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Measuring cluster temperatures via kinetic-energy release
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We use photodissociation of neutral sodium clusters to measure the recoil pattern of the fragmentation
products. The time dependence of the depletion curves reflects the kinetic-energy release that depends on the
internal energy, or the temperature, of the cluster. The fragmentation process is treated parallel to the
Weisskopf statistical theory of the disintegration of compound nuclei. From the kinetic energies of evaporation,
we are able to determine the temperatures of both the daughter and mother clusters. For Na20 the temperature
is found to beT5440665 K, which is in good agreement with an estimate based on the evaporative ensemble
model. The measured temperature is slightly larger than that found for large ionic clusters. Branching ratios for
the evaporation of sodium dimers and monomers from hot neutral clusters are estimated.
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I. INTRODUCTION

The study of free metal nanoclusters in beams is a p
erful technique, giving one the ability to perform spectro
copy on particles of a precisely determined size and un
turbed by the presence of a matrix. There is, however,
important characteristic which has been rather difficult
establish for a beam of isolated clusters: their tempera
distribution. The internal vibrational temperature of metal
clusters influences not only their optical properties@1,2#, but
also their chemical properties@3,4#, heat capacity@5#, ioniza-
tion thresholds@3,6–9#, and even the mass abundance sp
tra @10,11#.

The search for a ‘‘cluster beam thermometer’’ is no
trivial, because the conventional technique of vibratio
spectroscopy can be applied only to very small species,
alkali dimers@12,13#. However, the temperatures of larg
clusters are known to be dramatically different@14#. Other
techniques, such as rotational spectroscopy@12,15#, are not
sufficiently accurate because the rotational temperature
clusters is typically not in equilibrium with the vibrationa
temperature.

A significant insight into the thermal state of free cluste
in a beam was provided by Gspann@16#. In this picture~later
termed ‘‘evaporative ensemble’’ by Klots@17,18#!, cluster
sources produce particles in a state of high thermal exc
tion. Freshly formed clusters evaporate atoms or fragme
as they leave the hot nozzle of a typical source. The s
distribution observed at the detector therefore reflects the
sult of at least one such evaporative process per arriv
cluster.

This is a valuable picture, because it permits one to e
mate the temperature of clusters arriving at the dete
based on their dissociation energiesD and flight times. The
typical time it takes a particle ofN atoms, originally at tem-
peratureT, to evaporate an atom is given by

t'
t0

N2/3
eD/kBT. ~1!
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Here theN2/3 factor corresponds to the cluster surfa
area, andt0 is a characteristic time factor~see Sec. III!. The
particles arriving at the detector are already sufficiently c
to not have evaporated any more atoms during their fli
time from the source~otherwise they would have been re
moved from the beam by the resulting recoil, see belo!.
Therefore, the evaporation lifetimes of these clusters mus
at least an order of magnitude longer than the typical fli
time, i.e.,*1022 s. One can now approximately relate th
vibrational temperatures of the arriving clusters to th
atomic binding energies,

kBT'D/G, ~2!

where G' ln(t/t0) is the so-called Gspann parameter.
magnitude is clearly not very sensitive to the precise val
of the relevant lifetimes, and is typically given asG
;25– 30.

This picture is applicable to nanoclusters which fragm
by successive evaporation events, and provides a first
proximation to the energetics of hot, free clusters. For
ample, it has been used to establish a rigorous connec
between the abundance spectra of large sodium clusters
their intrinsic electronic shell structure@11,19,20#. In this
way, an estimate for the effective overall temperature can
obtained; however, the temperatures of the individual clus
sizes can differ noticeably, especially for the smaller clust
@14#.

