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Photoelectron imaging spectroscopy of small tungsten clusters:
Direct observation of thermionic emission
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Single-photon photodetachment of mass-sele@ted clusters has been studied by photoelectron imaging
spectroscopy. Velocity map imaging allows us to measure simultaneously the kinetic-energy spectrum and the
angular distribution of photoelectrons. This provides a clear distinction between the two major decay mecha-
nisms: isotropic thermionic emission and anisotropic direct photoemission. A careful study of threshold elec-
trons shows that the thermal distribution cannot be described by a bulklike formula or a simple exponentially
decreasing Boltzmann function. On the contrary, our results are in excellent agreement with more refined
theoretical models taking into account the spherical symmetry of the cluster. The kinetic-energy distribution of
thermal electrons corresponding to thermionic emission is found to varyes €2 exp(— e/kgT). Our results
indicate that a transition toward a bulklike statistical behavior of the internal-energy redistribution occurs in
very small systems owing to the high density of states in metal clusters. Moreover, the angular distribution of
direct photoelectrons is obtained and the evolution as a function of size is discussed. The asymmetry parameter
B of the most intense band observed in direct photoemission for each cluster decreases monotonically with
size: the direct photoemission of smaller systems is strongly anisotropic, becoming isotropic as the size of the
system increases. This probably indicates the loss of coherence induced by electron-electron collisions occur-
ring in large systems.
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[. INTRODUCTION element are among the simplest models for studying the dy-
namics of complex systems containing an arbitrarily large
The time evolution of complex microscopic systems isnumber of degrees of freedom.

essentially governed by the nonadiabatic couplings between The work presented here deals with a specific and funda-
the various electronic and nuclear degrees of freedom. Invegnental aspect of this problem, namely, what is the behavior
tigating the internal dynamics of such systems has becom@f energy-rich clusters where the excitation energy exceeds
one of the most active fields in molecular and cluster physthe threshold required for the emission of an electron. Frag-
ics. Various experimental techniques may be used to acce8entation processes are not examined here since only refrac-
the internal dynamics. Schematically, two kinds of experi-tory 'cor.npqunds are stud'led. This includes exutaﬂon_above
ment may be distinguished. First, the time evolution may b¢"€ ionization threshold in the case of neutral species, or
probed directly. Pump-probe ultrafast laser spectroscopy a_bove the detachment threshold in the case of anions. Clus-

lows in many cases a remarkable insight into the details o S excned.m the lonization or detachment continuum pro-
X . . . ) -vide a physical regime where a complete breakdown of the
the nonadiabatic couplings involved in the system. Analysi

Born- nheimer roximation is likel r. From
of the kinematics of the ejected particldsagments, elec- orn-Oppenheimer approximation is likely to occu °

h is a diff he i I'[his point of view, the analogy with the field of molecular
trons, photons, etris a different route to access the interna Rydberg states and autoionization is striking. Electron-

dynamics. In this second category of experiments, the energy;,cjeus couplings are determinant and the dynamics of the
and spatial (_1|str|but_|ons together W_lth branching ratlo_s argystem is governed by the exchange of energy between the
measured without direct access to time-dependent variablegiectronic and vibronic degrees of freedom. The consequence
The work presented in this paper pertains to this family ofpf these couplings is that the emission of electrons is not
experiments. simply governed by the energwhich allows or forbids the
Indeed, it is of primary importance to understand the evoprocess itse)f but also by the strength of the various cou-
lution of a microscopic system after the absorption of aplings, with the result that the electron does not carry away
single photon, because it is the prototype of a physical proball the residual energy and may take a long time before being
lem where one has total control of the quantity of energyejected. This is at the origin of the distinction between
deposited in the system together with a limited number oforompt and delayed emissi¢t—5]. Delayed ionizatior5]
internal conversion processes. The optical excitation of amas been observed mainly from metéd-11] or carbon 12—
isolated molecule or cluster by absorption of a single photori4] clusters, but also from large moleculé¢$,2] where
results in a decay process that follows different channelinternal-energy conversion is a common process. Delayed
(emission of atoms, molecules, electrons, or photats  ionization corresponds typically to electron emission occur-
cording to the size of the particle, its internal energy, and theing in the range of tens of nanoseconds up to many micro-
relative values of the barriers relevant to the various decagr even milliseconds after excitation. When the internal-
paths. From this point of view, metallic or covalent clustersenergy redistribution presents a statistical character, this phe-
consisting of a few to many hundreds of atoms of a singlenomenon is described as thermionic emission, by analogy
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with the emission of electrons from hot bulk material. This isformation on the ionization mechanism. Some authors have
particularly true when observed from clusters which, to somaised a simple Boltzmann distribution to fit their experimen-
extent, behave like a small piece of bulk material. The terntal data[34,35. This is absolutely not justified in a nega-
of thermionic emission implies that the excitation energy istively charged finite-size system with spherical symmetry. A
equipartitioned between the nuclear and electronic degrees gliantitative comparison of our experimental energy distribu-
freedom. However, electron emission is not necessarily th&on with the most sophisticated model of thermionic emis-
only decay channel and the competition with evaporation okion in finite-size systems derived by Kld#6-53 will al-
atoms or molecules, fragmentation, and radiative coolindow us to confirm this character in small refractory clusters.
must be taken into account. The work presented here is limFhis quantitative comparison has been made possible by the
ited to the situation where electron emission is, by far, theuse of the velocity map imaging techniqL&t,55|, which is
dominant channel. This is the general rule in refractory sysparticularly well suited to determining slow-photoelectron
tems such as small negative tungsten clusters where the elggnetic-energy distributions. The constant sensitivity of the
tron affinity is noticeably smaller than the dissociation en-method, especially near threshold, allows extraction of reli-
ergy. However, the situation is much more complex ingple threshold laws from experimental data that provides a

general owing to the relative values of the barriers to thesyringent test of the theoretical models and a sensitive com-
emission of electrons or atoms, which are often comparablsmiSon of the different means of excitation.

