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Clusters of krypton are generated in a supersonic expansion and size selected by deflection from a helium
target beam. By measuring angular distributions for different fragment masses and time-of-flight distributions
for fixed deflection angles and fragment masses, the complete fragmentation patterns for electron impact
ionization at 70 eV are obtained from the dimer to the heptamer. For each of the neytchldfers studied,

the main fragment is the monomerKion with a probabilityf,; > 90%. The probability of observing dimer

Kr,t ions is much smaller than expected for each initial cluster size. The trimer ignalgpears first from

the neutral Kg, and its fraction increases with increasing neutral clustersizeit is always much smaller

than that of the monomer or dimer. For neutra},kll possible ion fragments are observed, but the monomer
still represents 90% of the overall probability and fragments with 3 contribute less than 1% of the total.
Aspects of the Ky cluster ionization process and the experimental measurements are discussed to provide
possible reasons for the surprisingly high probability of observing fragmentation to then&momer ion.

I. Introduction core electrons were probét!>With electron impact excitation,

emitted photons and metastable neutral fragments were ob-
Rare gases are the prototypes of weakly bound systems. Theyseryedi6 The energetics and dissociation energiesiasfic

were among the first examples for which a unifying description rvnton clusters have also been investigated in great détal.
of the interaction potential was derived which covered both the In the present paper we apply the scattering méthad
gas and the condensed phagéus it is not surprising that rare krypton Kr, clusters that are ionized by electron impact

gas clusters also provide ideal systems for investigating dynami-. ~." . h h ith its h b
cal models of the detection mechanisms of weakly bound neutral'om?at'qn' We have chosen Kwith Its heavy mass, because
(a) it will be less effected by collisional dissociation in the

_Cl_lﬁiirspfgggségi Ig:gricr:?vcnwtlgh g:oé%%%rafelzaégne'gggg& eselection process, (b) it exhibits a large sparbit effect, and
fragmentatiort. The first experimental results for size selected (c) it is the first application of such a detailed fragmentation

. g . analysis to a heavy cluster. Up to now, aside from, Anly a
neutral clusters were published _forrmlusters‘? The dominant series of molecular systems of lighter masses has been inves-
fragment channel for cluster sizes uprte= 9 was the dimer

i i i 21 22 23,24 25
ion Ary*, although the calculated minimum configuration was tlgated,zéncludmg (E’H.“)’ (COZ).”’ . (NO)., (NH3.)”’ and
4910 . o > (D,0)n.2° After a detailed description of the selection process,

that of Ar*.%10 The first quantitative calculation on the il f the f ion behavi
fragmentation probabilities confirmed the experimental findings we will present measurements of the fragmentation behavior
using mean field dynamics with DIM (diatomics in molecule) of these size selected clusters upon electron impact ionization

g y . ./ _fromn = 2to 7. The results are quite different from those
potential surfaces. In the meantime, much better calculations

. ; . previously obtained for At and also from the predictions of
have been performed in .Wh'Ch ‘3.1” potential surfaces close to the latest calculatioA%in that the monomer Krion is always
the ground state and their couplings are taken into accddunt.

The further applications of this improved theory were carried by far the most probable fragment. This resultis very surprising,

out for neod? and krypton clustef8 to study the influence of and posgble reasons for it are discussed but no unambiguous
. o X conclusions could be drawn.
the spir-orbit interaction.

Therefore we found it quite interesting to provide new detailed
measurements of size selected neutral clusters for a direct

comparison with these results. Previous experimental studies A Crossed Beams ApparatusThe crossed beam apparatus
dealt with the photon and electron impact ionization of krypton ysed here has been described in detail elsev#i@gefly, the
clusters. The clusters were not size selected and extended ino supersonic nozzle beams are generated in two differentially
most cases to large average sizes. In photoelectron experimentgumped oven chambers that are mounted on the base platform
using synchrotron radiation for the excitation, inner valence or of the scattering chamber. The beams enter this chamber through
skimmers to provide well-defined beam profiles and are crossed

* E-mail:ubuck@gwdg.de. _ _ _ at an angle of 90in the scattering center. For angular dependent
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TABLE 1: Beam Data of the Krypton Cluster Beam and i . | v ' T ' ]
the Helium Target Bean?

