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Abstract

Atomic clusters may often be considered as small pieces of bulk material; however they may also exhibit properties radically different both from
the atomic species and from the condensed phase. Photoemission is one of the many powerful methods to investigate clusters and size-effects in
such systems, with very often non monotonous size-evolution. In atomic clusters, the finite-size equivalent of photoemission effects can be studied
in details: both direct (photoionization or photodetachment, analogous to photoelectric effect) and delayed (analogous to thermionic emission)
processes exhibit many features that may differ from the bulk behavior. Time-resolved photoelectron velocity-map imaging is used to analyze these
processes in the case of small carbon anion clusters as well as in fullerenes.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In 1905, known as the annus mirabilis, Einstein proposed
his interpretation of the photoelectric effect [1]. About a hun-
dred years later, photoemission has become a routine method to
investigate electronic properties of matter. The principle of pho-
toelectron spectroscopy relies on the seminal Einstein equation
hv=e¢+ Ey which is a direct consequence of energy conserva-
tion. This equation states that if a system absorbs a photon of
energy hv larger than the electron binding energy E, it can be
ionized and eject an electron of kinetic energy ¢. In fact, more
precisely, photoelectron spectroscopy relies on a general formu-
lation of the Finstein equation where the binding energy Ej is
replaced by a binding energy Ej associated to a specific excited
quantum state of the system (Ep corresponding to the ground
state). The kinetic energy ¢ of the emitted electron depends there-
fore on its binding energy E;. Hence, the kinetic energy spectrum
of these “direct” electrons provides a detailed quantum descrip-

* Corresponding author.
E-mail address: bordas @lasim.univ-lyonl.fr (C. Bordas).

1387-3806/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2006.01.053

tion of the system. However, photoexcitation processes are not
always simple due to couplings between the various degrees of
freedom of the system and part of the excitation energy may
well be converted into internal energy. Indeed, at the beginning
of the 20th century, the validity of the Einstein relationship was
found to be correct, but not complete. In particular, it failed to
account for the fact that the emitted electron energy and the
photoelectric current are influenced by the temperature of the
solid. For instance, the photoemission threshold was found at
lower photon energy for a piece of hot metal. In these situations,
interactions between degrees of freedom make a complete quan-
tum description hardly possible. Better than Einstein description
for direct electron emission, a statistical point of view has been
developed to describe these indirect processes. The strength of
the statistical framework comes from its ability to describe com-
plex phenomena based on a few general concepts like density of
states, temperature, entropy. For instance, emission of electrons
from a hot metal is known as thermoelectric effect (or thermionic
emission) and is very well described in terms of thermodynamic
behavior.

Photoelectron spectroscopy experiments are currently per-
formed on systems from simple atoms to bulk matter and very
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different processes are observed. The connection between the
results obtained for microscopic and macroscopic systems is far
from being trivial. This is one of the reasons why atomic clusters
have been extensively studied during the last decades [2]. Clus-
ters are often considered of fundamental interest because they
make the bridge between atomic microscopic and bulk macro-
scopic properties. This assessment is strikingly true when one
studies indirect processes like delayed electronic emission. Clus-
ters are model systems to investigate “cooling” processes, and
understanding how a highly excited system can release its excess
energy. Delayed electron emission is one of these cooling pro-
cesses and statistical interpretation is very tempting since, from
many respects, it resembles the very well known thermoelec-
tronic effect in bulk matter.

Indirect processes are actually by far more important in clus-
ters than in bulk matter. This is linked to the fact that in the
case of clusters we are dealing with a finite heat-bath where
the absorption of a single photon changes qualitatively the state
of the system. In bulk matter the absorption of a photon by a
piece of metal does not change significantly its internal state.
The excess energy is either released by ejecting an electron, or
dissipated in the bulk, without any electron emission, and the
temperature of the metal remains the same. This is totally dif-
ferent for a small cluster. After the absorption of a photon, the
excited cluster may release its energy very rapidly by emitting an
electron. However, there is very often a substantial probability
that the internal energy is shared among various degrees of free-
dom. 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. The
temperature of the cluster increases significantly by an amount
on the order of hv/C,, where C, is the heat capacity of the clus-
ter. The increase in temperature for a small system containing
10 atoms and absorbing a UV photon of 4 eV is typically about
2000 K. In the case of carbon cluster anions, 4eV is largely
above the electron binding energy for clusters with less than 20
atoms. Further, the decrease of the temperature after the ejec-
tion of the electron is also on the order of 1000K for a 10
atoms cluster. This means that even though one starts with a
cold system, the excited cluster may be considered as a very
hot nanofilament and one has to take into account thermionic
emission from the cluster that, in some cases, may exceed direct
emission.

