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The average kinetic-energy release is measured for the evaporation of Csl and (CsI)2 molecules from

sputtered Cs(CsI)„clusters (n 2-17) in two different time windows. The size and temporal (temper-
ature) dependence of the average kinetic-energy release is found to be in reasonable agreement with the
predictions of the evaporative ensemble model, except for evaporation processes involving the cluster
with magnetic number n 13. Agreement can be obtained for the latter if the assumption of the in-

dependence of the heat of evaporation on the cluster size in the model is removed.

PACS numbers: 82.20.Db, 36.40.+d, 82.30.Lp

In recent years, a growing number of groups have
studied the fragmentation and the metastable decay of
various gas-phase cluster ions produced either by photo-
ionization ' or electron-impact ionization of a neu-

tral cluster beam or by sputtering' ' of a bulk surface.
Such studies have provided not only valuable implica-
tions for studies on neutral clusters but also information
for the energetics and the mechanisms of dissociation of
ionized clusters. However, most of the studies have been
limited to rather qualitative observations, in part due to
the lack of theoretical data for the energetics associated
with the dissociation and also in part due to the fact that
cluster ions are frequently formed with an ill-defined
broad range of internal energy.

In the present work, we examine the evaporative en-
semble model (EEM) by comparing the model predic-
tions of the size and temporal (temperature) dependence
of the average kinetic-energy release (KER) with the ex-
perimental results measured for the evaporation of ionic
clusters, e.g. , the evaporation of CsI and (CsI)2 from
sputtered Cs(CsI)„+ clusters in two diff'erent time win-

dows. Klots has developed the EEM' ' based on the
statistical unimolecular reaction theory to describe the
evaporation process of an ensemble of unstable clusters.
The main underlying assumption is that the sequential
evaporation of monomer units dominates the metastable
decay of a collection of hot clusters and that each cluster
has evaporated at least one monomer unit. Under this
assumption, the evaporation of hot clusters is treated as
a statistical unimolecular decay of a canonical ensemble
at a temperature T through a transition state at which
the canonical ensemble has a temperature T . Various
experimental results are found to be in reasonable agree-
ment with the model predictions, ' e.g. , the tempera-
ture' and the kinetic-energy release of rare-gas and
molecular clusters as well as the decay probabilities of
rare-gas and Cu„+ clusters. "'

From the EEM, the following relationship can be de-
rived for the average KER (e, ) associated with the eva-

poration of CsI and (CsI)2 molecules from Cs(CsI)„+
clusters: '

e,/4 =3/2 y(k) —3ktt/4c (2n + I ),
where d, is the heat of evaporation, ktt is the Boltzmann
constant, and c(2n + I ) is the heat capacity for a cluster
of a given size n with c being the heat capacity per atom.
The Gspann parameter y(k) is defined as ' '

y(k) =4/ktt T(k), (2)

where T is the arithmetic average of T and T, and k
denotes the microcanonical rate constant whose value
can be determined from the experimental time window. '

To obtain Eq. (I), we have used the relation
= —', kttT instead of c, -2kttT which is used in the
original treatment of Klots. ' This modification is based
on the Langevin collision model in which the relationship
between t. , and T is determined by the form of the
long-range attractive potential's (i.e., the evaporation is

adiabatic with no reverse activation energy). The former
relationship is more appropriate for the present case
since the KER distributions for the evaporation of both
CsI and (CsI)2 are found' to be fitted by the polariza-
tion potential rather than the hard-sphere potential as-
sumed by Klots. '

The Gspann parameter y(x) is predicted to be nearly
independent of the cluster size and to depend weakly on
time. ' ' This is true if one assumes that h, is indepen-
dent of the cluster size (as in the continuum-based calcu-
lations' ' ) since T is predicted to be constant for a
given time window. ' Furthermore, from the empirical
results of Gspann' for the relation between the heat of
sublimation and the measured temperatures of various
rare-gas clusters and also from the Klots evaporative-
ensemble-model calculations ' for various clusters, it has
also been suggested that the Gspann parameter is nearly
independent of the constituent of the cluster, implying
the scaling of the cluster temperature by its evaporation
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IV'=(hV /V )' —(AVp/Vp)' (3)

The widths of h, V and h, V~ and the central positions V
and V~ for the metastable and parent ion peaks, respec-
tively, are measured in units of the acceleration voltage

energy.
In several aspects, Cs(CsI)„+ clusters are good candi-

dates to test more rigorously the predictions of the EEM
shown in Eq. (1) and thus to investigate the evaporation
dynamics of hot clusters. First, as implied by the ob-
served cluster yield ' and metastable decay probabili-
ty of sputtered Cs(CsI)„+ clusters, the evaporation en-

ergy (i.e., the stability of these clusters) shows a strong
size dependence, which is not considered in the EEM de-
scribed above. Moreover, the theoretical data for the
evaporation energetics of these clusters, which agree well

with the various experimental data (e.g. , the cluster yield
distribution, ' the metastable decay probability, and
the branching ratio between the two main evaporation
channels ), are available from the polarizable-ion model
calculations. Second, our results on the shape of the
KER distribution' suggested that the loss of two CsI
molecules involves a direct fission of a (Csl)2 molecule
with a near-zero dipole moment, rather than a sequential
loss of two CsI molecules which is assumed in the EEM.
Third, the observed correlation between the theoretical
evaporation energies and the measured branching ra-
tios between the two main evaporation channels li.e.,
the evaporation of CsI and (CsI)2 molecules] suggested
that most likely both processes are adiabatic, in accor-
dance with the EEM.

