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The decay dynamics of photoexcited rare gas cluster ions

A. B. Jones, P. R. Jukes, and A. J. Stace®
School of Chemistry, Physics and Environmental Science, University of Sussex, Falmer,
Brighton BN1 9QJ, United Kingdom

(Received 25 February 1998; accepted 20 April 2999

The kinetic energies of fast neutrals ejected from photoexcited rare gas cluster ions have been
measured for the following systems: Ay Kr. , Xe. 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 paraméi@r as a function of photon energy and cluster
composition and size. Significant fluctuations ghare 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 Physid$§0021-96069)00627-3

I. INTRODUCTION scale which is less than one rotational peri@8—50 p$,*?
and carry with them up to 50% of the excess internal energy.
The photoexcitation of rare gas cluster ions of the formSuch events have been detected from clusters containing up
Ar, . Kry etc. at ultraviolet(UV) and visible wavelengths to 25 argon atom$.Results for krypton clusters demon-
can be a very destructive process in which a small ioniatrated that the earlier pattern of behavior was repeated for
photofragment is accompanied by large numbers of neutralsens up to Ki.'? In all cases the remaining internal energy
most probably in the form of atonisEarly studies of the s dissipated by the loss of further neutral fragments with low
energetics of such processes concentrated on ionic photeelative kinetic energies. Overall, these new experiments
fragments and, most notably, a number of groups measureshow that neutral detection provides a subtle probe of the
the distribution of laboratory frame kinetic energy for*Ar decay dynamics of fragile rare gas cluster ions.
from Ary, with the observation that it consists of two In this paper new data are presented for th¢ Xeries
components:® First, there are ions that emerge from theof cluster ions. In addition, improved measurements have
dissociation process with comparatively high energies; thesgeen undertaken on the photofragmentation gf and Kr!
are scattered anisotropically and, as such, exhibit a markeglusters at 532 nm, and a limited number of new results are
dependence on the angle of polarization of the laser radiatiopresented following the excitation of small cluster ions from
with respect to the flight direction of the ion beam. A secondal| three rare gases at 355 nm. This series of measurements
component consists of ions with relatively low kinetic ener- provides the bases for a quantitative analysis of energy par-
gies and these appear to be scattered isotropically. Howevettioning and scattering in terms of a dynamical model de-
as the cluster ions increase in size it is found that ionic phosigned to simulate the experimental environment. Of particu-
tofragments cease to show evidence of a high kinetic energiar interest from these calculations are the dependencies of
componenf:” and beyonch=6 features due to anisotropic kinetic energy release and anisotropy paramedenn clus-
scattering are no longer detectable. ter size. These quantities have been determined from simu-
Subsequently, new experiments were developed to medations of the anisotropic scattering patterns of fast neutrals
sure the neutral products of photo-induced decay in order tdom Ar} (n=2-21), K (n=2-14), and Xg(n
determine how energy is being dissipated in larger cluste=2_11).
ions/~! These experiments use time-of-fligfitOF) tech-
nigues to measure the arrival times of the neutrals, and it is
observed that, following photodissociation, fast neutral atll- EXPERIMENT
oms appear in the form of anisotropic wings at positions

which correspond to either forward or backward scattered e irometer has been adapted to accommodate a supersonic
events with respect to an intense central isotropic Be%%k.. cluster source and used in conjunction with a TOF apparatus
These fast neutral atoms are ejected from clusters on a timg perform the experiment reported here. Details of a similar
apparatus have been presented eafftéf3and Fig. 1 gives
dElectronic mail: A.J.Stace@sussex.ac.uk a schematic diagram of the experimental configuration.

A Vacuum Generators ZAB-2F double focusing mass
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FIG. 2. Distribution of arrival times for neutrals following the photofrag-
mentation of X¢ 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:- — — —.