More detailed studies of metal cluster evaporation ha
employed photodissociation of cluster ions. By preselect
a particular size in a mass spectrometer, one can focus o
fragmentation kinetics of a specific cluster. It has been fou
that the absorption of a photon by the cluster electrons~e.g.,
via the giant collective dipole resonance@21#! is very rapidly
followed by thermalization into the vibrational degrees
freedom and subsequent evaporation of atoms or dim
This forms the basis of cluster-beam depletion spectrosc
@22#. The thermally excited intermediate state of the clus
is analogous to the compound nucleus picture well known
495 ©1999 The American Physical Society
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nuclear physics. The statistical Weisskopf treatment of co
pound nuclei@23,24#, based on detailed-balance consid
ations, relates the rate constants of the evaporation chan
and the fragment energy distribution to the daughter nuc
temperature.

This formalism can be carried over to cluster and mole
lar fragmentation as well. It shares a common basis w
RRK and RRKM statistical theories of unimolecular diss
ciation @25–27#. These models have been used to fit the d
sociation rates of photoexcited metal cluster ions@28–30#,
and to derive an estimate of the cluster temperatures
binding energies for charged sodium clusters@14#. In a kine-
matic experiment@31#, Hansen and Falk measured the m
mentum distribution of atoms evaporating from large sodi
cluster ions (NaN

1 , N;103) to unambiguously assign the av
erage parent ion-beam temperature.

The aforementioned experiments have all been condu
on cluster ions. However, there is an extensive amoun
spectroscopic data available for small and medium-si
neutral clusters, and it is of significant interest to gain te
perature information about these species. This is nontriv
however, because in general one can neither size sele
particular precursor from a beam of neutrals nor mass a
lyze the photodissociation products.

In this paper, we describe a determination of the tempe
ture of the neutral Na20 cluster formed in a supersonic ex
pansion source by a technique which measures its recoil
lowing an evaporation event. The clusters are illuminated
a laser beam a certain distance away from the detector
trance aperture. By varying this distance and measuring
parent and daughter intensity changes, we can quantify
fragmentation pathways as well as recover the daughter
parent temperatures.

We chose Na20 as the model system for several reaso
First of all, it is a prototypical closed-shell cluster, and
such has been widely studied, but a number of unreso
questions remain. In particular, they concern the effect
vibrational excitations on the cluster response properties.
example, it is recognized that the vibrational temperature

FIG. 1. Outline of the experimental principle. Absorption of
photon sets off a chain of evaporation events. Recoil follow
fragmentation reduces the probability of the daughter cluster en
ing the detection region. By measuring the decay of the daug
cluster signal as the distance between the laser spot and the de
aperture increases, we can determine the daughter and mother
ter temperatures.
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a strong influence on the shape and width of dipole re
nance absorption@1#; it also appears to affect the static p
larizability @32#. Second, it represents one of the domina
magic numbers in the sodium cluster mass spectrum, an
abundance compared to the larger neighbors~see Fig. 2! en-
sures a strong fragmentation signal without significant c
tamination from other cluster sizes.

In Sec. II, we describe the experimental principle a
setup. Section III outlines the analysis of the data and
temperature fitting procedure. The results are presente
Sec. IV, and in Sec. V they are discussed and compared
other measurements.

II. EXPERIMENT

The experimental setup is schematically shown in Fig
The supersonic expansion source used here is identical to
one described in Refs.@33,34#. A steel oven filled with so-
dium is maintained at 595 °C. The sodium vapor is forc
through a nozzle~T5770 °C! by argon as a carrier gas at
pressure of 700 kPa, and subsequently passes a skim
The speed of the clusters has been measured to be 1106
30 m/s~for Na20) @34#. The beam travels freely for a distanc
of 2.0 m until it reaches a circular aperture (A1) with a
diameter of 3.175 mm. This aperture serves to define the
of the photofragmenting beam. Immediately after the ap
ture, the cluster beam is illuminated perpendicularly by
chopped 3-W multimode argon-ion laser. The strongest li
are 514.5 and 488 nm, which add up to approximately 8
of the total laser output power. Wavelengths below 435
are cut off with a filter~Schott GG435!. This gives us an
average photon energy of 2.5 eV. The laser beam is
expanded by a cylindrical lens and passes through a 1 mm
wide slit (S), so that the cluster beam is illuminated un
formly across by a narrow band of light with a fluence
0.9 W/mm2. This gives a cluster signal depletion of up
30%.