in neutral clusters. Nevertheless, a detailed understanding of
such phenomena in the case where a single decay channel
may be isolated allows us to probe more precisely the fun-
damental dynamical processes that occur in energy-rich clus-
ters. The key parameters that govern the evolution of the sys-
Delayed ionization occurring in a time domain ranging tem are on one side the different barriers relative to the emis-
from a few microseconds to several milliseconds after lasegjon of the different particles, and on the other side the in-
excitation was first reported in neutral metal clustersigrg| couplings that drive the system toward the various
[7-11,15,1¢ and in fullerenes[12-14,17-30 Tungsten  ,nan final channels. It is a common approximation to con-
clusters have received special attent{@1-33. After this  giqor that the absorption of a single photon leads, in a first

ﬁ(reelgﬁ?ii/nearéuV;ItOer:(s’(mn:aliaclh[segZTsgaznzeigrgggfjgfjgd c’nstep, to the excitation of a single electron. Of course, this is
9 ' ' an extremely simplistic assumption that is a strict application

where delayed ionization may occur at a shorter time scalef the Born-Obpenheimer anoroximation and. depending on
and with a higher rate. By analogy with condensed matte PP mer approx » 4€p 9
he overlap between initial and final wave functions of the

physics[43], this delayed ionization has been designate o . . o
system, it is clear that the initial optical excitation step leads

“thermionic emission.” This implies that a free cluster ex- o o L . .
cited above threshold samples all the phase space availagf @ non-negligible rovibrational excitation. At this point, we

before electron emission. In order to assume this equilibWill describe the simplest scheme where all the photon en-
rium, electron-phonon couplings have to be fast with respecrdy is transferred to the external electron. After this first,
to the rate of ionization or detachment. This is often the cas#'stantaneous step, one can distinguish schematically be-
with a typical time scale of a few picoseconds for internaltween two different kinds of processes: on one hand, direct
conversion. Under this condition, the ionization/detachmenprocesses in which the system decays directly after the elec-
rate can be equated with the rate at equilibrium. However, itronic excitation and, on the other hand, indirect processes
is not completely clear at the present time that this is thevhere the electron can transfer part of its energy to the nuclei
general case since experimentally measured thermionic emibefore decay. Besides the distribution of the internal energy
sion rates are often several orders of magnitude smaller thesver different modes, the major difference is that the time
expected. This suggests that the rate of internal conversiogcales at which both kinds of processes occur are extremely
may be more determining than the emission rate itself in thélifferent. Electronic time scales are on the order of 100 fs
overall decay rate. This was emphasized by Remacle arl®6], while electron-vibration couplings may extend from the
Levine[3], who consider that the decay rate is mostly deterJico- to the millisecond range. At this point the statistical
mined by the energy exchange between electrons and vibralistribution of the energy, i.e., the thermalization of the sys-
tions in electronically excited molecules or clusters. In suchHem, is not assumed. However, in metal clusters where the
cases the decay rate is limited by the existence of internatouplings between the various modes are extremely efficient,
bottlenecks. Such effects have been evidenced, for examplié,may be expected that a statistical distribution of the energy
in resonant infrared multiphoton ionization of fullerenes us-is reached at very small size. In that case, when the energy is
ing a free-electron lasgn4,45. equipartitioned over the different modes, the system heats up
In the work presented here, we do not focus on the interto a temperaturd; which depends on its internal energy
nal process itself or on the precise determination of decathe sum of its initial energy, (initial temperaturerl) and
rates. Rather, we try to examine carefully the kinetic-energythe photon energiiv, and on its heat capacity,(T). In the
distribution of slow photoelectrons, which is one of the mostlimit of the Dulong-Petit lanf43] for a bulk metal containing
direct probes to confirm whether or not thermal equilibriumN atoms, the heat capacit¢,(T) is a constant,C,(T)
is reached prior to delayed ionization. Indeed, the kinetic=3Nkg (with kg the Boltzmann constantin this limit the
energy distribution of photoelectrons provides valuable indinternal temperatur@; may be written as

Il. SUMMARY OF THE DECAY MECHANISMS
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hv e)xeexp —ekgT), 3
T=Tot " p(e)= e exp(— elkgT) €
B which presents a maximum at=kgT.

The kinetic-energy distribution is not merely the tail of
the Fermi-Dirac energy distribution, which would lead to a
simple exponential function. Indeed, in order to be ejected
. . ) . from the bulk, not only must the electron have a positive
this e_quaﬂon must be fewrltten to take mtc_) account the exénergy but also the component of its momentum perpendicu-
pression forC,(T), which may be approximated by KB |5 {5 the surface must exceed the Fermi momentum. Since
—7)ks. This expression assumes that the harmonlcv[he Fermi energy is larger by far than the excess energy, this

oscillator approximation hqlds true f(_)r small cIuster_s. Al- severely restricts the angle of emission and introduces a term
though not true in general, it seems fairly reasonable in tunge o norional to the kinetic energy in the expression for
sten clusters since the dissociation energy is extremely hig ()

(typically 7 eV) and a total amount of internal eljergﬁ/ Or: 4" For an ideal surface, the total emission current is given by
eV s_hared_ by (BI—7) m_odes Ieave_s the system in the har-y o Richardson-Dushman equatiotg]:
monic regime. Under this assumption, the internal tempera-
ture of the clusters may be written as 4rmek 4 —
2
ex

Jre=—z AT

If N is small as in clusters, and in the limit of the micro-
canonical ensemble, which is strictly the situation h@ghe
same internal energy for an ensemble of identical panicles

w
KeT)" @

hv

Ti:TO+ —(3N—7)kB

)

whereW is the barrier to the emission of an electron, i.e., the
work function in the case of bulk matterA is a constant

Note that, immediately after optical excitation and beforethat depends on the material itself.
complete thermalization of the system by electron-phonon The power emitted by unit surface is
couplings on a picosecond time scale, electron-electron cou-
plings lead to an extremely high electronic temperature. This PocT3 exy{i\/
process is typically in the 10-100 fs range. However, com- kgT
plete thermalization is fast enou@6] to avoid the emission
of very hot electrons, as opposed to recent experiments pefhe key point in the Richardson-Dushman formula is that the
formed with ultrashort laser pulsé§7]. After thermaliza- energy dissipated by electron emission is proportional to an
tion, the cluster may decay by emitting an electron, a photor€xponential term that decreases very rapidly as the work
or a heavy particléatom or moleculpaccording to the pres- function increases. Hence, no matter how fast the other de-
ence of various open channels. Schematically, the indirecay channels are, the thermionic emission rate will be high in
decay channels corresponding to the emission of an electrofaterials with low electron binding energy. On the other
a photon, or an atom are, respectively, thermionic emissiof}and, blackbody radiation does not depend on electronic
blackbody radiatiof58—61], and evaporatiofi62—65. Be-  properties. In bulk matter, the energy dissipated by radiative
sides the competition between these indirect decay channelgoling per unit of time is simply proportional f&*:
the competition with the direct channdlespectively, direct