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
Briefly, a beam of clusters is produced from an adiabatidhe decline in intensity was frequently accompanied by an
expansion of the pure gas through a pulsed conical nozzl#crease in mass, the drop in resolution when using 40 ns
200 um in diameter. The beam is collimateg la 1 mm  bins was not too dramatic. One advantage of the TOF device
diameter skimmer and passes into the ion source of the ZABbe is its lack of sensitivity to isotop@swhich allows the
2F, 55 cm downstream from the nozzle. A parent ion is acaccumulation of signal from parent ions, such ag Kmnd
celerated to a laboratory-frame kinetic energy of between &e, , to proceed with minimal loss of time resolution. Data
and 8 keV and is mass- and kinetic energy-resolved beforfom krypton and xenon clusters have been analyzed using
entering the TOF device. The detected ion signal on the mithe isotopic average masses of 83.4 and 131.06 amu, respec-
crochannel plate detectOMCP) at the end of the TOF tube tively.
is maximized by adjusting various focusing and steering A typical experimental result is shown in Fig. 2 for Xe
voltages sited throughout the mass spectrometer. Thus thEhotodissociated at 532 nm. The two arrival time profiles for
ions (and hence, the neutralare on trajectories which bring neutral atoms were recorded with the plane of polarization of
them to a focus at the final detector. The alternative would béhe laser radiation either parallel or perpendicular to the ion
to bring the ion beam to a focus where it interacts with theflight direction. When the plane of polarization is parallel to
laser; however, beyond that point the ion beam would begirthe ion flight direction(solid line), two wings are observed at
to diverge and there would be a subsequent loss of time-22.4 and~23 us, which undergo a marked reduction in
resolution at the detector. Size-selected cluster ions are phaitensity when the plane of polarization is rotated by 90°
todissociated by a 10 ns pulse from an unfocusseddashed ling Such behavior is indicative of a rapid decay
frequency-doubled(532 nm or tripled (355 nm Nd. process that proceeds on a time scalelQ '?s) which is
yttriticum—aluminum—garnet at the entrance of the 1.44 mshort in comparison to the rotational period of the cluster
length flight tube. The laser beam is collimated to give a(see later. However, it is evident from Fig. 2 that the wings
rectangular beam of dimensiofisx6 mm), with the shorter do not disappear completely when the laser radiation is ori-
dimension lying parallel to the ion flight axis. Collimation entated at 90° with respect to the ion beam, and the source of
increases the resolution of the experiment, since the width dhis residual signal will be discussed later. In addition to the
the photofragment pulse contributes to the spread of arriveiast process identified earlier, the arrival time profile is domi-
times at the MCP. A further 20 cm beyond the point of lasemated by an intense central feature which corresponds to the
interaction, all remaining ions are deflected by a plate raisedlow loss of atoms from the excited cluster. Numerous ex-
to a voltage of 5 kV, allowing only neutral species to con-amples of these profiles have been given previously and they
tinue along the flight tube. A pressure of Timbar is main-  all follow the basic structure shown in Fig.’8,i.e., low
tained in the flight tube to keep the probability of collisions intensity wings corresponding to a single fast atom either
to a minimum. After passing through a pre-amplifiEG&G  forward- or backward-scattered, accompanied by an intense
Ortec VT120, the output from the MCP is collected as an central feature which can be attributed to the gradual loss of
arrival time distribution on a multichannel scal@CS) large numbers of atoms with low kinetic energies.

(Stanford model SR 430 The MCS acquires data not by Neutral photofragments acquire relative kinetic energy

FIG. 1. A schematic diagram of the apparatus.



J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 Decay dynamics of cluster ions 961

from the dissociation process which leads to a spread in veFhe corresponding scattering distribution then takes one of
locities, and hence, arrival times at the detector. For the prowo forms: 8=2 gives a co’6 distribution andg=—1 gives
cess a sirf @ distribution. As a measure of the time scale of
X XE 4+ X 2 even_ts,,B can also be expres§€d_n terms of the foIIO\_/ving
n n-1 relationship between the decay time of the photoexcited state
the average kinetic energy releagecan be calculated from (7) and the angular frequendy) for a cluster of a given size
the time difference between the two wingAtj using the

2.2
following expressiof _ +twT
T Mg AtEO} @
n2MM,| L | 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 ator(@~0) and that the
wings are due to an anisotropic scattering prodgsi the

whereM,, M,, M3 are the masses of the initial ion, the
ionic photofragmeris) and the neutral photofragmés)t, re-
spectively E, is the ion source acceleration voltage, anid

the length of the flight tube. The kinetic energy resolution off@nge _1_2 . . )
the TOF device is given by the expresion Using Monte Carlo methods, numerical simulations have

