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The kinetic energies of fast neutrals ejected from photoexcited rare gas cluster ions have been
measured for the following systems: Arn

1 , Krn
1 , Xen

1 at two photon wavelengths: 355 and 532 nm,
and forn in the range 2–19. New data are presented for xenon at both wavelengths, and for argon
and krypton cluster ions at 355 nm. For argon and krypton cluster ions at 532 nm, new data have
been recorded which are more accurate than those presented previously. A Monte Carlo model of
the experiment has been used to simulate the kinetic energy releases and also to investigate
variations in the scattering anisotropy parameter~b! as a function of photon energy and cluster
composition and size. Significant fluctuations inb are observed, and these are attributed to a
combination of structural variation and changes to the nature of the central chromophore. For small
cluster ions the kinetic energy release data show evidence of being influenced by the final spin-orbit
state of the atomic ion. Overall, there is a gradual decline in kinetic energy release as a function of
increasing cluster size; however, there are marked variations within this trend. For all three rare gas
systems the results show that the primary response to photoexcitation is the ejection of a single atom
with a high kinetic energy on a time scale that is short compared with the rotational period of a
cluster. © 1999 American Institute of Physics.@S0021-9606~99!00627-3#

I. INTRODUCTION

The photoexcitation of rare gas cluster ions of the form
Arn

1 , Krn
1 etc. at ultraviolet~UV! and visible wavelengths

can be a very destructive process in which a small ionic
photofragment is accompanied by large numbers of neutrals,
most probably in the form of atoms.1 Early studies of the
energetics of such processes concentrated on ionic photo-
fragments and, most notably, a number of groups measured
the distribution of laboratory frame kinetic energy for Ar1

from Ar3
1 , with the observation that it consists of two

components.2–5 First, there are ions that emerge from the
dissociation process with comparatively high energies; these
are scattered anisotropically and, as such, exhibit a marked
dependence on the angle of polarization of the laser radiation
with respect to the flight direction of the ion beam. A second
component consists of ions with relatively low kinetic ener-
gies and these appear to be scattered isotropically. However,
as the cluster ions increase in size it is found that ionic pho-
tofragments cease to show evidence of a high kinetic energy
component,6,7 and beyondn56 features due to anisotropic
scattering are no longer detectable.6

Subsequently, new experiments were developed to mea-
sure the neutral products of photo-induced decay in order to
determine how energy is being dissipated in larger cluster
ions.7–11 These experiments use time-of-flight~TOF! tech-
niques to measure the arrival times of the neutrals, and it is
observed that, following photodissociation, fast neutral at-
oms appear in the form of anisotropic wings at positions
which correspond to either forward or backward scattered
events with respect to an intense central isotropic peak.7–11

These fast neutral atoms are ejected from clusters on a time

scale which is less than one rotational period~10–50 ps!,12

and carry with them up to 50% of the excess internal energy.
Such events have been detected from clusters containing up
to 25 argon atoms.7 Results for krypton clusters demon-
strated that the earlier pattern of behavior was repeated for
ions up to Kr25

1 .10 In all cases the remaining internal energy
is dissipated by the loss of further neutral fragments with low
relative kinetic energies. Overall, these new experiments
show that neutral detection provides a subtle probe of the
decay dynamics of fragile rare gas cluster ions.

In this paper new data are presented for the Xen
1 series

of cluster ions. In addition, improved measurements have
been undertaken on the photofragmentation of Arn

1 and Krn
1

clusters at 532 nm, and a limited number of new results are
presented following the excitation of small cluster ions from
all three rare gases at 355 nm. This series of measurements
provides the bases for a quantitative analysis of energy par-
titioning and scattering in terms of a dynamical model de-
signed to simulate the experimental environment. Of particu-
lar interest from these calculations are the dependencies of
kinetic energy release and anisotropy parameter,b, on clus-
ter size. These quantities have been determined from simu-
lations of the anisotropic scattering patterns of fast neutrals
from Arn

1 (n52 – 21), Krn
1 (n52 – 14), and Xen

1 (n
52 – 11).

