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Abstract. Delayed emission is a common decay process for very excited complex systems where the exci-
tation energy is, to a large extent, statistically distributed over all accessible degrees of freedom. A rich
variety of delayed decay processes is found in complex molecules and clusters such as thermionic emission,
evaporation of heavy fragments or blackbody radiation. In this article, we present the general threshold
laws that govern the kinetic energy spectrum of matter particles (electrons or fragments) ejected from
spherically symmetric species in such processes, and we illustrate these laws by experimental results ob-
tained in photoelectron and photoion spectroscopy. Deviations from simple laws for non spherical species
are also evidenced.

PACS. 36.40.-c Atomic and molecular clusters – 36.40.Qv Stability and fragmentation of clusters –
33.60.Cv Ultraviolet and vacuum ultraviolet photoelectron spectra

1 Introduction

Optical excitation in the visible or near-UV range of clus-
ters and complex molecules results primarily in an elec-
tronic excitation and the major part of the internal en-
ergy is initially deposited in the electronic modes. If the
photon energy is not large enough to bring the system
into the ionization continuum, and if the photon absorp-
tion rate is much smaller than the internal couplings, the
excitation energy is redistributed among the various in-
ternal degrees of freedom of the system. In case of a long
pulse excitation, the system may subsequently absorb sev-
eral photons with, after each step, a complete redistribu-
tion of the energy. Therefore, by multiphoton excitation, a
complex system may be substantially heated following an
optical excitation. Very often, even if the photon energy
is large enough to ionize (or detach) the system, the very
strong couplings between nuclear and electronic degrees of
freedom result in a quasi-statistical redistribution of the
internal energy over a timescale short enough to compete
efficiently with direct emission. Therefore, as well in one-
photon excitation as in multiphoton excitation processes,
delayed emission [1] is a major decay channel for clusters
and large molecules.

The theoretical description of such processes relies first
on the assumption of a statistical equilibrium. Within this
assumption, several approaches have been followed like the
Weisskopf formulation of the detailed balance theory [2],
the RRKM method [3] or the phase-space theory [4]. Only
the degree and the nature of the approximations differ
among these theories [5]. In the present article, we will
follow the detailed balance theory [2,6,7], however similar
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results are obtained with the other descriptions [3,4,8,9].
The hypothesis of statistical redistribution of the inter-
nal energy is relatively well sustained in systems having a
large number of degrees of freedom combined with large
electron — vibration couplings such as large metal clusters
or fullerenes. This assumption is markedly less obvious in
smaller systems (typically around 10 atoms) and only a
critical comparison between model and experimental re-
sults may ensure the validity of this hypothesis.

2 General description of decay
from finite-size systems

Let us assume a finite-size system, designated as the par-
ent, decaying by ejection of a particle and release of energy
into final products following the generic path:

parent → daughter + ejected particle. (1)

Decay occurs only if the parent system has an internal
energy larger than the binding energy of the ejected par-
ticle in reaction (1). According to the magnitude of the
various decay rates and depending on the relative bind-
ing energies, the ejected particle may either be a photon
(blackbody radiation), an electron (thermionic emission),
or a heavy fragment (evaporation). The global evolution of
the system is driven by the integrated decay rates that de-
termine the relevant timescales and the dynamics of the
decay. However, a refined understanding of the ongoing
processes requires in addition the knowledge of the dif-
ferential decay rates. In the present article we focus on
the general evolution of these differential decay rates as a
function of the kinetic energy ε released in the reaction.
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We therefore will consider only emission of matter parti-
cles: electron or fragments.