" been performed with the objective of reproducing the results

_Eoé‘tTn 2M3 3 obtained from each experiment. The primary purpose of this

L MM,| 3 exercise was to extract from the experimental data kinetic

where 6t is the time resolution of the experiment, which

energy distributions associated with the anisotropic features
from “hole burning” studies of ion profiles, is estimated to

seen in the arrival time profiles of the neutral photofrag-
. : . ments. The model used as in the masses of the parent

be ~30 ns for this series of experimertfsThe nature of Eq. Py b

(3) is such that small kinetic energy releases can be measur

i(Er and two fragments(2) a typical value for the variation
; ncertainty in the ion beam kinetic energi~10 eV); (3
very accurately, but the resolving power of the TOF dewcet y ay- Vi (3
drops markedly as the magnitude Bf increases.

12
0Ty

he acceleration voltage of the ion sour¢4} the radius of
the MCP;(5) the length of the flight tube(6) the width of

the laser/ion beam cross sectigr) the angle of polarization

IIl. A COMPUTER MODEL OF THE EXPERIMENT of the laser beam with respect to the ion bedh or 909;

and (8) the anisotropy parametgt. Finally, an initial guess

as to the shape of the kinetic energy release distribution is

: o ) equired, and for the purposes of importance sampling, a
prompt photodissociation, they represent a convolution 0Ehree-variable triangular distribution was used. Since the

molecular and instrumental factors, and the latter can have Rode of fragmentation responsible for the wings shown in
significant effect on determining peak shape. To take accourgig_ 2 is unlikely to be statistical, there is agpriori method

of experimental paramet_ers, a Monte Carlo model of _th%r determining the shape of the kinetic energy distribution,
TOF section of the experiment has been developed to simy 4 o triangle proved to yield the best fit to most of the

late individual photodissociation events. Monte Carlo Sam'experimental data.

p!ing_ m(_athods were used tq supt_erirnpose a center of mass In a recent experiment, coincidence techniques were
ldlzmbltmonf of ion p()jhot(zdlssoct:latlop prgduc;ts do?to 2used to demonstrate that the primary response from rare gas
ahotrr? ory- rantp é:ppdr |r:ae ?ysl err? tmf oraer to € elrdmk']r.]t%luster ionsn=4, to photoexcitation, is the ejection of a
whether or not individual neutral photolragments would Nilg, o6 atom with a high kinetic energy as opposed, for ex-

the detector. For a cIuste_r lon with iransition d'Pf‘"@”e’?' ._ample, to the loss of two fast atoms in opposite directions. It
tated parallel to _the_ po_Ianzatlon vector of the _Iase_r r"jld'at'()nWas possible to establish that this mode of decay was present
€, the angular d_|strl|Eut|on of photofragments is given by thein both argon and krypton cluster ions containing up to 10
standard equatiofs atomst’ In the calculations which follow the coincidence
result has been used as the bases of our analysis of all the
P(0)= 7 _—[1+BPa(cosh)], (4 neutral atom arrival time profiles recorded for all cluster ions

discussed here. Therefore, the model assumes that the reac-

where ¢ is the angle betwees and the fragment velocity tion step responsible for each set of high energy winds is
vector,v, andP, is a second degree Legendre polynomgl.

Although the arrival time profiles provide a qualitative
picture of the angular distribution of products following

is the anisotropy parameter and is a measure of the correla- Rg! +hv—Rg._, + Rg(fast) (7
tion betweenu and v. This correlation can be expressed in
the form of an expectation value and performs Monte Carlo averages over the parameters

listed earlier in order to reproduce the appropriate sections of
B=2(P5(cosx)), ) experimental data. It is acknowledged that the smaller cluster
where y is the angle betweep andv. Thus 8 has limiting  ions, Rg and Rg exhibit fragmentation patterns which are
values—1<B<2 with B=—1 for uL v (y=90° andB=2 for = more complex than that represented by &g. Examples of
ullv (y=0°). These limiting values are only applicable underthese can be seen in the work of Nagatal® and the com-
circumstances where the dissociation time scale is mucheting fragmentation pathways seen for; Arin particular,
shorter than the rotational period of the parent cluster ionhave been the subject of much debfateEquation (7) is
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FIG. 3. Arrival time distributions for fast neutral atoms resulting from the
photofragmentation of Ar 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 thghe WingS[At in Eq. (2)]’ profiles of the type shown in Fig.