II. EXPERIMENT

A Vacuum Generators ZAB-2F double focusing mass
spectrometer has been adapted to accommodate a supersonic
cluster source and used in conjunction with a TOF apparatus
to perform the experiment reported here. Details of a similar
apparatus have been presented earlier,7,10,13and Fig. 1 gives
a schematic diagram of the experimental configuration.a!Electronic mail: A.J.Stace@sussex.ac.uk
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Briefly, a beam of clusters is produced from an adiabatic
expansion of the pure gas through a pulsed conical nozzle
200 mm in diameter. The beam is collimated by a 1 mm
diameter skimmer and passes into the ion source of the ZAB-
2F, 55 cm downstream from the nozzle. A parent ion is ac-
celerated to a laboratory-frame kinetic energy of between 4
and 8 keV and is mass- and kinetic energy-resolved before
entering the TOF device. The detected ion signal on the mi-
crochannel plate detector~MCP! at the end of the TOF tube
is maximized by adjusting various focusing and steering
voltages sited throughout the mass spectrometer. Thus the
ions ~and hence, the neutrals! are on trajectories which bring
them to a focus at the final detector. The alternative would be
to bring the ion beam to a focus where it interacts with the
laser; however, beyond that point the ion beam would begin
to diverge and there would be a subsequent loss of time
resolution at the detector. Size-selected cluster ions are pho-
todissociated by a 10 ns pulse from an unfocussed
frequency-doubled~532 nm! or tripled ~355 nm! Nd.
yttriticum–aluminum–garnet at the entrance of the 1.44 m
length flight tube. The laser beam is collimated to give a
rectangular beam of dimensions~136 mm!, with the shorter
dimension lying parallel to the ion flight axis. Collimation
increases the resolution of the experiment, since the width of
the photofragment pulse contributes to the spread of arrival
times at the MCP. A further 20 cm beyond the point of laser
interaction, all remaining ions are deflected by a plate raised
to a voltage of 5 kV, allowing only neutral species to con-
tinue along the flight tube. A pressure of 1028 mbar is main-
tained in the flight tube to keep the probability of collisions
to a minimum. After passing through a pre-amplifier~EG&G
Ortec VT120!, the output from the MCP is collected as an
arrival time distribution on a multichannel scalar~MCS!
~Stanford model SR 430!. The MCS acquires data not by

averaging but by accumulation into 5 ns time bins, and the
signal to noise ratio is controlled by the adjustment of an
internal discriminator.

To increase the detected neutral fragment yield from
ions with low intensities, 40 ns bins were used, which re-
sulted in a reduction in time resolution. However, because
the decline in intensity was frequently accompanied by an
increase in mass, the drop in resolution when using 40 ns
bins was not too dramatic. One advantage of the TOF device
tube is its lack of sensitivity to isotopes.9 which allows the
accumulation of signal from parent ions, such as Krn

1 and
Xen

1 , to proceed with minimal loss of time resolution. Data
from krypton and xenon clusters have been analyzed using
the isotopic average masses of 83.4 and 131.06 amu, respec-
tively.

A typical experimental result is shown in Fig. 2 for Xe3
1

photodissociated at 532 nm. The two arrival time profiles for
neutral atoms were recorded with the plane of polarization of
the laser radiation either parallel or perpendicular to the ion
flight direction. When the plane of polarization is parallel to
the ion flight direction~solid line!, two wings are observed at
;22.4 and;23 ms, which undergo a marked reduction in
intensity when the plane of polarization is rotated by 90°
~dashed line!. Such behavior is indicative of a rapid decay
process that proceeds on a time scale (;10212s) which is
short in comparison to the rotational period of the cluster
~see later!. However, it is evident from Fig. 2 that the wings
do not disappear completely when the laser radiation is ori-
entated at 90° with respect to the ion beam, and the source of
this residual signal will be discussed later. In addition to the
fast process identified earlier, the arrival time profile is domi-
nated by an intense central feature which corresponds to the
slow loss of atoms from the excited cluster. Numerous ex-
amples of these profiles have been given previously and they
all follow the basic structure shown in Fig. 2,7,8 i.e., low
intensity wings corresponding to a single fast atom either
forward- or backward-scattered, accompanied by an intense
central feature which can be attributed to the gradual loss of
large numbers of atoms with low kinetic energies.

Neutral photofragments acquire relative kinetic energy

FIG. 1. A schematic diagram of the apparatus.

FIG. 2. Distribution of arrival times for neutrals following the photofrag-
mentation of Xe3

1 at 532 nm. Data were recorded for two orientation of laser
polarization with respect to the ion beam: parallel polarization shown
thus:- ———; perpendicular polarization shown thus:- – – –.

960 J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 Jones, Jukes, and Stace
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from the dissociation process which leads to a spread in ve-
locities, and hence, arrival times at the detector. For the pro-
cess

Xn
1→Xn21

1 1X ~1!

the average kinetic energy releaseTn can be calculated from
the time difference between the two wings (Dt) using the
following expression6

Tn5
M3

2M1M2
FDtE0

L G2

, ~2!

where M1 , M2 , M3 are the masses of the initial ion, the
ionic photofragment~s! and the neutral photofragment~s!, re-
spectively,E0 is the ion source acceleration voltage, andL is
the length of the flight tube. The kinetic energy resolution of
the TOF device is given by the expression6

dTn5
E0dtTn

1/2

L F 2M3

M1M2
G1/2

, ~3!

where dt is the time resolution of the experiment, which
from ‘‘hole burning’’ studies of ion profiles, is estimated to
be;30 ns for this series of experiments.10 The nature of Eq.
~3! is such that small kinetic energy releases can be measured
very accurately, but the resolving power of the TOF device
drops markedly as the magnitude ofTn increases.