. .. . L 5 4
photoemission, radiative decay, and dissociatiotust be p— T4_2l£ 4 ©)
considered. The branching among these various decay paths 9N 75 e
is governed(1) by the internal dynamics of the system and
(2) by the relative values of the various emission thresholds Let us now assume for the sake of simplicity that the
with respect to the total energy of the system. In this articlegmission rates are given qualitatively by similar relations for
we will focus on the case of refractory systems where directlusters. Then, in the case of tungsten, for example, one can
dissociation or evaporation of an atdr molecule is neg- use these equations in order to compare the various decay
ligible because not energetically possible. In this kind of sys+ates in bulk matter and in negative clusters. The bulk work
tem, the decay processes following heating of the cluster arinction is about 4.5 eV, while the electron affinity of small
emission of electrongthermionic emissionor emission of negative tungsten clusters is about 1.5 eV. Replacing the
photons(blackbody radiation Note that indirect decays lead bulk work function by the cluster electron affinity in E@)
to a totally isotropic emission since the coherence of théncreases the emission rate by several orders of magnitude,
excitation step is lost during the internal-energy redistribu-especially at moderate temperature, while the blackbody rate
tion process. On the other hand, in direct processes, coheis weakly affected. In addition, the dissociation energy in
ence effects lead to an anisotropic emission of particles. Asmall negative tungsten clustéfg,” (n<15) (the bulk heat
this point, the question is how a hot refractory cluster will of vaporization is on the order of 7 eM8.9 eV) so that
decay: is it by emitting a photon or by emitting an electron?negative tungsten clusters are the prototypes of refractory
In fact, the decay paths followed by the system depend critisystems and the best candidates to study thermionic emission
cally on the binding energy of the outer electron. In bulkin finite-size systems. As compared to fullerenes, for ex-
matter, thermionic emission corresponds to the emission aimple, the situation is clearly simpler in tungsten cluster an-
electrons from a hot surface at temperatliraccording to a ions since the competition with other indirect processes is
kinetic-energy distribution almost negligible. In the case presented here, the absorption

. (5
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of a single visible or UV photon of enerdyv is sufficient to p(e)oc{1—exy —BLA.(€)/kgTellexp — e/kgTe). (8)
remove an electron from a finite-size negatively charged sys-
tem [hv is greater than the electron affinit£A)]. The in-  Depending on the nature of the interaction between the es-
ternal energy of the system in the photodetachme/gf caping electron and the cluster, the maximum value of the
clusters by single-photon excitation is perfectly controlled. Itangular momentunt ., of the outgoing electron may be
is thus assumed that hot refractory cluster anions excitedritten for a negatively charged systefnly the polariza-
above the detachment threshold, and far below the dissocigion long-range potentialas
tion threshold, may decay only by electronic emission. Ther-
mionic emission(hereafter TR is, to a very good approxi-
mation, only in competition with direct photoemission
(hereafter DPEwhere the excess energy is converted to pho-
toelectron kinetic energy=hv—E; (E; is the energy of the and for a neutral or positively charged systé@oulomb
final state of the targgt long-range potentiglas

Photoelectron imaging spectroscog®8,54,55,66—6B
provides a very convenient way to distinguish between TE 2 B
and DPE. In DPE, the features in the kinetic-energy photo- Lmasd €)=
electron spectrum mirror the target excited-state spectrum:
they are structured both in energy and in angular distributionwith x and e respectively the mass and charge of the elec-
On the other hand, TE, as in the bulk and as described belowron, anda the static polarizability of the cluster. Because of
corresponds to a broad and isotropic distribution of slowthe low mass of the electron, E®) may be rewritten as
electrons. In experimental images, the signal corresponding

L?na%f):(i—l;)[(Zaeze)llz—f— ER12\I+"'] 9)

2
ﬁ—’;)[eZRN+eR§+---], (10)

to thermionic emission will then lead to a centrally symmet- p(e)xLiae)exp —elkgTe). (13)
ric and smooth distribution surrounded by other, more struc- ) _

The bulklike functions Eqs(3) and (4) describing both ionization arises from the expression of the ma.lxim.um angu-
the energy distribution and the total emission rate are nof@r momentum of the outgoing electrdn,,, which is en-
relevant to finite-size systems. In finite-size species, the diftirely determined by the asymptotic form of the potential. In
ferent symmetry of the system and the nature of the longthe limit of small-size particlesRy—0) the kinetic-energy
range interaction between the target and the ejected electrghistribution of thermionic emission may be approximated in
sensibly modify the energy distribution. Klots and co- Photodetachmertanion as
workers[46—53 have extensively studied the detailed theo- 12
retical aspects of TE of spherical metallic clusters. These ple)xe exp —elkgTe), (12)
studies show that the kinetic-energy distributipe) of
thermal electrons in the limit of small-size particles is quali-
fcatively _different for negat.ive systems where the Iong-(ange p(e)cexp — e/kgTy). (13
interaction between the final neutral target and the ejected
electron is dominated by polarization terms, and neutral ONote thatp(e) vanishes fore=0 in photodetachment while
positive systems where the long-range interaction is purelyt remains finite in photoionization. For a given emission
Coulombic. Moreover, owing to the fin_ite size of the system,temperatureT,, the maximum ofp(e) is found at e
one has to dls'glngwsh bet_vveen the internal temperature of k;T/2 in photodetachment of a small negative cluster
the systenT;, given approximately by Eq2), and the emis-  \hile p(e) is maximum ate,=kgT, in bulk (see Fig. 1
sion temperaturd .. The emission temperature includes theFinally, note also thatkzT,/2) is only 0.1 eV at 2500 K so
finite-heat-bath correctiofd6-53. A simple derivation of  that standard photoelectron techniques are not appropriate

T, may be found in(69]. Considering the energy barrier to for measuring such distributions since their sensitivity van-
electron emissiofithe electron affinityA, in the case of an- jshes in that range.