- 10*F Kr e
species v [m/s] Omax(N) E -
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Figure 1. Newton diagram for the scattering of Kby helium for L
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spectrometer, using the pseudorandom chopping technique on
a flight path of 449.5 mm, and a mass spectrometer consistingFigure 2. Measured angular dependence of scattered krypton clusters
of an electron bombardment ionizer, a quadrupole rod system, {©) at the massek indicated. The shaded colored areas mark the

. . ] ‘onset of the different neutral cluster sizes
and an off-axis mounted ion multiplier. The electron beam was
operated at an energy of 70 eV. Either the detected ions are

counted as a function of the deflection angle to derive angular corresponding specific maximum scattering ar@ies(n) exists.

distributions or the velocity is measured by TOF analysis of . o . ;
the scattered signal. In the early stage of the experiment, a.'I'hus the selection of a specific detection angle in the lab system

different apparatus has been usédhe geometrical dimensions |ns ai%n)gaarz aeiglvl\j dp:dssfrfg:ﬁrb ;}2 la:jge‘i;c}ﬁtgusﬁr:igvﬁz >have
and thus the resolution were different compared to the one ™ 9 ’ y

described here, but the mode of operation was the same. s_m.alller maximum scattering angles._ln the lab system, the
. limiting angles for the clusters from = 1 to 7 are given in

In the present study, the clusters are produced in a supersonic, .
. ! . able 1. Thus the measurement at a detection angle df&s5
expansion of the krypton gas at a backing pressure of 2.5 bardepicted in Figure 1, excludes most of the tetramer contribution,

through a 6Qum conical nozzle of 6 mm length and an opening depending somewhat on the realistic velocity and angular
angle of 20.4. The resulting cluster beam velocities are pl tiongofthea aratus. and certainl excludgs an cor?cribu-
summarized in Table 1. They were measured at the fragment,[.eso uf i ptp th ' di Y | FY 5
masses of the corresponding neutrals. The monomer was 10N OF pentamers 1o the measurec ion signa (see Figure 2).
detected at the massvz = 84 u. For the clusters, the Under typlcal experlmental conditions with moderate energy
corresponding multiples of this value were used. The Speedtransferdurlng the scattering process, clqsters_ofdlfferent sizes
that are scattered in one lab anghe arrive with different

ratios S = vl/v, of the flow velocity v to the most probable " . . :
thermal velocityu, were around 30 except for the monomer velocities. This allows us to disentangle the various fragment
g contributions of the total sign&k. To get this information, time-

and dimer wheré&s = 9 and 20, respectively, were measured. -
The angular deflection of the clusters was generated by a Heresolved measurements of the scattered particles are necessary.
The intensity of the scattered neutral cluster of sizat the

atom beam produced in a inhole expansion at 30 bar . X
(see Table B #0n p P laboratory angle, final velocity ¢/, and detected at the mass

k of the mass spectrometer is given by

scattering process implies that for each cluster size

B. Size Selection.As described in detail in an earlier
publication® the scattering analysis of a cluster beam enables ’
us to find a unique correlation between detected cluster ions Niw = Kon0nCofriTi 1)
and their neutral precursors independent of the cluster size
distribution in the primary beam and the fragmentation process The constanK contains the variables concerning the scattering
taking place in the ion source. The method relies on the specific process which are not relevant for the cluster separapiois,
kinematic behavior of clusters with different sizes scattered from the cluster densityz, is the differential scattering cross section
a target beam and is commonly described in terms of a Newtonwith the target beam in the lab syste@,is the total ionization
diagram as shown in Figure 1. Because of the scattering processross sectiony is the probability for the formation of an ion
of the K, clusters with the light helium target atoms, each of massk from a cluster of siz& with Zfc = 1, andTy is the
cluster with a certain size can be scattered into the laboratorytransmission of the mass filter. If no velocity analysis is applied,
(lab) system only within a certain angular range. This is the signalS(®) is summed over all neutral cluster sizes, which
visualized in Figure 1 by the different circles representing the may contribute at this scattering angle to the fragment rkass
final center-of-mass (cm) velocities of elastically scattered
clusters. The largest circle represents the scattering of the Nmax(©)
monomer, whereas the smaller circles define the corresponding S(©)= Ny 2
values for the cluster scattering up to the heptamer. The =