lon (see text for further detalls 2 were normalized with respect to the central isotropic fea-
ture and then subtracted from one another. This procedure is

taken to represent a decay route that is common to the m&ffective because the central feature in each profile is due to
jority of cluster ions studied in this series of experiments. € isotropic scattering of atoms with low kinetic energies.
Figure 3 shows the results obtained when a similar procedure

is applied to data recorded for Ar The residual features are
IV. RESULTS . L . . .

due to small fluctuations in signal intensity and/or the trigger

Two separate time-resolved distributions of photoneu+timing signal received by the MCS.

trals were recorded for each cluster ion studied, and these The subtraction leaves behind the anisotropic high en-
corresponded to angles of laser polarization of 0° and 90&rgy wings, which can then be studied in isolation from the
with respect to the ion beam. Typical examples of arrivalmore intense isotropic component. All subsequent examples
time profiles are given in Fig. 2, and these results will beof arrival time profiles correspond to subtracted data sets that
used to illustrate how all of the data sets have been prohave been treated in a manner similar to that described ear-
cessed. Of primary interest are the two wings seen2®2.4 lier for Xe; . Data sets obtained in this way were fitted using
and ~23 us as these correspond to the ejection of singlehe simulation procedure discussed in Sec. Ill, and a mean
atoms with high kinetic energies. In order to improve thekinetic energy release determined for reactidn from all
accuracy of measurements made on the time separation oluster ions. With the exception of dimer ions, the simula-

FIG. 4. As for Fig. 3, but experimental and simulated results faf Ar
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FIG. 5. (a) As for Fig. 2, but for X§ at two different angles of laser
polarization; and(b) as for Fig. 2, but for X§ 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- g«
ible, and these are due to different spin-orbit states of the peotofrag- §
ment being populated. O
. . . . 4
tions were fitted to the subtracted data sets by inspection. 335 39 395 10 105 1
The variations in average kinetic energy when using such a Time (us)

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. A Xenon cluster ions at 532 nm

For the computer model to be valid, it should be capable -
of reproducing data recorded under a variety of experimental An interesting feature of this series of experiments is the
conditions. For specific cluster ions, experimental data setsehavior of Xg . Under circumstances wheess parallel to
were recorded under identical conditions, except for a systhe ion flight direction Fig. 5 shows two pairs of clearly
tematic variation in the laboratory-frame kinetic energy ofdistinguishable wings, which correspond to neutrals with
the parent cluster ionH,). Figures 3 and 4 show subtracted quite different kinetic energies. Such behavior can be attrib-
data sets for A} and Ar; , respectively, where in each case uted to the effects of spin-orbit coupling on both the;Xe
a simulation has been performed wiH fixed at 6 keV. To  electronic energy levels, and the final electronic state of the
fit the remaining distributions, the only variable adjusted wasXe* product, which can be eithéP, or ?P,,,. The model
E, to either 4 or 8 keV, as required by the experiment. It carnyields a mean kinetic energy release of 1.61 eV for the most
be seen from the results, that the model is able to provide anergetic neutrals and a value of 0.47 eV for the low energy
guantitative fit to the arrival time distributions at each differ- component. Given that the bond energy for the xenon dimer
ent laboratory-frame kinetic energy. A further measure of thaon is 1.03 eV, the recorded kinetic energy release is larger
consistency exhibited by the model, is obtained when théhan would be expected for a 2.33 eV photon. The discrep-
center of mass kinetic energy distributions of neutrals arency is probably due to photoexcitation out of a vibrationally
compared for the different experimental conditions. When allexcited state of the electronic ground state. The simulated
three simulation results were normalized the kinetic energyesults are shown in Fig(B), and yield a difference between
release distributions were found to be identi&al. the two energy releases of 1.14 eV, which is to be compared