A second circular detector aperture (A2) with a diameter
of 1.27 mm is located behind the laser-cluster interact
region. The principle of the experiment can be seen from
figure: photodissociation of the mother cluster results in
recoil of the daughter cluster; however, if the daughter
born sufficiently close to the detector aperture it will st
pass through the latter and be registered. The probabilit
this occurring depends on the distance to the aperture an
the kinetic energy release during evaporation~and thereby on
the cluster temperature!.

The distance between the laser spot and the aperture
be varied between 10 and 42 mm. The clusters which p
through the aperture are ionized by a filtered~Schott UG 11!
Hg-Xe UV lamp. The filter is chosen to provide photons
an energy close to the ionization threshold to minim
ionization-induced fragmentation@34–36#. The light from
the UV lamp is focused to a spot size of 3 mm. The ioniz
clusters are subsequently mass selected by a quadru
mass spectrometer and detected using a Daly dynode d
tor @37#.

The data is collected by a personal computer which a
controls the mass filter. The depleted and undepleted sig
were detected quasisimultaneously by chopping the arg
ion laser at a frequency of 150 Hz. In a typical run, the m
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range Na16 to Na20 is divided into channels, each with a pa
of bins. The mass spectrometer is set to a specific cha
and after each laser pulse the bins record both the ‘‘laser-
and ‘‘laser-off’’ counts. After ten laser pulses the mass sp
trometer advances to the next channel, until the entire m
range is covered. In Ref.@38# this mode is referred to as
‘‘gated mass scan.’’ For each laser-detector distance,
passes through the chosen mass range are averaged
complete measurements are repeated several times,
found to give consistent results. The data presented be
represent the average of several experimental runs.

Following a photoabsorption event, the intensity of a p
ticular cluster signal, e.g., Na18 ~see Fig. 4! changes due to
two different reactions. One is the fragmentation of Na18 into
smaller clusters, with a probabilitya. This depletion is not
dependent upon the laser-detector distanceL. The second
one is the fragmentation of Na20 into Na18, a process which
is assigned a weightR21. This contribution increases as th
distanceL decreases. Since we are interested in the cha
where the mother cluster Na20 fragments into the daughte
cluster Na18, we normalize the measured Na18 signal as fol-
lows:

S18~L !5R
Na18~ laser on!2Na18~ laser off!3a

Na20~ laser off!2Na20~ laser on!
. ~3!

Both constantsR anda are determined directly from th
signal. The former is used to normalize the data. The latte
found as follows. For large distancesL the Na18 signal which
originated from Na20 is proportional to the solid angle
spanned by the detector aperture, as seen from the mo
cluster at the point where it fragments. In other words,
Na18 daughter cluster signal is proportional to 1/L2 for large
L. Therefore, a is obtained by plotting Na18(laser on)/
Na18(laser off) versus 1/L2, and extrapolating a straight lin
to L5`.

The fraction of the mother clusters Na20 which fragments
must appear in the daughter cluster mass channels. The20
signal itself is not affected by fragmentation of larger clu
ters because the amount of Na21, Na22, and Na23 clusters are
10% or less of the amount of Na20 clusters; see Fig. 2. Thi
is confirmed by the observation that the Na20(laser on) sig-
nal does not vary withL.

The steepness and curvature of theSN(L) depletion
curves obtained as shown in Eq.~3! depends on the recoil o
the daughter cluster NaN and therefore on its temperature.
Sec. III we describe how these curves are fitted to an eva
ration model.

III. ANALYSIS OF EVAPORATION KINETICS

The clusters heated by the laser cool by evaporating ei
monomers~Na! or dimers (Na2). Since the process is as
sumed to be statistical in nature, and the clusters have m
internal vibrational degrees of freedom, it can be appro
ately described by the Weisskopf theory@23,24# originally
developed to describe disintegration of the compou
nucleus state. This formalism predicts the following pro
ability distribution for the relative kinetic energye of the
fragments:
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I ~e!de5Aee2e/kBTde. ~4!

