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The evolution of a molecular system excited above its ionization threshold depends on a
number of parameters that include the nature of the excited states and their couplings to
the various continua. The general nature of the processes governing this evolution depends
also essentially on the complexity of the molecule, more precisely on its size, density of states,
and strength of the couplings among the various internal degrees of freedom. In this paper we
address the question of the transition between autoionization that prevails in small molecules,
and delayed ionization occurring in larger molecules or clusters. This transition is illustrated
by autoionization of Na2 Rydberg states on one hand, delayed ionization in fullerene C60 ,
and delayed detachment in small cluster anions on the other hand. All processes are studied
in the case of nanosecond laser excitation, corresponding to a rather slow deposition of the
internal energy.
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In large molecules or clusters the theoretical description of such dynamics becomes untreatable on the microscopic quantum level, in a state-to-state approach.
However, this complexity may result in a statistical behavior that can be more simply described within much
simpler models [2] that do not necessarily take into account the details of the ongoing processes. The strength
of the statistical hypothesis arises from the fact that the
system undergoes a dynamics which neither depends
on the excitation process nor on its detailed quantum
structure but on a few, very general, intrinsic properties such as the number of degrees of freedom, binding
energies· · · .
This general behavior has been widely studied especially in the case of delayed ionization of fullerene
C60 [3,4] or delayed detachment in small negatively
charged clusters such as refractory metal anion clusters [5]. These processes, which correspond to the release of internal energy by emission of a single electron
after a delay ranging from the femto- to the millisecond range, may be valuably studied by photoelectron
spectroscopy. In the present paper we will specifically
illustrate delayed electron emission in these cases using
velocity-map imaging [6,7] that allows recording timeresolved photoelectron spectra giving access to a broad
range of emission delay.
The general context of this work is the study of the
fate of a molecular system excited above its ionization
threshold. In other words the basic question that we are
addressing is “how do systems excited above their ionization, or detachment, limit behave?” More specifically
we address the question of the phenomena that govern the transition between autoionization and delayed
ionization such as illustrated on Fig.1. The small size
limit of this process, namely autoionization of Rydberg

I. INTRODUCTION

As opposed to the case of simple atomic systems, the
photoionization of a molecular system gives rise to a variety of processes owing to the capability of the molecule
to accumulate a substantial fraction of its excitation energy in alternative internal degrees of freedom. When
a molecule is excited above its ionization threshold, its
dynamical behavior depends on the degree and nature
of the excitation and on the couplings between its various degrees of freedom. As a general rule, the more
complex the molecule is, the less localized on a given
degree of freedom the excitation is. This rule is even
more appropriate in highly excited molecules where the
density of states becomes very high. This is a typical
situation where Born-Oppenheimer approximation fails
and vibronic couplings become of primary importance
for the understanding of the time-dependent behavior of
the system. When the excitation energy increases, new
decay channels become accessible and compete among
each other. From this point of view the study of small
gas-phase clusters, and more specifically the study of
the decay dynamics of very excited clusters, is a very
active field of research [1]. Owing to the combination of
relatively simple description and wealth of phenomena
that they exhibit, small clusters may indeed be considered as prototypes of finite-size systems that share
common properties of small molecules and bulk matter.
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FIG. 1 General scheme of the transition from autoionization
in simple atoms or diatomic molecules to delayed ionization
in larger molecular systems or clusters. This transition is
governed by the interplay between electronic and nuclear
motion and depends critically on the size of the systems
and above all on its density of states.