9110 J. Phys. Chem. A, Vol. 110, No. 29, 2006

Here we used the relatioNn = N, /Ty for the transmission
corrected intensities. This clearly illustrates that in the case of
fragmentation during the ionization process, ionic fragmbipts
from neutral clusters with sizes up ton = nna©®) can be
detected at the selected ion mss

C. Fragmentation Analysis.To determine the fragmentation
probabilitiesf,, it is necessary to specify both the deflection
angle® and the final velocity'. The easiest way to do this is
to determine the velocity using a selector after the collision takes
place. In this wayn is specified and then the different fragment
massesk can be easily measured by the mass spectrométer.

the present experimental arrangement, the velocity is measured

by time-of-flight techniques so that we only know after the

analysis which fragment mass belongs to which neutral cluster

size. Although, in principle, the measured TOF signislg
contain all the information, it is much more convenient and
accurate to use only the relative intensities of the TOF
distributionsXnk given by

Nmax©)
xnk(@) = Nnk/ Nnk

n=

®)

and to relate them to the measured total scattered intensity .

S(®). Thus the probability, for a neutral cluster of size to
fragment into an ion with madsis given by

n
1Enk = Nnk/ZNnk (4)
k=
By combining egs 2 and 3 with eq 4 we get
n
fnk = S(Xnkasxxnk (5)
K=

Herefnis expressed by two measurable quantit&gbtained
from the differential cross section measurementsapdrom
the analysis of time-of-flight measurements of the scattered
beam.

To get comparable values for the fragmentation probabilities

Steinbach et al.
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Figure 3. Measured time-of-flight distributions of the monomer (upper
panel) and neutral dimer and monomer detected at the monomer mass
Kr* (lower panel). The weak lines denote simulated contributions of
the different neutral cluster sizes in the forward (f) and backward (b)
direction for elastic scattering. For the dimer, also a small amount of
inelastic scattering in the forward direction was accounted for.

750 1750

results are shown in Figure 2. The colored shadows mark the
theoretical limiting scattering anglé€3, for the neutral cluster

n, based on the beam data presented in Table 1 and broadened
by the finite resolution of the apparatus. In general, the
dominating fragment is the monomer ion (black). The onset of
the dimer ion intensity (red) is in good agreement with the
predicted limiting angle. The first contribution of the trimer ion
(green) comes from the neutral pentamer. Fragment ions larger

' than the trimer ion contribute less than 1% of the total intensity

the parameters of the experimental setup must be known. A¢,. eutral K, clusters up ta = 7.

problem in this context is the transmissinof the quadrupole
mass filter, which is not necessarily constant over the whole

mass range. To ensure consistent and reproducible conditions,

To get information on the exact fragmentation probabilities,
time-of-flight (TOF) spectra were measured at specified angles
nd masses in order to sort out the contributions of the different

during the whole series of measurements, the quadrupole masg;j;es For that purpose, the measured data were compared with

spectrometer was calibrated using the known fragmentation
pattern of the perfluorinated compound FCG43.

Ill. Results
For the determination of the fragmentation probabilities, we

simulated TOF distributions. These distributions were obtained
from Monte Carlo simulations, which take into account the
special kinematics for the cluster scattering, the beam divergen-
cies, the velocity distributions of the two beams, and the
resolution of the TOF analyzé&?.Then the calculated distribu-

go through a three-step procedure: (1) A conventional masstions were fitted to the measured spectra with the only adjustable
spectrum is measured to learn about all relevant fragment parameter being the amplitudes, which are proportional to the

channelsk. (2) The total scattered intensi§(®) is obtained

for deriving the optimal scattering angl€¥, for each cluster
size and for calibration purposes of the time-resolved signals.
(3) Time-of-flight spectra are measured for e&@handk for

the determination of the relative intensiti¥g. Fork the mass
m/z = 84 u and the corresponding multiples were employed.

effective elastic or inelastic cross sections. This procedure is
best demonstrated for cases to which only a few species
contribute. Two examples are shown in Figure 3. Here the
experimental conditions concerning the deflection angle and the
masses are such that only krypton monomers (}7amd
monomers and dimers (12)5are detected. The weak lines

The mass spectrum, taken at the electron energy of 70 eV, isindicate the contributions of the elastic forward and backward
dominated by peaks at the monomer and dimer ion mass, butscattering which appear at shorter and longer times. For

also exhibits signals at other fragment,Kiion masses with
much smaller intensity.