As noted in Sec. I, this equation is derived from gene
considerations based on detailed-balance requirements.
factor of e arises as a measure of the phase space avai
for translational motion, and the Arrhenius exponential fa
tor describes the final internal density of states of the dau
ter cluster. It is important to point out that the temperatu
appearing in Eq.~4! is that of the daughter cluster. For a
individual particle with total internal energyE0 and many
excited internal degrees of freedom, the rigorous definit
of the temperature is@23,24#

1

T0
5kB

]~ ln W!

]E U
E5E0

, ~5!

whereW is the level density of internal states accessible
this excitation energy. The prefactorA in Eq. ~4! is propor-
tional to the cross section for the reverse process, i.e., for
capture of an atom by a neutral cluster. In our calculation
is taken to be independent ofe, which is equivalent to the
assumption of a constant sticking coefficient and no acti
tion barrier. This is expected to be a good approximation
thermal neutral atom-cluster collisions. Indeed, the fits
scribed below support the lack of any strong energy dep
dence ofA. As discussed in Sec. V, the situation in expe
ments involving cluster ions appears to be different.

Armed with a predicted kinetic-energy distribution, w
simulated the evaporation process using a Monte Carlo
proach. We assume that all mother clusters enter the
aperture~A1 in Fig. 1! moving at the same speed parallel
the beam axis~z direction! and are equally distributed ove
the plane of the aperture. This is justified by the large d
tance to the source~2 m! and the small opening of the
molecular-beam aperture~3.175 mm!. The simulation of a
fragmentation process starts with a cluster assigned to a
dom point in the laser-cluster beam interaction plane. T
recoil of the daughter cluster from the fragmentation proc
is calculated~the direction of the departing fragment is als
taken to be random!. If more than one evaporation proce
occurs, appropriate energy distributions are calculated
each consecutive evaporation step. The directions of fr
ment emissions are assumed to be uncorrelated. This lea

FIG. 2. A typical mass spectrum for the range Na14 to Na25.
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498 PRA 59PETER BROCKHAUSet al.
a velocity in thex and y directions, as well as to a sma
correction to the initial velocity in thez direction. The cluster
is then propagated from the interaction region to the dete
aperture~A2 in Fig. 1!. In the plane of the detector apertur
the position of the daughter cluster is evaluated. If it c
enter the detector, it is counted as a hit.

A typical simulation involves 100 000 such processes.
ter the complete simulation, the number of hits is divided
the number of clusters in the simulation, and normalized
the ratio of the areas of the aperturesA1 andA2. For the
next step in the simulation, the distance between laser in
action region and detector aperture is varied. The curves
fit to the data by minimizingx2 with the temperature as fi
parameter.

Once the temperature of the daughter cluster is obtain
the temperature of the mother cluster can also be derive
its dissociation energy is known. Since there is no exp
mental data for neutral clusters available, we use the va
for dissociation energies of ionic clusters as derived
Bréchignacet al. @14# from the unimolecular photofragmen
tation patterns using a model given by Engelking@27#. The
data from the cluster with the same number of valence e
trons are taken; e.g., if we want to know the dissociat
energy of the reaction Na18→Na171Na, we use the value
given for Na19

1 . We refrained from using a Born-Haber cyc
to derive the dissociation energies for neutrals. The un
tainties in the available data for ionization potentials a
fairly large, and the measurements are not always consis
For example, Refs.@6# and @9,39# give values that differ by
as much as 0.3 eV depending on the cluster size.

Based on the values of the dissociation energies as g
by Ref. @14#, and on the mother cluster temperatures
tracted from the experimental data~see below!, the charac-
teristic fragmentation timet0 used in the evaporation rat
equation~1! is required to be on the order of 10212 s for
monomer evaporation, which is equivalent to a Gspann
rameter of 25. Lower values would yield unrealistic lifetim
for the clusters arriving from the source. Other estimates
t0 are available in the literature@40–43#, but they would
imply a change in the dissociation energies by;10% @44#.
For consistency, we shall adhere to the aforementioned
ues ofD andt0 . The possible error introduced by the use
these values is taken into account in the overall experime
uncertainty.