FIG. 6. As for Fig. 3, but for@ Xe; , (b) XeZ , and(c) Xeg .
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TABLE I. Summary of the average values for kinetic energy release derived a)
from Monte Carlo simulations of the experimental data. 1.3
12+
Center of mass kinetic energy releadg){eV % 1.1 b
Photon energy 2.33 eV Photon energy 3.5 eV go tr
g 09 |
Cluster(n) Ar; Krt Xet Ar} Kr/ Xe! i 08
2 124 088 161 g Mr
(0.472 = 0.6 -
3 0.62  0.67 0.83 134 114 077 < 0.5 |
4 0.50 058 0.64 051 063 - 04 F
5 0.45 0.51 0.54 0.43 0.3 Lt 1 1 1 1 1 1 1 1
6 045  0.46 0.48 2 4 6 8 10 12 14 16 18 20
7 0.44 0.41 0.42 Cluster Size Rg}
8 0.44  0.39 0.40 b)
9 0.50 0.38 0.34 1 T T T T T T T
10 046 035 035 - 0o L K} <= |
11 046 035 035 - ES '
12 0.46  0.43 g 08 | 4
13 043  0.37 2
14 043 042 5 07 7
15 0.41 g 06 L i
16 0.36 <
17 0.38 < 05| .
19 0.42 04 7
1 1 ] ] 1 1 1
3Due to population of the Xeg(2Py;,) spin-orbit state. 03 2 4 6 8 10 12 14
Cluster Size Rg;}
© 1.8
. . . L. . . . g T T T T T
with a spin-orbit splitting in Xé of 1.31 eV. Again, this L6 b Xef o— |
mismatch is probably due to each excitation step sampling %
from a different region of the ground state vibrational mani- Lar h
fold for Xe, . z  2r y
Typical TOF distributions for Xg were presented ear- 2 1 =
lier in Fig. 2 where high energy wings due to the anisotropic E 08 4
scattering of photofragments are clearly visible. The resolu- s 06 k- A
tion of the mass spectrometer was degraded in order to trans- = sl i
mit neighboring isotropic combinations so as to increase par- ’ . : . . |
ent ion intensity. The measurements were not helped by the 02— 4 5 s 0 12
fact that the absorption cross section for;Xis an order of Cluster Size Rg}

magnitude lower at 532 nif2.33 e\j than at its peak at 690

19 : FIG. 7. Mean center of mass kinetic energy releases for fast neutral atoms,
nm (1.8 eV).™ Further examples of subtracted eXpenmentalas derived from computer simulations of the type shown in Figs. 3—6. Ad-

arrival time_ profiles for larger xenon C|U§ter io_ns are p'_OttedditionaI examples for krypton cluster ions are presented later in the text.
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 excan be reached from considerations of energy balance. Since
periments using computer simulations are given in Table the binding energy of Xgis ~1.24 eV, the magnitude of the
For Xe; the mean kinetic energy at 532 nm is 0.83 eV, kinetic energy release at 532 n(@.33 eV} is sufficiently
which appears high, when compared with values determinelarge as to make it impossible for the final spin-orbit state of
for Ar; and Ki; at 0.62 and 0.67 eV, respectively. RecentXe' to be anything other thafP,.
work by Haberland, Hofmann, and von Issenddrfin rare Fast neutrals were seen to be ejected from xenon clusters
gas trimer ions suggests that at a photon energy of 2.33 eMp ton=11, and although it is thought that this trend con-
(532 nm, the only transition to be excited in Xeis tinues in larger ions, such events could not be detected be-
I1(1/2)4«—2(1/2),, which in turn means that the atomic ion cause of very low signal intensities. From the mean kinetic
appears in théPg, state. Haberland, Hofmann, and von energies of the fast neutrals shown in Table | it can be seen
Issendorff! infer that the slow and fast neutrals detected arethat the xenon cluster series exhibits a steady reduction in
therefore accompanied only by fast ions. Crossing to thenergy release with increasing size, with the exception of
I1(1/2), excited state of X (the route to slow ionsis =10 where there is a small rise. The overall pattern of be-
unlikely at this photon energy, and calculations show thehavior is concurrent with an increased capacity for energy
charge in thdI(1/2), state to reside on the outer atoms. A dissipation as the number of degrees of freedom increases.
similar conclusion regarding the final state of the atomic ionFor comparison with the other rare gas systems discussed
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a) " Kri @ 6kV 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 fom=4.