and in photoionizatiorineutral or catiopas

ions), the emission temperatufie may be written asto first The above discussion implies that the low-energy features
order inA¢/C,) in the spectrum correspond to indirect processes, and con-
versely that high-energy ones correspond to direct emission.

hv—(Ag/2) This is certainly a schematic view, although it will be shown

T~T, (7) below that thermionic emission accounts for most of the
electron signal at low energy. Moreover, assuming that all
the excitation energy is transferred to the outer electron is an

From a qualitative point of view, the emission temperatureoversimplification and the details of the excitation and

Te is the average of the internal microcanonical temperaturénternal-conversion processes are more subtle. In particular,

T; and the final temperature of the system after electrorin the initial excitation step, the Born-Oppenheimer approxi-

emission. mation does not hold and a large fraction of the photon en-

According to[46-53, the kinetic-energy distribution of ergy may be converted immediately into vibrational excita-

TE of a cluster of N atoms of radit®y (Ry=rN*3withr,  tion. Therefore, thermionic emission corresponds, at least

the Wigner-Seitz radigsnay be expressed as partly, to vibrational autodetachment, and may not be attrib-

e
~2¢, Tt BN T)kg |
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FIG. 1. Theoretical profiles of thermionic emission at a given Clyister Beam
temperaturdl in the bulk limit (thin solid ling; in a small negative
cluster (bold solid ling; and in the case of a neutral or positive Nd:YAG or
cluster(dashed ling R R

uted solely to internal-conversion processes. The discussion FIG. 2. Schematic of the experimental setup.
of the details of vibrational autodetachment and couplings is
beyond the scope of this article. Nevertheless, the comparthe initial temperaturely will be set to 300 K in further
son of the experimental results with the model in Sec. IVestimations. The laser vaporization source produces a large
will support the assumptions made here. amount of neutral and positive clusters, and a smaller quan-
tity of negative ions, especially at small size. This is due to
the low electron affinity of small metal clusters. Attempts to
increase the rate of production of small negative clusters by
Tungsten negative clusters are produced in a standard latow-electron bombardment have not been very successful
ser vaporization sourcg/0]. The main difference between yet. Native anions are extracted from the cluster beam in the
our experimental setup and other photoelectron spectroscomktraction region of a Wiley-McLaren time-of-flight mass
experiments dealing with tungsten cluster anipg84—37  spectromete(TOFMS) by a pulsed electric field. A pulse of
consists in our imaging spectrometer. Since the decay prabout 3.5 kV is applied in the extraction region. The photo-
cesses that we want to study are characterized by the emislectron spectrometer is located at the end of the TOFMS
sion of slow photoelectrons, we have chosen an experimentakift tube. As a consequence, the cluster anions arrive in
technique that allows the observation of threshold electronseparated bunches in the spectrometer according to their
with a constant efficiency over the whole range of energymasses. No retardation field is applied in order to slow down
We use a recent evolution of the photoelectron imaging spedhe clusters before laser excitation in the electron spectrom-
troscopy [66—68, namely, velocity map imagin¢54,55.  eter. In fact, the velocity dispersion of the cluster beam is
Our experimental setup, schematized in Fig. 2, is briefly agompletely negligible with respect to electron velocity in the
follows. Negatively charged clusters are produced in aspectrometer. The initial “drift” velocity of the electrons has
Milani—De Heer[71] type laser vaporization source seededthe effect only of shifting the whole image by a negligible
with helium. A 3-mm-diameter tungsten rod is vaporizedamount(at worst a few pixels proportional to the cluster
with the second harmonic of a Nd:YAGtttrium aluminum  velocity. The excitation of a given cluster size is ensured by
garnej laser(or the fundamental of ®-switched Ti:sapphire a proper delay between the pulsed extraction and the firing of
lase) at a repetition rate of 10 Hz. The helium carrier gas isthe photodetachment laser. In the experiments described be-
injected at 5 bar via a solenoid pulsed valve. A key paramiow we use a XeCl excimer laseh &£308 nm) for detach-
eter for the study of thermal effects of clusters is the initialment.
temperature of the clusters. In the present experiments, no The principle of the photoelectron imaging spectrometer
particular cooling process has been used except the naturial extremely simpld68]. A static electric field is applied in
cooling of the adiabatic expansion. The temperature of théhe photoelectron spectrometer to project the photoelectrons
clusters is thus not perfectly controlled. This is not critical inonto a position-sensitive detector. This results in an image
the case of small clustefss is the case herdecause the that is the superposition of circular rings of radius propor-
absorption of a single photon brings the system to a veryional to the initial velocity with a filling pattern that reveals
high temperature as compared to the initial temperaturethe original angular distribution with respect to the laser po-
However, this would be more relevant in the case of largdarization. The distance between the impact of each electron
clusters where a given temperature corresponds to a largen the position-sensitive detector and the center of the image
amount of internal energy. Under these conditions, the initials directly proportional to the projection of its initial velocity
temperature of the clusters is close to room temperature aneh the detector plane. The position-sensitive dete@&D

Ill. EXPERIMENTAL SETUP
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is made up of tandem microchannel plaf®sCP’s) followed  typically about 200, that is to say, a maximum resolution of
by a phosphor scregd2 mm effective diametgrEach elec- 15 in velocity. This resolution may be obtained under the
tron hitting the front MCP is converted to 3910’ photons.  most favorable experimental conditions and is not always
The photon signal is subsequently captured by a chargedchievable. From this point of view, imaging spectroscopy is
coupled device CCD) camera. We use a low-noise digital NOt as good as the magnetic bottle, which offers a resolution
cooled CCD camera of 532512 pixel resolution. Full detec- ©f about 10 meV in the range 1-5 eV. This restriction is
tor area corresponds to 80—1@@n/pixel, which is optimal ~ inherentin PSD techniques which are limited by geometrical
taking into account the resolution of the CCD/phosphorconstraintsinumber of pixel$ while measurements of time
screen itself and the intrinsic spot size in the imaging spec@f flight may be achieved with extremely high accuracy.
trometer. After inversior(68], the image gives the initial However, at threshold, imaging is much more appropriate
energy and angular distribution of the photoelectrons. than standard techniques. Besides the fact that the detection