As stated above, we will follow the general approach of
the detailed balance theory [2,6,7] which allows factoring
the differential decay rate explicitly in terms expressing
the degree of excitation of the system on one hand, and
terms describing the interaction among final products on
the other hand. Neglecting the internal degrees of freedom
of the ejected particle the differential decay rate may be
expressed as follows:

kdecay (E, ε) =
gm

π2�3
σ(ε) ε exp

[
− Eb

kBTe

]
exp

[
− ε

kBTd

]

(2)
where Eb is the binding energy of the ejected particle, Td

is the daughter temperature (temperature of the daugh-
ter system of internal energy E − Eb), Te is the emission
temperature (temperature of a system of internal energy
E−Eb/2) and σ(ε) is the capture cross-section for the re-
verse process. The constants g, m and kB are respectively
the spin degeneracy, the mass of the ejected particle and
the Boltzmann constant. By integration over the kinetic
energy variable ε one obtains an expression for the to-
tal decay rates. The present work however precisely does
not deal with integrated rates. Rather, we are able to ac-
cess experimentally the variation with ε of the differential
emission rate owing to the specific advantages of imaging
techniques at threshold. As far as the variation of the dif-
ferential emission rate as a function of ε is concerned, it
is proportional to

kdecay (E, ε) ∝ σ(ε) ε exp
[
− ε

kBTd

]
(3)

where the capture cross-section σ(ε) describes an intrin-
sic property of the system, while the term exp (−ε/kBTd)
may be seen as a thermometer of the excited species. Un-
der appropriate approximations, the capture cross-section
may be related rather simply to the interacting potential
between the ejected particle and the remaining system.
The most trivial situation is found for bulk matter. In
this limit, the capture cross-section does not vary with
the kinetic energy and equation (3) reduces to:

kdecay (E, ε) ∝ ε exp
[
− ε

kBTd

]
. (4)

For finite size systems, rather general forms may be de-
rived as soon as spherical symmetry is assumed. In the
spherical symmetry approximation the interacting poten-
tial at a distance r from the center of the cluster may be,
at first order, expressed as:

V (r) = −Cp

rp
(5)

for r > Rn, where Rn is the radius of the cluster; and
V (r) → ∞ for r � Rn (hard-sphere approximation). The
exponent p corresponds to the nature of interaction, while
Cp is a constant describing the strength of the interaction.

Under this approximation, it may be shown very gener-
ally [9,10] that in the limit of small Rn and ε values the
capture cross-section is proportional to εγ−1 where

γ =
p − 2

p
. (6)

Leading to the following form of the differential decay rate:

kdecay (ε) ∝ εγ exp
(
− ε

kBTd

)
. (7)

Note that this expression is a first order development in ε.
As such, it is exact only for small ε values, i.e. just above
threshold, hence the term threshold law. This simple for-
mula allows deriving generic threshold emission laws for
various processes governed by simple interacting poten-
tials that correspond to realistic experimental situations
as we will show in the section below. In the case of delayed
ionization [11] for instance, Coulomb interaction prevails
between the products and γ = 0 while in the case of de-
layed detachment [12] the interacting potential, between a
point charge and a polarizable core, is well represented by
a Langevin potential (p = 4) and the exponent is γ = 1/2.
In the case of delayed emission of heavy fragment (evapo-
ration) [13], the situation also depends on the charge state
of the fragments. When a singly charged ion cluster disso-
ciates, one of the two fragments is generally neutral while
the other fragment is charged. The situation is compara-
ble to the case of detachment and the interaction between
a charged species and a polarizable one is described by a
Langevin potential and the exponent is γ = 1/2. By con-
trast, when dissociation of a neutral cluster leads to the
ejection of two neutral fragments the van der Waals inter-
action potential (p = 6) between the two neutral systems
implies γ = 2/3. These threshold laws are illustrated by
experimental examples below.

3 Experimental set-up

The experimental set-up used to study delayed emission of
small clusters relies essentially on a versatile laser vapor-
ization source for the production of free clusters and time-
resolved photoelectron or photoion imaging [14]. Small an-
ion clusters are produced by laser ablation. Native anions
are extracted using a pulsed electric field in the extrac-
tion region of a time-of-flight mass-spectrometer. Clusters
of specific mass, selected by their time-of-flight, are then
excited by a second laser beam (Xe:Cl, 308 nm, pulse du-
ration 15 ns, or Xe:Cl pumped dye laser) above their pho-
todetachment threshold in the center of the interaction
region of the photoelectron imaging spectrometer. The ex-
citation of a well-defined cluster mass is ensured by firing
the excitation laser when the given size is at the center of
the electron spectrometer. In the case of neutral species
like C60, a pure molecular beam is obtained by laser des-
orption, or by evaporation in a thermal oven. In that case,
multiphoton excitation is achieved in the center of the
imaging spectrometer and, thanks to the slow velocity of
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Fig. 1. Photoelectron spectrum (bold grey line) recorded in
multiphoton delayed ionization of C60 excited at λ = 355 nm.
Only electrons ejected in the time window 250–350 ns after
excitation are detected. An excellent agreement with an expo-
nential profile (γ = 0, thin black line) leads to an experimental
temperature Td = 3370 ± 100 K.

