejcik et al who considered
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Figure 8. Simulation of the experiments in [26] and [32]. An electron was attached to C60
molecules emerging from an oven at 775 K, at the electron energies given in the figure, and the
current of surviving ions was measured after delay times between 60 and 120 µs. The points
give our results for the surviving fraction, based on equations (16) and (20), with the first-order
expression in equation (18) and with the parameters discussed in the text. The solid curves are
exponential fits to the points in the time range of the measurements, and the dashed curve shows
how the calculated survival fraction varies from 0 to 60 µs for the highest electron energy.

Figure 9. Decay rates against average excitation energy for C−
60, determined as illustrated by the

exponential fits in figure 8. The points are from [26,32]. The two solid curves are from calculations,
with pre-exponential factors corresponding to attachment cross sections of 20 and 60 Å2 (upper
curve). The latter value was used for calculation of the decay rate without depletion, for a canonical
energy distribution (dotted) and for a delta function (dashed).

the results to be in rough agreement with the detailed-balance requirement [27]. However, on
closer inspection there seems to be a significant discrepancy [95]: the pre-exponential factor in
an Arrhenius representation of the decay constant appears to be lower by orders of magnitude
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than the prediction in equation (6). We shall show that this discrepancy results from an analysis
which does not include the width of the energy distributions.

In these experiments, the C60 molecules were produced in an oven at temperatures near
800 K. There is conflicting information on the oven temperature in the various accounts of one
experiment [26, 27] and even within the same paper on another [32], but most likely the gas
pressures and hence the temperatures were similar in the different experiments on the same
molecule. We have chosen T = 775 K for the analysis of C60. The relation between excitation
energy and temperature may be obtained from the calculated spectrum of vibrations [55, 61],
and in the range 1000–2000 K the linear relation

Ē[eV] = 7.4 + 0.0138(T [K] − 1000), (34)

is a good approximation. It corresponds to a heat capacity C � 160kB and we need not
distinguish between canonical and microcanonical values since the difference is less than 1%.
With a small correction to the expression in equation (34) below 1000 K [61], we obtain an
average excitation energy of 4.8 eV for molecules exiting the oven. The canonical energy
distribution is nearly Gaussian and the rms width (CkB)

1/2T [50] equals 0.85 eV. An electron
from a crossed beam was attached and the final average energy is obtained by addition of the
electron energy and the electron affinity of Eb = 2.67 eV [97]. We have assumed that the
spread in electron energy is small compared with the thermal width.

The mass spectrometers used in the experiments allowed a determination of the ion current
as a function of flight time in the range 60–120 µs. We have calculated the corresponding
surviving fraction from equation (20), with a decay constant obtained from equations (16)
and (18) with only the first-order correction to the temperature, and with the linear relation in
equation (34) between the microcanonical variables E and Tm. The pre-exponential frequency
calculated from equation (6) is ν = 3.0 × 106(Td [K])2 s−1 for an attachment cross section of
60 Å2 and with the sixfold degeneracy of the LUMO level of C60 included in ν. The resulting
survival probabilities are shown in figure 8 for electron energies used in the experiments. The
curves through the points are exponential fits in the range 60–120µs, just as in the experiments,
and the graphs are very similar to the plots of ion current versus delay time in figure 4 of [26]
and figure 5 of [32]. For the highest electron energy, we also show the initial part of the survival
curve, which was out of reach in the experiments. The decay rate, which determines the slope
of the curve, decreases strongly in this region owing to depletion of the high-energy part of
the distribution. This feature was not included in the original analysis of the experiments.
The exponential fits were extrapolated to zero time delay and the decrease of the ion current
at t = 0 as a function of excitation energy was interpreted as a decrease of the capture cross
section for electron energies above 7 eV.

The calculated emission rate as a function of excitation energy is compared with the
measured values in figure 9. The two solid curves correspond to attachment cross sections
of 20 and 60 Å2, and the experimental points fall between these lines. We have also included
two curves representing the decay rate without depletion, both calculated for the same average
energy and with σc = 60 Å2. The dashed curve corresponds to decay of an ensemble of ions
with a very narrow energy distribution, while the dotted curve illustrates electron emission in
a thermal equilibrium, where the canonical energy distribution is maintained during the decay.
The rate constant is then given by equation (16) with Te equal to the canonical temperature.
This was the formula used in the original analysis of the experiments. We conclude that for
C60 the measurements of attachment cross sections and of lifetimes for electron emission fulfil
the detailed-balance symmetry within the experimental uncertainty.
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Figure 10. Relative values of attachment cross sections for C60, C70, C76 and C84 measured with a
molecular beam from an oven and a crossing electron beam (from [34]). To the left (a) is given an
expanded view of the results for energies below 1 eV. The results for attachment to SF6 molecules
calibrate the energy scale since there is a strong resonance at zero energy for this molecule.