states, is abundantly described in Refs.[8,9] and will
be briefly illustrated on the particular case of Rydberg
states of Na2 in the work. Subsequently we will focus on
the decay of clusters by electron emission, starting with
a short overview of the detailed balance theory [10], the
statistical model used to describe delayed emission in
large but finite systems, before illustrating these processes by an example of delayed ionization in fullerene
and in small metal cluster anions.
When the size of the system increases the density of
states becomes so large that two specific characters take
place. First the excitation process is no longer resonant
and the system can absorb a photon without any kind
of selectivity. Second, the couplings between the various internal excitation modes of the system are so large
that the timescale for internal couplings is much shorter
than the typical time between two photon absorption in
the nanosecond excitation regime. Therefore the system
can absorb a large number of photons before decaying,
the internal energy is redistributed over all degrees of
freedom and eventually the system is heated up before
decaying. In addition fragments other than electrons
may be emitted, but here we focus on cases where the
ejected particle is an electron. All these processes may
be described within the framework of statistical dynamics, and in case of thermal equilibrium the whole process
is designated as thermionic emission.
Basically, autoionization and thermionic or delayed
electron emission are the two facets of the same process. In both cases indeed ionization proceeds via an
exchange of energy between nuclear and electronic degrees of freedom rather than by a direct ejection of the
electron into the continuum. And in both cases also, as
opposed to direct ionization which occurs on femtosecond timescale, the ionization or detachment process requires a finite time that can range from the picosecond
to the millisecond domain. Understanding the evolution
of the interplay between electronic and nuclear motion
behind these processes is therefore a fundamental question that raises the question of the transition between
these two limiting cases that depends on size, nature of
DOI:10.1088/1674-0068/22/02/162-170

II. MOLECULAR AUTOIONIZATION

The detailed mechanisms of autoionization in atoms
or in molecules have been extensively studied in the
past. Autoionization is mostly found in atomic or
molecular Rydberg states. This has allowed a very specific and very powerful method to be developed to describe the relevant core-electron couplings in full details, namely the multichannel quantum defect theory
(MQDT) [11,12]. MQDT is based on the asymptotic
form of the Coulomb functions and allows combining
the short range properties of the wavefunction included
in the quantum defects with the long range asymptotic
properties of the Rydberg electron. Therefore it allows
a non-perturbative approach that treat on the same
footing the structure of the Rydberg spectrum as well
as the dynamics of the autoionization process. MQDT
was first developed for simple atoms by Seaton [11] and
was very rapidly extended to the molecular case by Fano
and coworkers [12,13] and subsequently generalized by
Jungen et al. [14-16] allowing a global description of all
kinds of molecular autoionization and dissociation processes. MQDT has also been extensively applied to the
case of Na2 Rydberg states [17] briefly presented below
as an illustration.
Autoionizing states are quasi-discrete states lying
above the lowest ionization threshold, members of Rydberg series converging to an excited level of the ion.
According to the nature of the excitation of the ion,
various kinds of autoionization processes are found. Autoionization involves a non-radiative exchange of energy
between the core and the outer electron. The origin of
the core energy transferred to the electron may be rotational, vibrational, spin-orbit, or electronic depending on which processes are energetically possible. In a
typical molecule like Na2 , the most common process is
vibrational autoionization. Vibrational autoionization
is schematized in Fig.2.
If a Rydberg state of an AB molecule belonging to a
series converging towards a v6=0 level of the AB+ ion
lies above the v=0 level of the ion, autoionization occurs
by a breakdown of the Born-Oppenheimer approximation. The electronic wavefunction for the quasi-discrete
state of the excited neutral is coupled to the one of
the ion plus free electron system via the vibronic kinetic energy operator. Autoionization occurs when one
(∆v=1) or several (∆v>1) quanta of vibration energy in
the neutral are converted to kinetic energy of the outer
electron, resulting in its ejection. Generally a ∆v=1
process is much faster than ∆v>1 processes in a small
diatomic molecule like H2 [12-16] or Na2 [17,18]. This is
easily interpreted in terms of vibronic couplings in the
framework of MQDT. As a consequence vibrational autoionization favors the emission of slow electrons, with
a kinetic energy typically less than one quantum of vic
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FIG. 2 Schematic illustration of the vibrational autoionization process in a diatomic molecule. Depending on the
energy of the Rydberg state the exchange of one or several
vibrational quanta is required. In a polyatomic molecule, or
in a cluster, the picture of delayed ionization is similar except for the larger number of vibrational degrees of freedom
involved, and the correspondingly extremely higher densityof-states.