The simplest scheme of imaging uses a homogeneod’sfﬁde”‘j‘y does not vanish at zero energy, a re;olutioﬁfpf
electric field for projecting the electrons onto the detectorin Velocity at 200 meV corresponds to a resolution of 4 meV
This technique suffers from a major limitation, which is ex- in €nergy. P(ovu.ded thgt the §|gnal—to—n0|se ratio is sufficient,
tremely restrictive in the present case. Indeed, the initial disfeV resolution is easily achievable at low energy.
persion in the interaction region between the cluster and laser Another problem that we face in these experiments is the
beams is preserved in this kind of projection and the smalledPn background signal. Prior to the interaction with the laser
resolvable structure is at least of the size of the interactioi€@m, the ion beam is collimated by &2 mn? diaphragm.
region. This implies that the interaction region must be keptt then enters the interaction region where a static figigi-
as small as possible in order to get a correct resolution. Ofally 10-100 Vicm is applied. The ion beam is slightly
the other hand, the cluster anion beam density is very lovsieflected by this static field. De§p|tg all our efforts, a rathgr
and the large dispersion of kinetic energy of the clusters dutdrge amount of background noise is generated by ions hit-
to the initial dispersion in the extraction region does notting metal surfaces. In order to get rid of a large fraction of
allow us to focus the ion beam correctly in the interactionthis noise, a mass gate is used to reject all masses but the one
region. Typically, an interaction region of about 2 mm diam__under study. In addition, after the capture of an e_xperlm_ental
eter is required in order to obtain a significant signal. Sincdmage (typically over 5000 laser shqtsanother image is
the effective area of the PSD is about 40 mm, this is totallyt@ken under strictly identical experimental conditions except
unacceptable because it would limit the resolution of ourfor the delay between ion extraction and laser firing, which is
device to less thas in velocity. A minor modification of the ~ S€t out of range. This second image is subtracted from the
experimental setup allows us to overcome this limitation first one before processing. After subtraction of the back-
Parker and Eppink54,55 recently introduced a very simple 9round signal, the image is centered and symmetrized. The
evolution of the imaging spectrometer where an inhomogel@St step is the inversion of the image, which gives directly a
neous field generated by a set of three electrodes replaces thg-dimensional map of the initial velocity. Referer(@&s]
homogeneous field. A correct design allows compensatingescribes the exact inversion procedure relevant to a homo-
for the initial dispersion in position, while preserving the 9eneous field in the limit of largé/R ratio (L being the
dispersion in initial velocity. The so-called “velocity map léngth of the spectrometer aftithe radius of the detector
imaging” allows mapping of all electrons with the same ini- AS long as the distance between the interaction zone and the
tial velocity irrespective of their initial position, at least for a detector is large as compared to the radius of the imRge,
limited region around the center of the spectrometer. Thigtypically valuesL.>10cm andR~2 cm fulfill this require-
modification allows working with a relatively large cluster mend, this inversion procedure is also relevant to the inho-
beam/laser interaction zone, typically 2 mm in diametermogeneous field used in velocity map imaging, except for an
without degrading the image resolution. The final geometri-0verall magnification factor easily deduced from calibration
cal resolution on the detector is about 100—200, i.e., 2 or Measurements. An improved inversion method applicable in
3 pixels on the CCD detector. In standard photoelectror@NY €xperimental situation is described in R&®].
spectroscopy techniques such as the magnetic bottle spec-
trometer[72], the measured quantity is the time of flight of IV. EXPERIMENTAL RESULTS AND DISCUSSION
the electron over a given distance. The consequence is that a
slow-electron signal is spread over a large time range and
moreover slow-photoelectron collection and detection effi- The smallest system produced with significant abundance
ciency vanishes below 0.1-0.2 eV. In contrast, in imagingn our experiment is the tetram&Y, . On the other hand,
spectroscopy, one directly measures the projection of the inieur limited mass selectivity combined with the presence of
tial velocity of the ejected electron. Whatever the initial ki- numerous isotopes in tungsten and of oxygen impurities pre-
netic energy, the final kinetic energy is almost the same. Thigents the analysis of systems larger than typically 15.
means that no slow electrons are lost between the source afihure 3 presents a typical experimental photoelectron image
the detector and the collection and detection efficiency iof W, after absorption of a single photon of energy
constant and independent @i. Also, the experimental ve- =4.025eV @ =308nm). In Fig. 8a), we present the raw
locity resolution is constant and equal&R, whered is the  image with background subtraction and symmetrization. The
experimental resolutiofin pixels and R the maximum ra- inverted image is presented in FigbR The laser polariza-
dius image(in pixels). We have at the besi=2 while Ris  tion is oriented along the vertical axis. The intensity scale

A. Images
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FIG. 3. Typical photoelectron image W, at A =308 nm.(a)
Raw image with background subtraction and symmetrization. The
laser polarization is oriented along the vertical axis. The isotropic
slow thermal electron distribution is visible in the center of the
image. It is surrounded by anisotropic and sharper features corre-
sponding to direct photoemissiofh) Inverted image.