We measured the angular dependent distribut®&(®) at
the seven fragment masskesvith the largest intensities. The

detection of the monomer ion in the upper panel, we observe
two pronounced peaks, which correspond to deflection angles
in the center of mass system 6f = 31° and 6 = 16,
respectively. In the lower part, the detection is still at the
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Figure 4. Measured time-of-flight distributions of kiHe scattering Figure 5. Measured time-of-flight distributions of KiHe scattering

for the laboratory angl® = 7.5° taken at the monomer and dimer  for the laboratory angl® = 5.0° taken at the monomer and dimer
mass. The weak lines denote simulated contributions of the different mass. The weak lines denote simulated contributions of the different
cluster sizes. For the dimer, also inelastic contributions were accountedcluster sizes. For details see Figure 4.

for. For clustersn > 2, only forward peaks are used in the fitting

procedure. TABLE 2: Total Scattered Intensity S, (see Figure 2)
) _ Detected at the lon Massk for the Angles for Which TOF
monomer fragment mass, but now also neutral dimers contribute.Data Were Taken

They should appear, according to the Newton diagram, between ©(deg) k=1 k=2 k=3 k=4 k=5 k=6 k=7
the two limiting monomer peaks. For the dimer forward

scattering, a small amount of inelastic contribution was neces- 12.5 Zggg gg
sary for a better reproduction of the measured curve in addition 75 8872 89
to the elastic scattering. It appears at smaller velocities and thus 6.0 10965 117 2
larger flight times. 5.0 13188 170 9 3 2
To obtain the exact fragmentation probabilities of the larger ~ 40 16737 288 38 6 4 4 2

neutral clusters, tim?-oz-flight spectra have been measurgd atrABLE 3: Fragmentation Probabilities . of the Cluster
the angles 11 7.5, 6°, 5°, and 4. As an example, we show in  Sjzen to the lon Sizek
Figure 4 the spectra taken at 7t8gether with fitted distribu-

tions of the different sizes for the two fragment masse$ Kr d k=1 k=2 k=3
and Ki ™. At this deflection angle pentamers are definitely ruled 2 0.951(13) 0.049

out. The contribution of tetramers is small but cannot be i 8'83&3 8'8%3

excluded because of the finite resolution of the apparatus. The 5 0:965(14) 0.029 0.006
fitted curves consist of the forward and backward scattering of 6 0.926(18) 0.053 0.021
monomers (where applicable) and dimers, and of the trimer and 7 0.902(12) 0.063 0.035

tetramer contributions in between. Aside from the dimer, the

spectra could be well reproduced by elastic scattering. For the corresponding intensities of the total differential cross sections
larger clusters, only the forward peak was fitted because of S from Figure 1; the relevant values are listed in Table 2. The
resolution problems. We note that this leads to lower limits of final results of the fragmentation probabilities, averaged over
the corresponding fragmentation probabilities. By summing up the contributions from different angles, are presented in Table
all the simulated contributions, the measured spectra are well3.

reproduced. Another example is shown in Figure 5 for the  The experimental results obtained in the early stage of the
scattering angle ofs Here, the neutral clusters= 5 andn = experiment with the other apparatus are quite similar. The total
6 can also contribute. We observe again the forward and scattered intensity as a function of the deflection angle exhibits
backward peaks of the monomer and the dimer for thé Kr the same behavior as that shown in Figure 2. By far the largest
detection (lower part) and those of the dimer for the/'Kr  signal is that of the monomer ion Krfollowed by the dimer
detection (upper part). For the larger clusters again only one signal Kr™ and the rest of the ions. A similar behavior is
peak was fitted. Similar results have been obtained for the otherobserved for the TOF distributions. As an example, we show
deflection angles in which cluster sizes upnte= 7 have been in Figure 6 the fitted TOF spectrum of the Krand Kr*
included. From these data, the relative contributions of the TOF fragments measured at the laboratory angle of. D@spite the
data X,k are obtained. They have to be calibrated by the different geometries (note the flight times are twice as long)
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Figure 6. Measured time-of-flight distributions of kiHe scattering

for the laboratory angl® = 7.0° taken at the dimer (upper panel) and
the monomer mass (lower panel). The data are taken in a different

| I L
3500

molecular beam machine described in the text. The weak lines denote

simulated contributions of the different cluster sizes.