bration, as compared to emission of fast electrons with
large kinetic energy resulting from the exchange of several vibrational quanta with the nuclei. At this point
there is of course a significant difference between small
diatomic molecules where this propensity rule [19] is
almost always verified, and large molecules or clusters
where the combination of a large number of degrees of
freedom/vibrational modes and large density of states
allows rapid couplings among all modes and a fast equilibration of the internal energy over all the accessible
energetic modes. The qualitative difference between
molecular autoionization and thermionic emission lies
precisely in this distinction: molecular autoionization is
dominated by ∆v=1 couplings whereas in larger molecular systems or clusters the strong anharmonic couplings induce a complete mixing that virtually corresponds to a statistical equilibrium among the various
degrees of excitation prior to electron emission.
In a small diatomic molecule and at first order the
partial linewidth of a given Rydberg state of principal quantum number n and vibrational quantum number v |Ψ`λ,n,v i Rydberg state due to autoionization in
the v + =v−1 continuum when energetically accessible is
given by [16]:

Γ`λnv;v−1

2<
= 2π 3
n

µ

dµλ
dR

¶2

h
8π 2 mωc

v

(1)

where < is the Rydberg constant, m is the reduced
mass, ω is the harmonic vibrational frequency, and
µ`λ (R) is the R-dependent quantum defect defined acDOI:10.1088/1674-0068/22/02/162-170

<
2

[n − µ`λ (R)]

(2)

where R is the internuclear distance, Un`λ (R) is the potential energy curve of the Rydberg state, and U + (R) is
the potential energy curve of the ion. Keeping only the
first order term in the Taylor development of µ`λ (R)
and in the harmonic approximation, the only nonzero
matrix elements coupling an autoionizing state |Ψ`λ,n,v i
to the ionization continuum |v + ; εi are those corresponding to ∆v=v + −v=−1 that leads to the above
first-order expression of Γ`λnv;v−1 . This very important approximate selection rule is known as the propensity rule of Berry [19]. Within this approximation, the
∆v>1 matrix elements are zero and autoionizing states
of vibrational quantum number v may be coupled to the
ionization continuum v + with v−v + >1 only via indirect
couplings involving several ∆v>1 couplings. Higher order couplings involving higher order dependency of the
quantum defect as a function of the internuclear distance are also present but are in general significantly
weaker. Therefore, as illustrated in Fig.3, high order vibrational autoionization processes are essentially much
slower in small molecules like H2 or Na2 .
Vibrational autoionization is induced by an exchange
between the kinetic energy of the outer electron and
the vibrational energy of the ion core. MQDT allows
an explicit and non-perturbative treatment of all rovibrational interactions and includes implicitly all orders
of approximation. However, the simpler perturbative
approach briefly mentioned above is sufficient in order
to emphasize the ∆v=v + −v=−1 propensity rule.
As opposed to light molecules like H2 [12-16] where
the dynamics of the autoionizing states is best determined by measuring spectral linewidths, the slower nuclear motion in heavier molecules like Na2 [17,18] allows
the direct observation of the dynamics of autoionization
in the time domain as illustrated below.
The sodium diatomic molecule Na2 chosen to illustrate our discussion has been extensively studied in the
past decades [17,18,20]. Sodium molecules are produced
as a molecular beam in a thermal oven. The optical excitation is achieved using tunable pulsed lasers
(Nd:YAG pumped dye lasers, 10 ns duration, 0.2 cm−1
spectral linewidth) in an interaction region where a
small static electric field (variable from 0.3 V/cm to
a few hundreds V/cm) is applied. We follow a selective optical-optical double resonance excitation scheme
in order to excite well-defined Rydberg series. The first
laser is tuned to a selected rovibrational transition be1 +
tween the ground X 1 Σ+
g and first excited A Σu state.
This leads to the selective excitation of the Na2 molecule
in a single (v 0 , J 0 ) level of the intermediate state A1 Σ+
u.
From this intermediate level the second tunable laser
is scanned in the vicinity of the ionization threshold.
Only Rydberg states of gerade parity with J=J 0 or
c
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FIG. 3 Experimental spectra of Na2 Rydberg states
recorded with the intermediate level (v 0 =2, J 0 =6) for two
different integration times (upper spectrum 200 ns, lower
spectrum 10 ns). The ∆v=1 and ∆v=2 autoionization regions are indicated. Below the direct ionization threshold
(v + =2) and the ∆v=1 ionization threshold (v + =1) lifetimes are noticeably longer. The external electric field
(F =1.5 V/cm) is responsible for a well-defined lowering of
the ionization thresholds.