8.3. Delayed electron emission after attachment to other fullerenes

Recently, this type of measurement has been extended to other fullerene ions, C−
70, C−

76
and C−

84 [34]. Measured relative yields of anions formed by electron attachment are
shown in figure 10, with an expanded view of the low-energy region to the left. The
comparison with resonance attachment to SF6 molecules near zero energy again shows that
the fullerenes can capture electrons with very low energy. There is considerable structure
in the spectra at low energies, but they become smooth above a few eV. It is likely that
the decrease of the yields towards 10 eV for the lighter fullerenes is caused by electron
re-emission before detection of the ions and that hence the attachment cross section is
fairly constant at the higher energies in figure 10(b). The values are probably close to the
geometrical cross sections as previous measurements for C60 have indicated, and the average
magnitude at the lowest energies is similar, except for C76 where it appears to be about twice
as large.

The results of the lifetime measurements are in figure 11 plotted against the average
excitation energy of the emitting anions. The initial thermal energy was evaluated at
temperatures of 775 and 800 K for C60 and C70 and 925 K for C76 and C84 [34], and the
electron affinities were chosen as 2.67 eV for C60 and C70, 3 eV for C76 and 3.15 eV for
C84 [92]. The emission rates were calculated as for C−

60 (figure 9), with a heat capacity scaled
by the number of atoms and with a pre-exponential frequency ν in equation (5) corresponding
to a capture cross section proportional to N and for N = 60 equal to the mean of the two
cross sections used in figure 9, σc = 40 Å2. The degeneracy of the LUMO level occupied
by the additional electron in the anions appears to be similar in C60 and C70 [98, 99] but
should perhaps be reduced in the less symmetric molecules, where also the presence of several
isomers is a complication [100]. For simplicity we have used the same sixfold degeneracy for
all molecules.
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Figure 11. Analysis of the measurements in [34] of the decay rate as a function of excitation
energy for fullerene anions. The dashed curves represent the rate constant in equation (16) with the
parameters given in the text, whereas the full curves were calculated in analogy with the full curves
in figure 9, with capture cross sections scaled from the value σc = 40 Å2 for C60, as explained in
the text.

As seen in figure 11, the calculations are in reasonable, albeit not perfect, agreement with
the measurements. As before, the decay rate for a very narrow energy distribution (dashed
curves) has a much steeper energy dependence than obtained with the finite width of the
distributions. The relative displacements of the curves along the energy axis are roughly
in agreement with the variations of the heat capacity, with a correction for the differences in
electron affinity, and this is strong evidence for a full redistribution of the excitation energy over
the degrees of freedom of the molecules before re-emission of the captured electron. For C−

84
the decay rates are somewhat above the calculations, and this may indicate a lower degeneracy
of the LUMO level. In the data for C−

76 there is no sign of such a reduced degeneracy or of
the apparently very high capture cross section, which should also increase the pre-exponential
frequency. However, the attachment yields could be different at the much higher temperatures
where the emission takes place. We conclude that the measurements for the other fullerene
anions give further support to the interpretation of delayed electron emission as thermionic
emission, although the uncertainties are somewhat larger than for C−

60.

8.4. Electron emission after laser excitation of C−
60

We finally mention a very recent experiment analogous to those on small Nb clusters discussed
in section 7 [62]. C−

60 ions were injected from a cold source into a small storage ring, where
they were excited by a pulse of higher-harmonic radiation from a Nd:YAG laser. Electron
emission was monitored as a function of time after the excitation, and the results obtained with
second-harmonic radiation are shown in figure 12. The early part of the decay corresponds
to a lifetime of 0.35 ms, and from observation of the same lifetime with excitation by third-
and fourth-harmonic radiation it was concluded that six second-harmonic photons have been
absorbed (about 14 eV). Higher photon numbers contribute only to the first one or two points,
but at the longer times the observed decay curve is dominated by absorption of only five
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Figure 12. Decay by electron emission of C−
60 ions, produced by a cold source (electrospray) and

stored in the small storage ring ELISA (from [62]). The time equals the delay after excitation of
the ions by a pulse of second-harmonic radiation from a Nd:YAG laser, and the solid curve is a fit
including absorption of five or six photons. The lifetimes have been obtained from equation (16),
with ν given by equation (6) with σc = 42 Å2. Radiative cooling consistent with [61] has been
included, and the dotted curves show the sensitivity to the cooling time τc introduced in [62].

photons. At this excitation energy the decay is strongly influenced by radiative cooling. It
is shown in [62] that all the measurements can be fitted with decay rates calculated from
equation (16) with an attachment cross section σc = 42 Å2 in equation (6) and with inclusion
of a radiative cooling rate consistent with the measurement in [61]. This confirms the result
of our analysis in section 8.2.

9. Conclusions

We have discussed the statistical description of delayed electron emission from clusters and
its application to the analysis of experiments. We have argued that transition state theory
is not a suitable framework and have instead applied a more general formalism based on
detailed balance, which can also be applied to derive the Richardson–Dushman formula for
thermionic emission from a macroscopic surface. In this formula, the level of excitation of
the material is characterized by a thermodynamic temperature, but for an isolated cluster one
must distinguish between several temperatures. We have argued that the appropriate concept
is the microcanonical temperature, defined in terms of the logarithmic derivative of the level
density. For thermionic emission, the energy distribution of emitted electrons is governed by
the microcanonical temperature after emission, while the temperature entering an Arrhenius
expression for the decay rate is close to the average of the microcanonical temperatures before
and after emission. The differences are due to the finite heat capacity of the system, and
our description is closely related to Klots’ finite-heat-bath theory. However, Klots does not
introduce the concept of a microcanonical temperature.