In the following, we will focus on thermionic emission
although in some cases dissociation channels may be largely
dominant, particularly in Cgp. Indeed, owing to its very gen-
eral occurrence delayed electron emission [3] has been the
focus of numerous studies. Strictly speaking, and following the
analogy with condensed matter physics, delayed electron emis-
sion from clusters is described as thermionic emission when
the excitation energy is equally partitioned among the various
electronic and nuclear degrees of freedom. Most early studies
of thermionic emission in clusters were performed with stan-
dard ion time-of-flight techniques or measurement of the total
photoelectron current as a function of time delay [4-6]. More
detailed studies have subsequently been performed by measur-
ing time-integrated photoelectron spectra [7—11]. Both methods

suffer however from a lack of generality and it is clear that
only a time-resolved measurement of the kinetic energy dis-
tribution of the ejected electrons as a function of the delay after
excitation could provide a global understanding of thermionic
emission in clusters. The intrinsic capability of charged parti-
cle imaging [12] to combine energy and time resolution has
allowed developing a photoelectron spectrometer with time
resolution well adapted to the timescale of delayed emission
(nanosecond to microsecond) [13]. It is based on the elegant
principle of velocity-map imaging [14]. Time resolved photo-
electron spectroscopy is a very powerful tool that allows us
to test thermodynamics or statistical description of finite-size
systems.

In this article, we present two characteristic different exam-
ples of delayed emission processes in small clusters. First, stud-
ies of the photodetachment of small C,™ clusters in the size
range n=10-22 [13,15] using time-resolved imaging will be
presented. In that case, a single near-UV photon may induce
direct photodetachment. One of the advantages of working with
anions is that mass-selection is easily achievable, which is of
course required for that kind of experiment. Another charac-
teristic of small anions in single photon regime is that they are
simple models of refractory systems in the sense that the electron
binding energy is much lower than the dissociation or fragmen-
tation energy; therefore the electronic emission is by far the
dominant decay channel. For those systems, an explicit distinc-
tion between direct and delayed processes could be obtained
that was not achieved in previous experiments [16]. The situa-
tion is radically different in the second example presented below,
namely in the case of the fullerene Cg, that has often been used
as a paradigm for thermionic emission [6,17-20]. In that case,
the binding energy of the electron exceeds significantly the pho-
ton energy under our experimental conditions. Ionization of Cgg
requires a large amount of internal energy following multipho-
ton excitation and there is no direct emission processes. In that
case, competition with numerous dissociation channels cannot
be avoided, as well as the broad internal energy distribution con-
secutive to multiphoton ionization. Once again, time-resolved
imaging [21,22] allows to separate unambiguously thermionic
emission from other processes and to follow the time-evolution
of the decay. Moreover, electron spectra can give insights on the
dissociation channel. Before entering into the overview of the
experimental results in these two examples, let us first describe
briefly the unified theoretical framework adapted to the treat-
ment of delayed emission processes in finite-size systems.

2. Theoretical background

Various theoretical approaches maybe followed to describe
processes resulting from a statistical redistribution of internal
energy [23]. One of the more general is the so-called detailed bal-
ance theory. This unified framework introduced in the early days
of quantum mechanics by Weisskopf [24] is described in details
in recent articles [22,25,26]. Under the assumption of thermal
equilibrium and reversibility of quantum processes, the detailed
balanced theory allows expressing the differential thermionic
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emission rate as follows:

ka(E. &) = 2" o(e) ¢ ? )
&)= ——a(e)eexp [ ——— | exp [ —
cl 253 ? P kpTy P kpT:

where ¢ is the electron kinetic energy, m and o(¢) are respectively
the electron mass, and the cross-section for electron capture, @
is the electron binding energy (electron affinity for anions, ion-
ization potential for neutrals). The microcanonical temperatures
appearing in Eq. (1) are respectively the daughter temperature
T4 (temperature of the system after emission) and the emission
temperature T.. These quantities depend explicitly on the inter-
nal energy E: Tq is the temperature of a system of internal energy
Eq=FE — @ while T, is the temperature of a system of internal
energy E. = E — &/2. In the limit of the low kinetic energy regime
and without lack of generality the differential rate maybe written
as:

ka(E. £) = C(E)e” exp <—€> ®)
kg Ty

where C(E) is a factor that depends only on the total energy
E and on intrinsic properties of the system. The exponent y
includes the kinetic energy dependence of the capture cross-
section and depends explicitly on the nature of the interaction
potential between the electron and the daughter fragment. Note
that the kinetic energy profile of the photoelectron spectrum
depends only on the final (daughter) temperature of the system.

Through standard approximations of the capture cross-
section [27] and assuming spherical symmetry, the exponent
appearing in Eq. (2) maybe specified: for finite-size neutral sys-
tems this exponent is y =0, while it is y = 1/2 for anions. In the
limit of bulk matter y =1, this is another difference between
clusters and bulk matter. Note that Eq. (1) allows deriving sim-
ilar formula for dissociation processes with different values of
the exponent y.