The reduction in the number of degrees of freedom f
lowing the evaporation has to be taken into account. For
case of monomer evaporation, this gives

~3N26!kBTmother5$@3~N21!26#12%kBTdaughter1D.
~6!

We have made the usual assumption of equipartition
tween all the vibrational degrees of freedom in the clus
This assumption in fact coincides with what one obtains
applying the definition of temperature@Eq. ~5!# to the density
of states of an ensemble of coupled classical oscillators~the
Kassel model@25,26,45,46#!. The change in the electroni
degrees of freedom and free energy is contained within
separation energiesD @47#. The extra term of 2kBTdaughteron
the right-hand side accounts for the average kinetic energ
the evaporating particle@24#.
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For dimers, the connection is slightly more complicate
because the dimer has two rotational degrees of freed
with energykBT/2 each, and one vibrational degree of fre
dom with kBT. Making the assumption that the temperatu
of the dimer is the same as of the daughter cluster, we h

~3N26!kBTmother5$@3~N22!26#14%kBTdaughter1D.
~7!

To calculate the temperature of the mother cluster bef
heating with the argon-ion laser, the following formula
applied:

~3N26!kBTbefore1hn5~3N26!kBTafter. ~8!

Thus we can obtain the original temperature of the mot
cluster in the beam.

IV. RESULTS

The experimental results obtained for Na17 are depicted in
Fig. 3; for Na16 and Na18, see Fig. 4. These graphs also sho
the results of our Monte Carlo simulations.

Since the decay of the measured signal is a function of
recoil of the daughter clusters due to the evaporation of sm
fragments, we have to look into the possible fragmentat
pathways. This will first be done for the Na17 cluster because
it gives by far the largest signal.

Possible reaction pathways leading to this cluster m
from the mass with the largest abundance, Na20, are either
the evaporation of monomers as described by Eq.~9a! or of
a dimer and a monomer~9b!. We do not include the evapo
ration of a dimer from an odd-electron system, as it has ne
been experimentally observed@14#:

Na20→Na191Na→Na1812Na→Na1713Na, ~9a!

Na20→Na181Na2→Na171Na1Na2. ~9b!

Further contributions could stem from the fragmentati
of Na19 as given by Eq.~10!. But this gives only a small
correction, since the abundance of Na20 is nearly four times
larger than that of Na19 ~see Fig. 2!. This is also included in
our fit:

Na19→Na181Na→Na1712Na ~10!

These are the only significant sources of detectable N17
products. Indeed, those that derive from the photofragme
tion of Na18 are so hot that, according to Eq.~1! ~see also
Ref. @41#!, they will decay further before they arrive at th
detector@cf. Eq. ~A2e!#. The evaporation chains for all clus
ters larger than Na20, on the other hand, will effectively ter
minate before reaching this mass.

The possible pathways are used to perform fits to fr
ment temperatures according to the Weisskopf formalism
described in Sec. III. Two different temperature schemes
obtained: Pathway~9a! gives consecutive temperatures f
the fragments ofT(Na19)5865 K, T(Na18)5685 K, and
T(Na17)5480 K. This yields a temperature for the moth
cluster Na20 of 515 K before its interaction with the lase
The second possibility@Eq. ~9b!# gives temperatures o
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T(Na18)5780 K and T(Na17)5575 K, respectively. The
temperature of the mother clusterT(Na20) is 440 K in this
case.

The decision which of these two pathways is the m
important can be made using the data for Na18. Since this is
a somewhat elaborate procedure, it will be discussed in
Appendix, where the fits to the data for Na16 and Na18 are
derived. We conclude that pathway~9a! makes only a minor
contribution, and the data are mostly governed by the dis
ciation channel~9b!. The initial temperature of the Na20 clus-
ter is therefore determined to be 440 K. We also estab
that for the Na18 cluster, the signal observed is mostly due
fragmentation of Na20 and Na21 while for Na16 the mother
clusters are Na20 and Na18.