Two examples have been analysed in detail. For measurements of electron emission from
small Nb clusters, our first analysis agrees in general with the original interpretation of the data:
the energy barriers are somewhat lower than the ionization potentials and the pre-exponential
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frequencies are very low, ν ∼ 1011 s−1. We have examined two modifications, an increase of
the heat capacity beyond the Dulong–Petit value, as for bulk Nb, and competition by radiative
decay. The combined effect is to bring the barrier into agreement with the ionization potential
and to increase ν by two orders of magnitude. The value of ν is still lower than expected,
but since theoretical estimates include a large uncertainty related to the sticking probability
in electron attachment, the experiments may be consistent with the hypothesis of an internal
statistical equilibrium.

Our second and most important example is electron emission from fullerene anions. In
this case, both the heat capacity and the radiative cooling are known quite accurately. Electron
attachment to neutral fullerenes and electron emission from the anions have been measured by
several groups, and this allows a calculation of emission rates based on detailed balance and
measured capture cross sections. We have demonstrated that the data are consistent with the
calculated rates and this lends strong support to the interpretation of delayed electron emission
from buckminsterfullerene anions as thermionic emission. The main reason for the opposite
conclusion in earlier discussions appears to be that the finite width of the internal-energy
distributions of the anions had not been taken into account in the analysis of experiments.
A very recent experiment on electron emission after laser excitation of cold C−

60 ions has
confirmed these conclusions.
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Appendix

Experiments on delayed electron emission have often been analysed with a formalism based on
transition state theory. To illustrate the connection between such a picture and the Weisskopf
formalism in section 2.1 we evaluate the emission rate in analogy to the description of neutron
emission from a heavy nucleus in [44, section III]. The following calculation is also closely
analogous to the derivation of our equation (2). The electron is now treated as a classical
particle, and its interaction with the cluster is assumed to vanish outside the cluster radius r .
In a transition state of the system, an electron with energy ε is found within a spherical shell
of thickness :l outside the surface 4πr2 of the daughter cluster with level density ρd . We
consider a microcanonical ensemble of clusters, all having excitation energy between E and
E + dE, with one cluster in each quantum state, including the two directions of the electron
spin. The number of transition states for which the electron momentum lies in the range from p

to p + dp and within the solid angle d; is given by

dn = (2 · 4πr2:l · p2 dp d ;/h3)ρd(E − Eb − ε) dE. (A.1)

To calculate the rate constant for emission, we first multiply dn by the spatial density of an
electron in the transition state, (4πr2:l)−1, and by the product of the surface area and the
normal velocity v cos θ = (dε/dp) cos θ . Then we integrate over directions and over ε and
find for the number of electron emission processes per unit time in the ensemble,

dE(2 · 4πr2 · 2πm/h3)

∫ E−Eb

0
ρd(E − Eb − ε) ε dε. (A.2)
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The rate constant is finally obtained through division by the total number of parent systems,
ρp(E) dE, and this leads to

k(E) = (2 · 4πr2 · 2πm/h2)
∫ E−Eb

0 ρd(E − Eb − ε)ε dε

hρp(E)
. (A.3)

We can compare this formula with the expression obtained from transition state theory,

k(E) =
∫ E−Eb

0 ρ+(E′) dE′

hρp(E)
, (A.4)

where ρ+ denotes the level density at the transition state. The two expressions for k(E) become
identical if we choose ρ+(E′) as the daughter level density ρd(E

′) multiplied by the number
of quantum states for energies below E −Eb −E′ in the electron motion perpendicular to the
emission direction.

As mentioned in the introduction, there are several unrealistic features in this transition
state calculation: the electrons are treated as classical particles, their interaction with the cluster
is assumed to vanish outside the cluster radius, and in the equilibrium ensemble all electrons
moving away from the cluster are assumed to originate from inside, i.e. the contribution
from incoming electrons which are reflected is ignored. In the Weisskopf formalism, these
assumptions are avoided. There is, however, a very simple connection between the two
descriptions. If we replace the surface area 4πr2 in equation (A.3) by four times the capture
cross sectionσc(ε), the formula in equation (2) is recovered. For this equivalence, it is important
that the number of quantum states in the transverse motion of the emitted electron be included in
the level density ρ+ in equation (A.4), and in applications this factor has often been omitted [8].
However, in the case of electron emission from a neutral cluster, where the capture cross section
should scale as σc ∝ ε−1 according to equation (10), equation (A.4) with omission of the
electron phase space factor happens to agree with equation (A.3) with πr2 replaced by σc, to
within a constant factor which is unimportant when the formula is used in a fitting procedure
as in [8].
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