The microcanonical thermionic emission rate Kg(E) is
obtained by integrating Eq. (1) over the kinetic energy ¢. It may
be written in an Arrhenius form as follows:

)
kel(E) = w(E) exp <_kBT ) 3)

where the prefactor @ depends slowly on the energy E. If
an initial internal energy distribution g(E,r=0) is considered,
kinetic energy spectrum is obtained by integrating Eq. (1) over £
weighted by g(E.f). A spectrum recorded in a finite time window
will correspond to the superimposition of spectra of a distribu-
tion of subsystems having different energy E. A very important
remark concerns the extremely rapid evolution of the rate K¢|(E)
as a function of total energy E. That is to say, a small change in
E induces a large change of the timescale of the process under
consideration. This is in some sense a very convenient prop-
erty since the electron kinetic energy spectrum recorded in our
experiment at a given delay will correspond mainly to systems
with a well-defined internal energy. This allows us to derive
the following general expression for the time-dependent energy

spectrum [22]:

P(g, 1) = A(r)e” exp <— “4)

)
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In brief, experimental photoelectron spectrum can be com-
pared directly with a profile given by Eq. (2) with the adequate
value of the y exponent. Fit of the experimental data to this
formula will allow deriving an explicit value of the daughter
temperature 7y. On the other hand, integrated emission rate,
connected to the emission temperature 7T, via Eq. (3) allows
a comparison between energy-dependent and time-dependent
measurements owing to the close connection between Ty
and Te.

3. Experimental set-up

The experimental installations used to study time-resolved
photodetachment of small carbon clusters or photoionization
of Cgg are rather similar and combine laser vaporization tech-
niques for the production of free clusters and time-of-flight mass
spectrometry and time-resolved photoelectron imaging for the
detection. The main difference between both arrangements lies
in the coupling between the molecular beam and the electron
spectrometer. Small carbon anion clusters C,~ [15] are pro-
duced by laser ablation of a graphite rod using a tightly focused
laser beam (second harmonic of a Nd: YAG). Carbon clusters are
formed in the supersonic expansion in a pulse of helium carrier-
gas. Native anions are extracted using a pulsed electric field
in the extraction region of a time-of-flight mass spectrometer
(TOEFMS). Clusters of specific mass, selected by their time-of-
flight, are then excited by a second laser beam (Xe:Cl, 308 nm,
pulse duration 15ns, or Xe:Cl pumped dye laser) above their
photodetachment threshold in the center of the interaction region
of the photoelectron imaging spectrometer. The excitation of
a well-defined cluster mass is ensured by firing the excitation
laser when the given size is precisely at the center of the elec-
tron spectrometer. In the case of Cgg, a beam of fullerenes is
produced either by laser desorption of pure Cgy embedded in
a rod of organic material (matrix-assisted laser desorption), or
by evaporation in a thermal oven. The first technique provides
a very high flux with however a high velocity that prevents the
observations at delays larger than a few microseconds. The oven
technique is better for observations at delays in the range 2—20 s
since the velocity of fullerenes is reduced. However, the oven
production is not appropriate to the study of photoions resulting
from the fragmentation processes (not described in the present
article) owing to the large velocity-drift that induces distortions
of the images. As opposed to the case of anion clusters, no mass-
selection is required and the Cgp molecular beam enters directly
the velocity-map imaging spectrometer where optical excitation
is achieved using nanosecond tunable dye laser in the range
220-400 nm. In that case, the extraction region of the electron
spectrometer is at the same time the extraction region of the
TOFMS. The Cg set-up allows the measurement of mass spectra
and of photoelectron spectra under strictly identical experimen-
tal conditions simply by adapting the electrode voltages to the
desired purpose.
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The last element in the experimental set-up, namely the
velocity-map imaging spectrometer itself, is strictly identical
in the case of anion or neutral systems. The principle of charged
particle imaging introduced in the early 1980s [28] is extremely
simple. A static electric field is applied in the interaction region
and used to project the photoelectrons produced in photode-
tachment or photoionization onto a position sensitive detector
(PSD). This PSD is made up of a tandem microchannel plates
followed by a phosphor screen and a CCD camera for read-out.
The electrodes of the spectrometer and the applied voltages are
designed such that the resulting extraction field projects the elec-
trons onto the PSD with a position of impact that depends only
on the electron initial velocity, irrespective of its initial posi-
tion in a volume of a few cubic millimeters around the center
of the spectrometer. This is the principle of velocity-map imag-
ing [14]. By summing electron impacts over many laser shots
we obtain an image that is a map of the projection of the elec-
trons velocity on a plane perpendicular to the electric field. If
the laser polarization is fixed parallel to the detector, a stan-
dard inversion method [12,29] allows obtaining the distribution
of velocity both in modulus and in direction, i.e., an angular-
resolved photoelectron spectrum. Since the measurement of the
electron velocity relies entirely on geometrical properties of the
electron trajectories and since the time of flight of the electron is
almost independent on its velocity (the kinetic energy acquired
in the external field is by far much larger than the initial kinetic
energy) velocity-map imaging presents the priceless advantage,
with respect to standard photoelectron spectroscopy techniques
like, e.g., magnetic-bottle [30], that it is intrinsically capable of
time-resolution. Indeed, the time of impact of the electron onto
the PSD is directly connected to the time of emission of the
electron. Therefore, by simply gating the microchannel plates,
one can select a given time slice in the electron distribution
and then record a delayed emission spectrum in a well-defined
time window after excitation. The time resolution of our system
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is, for the moment, limited to about 60 ns, which is appropri-
ate to the timescale of the observed phenomenon. However,
the same principle could allow a nanosecond resolution pro-
vided an improvement of the read-out electronic is achieved.
In addition, the detection efficiency of velocity-map imaging is
constant at threshold, which is particularly useful for measuring
the slow photoelectron energy distributions corresponding to the
emission of thermal electron from hot clusters. Time resolved
velocity-map imaging was used for the first time in the case of
thermionic emission of Cgy [21], and further extended to the
study of other systems. A review of this method has been pub-
lished recently [13].