(proportional to electron countss represented by a gray
scale ranging from blackzero signal to white (maximum.
The images display two main distinct features. A broad dis-
tribution is visible in the center of image&, corresponding
to slow photoelectrons. This feature is isotropic with respect
to the laser polarization. This broad distribution is sur-
rounded by anisotropiémore intense along the laser polar-
ization axig and sharper features. After inversigimage
3(b)], these two features become, respectively, a broad cen-
tral ring (secondary peaks along the vertical axis are inver-
sion artifact$ and a larger and sharper ring outside. Remem-
ber that the scale of the inverted image is proportional to the
electron velocity withv =0 in the center. Thus, the width of FIG. 4. Raw images fon=4-11.
the central feature when converted to energy is rather small, e and more diffuse and isotropic as the size of the cluster
as compared to the outermo§t s.truc.ture located at abogt 2 ¥ creases. We will discuss this point later.
The shape of the electron distribution neark=0 (e=0) is
of primary importance since the observable differences be-
tween the various expression for TE are in the range 0-0.5
eV. In particular, the vanishing characterptfe) at threshold After inversion and integration over the angular variable,
is fundamental. Indeed, in imaging spectroscopy, a nonvarene obtains the photoelectron kinetic-energy spectra dis-
ishing distribution ate=0 will necessarily produce a sharp played in Fig. 5 (=4-11). As compared to spectra ob-
peak in the center of the image instead of a flat-topped pealained with more standard techniques such as the magnetic
as one observes for tungsten cluster anions. Therefore, grdagttle, the resolution of imaging spectroscopy is lower at
care must be taken when recording such images to avoibigher energy. However, its better resolution near threshold
saturation effects that would artificially smooth any sharpallows us to compare our experimental kinetic-energy distri-
feature in the image. butions directly with theoretical predictions. In Fig. 5, distri-
Experimental raw images for various cluster sizes ( butions calculated in the bulk limjtlashed line, Eq:3)] and
=4-11) are presented in Fig.(ith only background sub- according to Klots’ formulgbroad solid line, Eq(12)] are
traction and symmetrizationBoth above-mentioned struc- compared with experimental measuremetitén solid line.
tures are clearly visible in every image: namely, a broadAs discussed in Sec. I, we use as trial value the emission
symmetric distribution in the center, surrounded by more otemperatureT, defined by Eq(7) assuming an initial tem-
less diffuse rin¢s). Regarding the central feature, the mostperatureT,~300K. Estimated values of the initial tempera-
striking point visible in this series of images is that its width ture, electron affinity, and emission temperature are given in
decreases progressively as the size of the cluster increasd@ble 1. In every case, it is assumed that the cluster absorbs
According to Eq.(12), the width (in energy of the thermi-  a single photon before decaying, which is ensuadeast at
onic emission distribution is proportional to the emissionsmall sizeg by working at low laser fluencéypically less
temperature of the cluster, which is itself roughly inverselythan 10uJ/mnt in 20-ns pulses Refining Eq.(12), one can
proportional to the cluster size in the limit of single-photon use the simplest expression for the static polarizability (
absorption. The narrowing of the central feature with in-zRg) in Egs.(8) and(9) but, in the limit of small-size clus-
creasing size, together with its isotropy, is a strong and direders, this does not make any significant difference and the
indication that this broad feature is the signature of thermiterm proportional toe is completely negligible. The agree-
onic emission. Regarding the outer structure, it becomement between experimental results and Klots’ formula in the

B. Thermionic emission
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FIG. 6. Enlargement of the photoelectron kinetic-energy spectra
between 0.0 and 1.0 elthin solid lines. The bold solid lines are

FIG. 5. Photoelectron kinetic-energy spectra obtained after im-the result of a fit of the emission temperature according to(E2).

age inversion fokV,,~ clusters withn=4-11(thin solid lines. The

contribution of thermionic emissiofEq. (12), with the emission ~Small tungsten cluster anions is essentially due to thermionic
temperatureT, given by Eq.(7)], is plotted as the bold solid lines. €mission and is well described by Klots’ model.

The dashed lines correspond to the bulk lifffig. (3)] at same Kinetic-energy spectra are enlarged between 0.0 and 1.0
temperature. Below 0.5 eV, the agreement between experiment argV in Fig. 6. In this figure, experimental spectra are com-
Klots' formula is remarkable. The remaining part of the spectrum ispared with Klots’ formula with a temperatufg; fitted to Eq.

the contribution of direct photoemission. (12). The fitting procedure is repeated for various energy
ranges from 0—-0.2 to 0—-0.4 eV and an average valug;of

is determinedsee Table)l At smaller size, thermionic emis-
sion and direct photoemission may overlap and the fitting
procedure is not very accurate. This is particularly evident
for Ws~, where a broad structure centered on 0.9 eV is su-
perimposed on thermionic emission. The ratio between fitted
temperature and temperature estimated according tq7&q.

is reported in Table | and plotted in Fig. 7. In any case this
ratio is close to 1 and confirms the validity of our assump-
;ions. Note, however, that in general the fitted temperature is

Kinetic Energy (eV)

low-energy rangegbelow 0.5 eV is excellent and particu-
larly striking at larger sizesn>7). The difference between
the bulklike limit expression and Klots’ formula is particu-
larly visible here. Indeedsee Fig. 1, for a given emission
temperaturel ¢, the Klots model predicts a maximum in the
energy spectrum aéy~kgT/2 while this maximum is lo-
cated at kgT.) in the bulk. Hence, there is no ambiguity
between the two descriptions and it is clear that the slow.
electron distribution observed in the photodetachment o

TABLE I. Internal temperatur@; [Eq. (2)], electron affinity EA 14 F
(Ref. [34]), estimated emission temperatufg [Eq. (7)], average
fitted temperatur@y; , and ratio I /T.) as a function of the clus-
ter sizeN. 12 r i

T, EA Te The
(K) (eV) (K) (K) (T /Te)

Tﬁt/T e

=

T
HH

|

|

|

|

|

|

|
e

|

|

——

N

4 9642 1.64 7738 7787 1.066.041 08 L
5 6138 1.58 4993 5885 1.179.226
6 4546 1.48 3766 4414 1.172.166

7 3636 172 2923 3124  1.069.097 06
8 3048 1.74 2454 2783 1.134.040
9 2635 1.73 2134 2198 1.03(®.068
10 2331 1.94 1841 1707 0.920.068
11 2096 1.95 1661 1792 1.07®€.088 FIG. 7. Ratio between fitted temperature derived from the ex-
perimental spectra and temperature estimated according t/Eq.

[N R I NN RN R B
4 5 6 7 8 9 10 11

size
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larger than the estimated emission temperature. This slight 06 T I
discrepancy may be due to the presence of a weak two-
photon absorption. Considering the crudeness of the various
approximations, the agreement is remarkable. Of course, as

compared to other methods relying on evaporation measure- g 03[ 7
ments[74,75, for instance, the kinetic-energy spectrum in g)
thermionic emission is not a precise thermometer or a precise £
tool to measure the heat capacity of the clusters. However, it §
S 04 .

turns out that in this high-temperature regif800—7000
K) and at such small size not many other thermometers are
available. At this point, one might comment about the very
high temperature value reached in smaller systems. In the
case oW, andW;, the internal temperature of the cluster 0.3 :‘ ; é ; ;; ; 1'0 1'1
is extremely high(respectively, 9600 and 6100)Kwell
above the vaporization temperature of bulk tungsten. In fact,
small extremely hot refractory clusters do not evaporate at- FIG. 8. Branching ratigore=I+e/l o @s @ function of cluster
oms S|mp|y because, despite this extreme'y h|gh temperéjze. In the range:4—11, both decay processes are of Comparable
ture, the internal energy is not sufficient to eject an atommagnitude pre~0.4-0.5).