III. A COMPUTER MODEL OF THE EXPERIMENT

Although the arrival time profiles provide a qualitative
picture of the angular distribution of products following
prompt photodissociation, they represent a convolution of
molecular and instrumental factors, and the latter can have a
significant effect on determining peak shape. To take account
of experimental parameters, a Monte Carlo model of the
TOF section of the experiment has been developed to simu-
late individual photodissociation events. Monte Carlo sam-
pling methods were used to superimpose a center of mass
distribution of ion photodissociation products onto a
laboratory-frame coordinate system in order to determine
whether or not individual neutral photofragments would hit
the detector. For a cluster ion with transition dipolem orien-
tated parallel to the polarization vector of the laser radiation,
e, the angular distribution of photofragments is given by the
standard equation14,15

P~u!5
1

4p
@11bP2~cosu!#, ~4!

where u is the angle betweene and the fragment velocity
vector,y, andP2 is a second degree Legendre polynomial.b
is the anisotropy parameter and is a measure of the correla-
tion betweenm and y. This correlation can be expressed in
the form of an expectation value

b52^P2~cosx!&, ~5!

wherex is the angle betweenm and y. Thusb has limiting
values21<b<2 with b521 for m'y ~x590°! andb52 for
miy ~x50°!. These limiting values are only applicable under
circumstances where the dissociation time scale is much
shorter than the rotational period of the parent cluster ion.

The corresponding scattering distribution then takes one of
two forms:b52 gives a cos2 u distribution andb521 gives
a sin2 u distribution. As a measure of the time scale of
events,b can also be expressed16 in terms of the following
relationship between the decay time of the photoexcited state
~t! and the angular frequency~v! for a cluster of a given size

b52P2~cosx!F 11v2t2

114v2t2G . ~6!

A qualitative description of Fig. 2 in terms of the preceding
discussion would propose that the intense central feature is
due to the isotropic scattering of atoms~b'0! and that the
wings are due to an anisotropic scattering process~b in the
range 1–2!.

Using Monte Carlo methods, numerical simulations have
been performed with the objective of reproducing the results
obtained from each experiment. The primary purpose of this
exercise was to extract from the experimental data kinetic
energy distributions associated with the anisotropic features
seen in the arrival time profiles of the neutral photofrag-
ments. The model used as input:~1! the masses of the parent
ion and two fragments;~2! a typical value for the variation
~uncertainty! in the ion beam kinetic energy~;10 eV!; ~3!
the acceleration voltage of the ion source;~4! the radius of
the MCP;~5! the length of the flight tube;~6! the width of
the laser/ion beam cross section;~7! the angle of polarization
of the laser beam with respect to the ion beam~0° or 90°!;
and ~8! the anisotropy parameterb. Finally, an initial guess
as to the shape of the kinetic energy release distribution is
required, and for the purposes of importance sampling, a
three-variable triangular distribution was used. Since the
mode of fragmentation responsible for the wings shown in
Fig. 2 is unlikely to be statistical, there is noa priori method
for determining the shape of the kinetic energy distribution,
and a triangle proved to yield the best fit to most of the
experimental data.

In a recent experiment,17 coincidence techniques were
used to demonstrate that the primary response from rare gas
cluster ionsn>4, to photoexcitation, is the ejection of a
single atom with a high kinetic energy as opposed, for ex-
ample, to the loss of two fast atoms in opposite directions. It
was possible to establish that this mode of decay was present
in both argon and krypton cluster ions containing up to 10
atoms.17 In the calculations which follow the coincidence
result has been used as the bases of our analysis of all the
neutral atom arrival time profiles recorded for all cluster ions
discussed here. Therefore, the model assumes that the reac-
tion step responsible for each set of high energy wings is17

Rgn
11hn→Rgn21

1 1Rg~fast) ~7!

and performs Monte Carlo averages over the parameters
listed earlier in order to reproduce the appropriate sections of
experimental data. It is acknowledged that the smaller cluster
ions, Rg3

1 and Rg4
1 exhibit fragmentation patterns which are

more complex than that represented by Eq.~7!. Examples of
these can be seen in the work of Nagataet al.5 and the com-
peting fragmentation pathways seen for Ar3

1 , in particular,
have been the subject of much debate.2–5 Equation ~7! is

961J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 Decay dynamics of cluster ions
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taken to represent a decay route that is common to the ma-
jority of cluster ions studied in this series of experiments.