4. Thermionic emission in small carbon anion clusters

Small carbon anion clusters are prototypical systems to
study thermionic emission free from other competing channels.
Indeed, the electron binding energy in small C,,~ carbon clusters
(the electron affinity) is included roughly between 2.0 and 3.6 eV
(ring isomers) in the range n=10-22, while the fragmentation
energy is well above 5.0 eV [31]. This characteristic allows, first,
to reach the detachment continuum by single photon excitation
using standard laser systems. Second, following excitation in the
near-UV at 4.0 eV, the photodetachment channel is open while
all fragmentation channels are closed. Besides, even when tak-
ing into account a possible substantial internal energy prior to
optical excitation, the thermionic emission rate exceeds largely
the estimate of all other decay rates.

Fig. 1 presents typical experimental results obtained in the
photodetachment of Cig~ at 308 nm (about 1.3eV above the
electron affinity) recorded at two different delays after excita-
tion. The inverted image on the top left panel of Fig. 1 was
recorded with the laser pulse synchronized with the centre of
the detection time window in order to record full direct emission
signal. This corresponds to the time gate where the major part

B,
0.0 0.5 1.0 L5 2.0 &5 3.0

Energy (eV)

Fig. 1. Experimental results obtained in the photodetachment of Cig~ clusters at 308 nm. Top left: inverted synchronized image (—30 to +30ns detection gate)
including full direct emission and the early stage of delayed emission. Bottom left: delayed image (60—120 ns detection gate) where only delayed emission remains.
Right—corresponding photoelectron spectra: direct (black line) and delayed (grey line) spectrum.
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of electrons is ejected and it is rather similar to a time-integrated
image [16]. The largest ring in the synchronized image cor-
responds to fast electrons, ejected with the largest amount of
kinetic energy. This structure is slightly anisotropic (anisotropy
is more pronounced at some sizes) as it can be seen in the fig-
ure, and its size increases when the photon energy is increased.
Therefore, this structure maybe attributed to direct emission. On
the contrary, the structure in the middle, at low energy, is almost
independent on the excitation energy, and could correspond to
delayed electron emission. The inverted image on the bottom left
panel, was recorded after shifting the centre of the gate to 90 ns
after the laser pulse (only electrons ejected 60—120 ns after the
firing of the laser pulse are detected). This delay is long enough to
remove completely direct emission, albeit short enough to keep
a significant level of signal. The resulting images is significantly
different: while two rings were clearly visible in the synchro-
nized image (top), the external ring disappears completely in the
delayed image (bottom) and only the inner structure remains.
Note that the disappearance of the external ring confirms its ini-
tial attribution to direct photoemission, while the survival of the
inner structure confirms that it corresponds to delayed emission
even when detecting prompt electrons. Time-resolved imaging
allows therefore a visible distinction between direct and delayed
emission processes and there is no longer any ambiguity on the
nature of the two processes.

The results obtained on carbon anions are summarized in
Fig. 2 where a series of spectra with n ranging from 10 to 22
is presented. Black solid lines correspond to prompt electrons,
grey solid lines to delayed electrons (same gate window as in
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Fig. 1). All spectra are normalized to same highest value in order
to make comparison easier. Note however that the ratio between
direct and delayed spectra differ significantly (intensity of the
delayed spectrum being of course significantly lower than inten-
sity of the direct one) from one size to the next, in connection
with the evolution of the emission rate. In most cases, two prin-
cipal features are visible in the synchronized spectra: one at low
energy (below 0.5 eV) and another one at higher energy. The lat-
ter is assigned to direct emission based on the known values of
the electron affinities of C,,~ clusters [11] and on the fact that this
component rapidly vanishes as the time delay is increased. In the
delayed spectra the high-energy feature has totally disappeared
but the low energy feature remains. The remaining signal is
due to electrons emitted over longer timescales through delayed
emission. Delayed emission is identified without any ambiguity
and a daughter temperature Ty of the clusters after decay may
be estimated for each size through fits to Eq. (2) with the vari-
able exponent y = 1/2 relevant to the charge—dipole interaction
between the electron and the remaining target in photodetach-
ment. Delayed spectra are therefore fitted with the following
formula where A and Ty are free parameters:

&
kg Ty

Typical examples of such fittings are presented in Fig. 3.
The excellent agreement visible for C>o~ for instance is typical
of our observations above size 15. At smaller size the agree-
ment is less satisfactory such as it is visible in the example of
C14~ . Even more significant discrepancies are observed on C19 ™~

P(e) = Agl/? exp <— )

- :

£ Ci

[=]

E

=

(=

)

]

=

2

3

= (

M 20 25 30 00 05 10 15 20 25 3.0

£ 10p o Cis| 10 Cie

2 os 08§\

= \

g:‘_;] 0.6} 06} \

@04+ 04! \

g \

g 0.2 02+

g e il

o 0.0 - ) - 0.0 —
00 05 1.0 15 20 25 30 00 05 1.0 15 20 25 30 00 05 1.0 15 20 25 3.0

