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We have studied the production of neutral metastable fragments in electron collisions with neutral
argon clusters. The fragments are detected using a time-of-flight technique. The time-of-flight
spectra show that the metastable fragments appear in two velocity ranges. Kinetic energy
distributions are obtained, showing that the faster fragments are ejected with energies from 0.2 to
1.5 eV and that the slower fragments have energies less than 0.2 eV. It is argued that the
fragmentation of the clusters involves the excitation and decay of excitons in the clusters.The faster
fragments are produced loy=2 excitons, which localize on an excimer or an excited trimer within

the cluster and upon dissociation cause the ejection of a metastable atom. The slower fragments are
produced byn=1 excitons, which tend to localize on the periphery of the cluster, leading to the
ejection of a metastable atom due to weak repulsive forces with neighboring atoms. Four different
production mechanisms for neutral metastable fragments are observ&89%American Institute

of Physics.

I. INTRODUCTION tron radiation. Both Smittet al® and Nagata and Kondd®
_ have measured kinetic energy distributions of neutral frag-

Many studies of noble gas clusters have focused on thghents produced by photodissociation of argon cluster ions.
formation Of CIUSterS Of dif‘fel’ent SiZeS in a free Jet eXpan- Wh||e neutra' monomers in the ground state can Only be
sion. In order to observe clusters of different size, the clusgetected if they hit the detector with sufficiently high kinetic
ters are f|r_st ionized by either electron or_photon impact, _a”%nergy, metastable fragments are readily observed through
the resulting charged-cluster spectrum is measured with gigciron emission from a metal surface. The purpose of the
n|1ass spectrometer.l It ISI ”9";" W'delﬁ zccehptedlthat_|on|zfe%resem study is to obtain information about the existence of
cluster spectra are largely influenced by the relaxation of ¢, g metastable fragments that result from fragmentation

Pofltr“r;e (rjnct;le(iular”?r:ivx::thlp the clil;\s/terh'rlhe :noltec;ulgr 't%n of excited and/or ionized clusters and thereby to acquire
S formed by localization of a posiive hole created by the ., o insight into the fragmentation process.

ionization of the cluste(Haberland?. While the original :
; : Studies of neutral metastable fragments have been em-
model evoked a dimer ion core, recent research has demon-

strated that the localization more likely occurs on a large loyed for some decades in the electron and photon impact

unit 20373843-460 o relaxation releases about 1 eV of energyd.|ssouat|on of molecules. The abundant amount of informa-

to the cluster, causing it to heat up and evaporate severaP" that has beeq obtained in these studies ha§ bff” re-
monomers before a stable configuration is reachddhis viewed by_ Freund, Con_1pton_ and Bardsle’f, and Z|_pf.
process has been called metastable decay as the evaporatfdif €XPerimental technique involves the time-of-flight de-
of monomers has been observed to occupsrtime scales. tection of neutrgl fragment atoms and molecules in .meta-
lon abundance anomalies in mass spectra of cluster bearg@ple or high-lying Rydberg states. Fragments are flying to-
are therefore caused by both the initial neutral cluster size¥@rds the detector where detection proceeds through a
produced in the free jet expansion and the delayed evapor§2€chanism of Auger de-excitation upon hitting the detection
tion of monomers following ionization of the cluster. surface, thereby releasing an electron from the conduction
Contrary to the detection of metastable cluster ions ther®and of the surface. The technique is therefore limited to
are few experimental studies of excited neutral clusters or oftates with comparatively long lifetimes>1 us) and with
the evaporated monomers produced after excitationgXcitation energies-8 eV (5 eV with specially prepared sur-
ionization and relaxation of the clusters. Gspann andaces. With a simple transformation the time-of-flight distri-
Volimar* have studied metastable excitations of very largebutions are transformed into kinetic energy distributions of
clusters of He and Ne atoms. Buchergtal® have studied the metastable fragments, which are obtained as a function of
excitation of He clusters following electron impact, while the electron impact energy. The information obtained is two-
Buroseet al® have used electron energy loss spectroscopy tfold. First, kinetic energy distributions can in some cases
demonstrate the excitation of atoms on the surface and insigarovide sufficient information to determine repulsive poten-
Ar and Kr clusters. Stapelfeldet al.” and Wamer etal®  tial curves. Second, dissociation processes often produce on-
have studied electronic excitation of rare gas clusters usingets in the yield of metastables as a function of electron
fluorescence spectroscopy following absorption of synchroenergy, and the dissociation processes involved can be de-
duced from the location of these onsets. In the dissociation