J 0 ±1 are excited. Owing to the Rydberg character of
the A state, the v=v 0 Rydberg series are preferentially
excited. This allows avoiding congestion of the Rydberg
spectra. Typical spectra are found e.g. in Ref.[17,18].
Figure 3 presents the typical behavior of Na2 Rydberg
states with respect to autoionization. Both spectra presented in this figure have been recorded with the same
intermediate level (v 0 =2, J 0 =6). Only the v=2 Rydberg
series is visible in these spectra. The upper spectrum
has been recorded using an integration time window of
200 ns (i.e. all electrons ejected during the first 200 ns
after laser excitation are detected), while the lower spectrum has been recorded with a shorter integration window of 10 ns. The comparison of both spectra gives
therefore a direct and qualitative view of the excited
states lifetime over a limited range of excitation energy.
This method allows a global view of the dynamics based
on the fact that the ratio of the relative intensities of
similar lines in the two spectra is directly connected
to the lifetime of the excited states. Spectra presented
in Fig.3 exhibit clearly that the lifetime of autoionizing
Rydberg states is typically a few nanoseconds just above
the ∆v=1 autoionization threshold, while it increases
to several tens of nanoseconds as n increases just below
the v + =2 ionization limit. The patterns observed for
∆v=2 autoionizing states show that lifetime is significantly larger in that case (always larger than 10-20 ns),
but show at the same time that the ∆v=1 propensity
DOI:10.1088/1674-0068/22/02/162-170
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rule is only approximate. Below the direct (∆v=0) ionization threshold (v + =2) and below the ∆v=1 ionization threshold (v + =1) the long lifetimes corresponding
to vanishing widths are clearly evidenced on the lower
spectrum. Note that the various ionization thresholds
are lowered by the external electric field (1.5 V/cm).
These results, among others, are symptomatic of
the general behavior of molecular autoionization in diatomic molecules. The autoionization lifetime is directly dependent on the precise nature of the excited
state and it depends critically on the nature and quantity of energy transferred from the nuclear to the electronic degree of freedom. From this point of view it is
clear that the autoionization lifetime does not depend
simply on the electron kinetic energy, however it depends very predictably upon the nature of the excited
state. The description of the dynamics in the framework
of MQDT is of course more subtle than the description
of the structure of the Rydberg spectrum but there is no
fundamental obstacle to a precise description of the dynamical behavior of every single excited states accessed
in this kind of experiment. From this point of view,
vibrational autoionization of a small diatomic molecule
is therefore anything but statistical.