Indeed, the total internal energy of about 4 eV is too small as
compared to the dissociation energy of about 7—-8 eV.

size

In previous work performed oW,  clusters[34—37),

) art of the large difference between the total spectrum and
_ The excellent agf_eeme”t betwe_en experiment and mod ermionic emission was attributed to inelastic electron scat-
is somewhat surprising at small size<4,5,...) where the oing This interpretation was essentially based on the wrong
relevance of a thermalization process is questionable. In fach gument that the thermionic emission distribution was sim-
it is Illkely t_hat. the structureless continuum expected in ther—p|y proportional to exp¢ e/ksTo). Under this assumption, a
mionic emission of a large cluster may be seen as a vibrasjgnificant fraction of the continuous spectrum at low energy
tional progression in small clusters, provided that the expericould not be attributed to thermionic emission and was at the
mental resolution is good enough. This kind of vibrationalsame time not likely to be attributable to direct photoemis-
structure is visible, for example, in Si [76,77]. Owing to  sion. In fact, the correct expression H42) represents al-
the larger mass of tungsten and its more complex electronimost all signal at low energy and it seems that no other
structure, it is not visible even in smaller species. Obviouslyprocesses need to be invoked in order to explain the experi-
the building up of the continuum from the vibrational struc- mental observations. However, electron-electron collisions
ture (autodetachmehtwould be more easily observed in (inelastic electron scatteringo occur, probably in the initial
lighter elements with larger vibrational constants. From thisstep of the internal-energy redistribution a few hundreds of
point of view, understanding the transition from a StructuredfemtOSGCondS after optical excitation. This electron scatter-
spectrum with intensities governed by electron-ion couplings"d may lead to a thermalization of the conduction electrons
and Franck-Condon factors to a statistical distribution is defore thermalization of all degrees of freedom. Conse-
real challenge. Whatever the detailed mechanism of the thefluéntly, these hot electrons can in principle be emitted
malization, our experimental results strongly support the asS°0ner and with a larger kinetic energy than electrons arising

sumption of an equipartition of the internal energy in smallfrom therr_m_onlc emission. Itis thus_ possible that such elec-
metal clusters. tronic collisions contribute to a fraction of the observed spec-

trum. However, considering the present results, it is unlikely
that a significant proportion of the emitted electrons corre-
sponds to this process evidenced in femtosecond experiments
Owing to their anisotropic character, the structures ob-on G, [57]. Only a time-dependent study could distinguish
served at higher kinetic energy in the outer part of the imagg@rompt electrons emitted directly after electron-electron col-
may be attributed without ambiguity to direct photoemission.lision from delayed electrons ejected after complete thermal-
These structures correspond essentially to the building up afation.
the d valence band of tungsten. The outermost ring arises We can extract the branching ratio between thermionic
from the transition between the ground state of the anion an@intensity I tz) and total emissiorintensity | o) from the
the ground state of the neutral species. As is visible in thexperimental data and from a fit to E(L2) for the slow
images(Fig. 4) and the kinetic-energy spect(tgig. 5), this  photoelectrons. The ratigre= 11/l o1 iS plotted in Fig. 8.
broad feature is more or less structured depending on the siZehis ratio is remarkably constant over the whole range stud-
of the cluster. It is comparatively sharper m&4 and 6, ied here (=4-11) and close to 0.4—0.5 as already noted in
several bands are clearly separatednat5 and 7, while previous work[34]. This means that both main decay pro-
structures are broader at larger sizes. Very #&winitio or  cessegTE and DPE are of comparable magnitude. This is
model calculations are available fov,~ and W, clusters rather surprising since, at both limitatom and bulk pg
[78,79 and none of them allow estimation of the angularshould vanish. On one hand, direct emission dominates in
distributions that we discuss below. atoms and dimers where thermionic emission does not exist.

C. Direct photoemission
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L0 — T values. Therefore, we may suppose that the observed struc-
tures attributed to the building up of tltevalence band of
08 | 1 tungsten do not strictly correspond to direct photoemission.
Rather, the rapid decrease @fwith size may be interpreted
as an indication of the loss of coherence induced by electron-
electron collisions. Therefore, even though electron-electron
scattering seems to have no effect on the energy spectrum, it
0.4 - 1 may indirectly influence electron emission.
The asymmetry parametégt is found to be positive for
02 | g every discrete structure observed in the photodetachment of
tungsten cluster anions. This seems to be a general trend in
P B R R R metal clusters as opposed to covalent species such as carbon
' 4 5 6 7 8 9 10 11 clusterd 80] where this parameter is often negative. While at
size the moment we have no definitive explanation of this strong
. qualitative difference, it is not surprising that systems that
e B s s e CoMecly desribd as small metalic spheres behave
C X : . . simple dipole with a preferential electron emission along
photoemission of small systems is strongly anisotropic and aligne o . . :
along the laser polarization axig{1). It becomes more isotropic € pqlar.lzat.lon ?‘XIS' Indeed., this .Is a rather general trend. n
as the size of the system increas@s<0). photo_lomzatlon in the c[assmal picture. The electron. emis-
sion is preferentially aligned along the laser polarization
On the other hand, the temperature of a large system do is. However, this is less systematic in photodetachment.
not increase significantly after absorption of a single photon n th? other hand, c_()\_/alent clusters cannot be modeled_ k_)y
which precludes thermionic emission. However, in large sys—meFa”'C spheres gnd it is thus not surprising that they exhibit
tems, even though the internal temperature corresponding dlffe_rer)t behavior. Although we are not able to present any
the absorption of a single photon is lower, the ratig re- qgantltatlve explanatlon. of the observed measuremert, of
mains about the same, indicating that the increasing numbéﬁ'IS clear_ that the .GVO“.JUO.n. of the asy_mm_etry parameter with
cluster size contains significant physical information that de-

of vibrational degrees of freedom is accompanied by an in- fined calculati Toaeth ith the ob
crease of the electron-phonon coupling. serves more refined calculations. Together wi e observa-