IV. RESULTS

Two separate time-resolved distributions of photoneu-
trals were recorded for each cluster ion studied, and these
corresponded to angles of laser polarization of 0° and 90°
with respect to the ion beam. Typical examples of arrival
time profiles are given in Fig. 2, and these results will be
used to illustrate how all of the data sets have been pro-
cessed. Of primary interest are the two wings seen at;22.4
and ;23 ms as these correspond to the ejection of single
atoms with high kinetic energies. In order to improve the
accuracy of measurements made on the time separation of

the wings@Dt in Eq. ~2!#, profiles of the type shown in Fig.
2 were normalized with respect to the central isotropic fea-
ture and then subtracted from one another. This procedure is
effective because the central feature in each profile is due to
the isotropic scattering of atoms with low kinetic energies.
Figure 3 shows the results obtained when a similar procedure
is applied to data recorded for Ar3

1 . The residual features are
due to small fluctuations in signal intensity and/or the trigger
timing signal received by the MCS.

The subtraction leaves behind the anisotropic high en-
ergy wings, which can then be studied in isolation from the
more intense isotropic component. All subsequent examples
of arrival time profiles correspond to subtracted data sets that
have been treated in a manner similar to that described ear-
lier for Xe3

1 . Data sets obtained in this way were fitted using
the simulation procedure discussed in Sec. III, and a mean
kinetic energy release determined for reaction~1! from all
cluster ions. With the exception of dimer ions, the simula-

FIG. 3. Arrival time distributions for fast neutral atoms resulting from the
photofragmentation of Ar3

1 at 532 nm. The profiles shown as solid lines
result from the subtraction of data sets recorded for parallel and perpendicu-
lar orientations of laser polarization. The dashed lines are simulated fits to
the data where the only variable is the laboratory-frame kinetic energy of the
ion ~see text for further details!.

FIG. 4. As for Fig. 3, but experimental and simulated results for Ar5
1 .

962 J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 Jones, Jukes, and Stace
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tions were fitted to the subtracted data sets by inspection.
The variations in average kinetic energy when using such a
method were found to be less than 10%. For dimer ions, the
simulations were fitted directly to distributions obtained by
recording data with the angle of polarization of the laser
radiation orientated parallel to the ion beam.

For the computer model to be valid, it should be capable
of reproducing data recorded under a variety of experimental
conditions. For specific cluster ions, experimental data sets
were recorded under identical conditions, except for a sys-
tematic variation in the laboratory-frame kinetic energy of
the parent cluster ion (E0). Figures 3 and 4 show subtracted
data sets for Ar3

1 and Ar5
1 , respectively, where in each case

a simulation has been performed withE0 fixed at 6 keV. To
fit the remaining distributions, the only variable adjusted was
E0 to either 4 or 8 keV, as required by the experiment. It can
be seen from the results, that the model is able to provide a
quantitative fit to the arrival time distributions at each differ-
ent laboratory-frame kinetic energy. A further measure of the
consistency exhibited by the model, is obtained when the
center of mass kinetic energy distributions of neutrals are
compared for the different experimental conditions. When all
three simulation results were normalized the kinetic energy
release distributions were found to be identical.18

A. Xenon cluster ions at 532 nm

An interesting feature of this series of experiments is the
behavior of Xe2

1 . Under circumstances wheree is parallel to
the ion flight direction Fig. 5 shows two pairs of clearly
distinguishable wings, which correspond to neutrals with
quite different kinetic energies. Such behavior can be attrib-
uted to the effects of spin-orbit coupling on both the Xe2

1

electronic energy levels, and the final electronic state of the
Xe1 product, which can be either2P3/2 or 2P1/2. The model
yields a mean kinetic energy release of 1.61 eV for the most
energetic neutrals and a value of 0.47 eV for the low energy
component. Given that the bond energy for the xenon dimer
ion is 1.03 eV, the recorded kinetic energy release is larger
than would be expected for a 2.33 eV photon. The discrep-
ancy is probably due to photoexcitation out of a vibrationally
excited state of the electronic ground state. The simulated
results are shown in Fig. 5~b!, and yield a difference between
the two energy releases of 1.14 eV, which is to be compared

FIG. 5. ~a! As for Fig. 2, but for Xe2
1 at two different angles of laser

polarization; and~b! as for Fig. 2, but for Xe2
1 with the laser orientated

parallel to the ion flight direction, and includes the results of a computer
simulation. In both cases, the presence of two sets of wings is clearly vis-
ible, and these are due to different spin-orbit states of the Xe1 photofrag-
ment being populated.