In this study, the average KER for evaporation of CsI
and (CsI)2 from sputtered Cs(CsI)„+ clusters is mea-
sured in two different time windows. The experimental
conditions and instrumentation are described in more de-
tail elsewhere. ' ' Cs(CsI)„+ clusters are produced by
sputtering a CsI bulk surface with 7-keV Xe atoms and
analyzed by a VG Instruments Inc. Analytical ZAB-SE
mass spectrometer (reverse geometry) at the acceleration
voltage V, 8. 1 kV. Ion kinetic-energy spectra for the
parent ion m~+ and the resulting metastable ion m2+

(corresponding to the loss of one or two CsI molecules)
are taken in both the first and the second field-free re-
gion. In the first field-free region, the magnetic sector
field is tuned either to the mass of the parent ion m I or
to the nominal mass of the metastable ion m* =m2/mI,
and the acceleration voltage is scanned. In the second
field-free region, the electric sector voltage is scanned
after tuning the magnetic sector field to the mass of the
parent ions.

The average KER is determined from the widths of
the ion kinetic-energy spectra, assuming that both the
parent and metastable ion peaks are Gaussian. ' For the
Gaussian peak profiles, the corrected width W, of the
metastable peak due to kinetic-energy release e, is ob-
tained using the following relation:

in the first field-free region and in units of the electric
sector voltage in the second one. Kinetic-energy release
e, associated with a unimolecular reaction mt+ m2+

+pl 3 is related to the corrected width 8', by the follow-
ing relation:

e, = (mq/16m 3) V, W eV . (4)
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FIG. 1. Comparison of the measured and the predicted e, /LL

values in the first field-free region. The circles and the crosses
denote experimental values for the evaporation of CsI and
(CsI)2 from clusters of diff'erent sizes, respectively. These
values were reproducible within + 6%. The solid curve repre-
sents the predicted values of Eq. (I) with y(k) =22 and
e 3k'. The filled triangles show the predicted values when

the Gspann parameter in Eq. (I) is corrected to take into ac-
count the fact that the heat of evaporation involving clusters
with magic numbers has a strong dependence on the cluster
size.

For the first field-free region, the average KER is calcu-
lated from the widths of the parent and metastable peaks
at 22.3% peak height using Eqs. (3) and (4). For the
second field-free region, the widths are measured at 50%
peak height due to the very low signal level, and thus the
average KER is approximated by multiplying' the KER
value calculated from these widths by 2.16.

The experimental time windows estimated from the
acceleration voltage and the dimension of the instrument
are as follows. In the first field-free region, the starting
time to and the residence time ht change from -0.44
and -24.6 @sec for the n 2 cluster to —1.2 and -65.0
@sec for the n 17 cluster, respectively. The second
field-free region is estimated to be to and ht changing
from -44.6 and -41.2 psec for the n=4 cluster to
-77.3 and -71.3 @sec for the n 13 cluster, respective-
ly. These two time windows are expected to induce
about tenfold change in the rate of evaporation. '

Figure 1 shows the size dependence of measured and
predicted average KER for the first field-free region.
The circles and crosses denote experimental F,/6 values
determined for the evaporation of CsI and (CsI)2 mole-
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FIG. 2. Comparison of the measured and the predicted i, /6
values in the second field-free region. The circles and the
crosses show experimental values for the evaporation of Csl
and (Csl)2 from clusters of different sizes, respectively. Repro-
ducibility was better than + 35%. The solid and the dashed
curves are the predicted values when y(k) 27, corresponding
to c 2.5k& and 1.5k&, respectively. The filled triangle is the
predicted value using the corrected Gspann parameter with
c 2k'.

cules, respectively. h, values are obtained from the
theoretical total energies of Cs(CsI)„+, CsI, and (CsI)2
predicted from the polarizable-ion model. The solid
curve represents the predicted size dependence calculat-
ed from Eq. (1), assuming e equal to 3ktI. The Gspann
parameter y(k) is taken' to be 22 which corresponds to
k equal to 10 sec ' as is estimated ' for the first field-
free region.