S L 0

£ 10 1 ) Cro| 10 Ch

2 08 081y 0.8

Eﬂ 0.6 0.6} \ 0.6

o \

‘F 04 04t |\ 04

g \

= 02 02 |\ 0.2

g A, L

2 00 ‘ 0.0 . 0.0 : - —
00 05 10 15 20 25 30 00 05 1.0 1.5 20 25 30 00 05 10 15 20 25 30

Energy (eV)

Energy (eV)

Energy (eV)

Fig. 2. Kinetic energy spectra of carbon cluster anions following excitation at A = 308 nm for sizes n=10-22. All spectra are normalized to same highest value and
slightly smoothed. Black solid line: synchronized spectra (—30 to +30 ns detection gate). Grey solid line: delayed spectra (60—120 ns detection gate).
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Fig. 3. Typical examples of fit of experimental delayed spectra (60 ns wide gate is open, 60 ns after the laser pulse, A =308 nm) with a kinetic energy profile as given
by Eq. (5). At large size (example of Cyp~ on the left) the agreement is excellent while at smaller size (example of Cy4~ on the right) the comparison between

experimental and model distribution is less convincing.

and C1;~ (see below). This aspect is discussed further at the
end of the present section. Daughter temperatures derived from
these fittings are displayed in Fig. 4 with error bars estimated
based on fits to different experimental data. Fits are performed
in the energy range (0-1eV). Experimental temperatures are
compared in Fig. 4 with various estimates of the expected tem-
perature of the clusters. Two qualitatively different approaches
have been followed. The first one is based on the assumption
that clusters are thermalized to room temperature 7; before
excitation, and that they absorb a single photon. It is therefore
possible to evaluate the cluster daughter temperature following
the absorption of a single photon of frequency v from the heat
capacity of the cluster C,:
T — T hv — & 6
a=1i+ C, (6)
We actually use a more refined procedure to determine this
temperature based on an estimation of the energy-dependent heat
capacity C,(E) using the GAUSSIANO98 program package [32].
Multiphoton excitation can be neglected since we are working
at low laser fluence. Further, no indication of multiple photon
absorption could be noticed in the synchronized images. The

2000 -

1500
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T,(K)
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10 12 14 16 18 20
Cluster size

Fig. 4. Comparison of cluster temperatures derived from the experimental
delayed spectra (black line with error bars) and calculated values. Grey squares:
temperatures calculated assuming an internal energy given by the excitation pho-
ton energy hv. Grey circles: temperatures calculated based on the assumption of
a thermionic emission rate of 107 Hz. Calculated values based on the assump-
tion of rate-controlled thermionic emission are in much better agreement with
experimental values.

daughter temperatures calculated according to Eq. (6) are com-
pared with those derived from the fit for different cluster sizes
in Fig. 4. Except at smaller sizes (n= 10, 11), the experimental
value is by far larger than the calculated one. More specifically,
for even clusters that have a low electron affinity the tempera-
ture calculated according to Eq. (6) is fairly large, while rather
low temperatures are measured. On the contrary for odd clusters
that have a higher electron affinity Eq. (6) leads to a smaller
temperature, while in fact we measure a much larger tempera-
ture. Therefore, at least after a given delay of about 50-100 ns
we can conclude from this noticeable discrepancy that the inter-
nal energy of the clusters that contribute to delayed emission
after this delay is significantly different (in most cases larger)
from the well-defined photon energy deposited in the cluster
(hv=4.025eV). This strong discrepancy indicates most likely
that the initial degree of internal excitation of the clusters is
already significant; in particular this observation is not compati-
ble with a cluster beam at room temperature. Without any explicit
control of the initial cluster excitation, the assumption of con-
trol over cluster energies in the experiment is thus unfounded.
In addition, comparing effective daughter temperatures with
estimates of the temperatures based on a well-defined internal
energy of the systems does not take into account the dynamics
of the process and the essential relationship between the internal
energy of the system and its typical decay time. In the frame-
work of the detailed balance theory one can estimate the total
emission rate as a function of the internal energy based on first
principle arguments and on known values of the electron affinity
[7,11]. Indeed, this rate varies extremely rapidly with the energy.
In the range of interest, an increase of the emission temperature
by only 50 K increases the emission rate (calculated according
to detailed balance) by a factor of 2. As a consequence, it is
obvious that only the clusters that have an internal energy such
that the emission rate is roughly the inverse of the observation
time window will contribute to thermionic emission. Those that
have a larger internal energy will decay completely before the
observation window; on the contrary those with smaller energy
will wait longer before decaying.