FIG. 6. As for Fig. 3, but for~a! Xe4
1 , ~b! Xe5

1 , and~c! Xe9
1 .

963J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 Decay dynamics of cluster ions
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with a spin-orbit splitting in Xe1 of 1.31 eV. Again, this
mismatch is probably due to each excitation step sampling
from a different region of the ground state vibrational mani-
fold for Xe2

1 .
Typical TOF distributions for Xe3

1 were presented ear-
lier in Fig. 2 where high energy wings due to the anisotropic
scattering of photofragments are clearly visible. The resolu-
tion of the mass spectrometer was degraded in order to trans-
mit neighboring isotropic combinations so as to increase par-
ent ion intensity. The measurements were not helped by the
fact that the absorption cross section for Xe3

1 is an order of
magnitude lower at 532 nm~2.33 eV! than at its peak at 690
nm ~1.8 eV!.19 Further examples of subtracted experimental
arrival time profiles for larger xenon cluster ions are plotted
together with the results of computer simulations in Fig. 6.
Note the use of 40 ns time bins to record events from the
larger clusters ions.

The mean kinetic energy releases deduced from the ex-
periments using computer simulations are given in Table I
For Xe3

1 the mean kinetic energy at 532 nm is 0.83 eV,
which appears high, when compared with values determined
for Ar3

1 and Kr3
1 at 0.62 and 0.67 eV, respectively. Recent

work by Haberland, Hofmann, and von Issendorff11 on rare
gas trimer ions suggests that at a photon energy of 2.33 eV
~532 nm!, the only transition to be excited in Xe3

1 is
P(1/2)g←S(1/2)u , which in turn means that the atomic ion
appears in the2P3/2 state. Haberland, Hofmann, and von
Issendorff11 infer that the slow and fast neutrals detected are
therefore accompanied only by fast ions. Crossing to the
P(1/2)u excited state of Xe3

1 ~the route to slow ions! is
unlikely at this photon energy, and calculations show the
charge in theP(1/2)g state to reside on the outer atoms. A
similar conclusion regarding the final state of the atomic ion

can be reached from considerations of energy balance. Since
the binding energy of Xe3

1 is ;1.24 eV, the magnitude of the
kinetic energy release at 532 nm~2.33 eV! is sufficiently
large as to make it impossible for the final spin-orbit state of
Xe1 to be anything other than2P3/2.

Fast neutrals were seen to be ejected from xenon clusters
up to n511, and although it is thought that this trend con-
tinues in larger ions, such events could not be detected be-
cause of very low signal intensities. From the mean kinetic
energies of the fast neutrals shown in Table I it can be seen
that the xenon cluster series exhibits a steady reduction in
energy release with increasing size, with the exception ofn
510 where there is a small rise. The overall pattern of be-
havior is concurrent with an increased capacity for energy
dissipation as the number of degrees of freedom increases.
For comparison with the other rare gas systems discussed

TABLE I. Summary of the average values for kinetic energy release derived
from Monte Carlo simulations of the experimental data.

Center of mass kinetic energy release (Tn)/eV

Cluster~n!

Photon energy 2.33 eV Photon energy 3.5 eV

Arn
1 Krn

1 Xen
1 Arn

1 Krn
1 Xen

1

2 1.24 0.88 1.61 ¯ ¯ ¯

~0.47!a

3 0.62 0.67 0.83 1.34 1.14 0.77
4 0.50 0.58 0.64 0.51 0.63 ¯

5 0.45 0.51 0.54 0.43 ¯ ¯

6 0.45 0.46 0.48 ¯ ¯ ¯

7 0.44 0.41 0.42 ¯ ¯ ¯

8 0.44 0.39 0.40 ¯ ¯ ¯

9 0.50 0.38 0.34 ¯ ¯ ¯

10 0.46 0.35 0.35 ¯ ¯ ¯

11 0.46 0.35 0.35 ¯ ¯ ¯

12 0.46 0.43 ¯ ¯ ¯ ¯

13 0.43 0.37 ¯ ¯ ¯ ¯

14 0.43 0.42 ¯ ¯ ¯ ¯

15 0.41 ¯ ¯ ¯ ¯ ¯

16 0.36 ¯ ¯ ¯ ¯ ¯

17 0.38 ¯ ¯ ¯ ¯ ¯

18 0.41 ¯ ¯ ¯ ¯ ¯

19 0.42 ¯ ¯ ¯ ¯ ¯

aDue to population of the Xe1(2P1/2) spin-orbit state.