The comparatively low value recorded for the kinetic
release of photofragments from Kwould suggest the par-
ticipation of the excited spin-orbit state in the dissociation
step. The value given in Table | is comparable to that re-
corded by Abouafetal® at 531 nm for the 2(1/2)
«1(1/2), transition in which Ki" is formed in the excited

Counts

2 425 A 48 488 “ spin-orbit state. A further observation to emerge from the
rrival Time (us) 20 . ..
work of Abouafet al<" is the presence of a single transition
b) Krf @ 8kV ) .
20 T T T T at 531 nm, which would explain the absence of any structure
Data — in the arrival time profile associated with the formation of

Sim. --- 4

Kr* in the lower2Py, state. This pattern of behavior con-

] trasts with that discussed earlier for XeFor Kry the situ-
ation is reversed; the total binding energy of the ior-.37

7 eV and the only process observed following photoexcitation
is Kr§—>Kr*+2Kr.21 Hence, an energy release of 0.67 eV
VTN would leave the atomic ion with insufficient energy to popu-

- late the upper spin-orbit state. This conclusion was discussed
in detail previously!® and the new data presented here con-

Counts

10 ] 1 1 1

23.5 24 2.5 25 25.5 26 firms that analysis. Unfortunately, the spin-orbit splitting in
Arrival Time (us) Ar" is too small to allow for an accurate identification of the
<) Kry @ 8kV final state of the ion following the photodissociation of;Ar

However, the results of Harberland, Hofmann, and von
Issendorff! would suggest that it is the low@P 5, state that

is populated in the Ar photofragment at a photon energy of
2.33 eV.

The kinetic energy release distributions derived from the
model for the Rg and R¢ 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
10k _ difference between the kinetic energy release distribution re-
L L L L L corded for X¢ and the other two rare gas ions. What it is

» 255 26Am vaf%ile ( 5)27 75 b difficult to derive from these particular experiments, is a pre-

g cise picture of the complete energy partitioning process. It is

FIG. 8. As for Fig. 3, but for@ Kra , (b) Kry , and(c) Krg . known that for all three trimer ions, photofragmentation is
also accompanied by the appearance of fast and/or slow

o ) ions2~" the ratios of which can vary as a function of laser
later, the data for xenon are plotted in Fig. 7 as a function Oflvavelengtl”ﬁ Therefore, a complete picture of energy parti-

30

20

Counts

10

0

cluster size. tioning in the trimer ions requires that the kinetic energies of
_ at least two of the three particles be measured in
B. Argon and krypton cluster ions at 532 nm coincidencé? In the case of a clear energy deficit, assump-

New data were recorded for Arcluster ions, where tions can be made regarding the final state of the ion; how-
=2 to 197 and examples of subtracted arrival time profiles€Ve": @ the energy of the photon is increasee later the

together with simulated fits were shown earlier in Figs. 3 andPICturé becomes more ambiguous.
5. The kinetic energy releases deduced from the model are
summarized in Table | and are also presented graphically i
Fig. 7, where it can be seen that the general trend in kineti
energy release as a function of size is downwards, with slight  Using a photon energy of 3.5 e\355 nm in the UV, it
fluctuations observed far=9 and 16. was possible to change the nature of the excitation step. The
The computer model has also been used to analyze nemost obvious example is Xe At a photon energy of 3.5
data recorded at 532 nm for krypton cluster ions, Kforn eV, the high-energy component of the neutral atom distribu-
in the range 2—14° Examples of experimental data together tion was calculated to correspond to a mean energy release of
with simulated fits are given in Fig. 8, and the mean kinetic0.77 eV. From Table | it can be seen that, in comparison to
energies are given in Table | and shown graphically in Fig. 7the result recorded at 532 nm, excitation at 355 nm results in
As for xenon and argon, the general trend is for the kinetidess energy being released to the fast atoms. The most prob-