Therefore, the second and more realistic approach used to
analyze the experimental temperatures is based on the direct
correspondence between the emission rate and the observation
time window. This approach is evaluated in Fig. 4 through the
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comparison of experimental and rate-determined temperatures,
for arate of 107 Hz (approximately the inverse of the observation
delay). The variation of the emission rate as a function of tem-
perature is estimated along the lines described in Section 2 and
in Ref. [22]. Using this method for estimating the temperature
the agreement between experimental results and predictions is
much better. In particular the odd—even alternation is well repro-
duced. Clusters that have a higher electron affinity require more
energy to emit an electron in a given time window and there-
fore the odd-parity clusters are found at higher temperature. With
minor exceptions the general tendency is very well accounted for
by this interpretation. This high degree of agreement between
experimental results and a model based on the assumption of
thermal equilibrium confirms the designation of delayed elec-
tron emission as thermionic emission. Note also that this direct
correspondence between time — rate — and internal energy (or
temperature) has been made possible thanks to time resolved
photoelectron spectroscopy. The main conclusion of this part of
the present work is that the characteristics of thermionic emis-
sion at a given time delay after excitation are entirely governed
by the emission rate and a statistical description of the ongo-
ing processes is well suited. The well-defined amount of energy
deposited in the cluster has no direct influence on the observed
phenomena. This aspect expresses also that the internal energy
distribution of small anion clusters prior to photoexcitation is
broad enough to support a final distribution including signifi-
cant fraction of clusters having the proper degree of excitation to
contribute in the given time range. In order to perform an experi-
ment where the internal energy of the clusters would be precisely
controlled by the excitation process, it is therefore necessary to
develop a better control of the initial degree of thermalization
excitation. This implies to work with cold clusters with initial
temperatures below typically 100 K. This technical development
is under progress in our laboratory in order to disentangle com-
pletely the effect of the initial excitation from the effect of the
well-defined optical excitation.

Before concluding this section devoted to small carbon clus-
ter anions let us finally discuss the discrepancies mentioned
above regarding the adequacy of Eq. (5) for describing the profile
of thermionic emission spectra in small systems. The discrep-
ancies observed on C19~ and C;;~ indicate most likely that the
hard-sphere approximation of the capture cross-section has to be
refined in those cases. Indeed, the geometry of these small sys-
tems is probably far from spherical symmetry; rather the linear
isomer is expected to be dominant in our experiment. At larger
sizes, the ring isomers dominate and, although not spherically
symmetric, the model appears to be relevant for these species.
Actually, a fit with Eq. (2) with a variable exponent y allows
to quantify the deviation from the spherical symmetry. This is
shown in Fig. 5 where the delayed spectrum of C19~ has been
adjusted with a variable exponent. The effective value adapted to
this small, probably linear, system is found to be y & 0.2, which
is significantly lower than the expected value of 1/2. In that case,
the value of the fitted temperature is completely different but no
conclusion should be drawn from this finding since the estima-
tion of the temperature (see above) depends also on the detailed
expression of the emission rate that depends explicitly on the
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0.0
0.0 0.5 1.0 1.5 2.0

Energy (eV)

Fig. 5. Variable exponent adjustment according to Eq. (2) for delayed spectrum
obtained in the photodetachment of Co . Best agreement is found with y =0.20.
More generally, at small sizes (n = 10-12) amuch better agreement is found using
a smaller variable exponent y in the generalized formula. The low value of the
exponent is probably linked to the non spherical symmetry of these small linear
chains.

expression of the capture cross-section. Without going into the
details, a much better agreement of experimental delayed elec-
tron emission with a general form given by Eq. (2) is found
at small sizes (n=10-13) using a smaller variable exponent y
in the range 0.2-0.3, while a value of 1/2 seems to be more
appropriate to cluster sizes above n=14. A classical model is
being developed at the moment in order to evaluate the influ-
ence of the linear shape of the cluster on the electron capture
cross-section that could explain these deviations. From now on
however it appears reasonable to assume that the different emis-
sion profile observed in small C,,~ clusters is effectively linked
to the geometry of these species. If confirmed, measurement of
photoelectron spectra could be used as a probe of the capture
cross-section itself.

5. Competition between thermionic emission and
fragmentation in Cg

The second example selected to illustrate delayed emission
processes in finite-size systems and the capabilities of time-
resolved imaging is Cgg. In fact this molecule is one of the
favorite systems for studying delayed decay processes [6,17-20]
owing first to the wealth of phenomena that it exhibits, and
second owing to its ease of production. As far as the first
aspect is concerned, the fullerene molecule Cgp has been used
to study various decay processes like delayed electron emis-
sion [6,17-20], blackbody radiation [33], sequential C; emission
[34,35] and even multifragmentation [36]. Attimescales relevant
to our experimental conditions (laser pulse duration of about
10 ns and observation time window typically below 10 ps) mul-
tifragmentation and blackbody radiation may be neglected and
the decay process in competition are essentially delayed ioniza-
tion and C; emission.

This variety of phenomenon is not the only difference
between fullerenes and carbon anion clusters. The ionization
potential of Cgg is much larger than the photon energy in the vis-
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Fig. 6. Evolution of the decay rates as a function of the internal energy of
Cgo: thermionic emission rate calculated in the framework of the detailed bal-
ance theory (solid-line) [22]; C, emission rate estimated according to Ref. [22]
(dashed-line). For comparison, the blackbody radiation rate which is defined as
the number of photons emitted per second (dotted-line) [34] has been plotted.
Typically for photon in the visible, its contribution is known to be negligible on
the microsecond timescale.