FIG. 7. Mean center of mass kinetic energy releases for fast neutral atoms,
as derived from computer simulations of the type shown in Figs. 3–6. Ad-
ditional examples for krypton cluster ions are presented later in the text.

964 J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 Jones, Jukes, and Stace
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later, the data for xenon are plotted in Fig. 7 as a function of
cluster size.

B. Argon and krypton cluster ions at 532 nm

New data were recorded for Arn
1 cluster ions, wheren

52 to 19,7 and examples of subtracted arrival time profiles
together with simulated fits were shown earlier in Figs. 3 and
5. The kinetic energy releases deduced from the model are
summarized in Table I and are also presented graphically in
Fig. 7, where it can be seen that the general trend in kinetic
energy release as a function of size is downwards, with slight
fluctuations observed forn59 and 16.

The computer model has also been used to analyze new
data recorded at 532 nm for krypton cluster ions, Krn

1 , for n
in the range 2–14.10 Examples of experimental data together
with simulated fits are given in Fig. 8, and the mean kinetic
energies are given in Table I and shown graphically in Fig. 7.
As for xenon and argon, the general trend is for the kinetic

energy release to decrease as the ions increase in size. How-
ever, given that the mass of the precursors and fragments are
all very different, there is a remarkable similarity in the mag-
nitudes of the kinetic energy releases from all three rare
gases forn>4.

The comparatively low value recorded for the kinetic
release of photofragments from Kr2

1 would suggest the par-
ticipation of the excited spin-orbit state in the dissociation
step. The value given in Table I is comparable to that re-
corded by Abouafet al.20 at 531 nm for the 2(1/2)g

←1(1/2)u transition in which Kr1 is formed in the excited
spin-orbit state. A further observation to emerge from the
work of Abouafet al.20 is the presence of a single transition
at 531 nm, which would explain the absence of any structure
in the arrival time profile associated with the formation of
Kr1 in the lower2P3/2 state. This pattern of behavior con-
trasts with that discussed earlier for Xe2

1 . For Kr3
1 the situ-

ation is reversed; the total binding energy of the ion is;1.37
eV and the only process observed following photoexcitation
is Kr3

1→Kr112Kr.21 Hence, an energy release of 0.67 eV
would leave the atomic ion with insufficient energy to popu-
late the upper spin-orbit state. This conclusion was discussed
in detail previously,10 and the new data presented here con-
firms that analysis. Unfortunately, the spin-orbit splitting in
Ar1 is too small to allow for an accurate identification of the
final state of the ion following the photodissociation of Ar3

1 .
However, the results of Harberland, Hofmann, and von
Issendorff11 would suggest that it is the lower2P3/2 state that
is populated in the Ar1 photofragment at a photon energy of
2.33 eV.

The kinetic energy release distributions derived from the
model for the Rg3

1 and Rg6
1 clusters are shown in Fig. 9, and

separate profiles showing examples chosen from each rare
gas series are given in Fig. 10. Most noticeable is the marked
difference between the kinetic energy release distribution re-
corded for Xe3

1 and the other two rare gas ions. What it is
difficult to derive from these particular experiments, is a pre-
cise picture of the complete energy partitioning process. It is
known that for all three trimer ions, photofragmentation is
also accompanied by the appearance of fast and/or slow
ions,2–7 the ratios of which can vary as a function of laser
wavelength.6 Therefore, a complete picture of energy parti-
tioning in the trimer ions requires that the kinetic energies of
at least two of the three particles be measured in
coincidence.22 In the case of a clear energy deficit, assump-
tions can be made regarding the final state of the ion; how-
ever, as the energy of the photon is increased~see later! the
picture becomes more ambiguous.

C. Photodissociation at 355 nm

Using a photon energy of 3.5 eV~355 nm in the UV!, it
was possible to change the nature of the excitation step. The
most obvious example is Xe3

1 . At a photon energy of 3.5
eV, the high-energy component of the neutral atom distribu-
tion was calculated to correspond to a mean energy release of
0.77 eV. From Table I it can be seen that, in comparison to
the result recorded at 532 nm, excitation at 355 nm results in
less energy being released to the fast atoms. The most prob-

FIG. 8. As for Fig. 3, but for~a! Kr5
1 , ~b! Kr7

1 , and~c! Kr9
1 .
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able explanation for this behavior is that the transition pro-
moted is one which places the product Xe1 in the higher
spin-orbit state, leaving less energy available for the fast neu-
trals. This observation would match with the proposal be
Harberland, Hofmann, and von Issendorff11 that at 355 nm
there is sufficient energy to excite Xe3

1 to the P(1/2)g ex-
cited state, where it can either stay or undergo a surface
crossing to theP(1/2)u state. In either case the ion dissoci-
ates to yield Xe1(2P1/2).