Since we have considered all possible fragmentation p
ways, we can estimate the relative contributions from dim
and monomer evaporation. There is a strong difference
tween the photodissociation pathways of Na20 and Na18. In
the former case the evaporation of a dimer is four times m
likely than of a monomer. The ratio is nearly reversed in
case of Na18, where the evaporation of a monomer is mo
probable by a factor of 3.

We have performed an extensive error analysis us
Monte Carlo simulations to estimate the total uncertainty
the temperature of the Na20 cluster. We included experimen
tal errors,~e.g., misalignment, fluctuations of the laser or t
source, and the cluster speed distribution! as well as possible
errors in the fitting procedure~the branching ratios for the
different reactions, the derivation ofa, uncertainties in the
photon energy and in the dissociation energies for the dif
ent fragmentation pathways!. From a statistical analysis o
our data, we estimate our overall error to be665 K.

Two possible additional sources of systematic er
should be mentioned. The first one is post-ionization fr
mentation. As mentioned in Sec. II, this effect is expected
be small in the present setup thanks to the use of soft n
threshold ionization.

The second effect is the presence of slow decay com
nents in the ensemble of evaporating clusters, stemm
from the fact that there is a certain initial temperature spr
among the mother clusters. According to the evaporative

FIG. 3. Squares: Measured intensity of the Na17 signal as a
function of the laser-detector distance. Solid line: Fit to the data
T(Na20)5440 K and evaporation channels~9b! and ~10!.
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semble formalism, the internal energy distribution of clust
in the beam has a full width approximately equal to the cl
ter dissociation energy@11,18–20#. With a Na20 binding en-
ergy of approximately 0.93 eV@14#, this corresponds to a
temperature spread ofDT'6100 K. To assess the effect o
this distribution, we performed a further Monte Carlo sim
lation which included the contribution of delayed fragmen
tion of the colder clusters. We found that with the avera
mother cluster temperature of 440 K, as determined abo
and a6100-K spread, we retain a good fit to the experime
tal profiles. On the other hand, increasingDT further would
lead to a noticeable deviation of the simulated signal cur
from the data. Our results are therefore quite consistent w
the prediction of evaporative ensemble theory.

V. DISCUSSION AND SUMMARY

We have described an approach for measuring the inte
temperature of free neutral metal clusters in a beam. Abs
tion of a photon by a cluster sets off a fragmentation ch
whereby the cluster successively evaporates atoms
dimers as it cools down in the process. Kinetic energy
leased upon evaporation is found by studying the recoi
the daughter fragment. By employing the Weisskopf stati
cal theory, we can model the decay process and determ
both the fragment temperatures and, as a consequence
temperature of the original mother cluster.

This method was applied to Na20 clusters, photodissoci
ated by 2.5-eV photons. The most important final products
the evaporation chains are Na18, Na17, and Na16. The Na17
fragment, which gave the strongest signal, arises prima
via the decay chain@Eq. ~9b!#. The experiment is assisted b
the fact that Na20 is a dominant magic number in the ma
spectrum, ensuring that contamination of the signal by fr
mentation of larger species is negligible.

The average temperature of Na20 originally present in the
beam is found to be 440665 K. By comparison, the sourc
nozzle temperature was approximately 1040 K.

We can compare the temperature measured here
other experiments and expectations in several ways. One

r
FIG. 4. Squares: Measured intensities of the Na16 ~top! or Na18

~bottom! signals. Solid line: Fit to the data forT(Na20)5440 K and
evaporation channels~A2a! and ~A2e! for Na16 and ~A1b! and
~A1c! for Na18.
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500 PRA 59PETER BROCKHAUSet al.
direct comparison with the temperature distributions in R
@14#, which result as a product of fitting dissociation energ
of positively charged clusters. The distribution for Na21

1

was estimated to range from ca. 250 to 580 K, correspond
to an average value of 415 K, as compared to the valu
440 K measured here~with an estimated range of6100 K!.