One of the main advantages of imaging techniques is tg)ion of electronic structure, measurement of the asymmetry

provide simultaneously the angular and kinetic-energy distriParameter is a challenge for quantum chemistry of complex

butions. As already mentioned, this capability allows one tosystems. Al thi_s po_int, accurate theoretical predictions are
' bsolutely required in order to go further.

discriminate between a direct process, which leads usually 18
anisotropic distributions, and an indirect process like thermi-
onic emission, which leads to a totally isotropic distribution.
More quantitatively, the anisotropy of the photoelectron dis-
tribution in a given energy range is measured by the asym- The last point to discuss is the relatively high thermionic

0.6 - 1

asymmetry parameter

D. Decay rate

metry parameteg defined as emission rate observed in our experiments. Although we
have no direct measurement of these rates, we have some
(@)= (or/4l1)[1+ BPyy(c0sO)]. (14 qualitative indications about the lifetime of excited cluster

anions with respect to thermionic decay. In the present ex-
with —1<p8=<2, 0 the angle between the laser polarization periment, the residence time of the clusters in the interaction
axis and the direction of ejection of the electron, and thezone is in the range 0.1-4s so that only relatively fast
Legendre polynomiaP,y(cos®)=3co€ ®—3. In Fig. 9 we  processes are visible. Although not measurable in velocity
have plotted the asymmetry paramegeof the most intense  map imaging, previous observations in standard imaging al-
band observed in direct photoemission for each cluster sizéow us to give an upper bound for the lifetime of the excited
The general trend in the evolution of this parameter is &aluster with respect to TE. The asymmetry of the image
monotonic decrease with. The DPE of small systems is along the ion beam path provides, in that case, a direct mea-
strongly anisotropic and aligned along the laser polarizatiorsurement of the lifetime. In every situation presented here,
axis (B~1). It becomes more isotropic as the size of thethis lifetime is shorter than 100 ns. This time scale for ther-
system increase3—0). The parametes is closely related mionic “delayed” emission is extremely short as compared
to the angular correlations occurring in the photodetachmenb those obtained, for example, in thermionic emission of
process. In other word® depends on the radial and angular neutral tungsten clustef81—33 or neutral fullerene$l7—
properties of the wave functions of the initial and final states30] (usually several microseconds or even milliseconds
of the system. Angular correlations in metal clusters containHowever, in the present case, the emission rate, which, in the
ing a large number of free electrons are extremely difficult tobulklike limit is determined by Eq(4), is relatively high
analyze and beyond the scope of the present paper. Howevewing to the low value of the barriaV to the emission of
it is very unlikely that a direct photoionization or photode- electrons. For cluster anions, this barrier is simply the elec-
tachment process in a complex system would lead to a totallyron affinity of the clusters. It is smaller than 2 eV, to be
isotropic emission, as observed in the present case athargecompared with 7—9 eV for the ionization potential of tung-
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sten clusters or fullerenes. As a consequence, the exponentthke small-metallic-sphere model of Klofg6-53. Our re-
term expWikg T) in Eq. (4) is significantly largerby sev-  sults indicate that the transition toward a bulklike statistical
eral orders of magnituddor anions. This explains the high behavior of the internal-energy redistribution occurs very
emission rate and conversely the short lifetime versus therapidly, as early as=4, owing to the high density of states
mionic emission forW,~ clusters. Accurate measurementsin metallic clusters. The observation of the angular distribu-
of these rates under our experimental conditions are not ydion of photoelectrons has proved to be a powerful tool to
available. However, the large discrepancies between mealiscriminate between direct decay processes and delayed
sured and predicted rate values reported by other authors atteermionic emission. Note also that the presence of the broad
a strong encouragement to perform such absolute measurdistribution of slow thermal photoelectrons near threshold,
ments. Indeed, our present estimate of the r@bove whatever the wavelength of the excitation laser, prohibits
10’ s™1) is in contradiction with recent measurements in thehigh-resolution threshold spectroscopy such a zero electron
Mainz ion trap[36] where lifetimes in the millisecond range kinetic-energy(ZEKE) anion spectroscopj81] on such sys-
have been measured for the same species at comparable ¢ems.
citation energy. This apparent discrepancy may be due to the Besides these results, a number of questions are still open.
coexistence of various decay processes and internal bottl&#¥e have already mentioned that accurakeinitio calcula-
necks leading to different decay paths with completely dif-tions are highly desirable to analyze the observed band struc-
ferent time scales. Indeed, our experimental detection timéure in direct photoemission and more specifically the angu-
window favors phenomena taking place at short tifless  lar distribution. However, the main question is concerned
than 1 us) while experiments in a trap are not sensitive towith the internal dynamics in such clusters. In particular,
these fast processes. The fact that the one-photon excitatiovhat are the detailed mechanisms of the internal-energy re-
occurs well above the detachment threshold while, in neudistribution: inelastic electron scattering and electron-phonon
trals, the absorption of several photons is required has, inouplings? From this point of view, time-resolved experi-
principle, no direct influence on the internal dynamics of thements could probably allow one to distinguish the two
system. The “fast” character of this delayed process is nomechanisms since, in principle, they should exhibit specific
in contradiction with the long lifetime usually associatedtime scales differing by orders of magnitude. This has re-
with TE and seems to be entirely due to the low electroncently been performed in very small clusters like, for in-
binding energy. However, it supposes that the internalstance, platinum trimer aniofi82]. Another issue is the rel-
conversion rate itself is fast enough to lead to a rapid equievance of defining properly an internal temperature in a
librium. This means that such systems do not exhibit internagystem containing only a few atoms. It is clear that only the
bottlenecks or that current estimations of the various emisinternal energy has a precise and unquestionable definition.
sion rates suffer from wrong assumptions. In any case, furThe phase space of a system containing only four atoms is
ther experimental measurements of absolute decay rates tolearly too small to justify entirely a statistical thermody-
gether with more detailed theoretical description arenamic approach. The observation of the building up of this
required. statistical energy redistribution in very small systems by
time-resolved photoelectron spectroscopy or ZEKE spectros-
V. CONCLUSION copy[83,84 is probably among the most challenging topics

o o _in the field of molecular and cluster excited-state dynamics.
We have shown that thermionic emission is the major

slow photoelectron decay channel for refractory cluster an-

ions. Owing to our careful study of the kinetic-energy distri- ACKNOWLEDGMENTS

bution of threshold electrons, experimental results could be
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