the spectrum resembles the one in Figure 4, measured at al
angle of 7.8 in the present apparatus. Because of the lower
resolution, the spectrum in Figure 6 could only be fitted by peaks
corresponding to the neutral sizes= 2 and 3. The contribution

of n = 4 at the angle above the threshold for the tetramer
04 = 6.5° was neglected. Also the inelastic scattering used for
n= 2 in the fits in Figure 4 was omitted although it is implicitly
included in the fitted peak width in Figure 6. A whole series of

measurements similar to the above ones at different angles was

carried out in this apparatus. The analysis gives fragmentation
probabilities as follows: dimeff,; = 0.992 andf,, = 0.008;
trimer, f3; = 0.938 andf3; = 0.062; and tetramefy; = 0.960
andfs, = 0.040. Despite the lower resolution, they agree with
the ones in Table 3 to within a few percent. This comparison
with an independent and quite different experiment (in geom-
etry) provides a confirmation of the measured fragmentation
probabilities.

Given the complicated nature of the extraction of branching
ratios from the data, involving integration over eleven variables,
it is difficult to extract precise error bars from the analysis.
Perhaps the greatest source of error is illustrated in Figure 3.
Although the data collected at 17.Should have only minor
contributions from neutral dimer ionization, there is still
significant intensity between the two expected monomer peaks.
This may result in an overestimate of the fraction of neutral
dimer that fragments to monomer ions. Our best estimate is
that the lower limit for this fraction is 90%, as opposed to the
value of 95% that results from the best fit to the data.

Steinbach et al.

IV. Discussion

The results presented above were quite surprising to us, and
that is why we repeated the initial experiments on a second
scattering machine that yields more precise results. There was
no obvious reason to expect that argon and krypton clusters
should fragment differently upon electron impact ionization. In
the case of argon clusters,2n < 9, the main fragment ion
was always the strongly bonded Ardimer ion. This was
already surprising since the Artrimer ion is also quite stable.

In the case of krypton clusters, we find that the fragmentation
pattern is dominated by the Kirmonomer for initial neutrals
with n < 7. Since this result is so unexpected, we will discuss
the details of the experiment and possible sources of error in
some detail.

First we discuss the influence of collisional induced dissocia-
tion on the measured fragmentation probabilities. To get an
estimate of the transferred energy in the collision of thg Kr
cluster with He, we apply the impulsive model proposed by
Mahan?3! In this model the collision of the scattering partner
He (massms) with one Kr atom of the cluster (massm) is
considered, neglecting the bonds. The energy transkeis
given in terms of the collision enerdy by

AE _A4Mmt ms/n)ms(l B ;) ©)

E o (m+my? n

For the 64 meV collision energy, the energy transferred to the
neutral cluster amounts to 5.8 meV forXand 9.5 meV for

Kr7. The dissociation energy for the dimer is 15.9 meV with
the zero-point energy included. For the heptamer, the same value
per atom is 37.3 meV8 Thus, it is unlikely that collisional
energy transfer explains the surprisingly large degree of
fragmentation. This conclusion is supported by the recent
calculations of Halberstadt and co-workétsyho investigated

the effect of adding an additional 10.1 meV energy to thg Kr

dragment and found the effect to be negligible. These calcula-

tions suggest that collisional excitation of the neutral clusters
does not significantly affect the results presented here, but it
would be useful to examine this assumption in greater detail,
especially for the smaller neutral clusters, perhaps with realistic
simulations of the scattering process.

In particular, one expects that collisional excitation should
be less important for the present study of krypton clusters than
for the previously reported results of argon clusters. For the
argon clusters, fragmentation of the neutral dimer and trimer
was investigatedusing the same experimental arrangement as
used to obtain most of the findings presented here, while the
higher clusters were studiédith the apparatus used to obtain
the preliminary krypton results shown in Figure 6. The main
difference between the argon and krypton cluster experiments
is that the mass of argon is less than that of krypton, so the
Newton diagram is a bit more expanded for argon, leading to
slightly better separation of the neutral clusters in angle and
time. The results for argon and krypton clusters are similar in
the sense that fragmentation is extensive for both species, with
the trimer ion first appearing for ionization of the neutral
pentamer in each case. So, the main difference between the two
studies is that ionization of small argon clusters leads mainly
to the production of the Ar dimer ion, ranging from 70% for
n = 3 to 51% forn = 9, while ionization of small krypton
clusters results dominantly in the Kimonomer ion, ranging
from 97% forn = 3 to 90% forn = 7. This aspect of the results
was completely unexpected, but the data presented in Figures
2—6 is quite unambiguous.