III. STATISTICAL DESCRIPTION OF DELAYED
IONIZATION IN LARGE MOLECULES OR CLUSTERS

The above description relevant to autoionization in
small molecules is no longer true in a cluster where, as
noted previously, the high density of states prevents a
selective excitation process and induces numerous and
stronger couplings between the various degrees of freedom that lead to a very fast redistribution of the internal energy.
Qualitatively, the optical excitation process in the
nanosecond regime in a small cluster is very different
from the case of a diatomic molecule. The electronelectron couplings timescale are on the order of a few
tens of femtoseconds while the e-vibration timescale is
in the range of a few hundred femtoseconds. Therefore,
if the laser intensity is sufficient, the cluster can absorb
an amount of energy substantially larger than its ionization potential or electron affinity as soon as this energy
is shared by a large number of degrees of freedom. This
property is used in the case of C60 described below to
induce absorption of a large internal energy, typically
larger than 50 eV. On the contrary, in the case of small
anions with low electron affinity, great care must be
taken in order to avoid multiphoton absorption that
would induce competing processes (e.g. sequential ionization) and very low laser intensity is required. After
the absorption of a photon, the very strong couplings
among the excited states lead very rapidly to a complete equilibrium and to a thermalization of the system
on a femtosecond or picosecond timescale. Therefore,
in nanosecond regime, the (multi)photon excitation proc
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cess is equivalent to a heating of the system that lasts
over the whole duration of the laser pulse. Hence a statistical approach [2] is relevant to describe “globally”
the dynamics of complex systems like clusters or large
molecules. In a photoexcited molecular system with an
internal energy above the lowest ionization threshold,
it may be shown based on simple density-of-states arguments that the coupling of the excited state to other
quasi-bound states is in general larger than the direct
coupling to the ionization continuum. Due to the strong
couplings between the various degrees of freedom, the
excitation is no longer localized on a well-defined energetic mode and the internal energy is redistributed in
the molecule. In a dynamical picture there is a constant
exchange of energy between electronic and nuclear excitation modes. In this picture, the amount of energy
in a given degree of freedom fluctuates according to the
various couplings. These fluctuations lead to an average
equipartition of the energy over all accessible degrees of
freedom. They may therefore be described within the
framework of statistical mechanics. If at some point
the fluctuations are such that the energy accumulated
in a given electronic mode exceeds the corresponding
ionization limit, electron emission occurs.
When delayed ionization follows the equipartition of
the internal energy such as described above, it may
be described as a statistical process and is denoted as
thermionic emission [21-24]. In order to be efficient as
compared to direct ionization, internal energy redistribution must occur rapidly after the initial excitation.
From the microscopic point of view, the electron can
gain enough energy from the other electrons or from
the nuclear motion. In the former case this corresponds
to electronic autoionization [25] while in the later case,
the amount of energy received by the electron from the
nuclei corresponds strictly to the vibrational autoionization process as described above. This correspondence is
a characteristic example of the loss of the quantum character of the dynamics of a finite size system, a paradigm
of the very general problem of the transition between
quantum and classical (statistical) behavior.
Without going into the details, all processes following a statistical redistribution of internal energy may be
described in a unified framework which is the detailed
balance theory, introduced by Weisskopf in the context
of nuclear reactions [10], combined with a proper introduction of the microcanonical temperature(s) [21-23] of
the molecule or cluster via the density of states. The detailed balanced theory allows expressing the differential
thermionic emission rate as follows:
kem (ε, E) =

2m
σ (ε, E) ε ·
3
π 2 ~µ
¶
µ
¶
−ε
−Φ
exp
exp
kB Td
kB Te

(3)

where E is the total internal energy, ε is the electron
kinetic energy, σ(ε, E) is the electron capture crossDOI:10.1088/1674-0068/22/02/162-170

section of the daughter system, Φ is the electron binding
energy (ionization potential or electron affinity accordingly), and kB is the Boltzmann constant. The parameters Td and Te are respectively the daughter and emission temperatures, explicit functions of E. The former
is the temperature of the system after electron emission; the later is the mean value of the temperature of
the system before and after emission. The differential
emission rate appears as the product of terms depending on ε that determines entirely the emission spectrum
with a term depending only on the emission temperature that determines primarily the total emission rate.
The electron capture cross-section σ(ε, E) in Eq.(3)
may be explicitly estimated via a classical approach [26].
After some approximations, one can derive the following
general formula for the thermionic emission spectrum
that appears as the product of a simple function of the
electron kinetic energy times an exponential term where
the important parameter is the daughter temperature
Td :
µ
¶
ε
γ
P (ε, E) ∝ (ε + Cε ) exp −
(4)
kB Td
The pre-exponential factor consists in two terms. The
first one ε is given by the contribution of the hard sphere
part of the electron capture cross section and vanishes as
compared to Cεγ when the size of the systems tends to
0. The second term Cεγ depends explicitly on the interaction between the electron and the remaining system.
Assuming spherical symmetry, one can show that γ=0
in the case of a neutral system (delayed ionization) while
γ=1/2 in the case of an anion (delayed detachment).
On the other hand in the bulk limit the hard-sphere
contribution dominates and one finds the classical limit
of bulk thermionic emission γ=1 [27]. The kinetic energy spectrum appears then as a broad distribution and
is essentially determined by only two parameters: the
temperature Td explicit function of the internal energy
and related to the density of states, and the exponent
γ given by the electron capture cross-section, i.e. primarily dependent on the interaction potential between
the daughter system and the emitted electron. The total decay rate is simply obtained by integrating Eq.(4)
over ε and is found as a rapidly increasing function of
the internal energy. Characteristic kinetic energy distributions are displayed in Fig.4.
Such emission spectra are characteristic signatures
of the statistical character of the delayed ionization in
large systems and the precise measurement of the electron kinetic energy distribution is a powerful tool to determine the statistical character of the ongoing process.
The detailed characterization of the threshold emission law, qualitatively different from the highly structured spectra observed in the autoionization of small
molecules Rydberg states, is therefore the key to unravel the transition between molecular autoionization
and thermionic emission.
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FIG. 4 Generic form of delayed emission spectra as described by Eq.(4). Spectra are displayed in the bulk limit
(γ=1)(a) and for three different cases relevant to the small
size limit for neutral dissociation (γ=2/3)(b), detachment
(γ=1/2)(c), and ionization (γ=0)(d).