A more precise comparison should take into account
effects. One is the difference in the charge state of the c
ters involved, and the other is the flight time of the clus
beams, which was;1 ms in the present case and;10 ms in
the experiment of Bre´chignacet al. The temperature of an
evaporative ensemble decreases with time, and although
change is slow@logarithmic; cf. Eq. ~2!#, here it would
amount to about 20%. This implies that on the time scale
our experiment, the centroid of the fitted ionic temperat
distribution @14# would shift to 330 K, a value somewha
lower than the present measurement, but not outside the
its of experimental uncertainties.

Alternatively, one can compare the measured tempera
to the one expected from evaporative ensemble theory@18#.
A more accurate version of the estimate given in Eq.~2!
reads as follows:

kBT5D/G2kBDT1D/@2~3N26!#, ~11!

where the second term on the right-hand side corrects for
fact that the original Gspann relation actually correspond
the upper edge of the temperature distribution, and the t
term is a correction for the finite heat capacity of the clus
@18#. Using DT'100 K and D50.93 eV for monomer
evaporation, and the corresponding value ofG'25 ~as de-
scribed in Sec. III!, we obtainT5410 K, i.e., a value very
close to the measured one. The close agreement betw
experiment and prediction affirms the validity of the evap
rative ensemble picture.

An analysis of rate equations for the evaporative cool
of neutral Nan (n5200– 5000) clusters using bulk liquid so
dium parameters@45# also predicts a temperature of;400 K
at the end of a 2-ms flight time. The cooling rates turn ou
be quite similar for different cluster sizes.

The experiments by Hansen and Falk@31# on large Nan
1

ions ~n;103) gave a value of either 270 or 350 K (6100
K!, depending on the assumed capture cross section pref
A in the evaporation energy distribution@Eq. ~4!#. These val-
ues are slightly lower than our results, but note that the c
ter sizes and evaporation time scales are different.
present data could be successfully explained without inv
ing an energy dependence of the sticking coefficient. Clea
the atom-cluster potentials and the cross sections for att
ment are quite different in the cases of charged and
charged clusters. A complete description of this reverse p
cess is an important experimental and theoretical challe
in cluster physics@48#. As in the work@31#, no indication of
a significant activation barrier~of magnitudekBT or higher!
was found in our data.

Our study implies that in a cluster photofragmentati
experiment it is crucial to ensure sufficient time and dista
between the laser-cluster interaction and detection steps
a finite beam diameter, the ‘‘contamination’’ by evaporati
fragments decays slower than one might expect from sim
geometrical considerations@38#. In particular, one has to b
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careful when performing measurements on relatively we
cluster signals which are close to clusters with large ab
dances in the mass spectra, for example Na16. By extrapo-
lating our data to longer distances between the interac
zone and the detector, we conclude that a;5% contribution
from the fragmentation of larger cluster sizes can still
detected even if the time delay between laser illuminat
and detection is as long as 100ms.
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APPENDIX A: FRAGMENTATION PATHWAYS

1. Simulation of the Na18 signal

In order to decide which of pathways~9a! or ~9b! is the
strongest, we have to look at the data for the Na18 cluster.
This signal could stem from the fragmentation of Na21 or
Na20 as described by Eqs.~A1a!–~A1c!:

Na21→Na201Na→Na1912Na→Na1813Na, ~A1a!

Na21→Na201Na→Na181Na1Na2, ~A1b!

Na20→Na191Na→Na1812Na. ~A1c!

We do not need to include single-evaporation pathw
directly from Na20 or from Na19, e.g., Na19→Na181Na, be-
cause these would create the Na18 cluster in too hot a state to
survive until the detection~cf. the discussion of Na17 in Sec.
IV !.

Channels~A1a! and~A1b!, while possibly present, canno
be a strong source of Na18 products: the abundance of Na21
clusters is only 10% of Na20, and the signal they can con
tribute would be several times smaller than that obser
~the ratio between the Na17 and Na18 fragment intensities is
5:1!.