the neutral beam, electrons as well as ion fragments may
be analyzed and their kinetic energy measured. The imag-
ing spectrometer itself is strictly identical for electron or
positive ions, except for the reverse polarities. The prin-
ciple of charged particle imaging introduced in the early
80’s [15] is extremely simple. A static electric field is ap-
plied in the interaction region and used to project the
charged particles onto a position sensitive detector (PSD)
made up of a tandem microchannel plates followed by a
phosphor screen and a CCD camera. Our set-up uses the
principle of velocity-map imaging [16]. The electrodes of
the spectrometer and the applied voltages are designed
such that the resulting extraction field projects the elec-
trons or ions onto the PSD with a position of impact de-
pending only on the initial velocity, irrespective of the
initial position. By summing particle impacts over many
laser shots one obtains a map of the projection of the ini-
tial velocity on a plane perpendicular to the electric field.
A standard inversion method [14,17] allows the extrac-
tion of angle resolved kinetic energy distribution. Imag-
ing relies entirely on geometrical properties of the parti-
cle trajectories to measure the kinetic energy. Therefore,
since the dispersion in time of flight for a given species
is negligible, this method is intrinsically capable of time-
resolution. By simply gating the microchannel plates [18],
one can select a given time slice in the electron distribution
and then record a delayed electron emission spectrum in
a well defined time window after excitation. Alternatively,
we can selectively detect a well defined ion mass, allowing
to record mass selected ion KER distributions. The mod-
est time resolution of our system (about 60 ns) is however
appropriate to the timescale of the observed phenomena.

4 Experimental results

Let us now illustrate the threshold laws introduced above
by some selected examples obtained in delayed emission

Fig. 2. Photoelectron spectrum (bold line) recorded in one-
photon delayed detachment of C−

20 at λ = 308 nm in the time
window 60–120 ns after excitation. A fit to equation (7) with
γ = 1/2 (thin line) gives Td = 1376 ± 50 K.

of small excited carbon or metal clusters. Let us first
start with delayed ionization of a neutral system. Figure 1
presents a typical electron spectrum recorded in multipho-
ton ionization of C60 [19,20] in the near UV (355 nm, 10 ns
pulse duration) in a time window between 250 and 350 ns
after excitation. Owing to its high symmetry, the fullerene
C60 is assumed to be rather well described by the approx-
imations described in Section 2, especially regarding the
spherical symmetry. Indeed, the agreement between a sim-
ple exponential form (γ = 0) and the experimental kinetic
energy distribution is extremely good and allows to derive
a daughter temperature of about 3400 K. The exponential
profile, characteristic of ionization, has been found at ev-
ery delay between 50 ns and more than 10 µs. Note that
in this case, the multiphoton excitation process leads to
a broad internal energy distribution. As shown in [20], a
given observation window corresponds therefore to a nar-
row slice in the internal energy distribution, i.e. to a rather
well-defined microcanonical ensemble. In the case of C60,
the time resolution allows measuring the decrease of Td as
a function of time delay after excitation, giving a direct
access to the total decay rate.

In the case of delayed photodetachment the kinetic
energy distribution is significantly different and the γ pa-
rameter is expected to be 1/2. This has been observed in-
deed in one-photon detachment of carbon [21,22] or tung-
sten [23,24] anion clusters as shown in Figures 2 and 3.
In these cases, the best agreement between the delayed
electron spectrum and equation (7) is found, as expected,
with γ = 1/2. These results show that the differential
emission rate in delayed electron emission varies consis-
tently along the lines described above both in case of ion-
ization of neutrals of in case of detachment of anions. Note
that, while C60 or small tungsten clusters are reasonably
well described by spherical symmetry this is not the case
for small carbon anions like C−

20 which most stable iso-
mer is a monocyclic ring. Like in the case of C60 delayed
ionization, the internal energy distribution is broad, but
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Fig. 3. Same as Figure 2 in the case of W−
10. A fit with γ = 1/2

(thin line) gives Td = 1097 ± 50 K.

mainly owing to the loose control of the internal degree of
excitation during the production process.