g. Photodissociation at 355 nm
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a) Energy Profiles of Simulated Neutrals a) Energy Profiles of Simulated Neutrals
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FIG. 9. Distributions of center of mass kinetic energy releases for fast I/\ Xeg ---
neutrals as derived from the computer simulation of experimental data for ., 800 A HY Xef ----
3 - N i T
(@ Ary , Kry , and Xg and(b) Ard , Krg , and Xg . E i /,' \
S o0 b oS -
.qﬂ) / ‘;’l Y
able explanation for this behavior is that the transition pro- & | \ -
moted is one which places the product *X@& the higher 2 FEEN \
. . . . ' ! *
spin-orbit state, leaving less energy available for the fast neu- 200 - [ SR .
. . . . N A
trals. This observation would match with the proposal be i / . N
Harberland, Hofmann, and von Issendbrffhat at 355 nm 0 0.2 0.4 0.6 0.8 N 1o
there is sufficient energy to excite §(eto the I1(1/2)4 ex- Energy (eV)

cited state, where it can either stay or undergo a sun‘ac'(:aIG 10. Distribut  inet s for fast neutral derived f

H . H . i . . Distriputions of Kinetic energies 1or tast neutrals as derived from
crossing .tO thd;(zllz)“ state. In either case the ion dissoci the computer simulation of experimental data f@:Arj , Arg , and Afy;
ates to yield X ( P1). ) ) (b) Kr3 , Krg , and Kf3; and(c) Xe; , Xeg , and Xg .

Compared with the trimer ions, whem=4 and 5, the

kinetic energies of the fast neutrals from both krypton and
argon are seen in Table | to drop dramatically, and becomgupport the conclusion of a linear tetramer. If instead,
comparable to those values recorded for the same ions &+ (?P,,) emerges after a series of fragmentation steps,

2.33 eV(532 nm). Clearly there are more degrees of freedomthen all we can conclude is that one of the ions in that se-
over which Ki; can dissipate energy when compared withquence is linear.

Kry , however, in the absence of spin-orbit excitation, the
unseen ion would have to carry awayl.3 eV. Conservation
of momentum would also require some of that energy t
appear in the slow neutrals, which is obviously not happen-  As the model incorporates a dependencefrthe an-

ing. From data presented by Chenal,”* we would con- isotropy parameter, it has been possible to investigate the
clude that at 355 nm Kr is the principle ion product, and effect different values have on the distribution of fast neu-
that based on energy balance, there is sufficient energy avaikals. However, problems with normalization arise because of
able for the ion to emerge in tH®,,, state. From an analysis the consequences of core sampling. The size of the MCP
of kinetic energy release measurements following the formaeetector is very small compared with the dimensions of the
tion of Kr, as a photoproduct at longer wavelengths, Cherenvelope of scattered neutrals when it reaches the end of the
etal® concluded that Kf is linear. If at 355 nm, TOF tube. Hence, atoms which have high kinetic energies
Kr* (2P, is the first photofragment to emerge from;Kr  contribute to wings when either the scattering distribution is
then the observation of the excited spin-orbit state wouldsotropic?® or when the orientation of the angle of laser po-

0V. DETERMINATION OF g8
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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 seer™
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 determjpisim-
ply by reproducing data of the type shown in Figs. 3 or 4, fommmpmmm ==
because it is not possible to normalize the calculated signal 0 02 04 06 08 1 12 14 16 18 2
intensities in the wings. As a result, it was necessary to B
evalu_ate'B u_smg a meth_Od _WhICh Combl_nes both theory andFIG. 11. Simulated ratio of fast neutrals seen at two angles of polarization
experiment in a determination of the ratio of events that conxt the laser radiatiofparallel/perpendicularand calculated as a function of
tributed to the wings at each orientation of the laser radiatiomhe anisotropy parametép). Data for A are shown thus:-
(either parallel or perpendicularThe area under each wing data for Ag; are shown thus:- — — —. The ratio starts at 1.06r0.
in the experimental distributions was obtained by integrating

over the range of arrival times covered for each laser orlen—Iear that the changes identified by lkegami and I¥fata

tation. The ratios of the two experimental areas were foun >
S should be expected to reveal themselves in the atom scatter-
to vary between 1 and 10. The comparable distributions were

then simulated for each size of cluster ion at both polarizalng patterns. In the case of jy;. the dramatic drop in the

tions and for a range of beta values lying between -1 and 2 ir\{alue of 5 can probably be attrlbuteéjzéo a change in struc-
526 suggest that the