Fragmentation of Krypton Clusters J. Phys. Chem. A, Vol. 110, No. 29, 200&113

In addition to their masses, another difference between Ar ' ' ' ' ' ' T T
and Kr is that there are more electronic states accessible by
electron impact excitation for Kr than for Ar, the ionization
cross sections for the two species will also be somewhat
different, and the spinorbit excitation energy for the ground
ionic state is significantly larger for Krthan for Ar". There is
limited information available for these effects on the dimer ions,
and almost no information available for the larger cluster ions.
Ab initio calculations of the electron impact excitation cross
sections indicate that the probabilities of excitation to electronic
states higher than the valence states are quite low for bare
atoms?2 Since the effects observed here are dramatic, they are
probably not due to excitation to high-energy electronic states.
Although we do not know how clustering will affect this cluster size
conclusion, we do not expect that the effects would be strong Figure 7. Comparison of measured and calculated fragmentation
enough to explain the surprising results presented above. proba_bilitiets flor tf:je SurT;J crtu +|fn2|a?dfn3 for Kry frtgmI n= 2I to 9:_th t

. . . P . experiment, closed Sympnols; calculation, open symbols; Circles, withou

Spln—o_rblt C(_)upllng IS Ilkgly fobe a mlore Important effect. spiF:rorbit interactior)lls; squares, with spinprbit ir):teractions.
Spin—orbit excitation of Ki is almost 4 times as energetic as
for Art; 0.67 versus 0.18 eV, respectively. Spiorbit coupling
is also known to have a qualitative effect on the dimer ion
potential curves. This is most dramatic for thé/}d) state which
has a 550 cmt deep well atr. = 3.047 A for Ar*, but only a
50 cnt! deep well ate = 6.11 A for Kr,*. The | ¢/ou) and 1
(129) potentials for Ks™ are also somewhat less attractive than
that of Ar*. Thus it might have been expected that ionization
of Kr, has a greater propensity to yield Kthan does the
comparable ionization of ArIn this regard, it is interesting to
note that recent calculations by Bonhommeau ét af. the
fragment branching for ionization of Aremploying a mixed
guantum-classical dynamics model that includes -spibit
coupling is in good agreement with the data: the calculation
predicts 35% branching to Arcompared to an observed value and then drop again to 63% far= 9, while the experimental
of 40%. Similar calculations for Krpredict 50% branchingto o165 oscillate between 2.7% and 6.3%. There is good
the monomer compared to the 95% observed. In this regard theagreement between experiment and theory as for the strong
calcglation predicted the correct trend, but not th_e s_urp.rising fragmentation into monomer and dimers ions, but the main
dominance of the monomer ion for neutral dimer ionization. disagreement is specifically the branching ratio between mono-

As mentioned above, Bonhommeau et al. have performed mer and dimer ions. We note that including the spinbit
simulations of the noble gas cluster fragmentation upon ioniza- excited states in the calculation significantly increase the
tion for Ne,, Ar,, and Kr, clusters'1233The calculations predict  calculated fragmentation to the Kmonomer fom = 2 and 3.
that in all three cases the Rgdimer ion is the most probable  This effect is masked in Figure 7 by the simultaneous decrease
fragmentation channel up to the largest clusters studied,  of the fragmentation probability for dimer ions. Given that the
11 in the case of argon. In the case of argon cluster fragmenta-effects of spir-orbit excitation double the calculated probability
tion the calculations are in qualitative accord with the experi- of obtaining Krt monomer ions from ionization of the neutral
mental results, although the details showed some differencesdimer, it may be worth further exploring the details of the
For instance, the calculated production of"Arom ionization  excitation cross sections to spinrbit excited states to improve
of Ar, fell monotonically withn, whereas the experimental the agreement between experiment and theory.
results did not prOdUCG such a smooth trend. The experimental Let us discuss the possib|e errors of the experiment with
Ar fraction was larger than the calculated value for all cluster respect to the calculations. The experiments consist of the
sizes. Given the difficulty of both the experiments and the measurement of two quantities, the relative intensities of the
calculations, the level of agreement can be considered to beTQF distributionsX,, and the total scattered intensiti&sboth