Compared with the trimer ions, whenn54 and 5, the
kinetic energies of the fast neutrals from both krypton and
argon are seen in Table I to drop dramatically, and become
comparable to those values recorded for the same ions at
2.33 eV~532 nm!. Clearly there are more degrees of freedom
over which Kr4

1 can dissipate energy when compared with
Kr3

1 , however, in the absence of spin-orbit excitation, the
unseen ion would have to carry away;1.3 eV. Conservation
of momentum would also require some of that energy to
appear in the slow neutrals, which is obviously not happen-
ing. From data presented by Chenet al.,21 we would con-
clude that at 355 nm Kr1 is the principle ion product, and
that based on energy balance, there is sufficient energy avail-
able for the ion to emerge in the2P1/2 state. From an analysis
of kinetic energy release measurements following the forma-
tion of Kr2

1 as a photoproduct at longer wavelengths, Chen
et al.21 concluded that Kr4

1 is linear. If at 355 nm,
Kr1(2P1/2) is the first photofragment to emerge from Kr4

1 ,
then the observation of the excited spin-orbit state would

support the conclusion of a linear tetramer. If instead,
Kr1(2P1/2) emerges after a series of fragmentation steps,
then all we can conclude is that one of the ions in that se-
quence is linear.

V. DETERMINATION OF b

As the model incorporates a dependence onb, the an-
isotropy parameter, it has been possible to investigate the
effect different values have on the distribution of fast neu-
trals. However, problems with normalization arise because of
the consequences of core sampling. The size of the MCP
detector is very small compared with the dimensions of the
envelope of scattered neutrals when it reaches the end of the
TOF tube. Hence, atoms which have high kinetic energies
contribute to wings when either the scattering distribution is
isotropic,23 or when the orientation of the angle of laser po-

FIG. 9. Distributions of center of mass kinetic energy releases for fast
neutrals as derived from the computer simulation of experimental data for
~a! Ar3

1 , Kr3
1 , and Xe3

1 and ~b! Ar6
1 , Kr6

1 , and Xe6
1 .

FIG. 10. Distributions of kinetic energies for fast neutrals as derived from
the computer simulation of experimental data for:~a! Ar3

1 , Ar9
1 , and Ar19

1 ;
~b! Kr3

1 , Kr6
1 , and Kr13

1 ; and ~c! Xe3
1 , Xe6

1 , and Xe9
1 .
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larization is perpendicular to the ion flight direction. Al-
though in the latter circumstances, high energy neutrals are
being ejected in a direction that is predominantly orthogonal
to the direction of the detector, a small fraction of the total
scattering intensity falls onto the face of the detector. How-
ever, the resultant features are weak compared to those seen
when the laser radiation is polarization parallel to the direc-
tion of the ion beam. The computer model correctly predicts
the presence of all the features discussed earlier.

These observations make it difficult to determineb sim-
ply by reproducing data of the type shown in Figs. 3 or 4,
because it is not possible to normalize the calculated signal
intensities in the wings. As a result, it was necessary to
evaluateb using a method which combines both theory and
experiment in a determination of the ratio of events that con-
tributed to the wings at each orientation of the laser radiation
~either parallel or perpendicular!. The area under each wing
in the experimental distributions was obtained by integrating
over the range of arrival times covered for each laser orien-
tation. The ratios of the two experimental areas were found
to vary between 1 and 10. The comparable distributions were
then simulated for each size of cluster ion at both polariza-
tions and for a range of beta values lying between -1 and 2 in
increments of 0.1. Two sample sets of calculated results are
shown in Fig. 11, where it can be seen that the peak ratio
varies least markedly for Ar2

1 : an effect due mainly to in-
strumental discrimination~core sampling!. As the cluster
ions increase in size, the sensitivity towards variations inb
becomes more pronounced, which in turn yields more accu-
rate values. By comparing the ratio of wings obtained from
the two experimental polarizations with the simulated ratios
it was possible to determine approximate values forb for the
Arn

1 , Krn
1 , and Xen

1 data sets. These results are given in
Table II and can be seen graphically in Fig. 12. For argon,
the average value forb was found to be approximately11.3,
however, the actual range varies between10.4 and11.6.
Similar variations are found for both krypton and xenon with
fluctuations which suggest a different character for each clus-
ter series studied. Theb values of argon and krypton are seen
to follow each other quite closely forn<10. The oscillations
seen in both rare gases atn53, 6, and 9 would suggest
systematic changes in structure which influence either the
nature of the transition dipole or the relationship betweenm
and the ejected atom. It is interesting to note that these os-
cillations coincide with small shifts observed by both Lev-
inger et al.1 and Harberlandet al.19 in the optical excitation
spectra of small argon clusters.