) ture. Calculations and experiméh
increments of 0.1. Two sample sets of calculated results are . .
A . .most stable form of the cluster consists of a nineteen atom
shown in Fig. 11, where it can be seen that the peak ratig : " .
. : . ) icosahedral core with the additional atom located in the sec-
varies least markedly for Ar: an effect due mainly to in- ) . .
L ) ond solvation shell. Under those circumstances there might
strumental discrimination(core sampling As the cluster

) . . th itivity t q iai . be some loss of correlation between orientation of the tran-
lons increase in size, the sensitivity towards variationg in sition dipole, u, and the direction taken by the fast atom.

be;comtlas moI;e pronouqced{hwhlcth n ]}“rf‘ yleldstmorz ?Ccuparticularly, if the latter acquires kinetic energy by momen-
rate values. by comparing the ratio ol wings oblained omy,, ., yransfer from an excited inner shell of atoms. By anal-

the two experimental polarizations with the simulated ratios : - -
. : ) . ogy, the relatively high values g8 determined for and
it was possible to determine approximate valuesddor the 9y y 9 @ Als

Art, Kr' . and Xe data sets. These results are given inArfg, could be attributed to the ejection of very specific at-
n n: .

. L oms from a rigid argon lattice. The changes in experimental
Table Il and can be seen graphically in Fig. 12. For argon, ¢ ¢ g P

the average value fg8 was found to be approximatety1.3,
however, the actual range varies betweef.4 and+1.6.  TABLE Il. Summary of the values determined for the anisotropy parameter
Similar variations are found for both krypton and xenon with (8) using the experimental data in conjunction with the simulation proce-
fluctuations which suggest a different character for each clugi " 0utined in the text. The estimated error is less than 5%.
ter series studied. Thevalues of argon and krypton are seen
to follow each other quite closely for<10. The oscillations

seen in both rare gases at3, 6, and 9 would suggest

Determination of 3 in Ar}

erpendicular Case
v
[=]
I

10 |-

Ratio of Parallel Case

, and

Anisotropy parameteg

Photon energy 2.33 eV Photon energy 3.5 eV

systematic changes in structure which influence either the Cluster(n) Ary Kry Xey Ary Kry Xey
nature of the transition dipole or the relationship betwgen 3 0.90 109 1.26 097 048 1.02
and the ejected atom. It is interesting to note that these os- 4 1.20 1.32 1.11 0.55 0.14
cillations coincide with small shifts observed by both Lev- 5 1.19 1.12 1.02 1.25
inger et al! and Harberlanct al!® in the optical excitation 6 085 099 121 .-
spectra of small argon clusters. ; igg é'ég i'ég
Of the values forB determined for the larger clusters, 9 0.95 0.42 113
those given for Afs and Ar2+O are probably the most interest- 10 1.11 0.67 1.13
ing and warrant further discussion. The first evidence of a 11 1.33 0.20 0.77
significant size-dependent change in argon clusters ions at 12 148 072 -
around Ai; came as a result of the measurements on photo- 12 12? g'gg
dissociation spectra by Levinget al! The presence of a 15 053
substantial redshift in the absorption maximummat15 was 16 1.40
later confirmed by Harberlanet al® Calculations by Ikeg- 17 1.23
ami and Iwat&* have subsequently attributed the shift to an 18 161
increase in the interaction energy between the ion core and ;g é'ig
the surrounding solvent atoms. Singg is sensitive to 21 0.61

changes in both electronic configuration and structure, it is
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FIG. 12. Values of3 plotted as a function of cluster size for the systdas
Ar, (b) Kry, and(c) Xe; . In all cases the individual values were deter-
mined using the procedure outlined in the text.

behavior recorded for At and Ay, also coincide with the
results of a recent series of calculations by Dottsinis
Knowles, and Naumkitf where the charge distributions in

Jones, Jukes, and Stace

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 paramgieas a
function of cluster size and composition, show the presence
of fluctuations in Af which can be correlated with calcu-
lated changes in cluster structure and/or electronic configu-
ration.
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