ible or near-UV. Owing to the high values of the binding energy
(ionization potential @ =~ 7.6 eV, C; binding energy Eq ~ 11 eV)
and to the large number of degrees of freedom, the various emis-
sion rates become appreciable only for a substantial value of the
internal energy. The variation of the thermionic emission rate
and of the dissociation rate as a function of the internal energy
of Cgp maybe evaluated according to the detailed balance theory
or to previous experimental results [34,35], respectively. Such
an evaluation is presented in Fig. 6, together with the estimated
blackbody emission rate. It is clearly visible in Fig. 6 that, in
the region of interest for us (microsecond timescale), the decay
of Cgp occurs predominantly by emission of C; fragments. At
lower internal energy, blackbody radiation cannot be ruled out
and obviously plays a role at delays larger than about 10 s
although not directly visible. As a consequence the multiphoton
excitation process is in a relatively high-order regime: typically
more than 15 photons have to be absorbed by Cgo to induce
ionization over our typical timescales. Optical excitation using
nanosecond laser does not prevent the system to absorb a sub-
stantial amount of internal energy and indeed, the examination of
mass spectra with fragments as small as C3,™ resulting unam-
biguously from sequential C; emission demonstrates that Cgg
molecules can absorb up to 100150 eV under our experimental
conditions. With respect to similar experiments using ultrashort
laser pulses excitation [37] note also that the duration of the
excitation process itself (about 10ns) allows naturally for an
internal energy redistribution after the absorption of every sin-
gle photon. This leads to an almost perfect thermalization of the
excited fullerenes. The assumption of statistical equilibrium is
hence fully justified.

A typical time-of-flight (TOF) spectrum obtained in pho-
toionization of Cgg is presented in Fig. 7. The peak of Cgp*
ions is noticeably broadened and the long tail extending several
tens of microsecond after the maximum is the clear indication of
delayed ionization. Note that this tail does not present an expo-
nential profile. Since it results from the sum over delayed ioniza-
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Fig. 7. Typical mass spectrum obtained in the photoionization of Cg( (thin black
solid line). The peak of Cgp* exhibits a long tail towards large delays. This is the
direct indication of delayed ionization. Smaller even-parity fragments resulting
from the ejection of one or several C, fragments are clearly visible down to size
n=32. A Monte-Carlo simulation (broad grey solid line) is superimposed with
the experimental data. Parameters used for estimating the various dissociation
and thermionic emission rates are taken from Ref. [35].

tion corresponding to a broad distribution of internal energy, the
resulting signal is a power law r~” where the characteristic expo-
nent p is directly connected to the ratio of the binding energy
of the two competing processes [6]. At shorter time-of-flights,
all fragments peaks corresponding to successive loss of C, frag-
ments, Csg*, Cs¢™... down to C3;* are also clearly visible in
the mass spectrum. In Fig. 7, the experimental TOF spectrum is
compared with a Monte-Carlo simulation of the chain of compet-
ing ionization and fragmentation processes schematized above.
Similar simulations have already been published [35,38] based
on more or less refined estimates of the decay rates relevant to all
ionization or dissociation channels. This simulation is also based
on the assumption of a given distribution of internal energy.
Indeed, the appearance of the TOF spectrum is extremely sen-
sitive to this distribution. This, in turn, allows to derive rather
precisely the degree of excitation of the fullerenes. For a given
laser intensity, the corresponding internal energy distribution
following multiphoton excitation is given by a standard Pois-
son distribution. The total internal energy distribution at time
t=0: g(E,0) results from a spatial averaging over regions with
laser intensities varying from zero to the maximum value (the
laser beam is narrower than the molecular beam). Below a cut-
off energy E. = Nhv (average internal energy at the waist, the
width of the Poisson distribution is roughly AE ~ V' Nhv), the
absorbed energy follows a power law g(E,r=0) oc E7" that has
been estimated by other authors [35,38]. In accordance with pre-
vious results, the best agreement is obtained for n=2.5. Above
the cut-off energy, the distribution is simply Poisson-like. The
agreement between the experimental TOF spectrum and the
Monte-Carlo simulation is excellent as can be seen in Fig. 7.
Despite the many unknowns regarding the various parameters
entering the simulation (ionization potentials and dissociation
energies of all neutral and cation fragments are known within
significant uncertainties in some cases, rate prefactors are often
poorly known) the quality of the agreement ensures a rather
reliable derivation of the internal energy distribution, which, in
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Fig. 8. Typical experimental spectrum (dots) recorded in the time range
(200-300 ns) after excitation at A =330nm (dots). Only thermionic emission
from Cg is detected. An effective temperature of 3490 + 100 K is fitted (solid
line) to the experimental distribution.