Of the values forb determined for the larger clusters,
those given for Ar15

1 and Ar20
1 are probably the most interest-

ing and warrant further discussion. The first evidence of a
significant size-dependent change in argon clusters ions at
around Ar15

1 came as a result of the measurements on photo-
dissociation spectra by Levingeret al.1 The presence of a
substantial redshift in the absorption maximum atn'15 was
later confirmed by Harberlandet al.19 Calculations by Ikeg-
ami and Iwata24 have subsequently attributed the shift to an
increase in the interaction energy between the ion core and
the surrounding solvent atoms. Sinceb is sensitive to
changes in both electronic configuration and structure, it is

clear that the changes identified by Ikegami and Iwata24

should be expected to reveal themselves in the atom scatter-
ing patterns. In the case of Ar20

1 , the dramatic drop in the
value of b can probably be attributed to a change in struc-
ture. Calculations and experiment19,25,26 suggest that the
most stable form of the cluster consists of a nineteen atom
icosahedral core with the additional atom located in the sec-
ond solvation shell. Under those circumstances there might
be some loss of correlation between orientation of the tran-
sition dipole,m, and the direction taken by the fast atom.
Particularly, if the latter acquires kinetic energy by momen-
tum transfer from an excited inner shell of atoms. By anal-
ogy, the relatively high values ofb determined for Ar18

1 and
Ar19

1 , could be attributed to the ejection of very specific at-
oms from a rigid argon lattice. The changes in experimental

FIG. 11. Simulated ratio of fast neutrals seen at two angles of polarization
of the laser radiation~parallel/perpendicular!, and calculated as a function of
the anisotropy parameter~b!. Data for Ar2

1 are shown thus:- ———, and
data for Ar17

1 are shown thus:- – – –. The ratio starts at 1.0 forb50.

TABLE II. Summary of the values determined for the anisotropy parameter
~b! using the experimental data in conjunction with the simulation proce-
dure outlined in the text. The estimated error is less than 5%.

Anisotropy parameterb

Cluster~n!

Photon energy 2.33 eV Photon energy 3.5 eV

Arn
1 Krn

1 Xen
1 Arn

1 Krn
1 Xen

1

3 0.90 1.09 1.26 0.97 0.48 1.02
4 1.20 1.32 1.11 0.55 0.14 ¯

5 1.19 1.12 1.02 1.25 ¯ ¯

6 0.85 0.99 1.21 ¯ ¯ ¯

7 1.33 1.15 1.10 ¯ ¯ ¯

8 1.35 0.93 1.05 ¯ ¯ ¯

9 0.95 0.42 1.13 ¯ ¯ ¯

10 1.11 0.67 1.13 ¯ ¯ ¯

11 1.33 0.20 0.77 ¯ ¯ ¯

12 1.48 0.72 ¯ ¯ ¯ ¯

13 1.35 0.68 ¯ ¯ ¯ ¯

14 1.31 0.57 ¯ ¯ ¯ ¯

15 0.53 ¯ ¯ ¯ ¯ ¯

16 1.40 ¯ ¯ ¯ ¯ ¯

17 1.23 ¯ ¯ ¯ ¯ ¯

18 1.61 ¯ ¯ ¯ ¯ ¯

19 1.59 ¯ ¯ ¯ ¯ ¯

20 0.40
21 0.61
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behavior recorded for Ar15
1 and Ar20

1 , also coincide with the
results of a recent series of calculations by Dottsinis,
Knowles, and Naumkin27 where the charge distributions in
these two ions were found to different from those adopt by
their immediate neighbors.

Of the b values determined at the higher photon energy
of 3.5 eV, those recorded for krypton appears to exhibit the
most significant differences from those seen at 2.33 eV. Such
behavior could be coincident with the appearance of the pho-
tofragment, Kr1, in the upper spin-orbit state and would,
therefore, be influenced by a change in the nature of the
electronic transition being promoted by photoexcitation.

VI. CONCLUSION

The primary photofragmention event has been modelled
for the systems Arn

1 , Krn
1 , and Xen

1 over a broad range of

cluster ion sizes. The results show the presence of a system-
atic pattern of behavior, whereby each clusters responds to
photoexcitation by ejecting a single atom with a high kinetic
energy. Measurements of the anisotropy parameter,b, as a
function of cluster size and composition, show the presence
of fluctuations in Arn

1 which can be correlated with calcu-
lated changes in cluster structure and/or electronic configu-
ration.
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FIG. 12. Values ofb plotted as a function of cluster size for the systems~a!
Arn

1 , ~b! Krn
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1 . In all cases the individual values were deter-
mined using the procedure outlined in the text.
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