Over the past few years, we have developed an experimental set-up allowing the measurement of photoelectron kinetic energy spectra of size selected clusters,
at a given time delay after the excitation process. This
set-up is based on a velocity map imaging spectrometer
[7] with a time-resolved position sensitive detector [28].
In the following section we present the results obtained
on delayed ionization of neutral fullerenes and cluster
anions using this set-up.

IV. DELAYED IONIZATION OF FULLERENE C60

As a first illustration of delayed ionization in large
molecular systems let us now focus on thermionic emission in fullerene. As far as delayed ionization of finitesize systems is concerned the fullerene C60 is without
any doubt the system that has attracted the largest attention [1,3,4,29,30]. Owing to its high symmetry and
large number of degrees of freedom, C60 has often been
used as the paradigm of small systems for studying delayed emission processes both for ionization and for dissociation by emission of C2 fragments [24]. In the case
of thermionic emission in C60 , Eq.(4) may be explicitly
written with C=4.1 eV and γ=0.
The experimental set-up is briefly as follows. A
fullerene molecular beam is produced by evaporating
C60 powder in a thermal oven. The multiphoton excitation of the molecules is performed using the third
harmonic of a Nd:YAG laser (355 nm, 10 ns duration,
10 Hz repetition rate, variable fluence in the mJ/mm2
range) in the interaction region. Note that the absorption of more than 10 photons is required to induce
delayed ionization on our experimental timescale that
ranges between 0 and about 10 µs [24]. The interaction between the molecular and laser beams is achieved
in a small volume which is simultaneously the center
of a velocity-map-imaging (VMI) spectrometer and of
DOI:10.1088/1674-0068/22/02/162-170
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a ion time-of-flight spectrometer. The principle of VMI
is very simple [6,7]. A static electric field projects the
photoelectrons onto a position sensitive detector made
up of a tandem multichannel plate (MCP) followed by
a phosphor screen and a CCD camera for read-out. The
extraction field is designed such that the position of impact of the electron on the detector depends only on its
initial velocity, irrespective of its position, within a finite volume. This device allows the direct measurement
of a map of the projection of the electron velocity on
a plane perpendicular to the electric field. If the laser
polarization is set parallel to the detector plane a simple image inversion [31] provides the electron velocity
distribution both in modulus and in direction. In the
present case VMI has two main advantages with respect
to other photoelectron spectroscopy techniques. First
the detection efficiency is independent on the electron
kinetic energy and the VMI resolution is very high at
threshold. Therefore it is a powerful method for determining threshold spectra. Second, the time of flight of
the electron is almost independent on its initial velocity. Hence, by simply gating the microchannel plates
detector, one can select a given time slice in the electron distribution and therefore record a delayed emission spectrum in a well defined time window after excitation. The time-resolution of our VMI spectrometer is
typically about 50 ns, appropriate to the timescales of
the ongoing processes.
For the purpose of studying thermionic emission the
suitability of time resolved VMI benefits from the fact
that the emission rate describing statistical emission has
a very fast (quasi exponential) evolution with the internal energy [24]. This implies that two molecules having a close internal energy have a very different lifetime
τ . As a consequence the measurement of the electron
kinetic energy spectrum at a given time delay τ after
laser excitation corresponds to the detection of electrons emitted from systems having a rather well defined
internal energy E. A single microcanonical temperature Td (E) corresponds to this internal energy. This
daughter temperature is experimentally measured by
fitting Eq.(4) to the experimental kinetic energy spectrum. These measurements have been published previously [24,32]. A typical example of a delayed photoelectron spectrum recorded in multiphoton ionization
of C60 (λ=355 nm, pulse duration=10 ns) is presented
in Fig.5 together with the result of the fit according to
Eq.(4) where only the temperature Td of the residual
ion is a free parameter. Indeed for C60 Eq.(4) may be
explicitly written with γ=0 and C=4.1 eV. The displayed spectrum has been recorded in a time gate of
1 µs width, starting 1 µs after laser excitation. Only
electrons ejected between 1 and 2 µs after excitation are
detected, which implies that pure thermionic emission is
recorded and the comparison with the statistical model
may be performed directly. The experimental spectrum
presented in Fig.5 matches perfectly the distribution expected for thermionic emission and this comparison is a
c
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any discrete structure. On the contrary, all measurements performed at different wavelengths and intensities [24,32] show no significant difference with those presented here, in perfect agreement with the statistical
model [10,21-23]. This agreement confirms the statistical nature of delayed ionization in C60 . This is not
extremely surprising regarding the size of the fullerene
that exhibits a very high density of vibrational states,
favoring a rapid equilibrium. In the following section we
will focus on smaller systems that do however exhibit a
similar behavior.