Thus the dominant Na18 signal must come from channe
~A1c!. Now, as described in Sec. IV, the two possible pa
ways ~9a! and ~9b! for the appearance of Na17 fragments
imply two different initial temperatures for the Na20 mother
cluster. An analysis of the Na18 signal can resolve the issue
Indeed, if we assume fragmentation pathway~9a! and start
with a temperature ofT5515 K for Na20 before laser heat-
ing, this leads to a fragment temperatureT(Na18)5685 K.
However, this is inconsistent with the observations, beca
a fragment at this high a temperature will have an estima
lifetime @Eq. ~1!# of only a fewms. Since the flight time from
the interaction region to the detector is at least 10ms, this
cluster would never be detected in our setup. This makes
dissociation pathway~9a! unlikely.

This leaves us with the pathway as described by Eq.~9b!,
where we obtained a temperature of the mother fragm
Na20 of 440 K. Using dissociation pathway~A1c!, we now
determine a temperature of 600 K for the Na18 cluster. This
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is still relatively hot, and will in principle lead to furthe
fragmentation. But the lifetime here is dramatically long
than in the preceeding scenario~using the Gspann formalism
we obtain a factor of 10!.

Indeed, if we assume a lifetime of*200ms, we obtain an
even better fit to our data than what is given in Fig. 4. F
ther fragmentation would lead to Na17 via monomer evapo-
ration: Na18→Na171Na. The complete reaction pathwa
would be the same as Eq.~9a!, but with a lower starting
temperature for the mother cluster Na20. The contribution
from this reaction to the Na17 mass channel is small, becau
otherwise the Na17 signal would be strongly distorted due
lifetime effects. By simulating a continuous evaporati
scheme, as indicated here, we estimate this contributio
the Na17 signal to be below 10%. In summary, we conclu
pathway~9b! to be the most favorable, and will in the furthe
discussion neglect fragmentation channel~9a!.

2. Simulation of the Na16 signal

Analogously to Na18, it is possible to derive a fit to the
data for the Na16 cluster. But in this case several other fra
mentation channels play a role due to the larger abunda
of Na19 and Na18, namely,

Na20→Na181Na2→Na1612Na2, ~A2a!

Na20→Na191Na→Na1812Na→Na161Na212Na,
~A2b!

Na19→Na181Na→Na161Na21Na, ~A2c!

Na19→Na181Na→Na1712Na→Na1613Na, ~A2d!
r-
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Na18→Na171Na→Na1612Na. ~A2e!

Pathway~A2a! only differs from Eq.~9b! by the evapo-
ration of a dimer from Na18 instead of a monomer. Since th
signal on the Na17 mass channel is at least five times larg
than on the Na16 channel, we conclude that monomer evap
ration is in this case much more likely than dimer evapo
tion. For the same reason we can neglect pathway~A2c!: the
abundance of the mother cluster Na19 is lower than that of
Na20, and the last evaporation step is suppressed.

Reaction~A2d! seems unlikely, because it gives a larg
temperature for Na19 than for Na20. This is in contradiction
to the assumption of an evaporative ensemble, which
sumes that of two clusters with the same time for evapo
tion, the cluster with the lower binding energy will be colde

We can now differentiate between pathway~A2b! on the
one hand and pathways~A2a! and ~A2e! on the other. For
the former, we obtain a lower temperature for the daugh
cluster than for the mother cluster, although the time for
mother cluster to cool down before it is again heated up
the laser is at least 50 times longer than the time for
daughter cluster to reach its final state. In principle, this
possible since the binding energies of these clusters are
ferent.

We obtained the fit shown in Fig. 4 using only pathwa
~A2a! and~A2e!, where we assumed that the temperature
Na18 as mother cluster is the same as that of Na20. The qual-
ity of the fit does not improve by taking Eqs.~A2b! into
account. We conclude that pathways~A2a! and ~A2e! play
the most important role, although further work is needed
clarify the various possibilities. The branching ratio betwe
monomer and dimer evaporation from Na18, used for the fit
to the Na16 data, is 1:3.
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