In the case of evaporation the situation is slightly more
difficult to evaluate in the sense that in most frequent
cases evaporation results in the production of two neu-
tral fragments while only charged fragments are measured
in our set-up. The case of C60 offers a situation where
ion fragments are ejected and may be analyzed follow-
ing our procedure. However, the emission of charged frag-
ments C+

60−2n results from a chain of fragmentation where
fullerenes decay by ejecting one electron and one or sev-
eral C2 fragments (the ionization step being generally the
last one). Therefore, fragmentation is a mixture of two
different processes, one characterized by an exponent 1/2
(ion), the other one by an exponent 2/3 (neutral). This
means that the distinction between threshold laws rele-
vant to neutrals or ions cannot be made explicitly in the
present case. Practically, as shown in Figure 4 with the
typical example of C+

48, the kinetic energy distribution of
photoions is best fitted using a parameter γ close to 1/2.
This tends to show that the step corresponding to the ejec-
tion of an ion fragment prevails, however only a detailed
analysis of the fragmentation chain may answer this ques-
tion unambiguously. In this case, our experimental results
are compatible with the model described in chapter 2, but
do not allow distinguishing between ejections of neutral or
charged fragments.

All experimental results presented so far confirm the
assumptions made in Section 2. The question now arises
of the influence of the geometry for a system departing
largely from spherical symmetry like for instance a linear
carbon chain. Figure 5 shows a typical example of a pho-
toelectron spectrum recorded in delayed detachment of
C−

10 [25]. As opposed to larger carbon anion clusters, the
emission spectrum of this linear molecule does not present
the same behavior and a fit with equation (7) using a free
exponent parameter leads to a much smaller value γ ≈ 0.2.
All spectra recorded at various wavelengths and for other
small linear carbon anion clusters with less than 12 atoms
exhibit a small value of the parameter γ, typically around
1/4. This result indicates unambiguously that in the case
of a large departure from spherical symmetry the thresh-

Fig. 4. Kinetic energy spectrum (bold grey line) of C+
48 frag-

ments ejected in multiphoton ionization of C60 at 355 nm
(nanosecond regime). The experimental curve is fitted using
a free γ parameter. Best fit is found for γ = 0.49 ± 0.05
(thin line). The average kinetic energy in the lab frame is
ε̄ = 119 ± 10 meV.

Fig. 5. Variable exponent adjustment for delayed spectrum
obtained in the photodetachment of C−

10. Bold line: experiment,
thin line: fit. Best agreement is found with γ = 0.20 and Td =
2035±100 K. The low value of γ is suspected to arise from the
non spherical symmetry of this small linear chain.

old laws for emission has to be modified accordingly in
order to take into account both finite-size and different
symmetry.

5 Conclusion

Our experimental results have allowed illustrating the
threshold laws derived from the detailed balance theory
for emission of charged particles from a more or less spher-
ically symmetric cluster or molecule in the case of ioniza-
tion or detachment, as well as in the case of evaporation
of heavy fragment. These results also illustrate that the
kinetic energy distribution of charged particles in delayed
emission from small clusters obey in most cases rather
universal threshold laws confirming simple forms of the
threshold capture cross section. The energy spectrum pro-
vides also a universal thermometer characteristic of the
fragment and of the timescale of observation.
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Significant departures from these simple laws are found
in recent results obtained on small linear carbon chains,
i.e. for species that cannot be represented correctly by
conducting sphere. Development of the model in order to
account for ellipsoidal or cylindrical symmetry is presently
under progress.

The “Laboratoire de Spectrométrie Ionique et Moléculaire” is
a “Unité Mixte de Recherche CNRS-Université Lyon 1” (UMR
CNRS 5579).
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Ch. Bordas, Chem. Phys. Lett. 390, 145 (2004)
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