FIG. 5 Delayed ionization of C60 . Photoelectron kinetic
energy spectrum recorded at delay τ =1-2 µs after the
laser excitation (dots). A fitting procedure according to
Eq.(4) (line) is used to extract a microcanonical temperature Tdexp =3100±100 K. This temperature is in excellent
agreement with the temperature calculated from the total
decay rate Tdth =3180 K.

representative example of the excellent agreement with
the statistical approach. Practically, the photoelectron
spectrum may be used as a thermometer to determine
the microcanonical temperature of the final product.
Since the experimental measurement performed in a
well defined time window provides at the same time
a precise estimate of the total emission rate this temperature may be compared with the statistical model
from this point of view also. The experimental measurement provides also a direct relationship between the
total emission rate (via the experimental time-window
for detecting the electrons) and the total energy (via the
measured temperature Td ). As a first approximation,
the total ionization rate K(E) is very often expressed
in an simplified Arrhenius form:
·
¸
De
K (E) = A exp −
(5)
kB Te (E)
where De is the dissociation energy required for the ejection of a C2 fragment (the dominant decay process that
governs the total decay rate in the relevant energy range
[24]) and Te (E) is the corresponding emission temperature. Systematic measurements have been performed
for various widths of the integration window between
100 ns and 1 µs, and for delays ranging between less
than 100 ns and about 10 µs. Our experimental results
are well described using a prefactor A=1021 s−1 and
a dissociation energy De =10.2 eV in accordance with
the Ref.[33]. For instance, using these values, a very
good agreement is found in the particular case of the
spectrum displayed in Fig.5 between the experimental
temperature Tdexp =3100±100 K and Eq.(5) that leads
to Tdth =3180 K at delay τ =1 µs.
As expected from the statistical approach for a decay process following a full equipartition of the internal energy the experimental spectrum does not present
DOI:10.1088/1674-0068/22/02/162-170

V. DELAYED EMISSION IN SMALL TUNGSTEN
ANIONS: AUTODETACHMENT AND THERMIONIC
EMISSION

As shown in the previous section, delayed ionization
of neutral systems appears as a statistical autoionization process where the energy is randomly distributed
on the various degrees of freedom leading finally to a
more or less efficient coupling with continuum states of
the ion+electron system. Anion clusters, despite their
different nature (neutral+electron) and the weak longrange interaction between the daughter system and the
ejected electron, represent interesting and widely studied species from the point of view of delayed electron
emission [34-36]. In our group we have investigated
delayed electron emission from anion tungsten clusters
Wn − [37,38] that represents model refractory systems
where electron emission is by far the dominating process
with respect to dissociation that is not energetically allowed in the excitation range of interest. Strictly speaking, delayed detachment is no longer an ionization process, however it is similar by many respects to delayed
ionization. In particular, as summarized in section III,
the same statistical description may be used in that
case and the different nature of the interaction potential is entirely taken into account via the exponent γ.
An additional advantage of negatively charged systems
is that mass selection may easily be performed. This
is especially useful in order to investigate the evolution
of delayed emission from a small simple system (di- or
tri-atomic molecule) to a larger system with many degrees of freedom (like e.g. C60 − ). From this point of
view the study of tungsten cluster anions Wn − would
allow in principle to follow gradually the transition between a very small system exhibiting discrete structures
(autodetachment) and a large system exhibiting a structureless electron kinetic energy spectrum. However, in
metal species such as Wn − , the DOS is large enough in
small clusters (the smaller species obtainable in our setup is the tetramer W4 − ) to induce thermionic emission
even in such a small species [37,38].
The experimental set-up is very similar to the one
used for neutral fullerenes. A tungsten cluster beam
is produced by laser vaporization of a tungsten rod.
A pulsed electric field allows extracting native anions
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the initial expectations, they do not allow following
gradually the transition from quantum to classical behavior since the statistical description is found to be
relevant even in the smallest species observed.
VI. CONCLUSION