As shown in Fig. 1, the predicted values agree well

with most of the measured values. The sharp increase in

the small cluster region and the asymptotic approach in

the large cluster region are observed for both the mea-
sured and the predicted values and are in quantitative
agreement for most reactions. The measured values,
however, are smaller than the predicted ones for the re-
actions n 13 12 and 13 11 and larger for the reac-
tions n =3 2, 14 13, and 15 13. Notice that ex-
cept for one reaction all of these reactions involve the
most stable cluster with the magic number n =13.

In Fig. 2, the experimental results obtained in the
second field-free region are compared with the predicted
values. The time window for the second field-free region
corresponds ' to k equal to —10 sec '. According to
the Klots calculation, ' a tenfold change of k induces
about 20% change in the Gspann parameter. Thus, y(k)
is taken to be 27. Since the clusters examined in the
second field-free region are expected to be colder than
those in the first one, the high-frequency vibrations
would become ineA'ective, resulting in a decrease in c.
Without having any specific information about the
dependence of e on time, we have chosen two somewhat

smaller values of c compared to the first field-free region.
The solid and the dashed curves correspond to c equal to
2.5k' and 1.5k~, respectively. As shown in Fig. 2, the
measured and the predicted values are in reasonable
agreement, except for the reactions n =13 12 and
13 11 which show negative deviations from the pre-
dicted values as observed in the first field-free region.

The strong deviations observed above are found for the
evaporation channels involving the cluster with the mag-
ic number n=13, except for one case. The evaporation
energies for these reactions are quite diA'erent from all
the others and one expects that the assumption made in

the EEM that h, is a very weak function of the cluster
size is not correct for these reactions. Below we correct
this assumption. In each time window, T is predicted to
be constant. ' lf we use an average 5 of 1.5 eV (taken
from the other clusters), we can get T for each time win-
dow from the Gspann parameter used for each window
(found to be -790 K in the first and -640 K in the
second field-free region). Using the evaporation energies
predicted from the polarizable-ion model and the
values of T estimated above, a new Gspann parameter is
estimated according to Eq. (2) for the evaporation pro-
cesses that showed deviations. New values of the
Gspann parameters are found to be -33 for the reac-
tions n = 13 12 and 13 11, —10 for n = 14 13,
—15 for n 15 13, and -25 for n =3 2 in the first
field-free region; but equal to -40 for the reactions
n 13 12 and 13 11 in the second field-free region.

Using these new values of the Gspann parameter, Eq.
(I) is used to calculate the values of e', /6 for these pro-
cesses. The results are given by the solid triangles shown
in Figs. 1 and 2. Good agreement for the reactions
n =13~ 12, 13~ 11, 14~ 13, and 15~ 13 is obtained
in both time windows. The new predicted value for the
reaction n =3 2 still deviates from the observed value.
This can be interpreted as evidence for the existence of
reverse activation energy or for the involvement of ei-
ther electronic predissociation or tunneling through a
centrifugal barrier.

From the above results, we reach the following con-
clusions: (a) The EEM ' ' can be used to describe the
evaporation from the strongly bound ionic clusters when
the Gspann parameter is modified to take into account
the dependence of 6 on the structure of clusters involving
those with magic numbers; (b) the polarizable-ion model
calculations for the evaporation energetics are very
accurate; and (c) the evaporation of CsI and (CsI)2 mol-
ecules from the Cs(CsI)„+ clusters is statistical and adi-
abatic except perhaps for the evaporation of a CsI mole-
cule from the Cs(Csl)i+ cluster. The latter two con-
clusions are consistent with our previous results. ' '

Our results imply several important aspects regarding
the statistical evaporation process of hot clusters which is
observed for Cs(CsI)„+ clusters in the present study and
also for ionized alkali clusters recently by Brechignac et
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al. The scaling of the cluster temperature T by the eva-

poration energy h, is not perfect when h, is not a weak
function of the cluster size. Nevertheless, for the eva-
poration processes not involving magic-number clusters,
the average value of the Gspann parameter is found to
be constant [e.g. , y(k)-22 for k =10 sec ') and is

suggested to be transferrable to other media. This
should be useful particularly for studying larger clusters.

The assumption in the EEM that the evaporation is

dominated by the sequential loss of monomer units does
not seem to be necessary in formulating the evaporation
process of hot clusters. The evaporation of a CsI dimer
from Cs(CsI)„+ clusters is found to have comparable
evaporation energies to the evaporation of a mono-
mer. ' The fact that the EEM is found to describe the
evaporation of the dimer with equal success to that for
the monomer suggests that the model could be modified
to assume the requirement of the evaporation of at least
one of the stable units that are dominant in the evapora-
tion process (i.e., involving the least-energy evaporation
channel). This then implies that the predictions of the
EEM are more general and that agreement with the
EEM does not provide evidence for the evaporation
mechanism, i.e., sequential evaporation of monomers or
fission of a larger stable unit.

The authors wish to thank the National Science Foun-
dation for support of this work.
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