turns, allows a more refined interpretation of photoelectron spec-
tra. Photoelectron images have been recorded with excitation in
the range 220—400 nm, at laser fluences below 10° W/cm? (pulse
duration 10ns, 5-50 mJ/pulse). No significant dependence on
the laser photon energy could be noticed. From the point of view
of photoelectron spectra, the large width of the internal energy
distribution following multiphoton excitation in the visible or
near-UV implies that these various experimental conditions do
not lead to significant differences in the internal energy distri-
bution of the molecules and the photoelectron spectra do not
differ significantly as a function of the laser intensity or wave-
length. Indeed, photoelectron energy distribution is much less
sensitive to the experimental conditions (except for the delay)
than the fragmentation pattern observed in TOF spectra. Photo-
electron images have been recorded with gate of width ranging
from 100 ns to 1 ws and with delays ranging from 0 to 20 pws.
At larger delays, photoelectron images were always recorded
using the thermal oven source in order to minimize the beam
velocity and to maximize the residence time in the effective
detection region. However, owing to our experimental design,
images recorded with a delay larger than about 10 s are slightly
distorted due to the drift velocity in the beam and no significant
data could be derived at delays larger than 10 ps. From this
point of view the laser desorption source is even worse since the
velocity of the molecules in the beam is much larger (helium
carrier-gas) but in that case the dispersion of velocity around
the average value is significantly smaller and it turns out that
the laser desorption method is more efficient and allows a better
image resolution for photoions (results obtained with photoions
will be discussed in a forthcoming paper). The typical experi-
mental spectrum presented in Fig. 8 as well as the overview of
daughter temperatures presented in Fig. 9 have been obtained at
a laser wavelength A =330 nm under moderate intensity. Fig. 8
presents a time-resolved photoelectron spectrum resulting from
the inversion of an electron image recorded using a 100 ns-
wide gate, at a time delay of 200 ns after optical excitation. A
least-square fit of the spectrum to Eq. (2) (solid line) with an
exponent y =0 (relevant to ionization of a neutral species) leads
to an effective daughter temperature 7q &~ 3490 £+ 100 K. Note
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Fig. 9. Experimental daughter temperatures (black circle with error bars)
extracted from fit to experimental spectra. Error bars increase with the delay
due to the decrease of the electron signal. Integration time of 1 s (except the
point at short delay recorded with a 100ns wide gate). Solid grey line is an
estimate of the temperature based on our model which includes dissociation and
thermionic emission channels [22]. The agreement is very satisfactory.

the excellent agreement between experimental and calculated
spectra. This excellent agreement confirms the validity of the
detailed balance and of the dependence of the kinetic energy
profile (through the y exponent). The evolution of the daugh-
ter temperature extracted from a fit to the experimental spectra
is presented in Fig. 9. In this figure, we present results aver-
aged over different series of measurements using an integration
gate of 1 s over the range 0—10 s (except for the point at
200 ns obtained with a narrower gate). Experimental errors in
the range 100-200 K are estimated based on the dispersion of
various data sets. The broad solid line is the result of a calcula-
tion based on the detailed balance assuming an internal energy
distribution compatible with the one used to fit TOF spectra
and standard parameters [22]. Except at larger delays where
the measured temperature is systematically below the estimated
one (although within the error bars), the agreement between our
experimental results and estimates of the temperature based on
parameters compatible with previous works [39] is a strong sup-
port of the validity of the detailed balance theory. From this point
of view, the variation of the effective temperature as a function of
time delay is a direct measurement of the evolution of the total
decay rate (essentially the dissociation decay rate) as a func-
tion of temperature, which puts severe constraints on the couple
of Arrhenius parameters (Egiss, @diss), respectively, dissociation
energy and prefactor. This will be discussed in details in a sepa-
rate article. Finally, the same conclusion than for carbon cluster
anions holds for Cgo fullerenes, namely, the effective temper-
ature of the systems depends essentially on the time delay at
which decay occurs, in other words there is a strong and direct
connection between temperature and time of observation. At
the same time, the relevance of the statistical approach is again
justified.

Experimental images have also been recorded on photoions.
These results will be published elsewhere. Let us however men-
tion that the kinetic energy release measurements of the various
ion fragments are another confirmation of the results obtained
in TOF spectra or in photoelectron imaging.
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6. Conclusion

The results relative to small carbon anion clusters or neu-
tral fullerenes presented in this article allows to demonstrate the
power of time-dependent photoelectron imaging that leads to
an unambiguous discrimination between fast and delayed pro-
cesses. Time-resolved velocity-map imaging is an invaluable
tool to study electron emission processes on typical (rather long)
timescales in the range from a few tens of nanoseconds to tens
of microseconds.

From a more fundamental point of view, this clear distinc-
tion between the various ongoing processes combined with the
description of thermionic emission and fragmentation processes
in the framework of the detailed balance theory, has allowed us to
verify simple laws for photoelectron kinetic energy distributions
in the case of photodetachment and in the case of photoioniza-
tion. This excellent detailed agreement between experimental
results and model is also a strong confirmation of the validity of
the detailed balance description that offers a unified understand-
ing of the decay processes. The second fundamental conclusion,
which is however not a new finding, is that there is a specific
connection between time delay and temperature which implies
that delayed processes are entirely controlled by the decay rates
rather than by the amount of internal energy deposited in the
systems, which in many cases is either not controlled or not
sufficient to control the degree of internal excitation. On the
other hand, a number of points remain to be elucidated among
which the understanding of the detailed mechanisms of ther-
malization and the behavior at larger delays where blackbody
radiation starts to play a role. In addition, it has been shown for
smaller cluster sizes in the case of carbon cluster anions that the
geometry of the system may play a role and induce a number
of deviations from the simple threshold laws presented above.
Classical calculations are in progress in order to interpret quan-
titatively these deviations assuming linear chain geometries.
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