FIG. 6 Photoelectron spectra recorded in one-photon delayed detachment of W10 − at λ=308 nm. Thin solid line:
broad integration time-window, direct and delayed electrons
are detected. Bold solid line: only delayed electrons are detected in the time window 60-120 ns after laser excitation.
A fit of this delayed electron spectrum to Eq.(4) with γ=1/2
(dashed line) gives Td =1097±50 K.

from the molecular beam. A first time-of-flight allows
spatial and temporal separation of anions according to
their mass. The accelerated anions subsequently enter in the interaction region of a VMI spectrometer.
The selection of a well-defined cluster mass is ensured
by a proper timing of the excitation laser (λ=308 nm,
pulse duration=10 ns). Since small cluster anions have
a rather low electron affinity (typically below 2 eV) a
single photon excitation is sufficient to induce direct or
delayed detachment. Therefore, great care is taken in
order to avoid multiphoton processes (as opposed to the
case of fullerenes) and all experiments are performed at
very low laser fluence. Using this experimental set-up,
photoelectron spectra of size selected tungsten anion
clusters have been measured in the size range between
n=4 and 20 [37,38]. Figure 6 illustrates a typical example in the particular case of detachment of W10 − .
Both direct and indirect electron spectra are shown.
In the former case, all emitted electrons are detected.
In the later, only delayed electrons ejected in a time
window 60-120 ns after laser excitation are detected.
The delayed electron distribution may be fitted with
great precision to Eq.(4) with an exponent γ=1/2, as
expected in the case of detachment. Here the ε term in
the leading factor of Eq.(4) is neglected as compared to
Cε1/2 at threshold. The fit provides a daughter temperature Td =1097±50 K in good agreement with predictions. A similar agreement is also observed for other
cluster sizes ranging between n=4 and 20 [38]. Note
that, as quoted previously, even the smallest clusters
studied in the present work, namely W4 − , exhibits the
characteristic features of delayed, statistical, electron
emission.
These results, similarly to those obtained for C60 ,
confirm the statistical character of delayed electron
emission in complex systems. Unfortunately, despite
DOI:10.1088/1674-0068/22/02/162-170

The experimental results presented above, first in the
case of vibrational autoionization of diatomic molecules,
second in the case of delayed ionization or thermionic
emission of fullerenes and delayed detachment in clusters, illustrate the evolution of the dynamical properties of finite-size molecular systems of increasing size
and complexity. These results illustrate also that this
transition from a quantum to a statistical behavior is
not necessarily smooth as a function of the size of the
molecule and even in a very small system, the exponential increase of the vibrational density-of-states is
responsible for a sharp transition towards a statistical character. Although a theoretical description of
this transition in a model system is attainable, the detailed experimental characterization of this transition
from quantum to classical behavior is more demanding.
Moreover it strongly depends on the nature of the system. It is clear for instance that this transition occurs
at very small size in metal clusters (e.g. in W4 − ) while
it may occur at much larger size in complex systems like
organic or bio-molecules. Nevertheless, the main conclusion from this work may be the following paradox:
the description of autoionization or delayed ionization
in a small and simple molecule, within the framework
of MQDT for instance, is much more complex and subtle than the description of the same phenomenon in a
complex system, where a simple statistical approach allows explaining all observed features. In other words,
with the restriction that it is correct only with respect
to delayed ionization: complexity makes life easier!
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F. Lépine et al.

[22] J. U. Andersen, E. Bonderup, and K. Hansen, J. Chem.
Phys. 114, 6518 (2001) .
[23] J. U. Andersen, E. Bonderup, and K. Hansen, J. Phys.
B 35, R1 (2002) .
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