-
(=]
T
|

fragmentation probability
&
[
|

©
o

neutral cluster, which disappears when the sjpirbit interaction

is included® and agrees with experiment. If we, however, look
at the direct comparison of the fragmentation probabilifies
and fyz into the monomer and the dimer ion channel, the
agreement is less good. The calculations predict that 50% of
Kr, dimers fragment to Kr monomers upon ionization, and
this fraction drops rapidly with increasing neutral cluster size.
For n > 4, the calculated probability of observing the *Kr
monomer ion is always less than 20%, whereas the experimental
value remains close to 90% up to= 7, the largest neutral
studied. Similar discrepancies occur for the fragmentation
probabilitiesf,, of the dimer ion. Here the calculated values
increase from 49% fon = 2 to a maximum at 84% fon = 6

quite good for argon cluster ionization/fragmentation. as function of the deflection angle. In the results section we
When we compare the experimental results of this paper for discussed one possible reason the analysis of the experiment
Krn cluster fragmentation with the calculatiolswe first may have overestimated the fragmentation to thendonomer

observe an agreement in the general observation of an extensivéon; leakage of signal from neutral monomers into the space-
fragmentation and in the appearance of the trimer ion channel.time scattering domains expected to be dominated by neutral
This is demonstrated in Figure 7, where the fragmentation dimers. However, as discussed above it is highly unlikely that
probabilities for the trimer iorf,s and the sum of that for the  this would make more than 5% difference in the fraction of
monomer and the dimer iofy; + f, are plotted. The figure  observed Kf. This is also confirmed by comparing the results
also contains the results without spiarbit interaction. While obtained in the two different experimental arrangements, which
the results for the larger clusters do not differ very much from deviate by 4% at most. Therefore these effects are not able to
those with spir-orbit interaction included, there is a pronounced explain the large discrepancies with the calculations.
difference for the neutral trimer. An appreciable fraction of Kr Another possible source of experimental error is the secondary
originates from the existence of a minimum in one of the ionization of neutral fragments which are products of the primary
electronic states close to the equilibrium configuration of the ionization. The calculations demonstrate that for each neutral
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cluster size, aside from the ionic fragments, also alotit 2 the effects of spirorbit excitation on the ionization cross
neutral monomer fragments are generated. Provided that theseections for the larger neutral clusters.
Kr atoms are also ionized by the electrons of the ion source,
the intensity of the monomer ions will increase appreciably. V. Conclusions
This number affects both the total intensiti&sand theXn We have reported results of a study of the ionization and
values of the time-of-flight distributions and increases with fragmentation of neutral krypton clusters up to, Ky electron
increasing cluster size. A tentative correction of this effect leads impact. For each initial cluster size the probability of branching
in fact to a decrease of the monomer ion contribution, especially o monomer K ions is much higher than expected on the basis
for the larger clusters, but the resulting fragmentation probabilty of a previous study of argon cluster ionization. Calculations by
for the dimer ionfr,; is still too low by about 30%. In addition,  Bonhommeau et &f also predict more monomer ion product
the fragmentation probabilty for the trimer iofigyields rather  for krypton clusters than for argon clusters, because of the effect
large, unrealistic values {85%). Therefore we discard this  of the larger spir-orbit excitation energies in the krypton cluster
correction to be responsible for the discrepancies, also in view jons. However, the effect is much smaller in the calculations
of the fact that the smaller clusters are not at all or only weakly than for the experimental results. On the other hand, the
influenced by this effect. calculations and the experiments are in accord regarding the
A drawback of the calculation is apparently the time scale fact that Kg* ions first start to appear for the ionization of
of the trajectories. Most of them range up to 100 ps and some neutral pentamers. Given that the results presented here are so
of them reach 10 ns. The latter ones are included in the surprising, and contrary to the current best calculations, we have
calculations in the “long-lived trajectories.” In the experiment, discussed possible sources of error in considerable detail.
however, time scales in the order @ are available for the
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