Present address: Department of Experimental Physics, St. Patrick's CoPIOCESS the fr.agments may pick up substantial kinetic energy.
lege, Maynooth, Co. Kildare, Ireland. Kinetic energies from 0 eV up to 15 or 20 eV are observed in
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FIG. 2. Time sequence of the pulses applied to the different elements of Fig.
1. As discussed in the text, the pulse of electrons coincides with the center of

FIG. 1. Schematic diagram of the apparatus. The actual position of théhe gas pulse as it traverses the interaction region.

electron beam is perpendicular to the plane containing the cluster beam and
the metastable detector.

tected by using a channeltron with appropriately biased

many molecular dissociations. The typical average kinetidneshes in front to prevent charged particles from being de-
energy of the fragments is of the order of a few eV. tected. The neutral metastable detector is located in a plane
In view of the success of neutral metastable fragmenperpendicular to _the electron beam and at either a 45° angle
detection in the study of molecular dissociation it seems t®r & 90° angle with the cluster beam. Both the neutral meta-
be worthwhile to apply the same technique to the study oftable detector and the electron gun have been used in earlier
fragmentation of clusters. Argon clusters are very suitable foptudies of dissociation of moleculé&s™® _
the initial study, because argon clusters are easily produced Figure 2 shows the pulse sequence used. AdSide
by supersonic expansion of argon gas, and tHg3p°4s) pl_JIse is applied to the p|ezoelectr|c_valve. Synchronously
%Py, states have suitable lifetimeg4.9 and 55.9 )sand  With the valve pulse the electron gun is pulsed with a/s6
excitation energieg11.72 and 11.55 eMsuch as to be Wide pulse. The timing of this pulse is such that the electrons
readily detected. The experiments on photodissociation dfit the clusters at about 8s after the start of the cluster
argon cluster ions by Smitét al® and Nagata and Kondd%  pulse. The electron pulse is chosen much narrower than the
have demonstrated neutral photofragments with kinetic enefluster pulse in order to obtain the necessary time resolution
gies of up to 0.6 eV. In this paper we present the first meain the time-of-flight spectrometers. _ _
surements of kinetic energy distributions of neutral meta- ~ Figure 3(top) shows a mass spectrum obtained with a
stable fragments due to fragmentation of neutral argorstagnation pressure of 3.5 atm, indicating that smaller cluster

clusters, which are of great interest in this context. sizes are abundantly produced by our source. We can esti-
mate the average cluster size in the beam by using scaling
Il. EXPERIMENT laws developed by Hager&The reduced scaling parameter

I'* is calculated using the equati¢see Eq.(1) of Wormer
The experimental setup is shown schematically in Fig. 1et 519

A pulsed cluster beam is produced in the expansion chamber

by expanding the gas into the vacuum through a pulsed valve T* = kdgd85po/Tg-29,

with a 0.25 mm conical nozzle. All measurements presented

in this paper have been performed with a stagnation pressumhered, is the equivalent nozzle diameter in mpy,is the

of 3.5 atm and a stagnation temperature of 295r6om  stagnation pressure in mbdr, is the source temperature in

temperature The piezoelectric valve is operated with a K, andk=1646 for agon. For the present experiment we

pulse width of 150us and a repetition rate of 40 Hz. The find I'*=1000. The graph in Fig. 1 of Wmer et al® indi-

repetition rate is limited by the pumping speed of the pumpsates an average cluster size of about 100.

on the expansion chamber. The nozzle is at a distance of 15 Because the mass spectrometer is mounted in line with

mm from a skimmer of 1 mm diam which separates thethe cluster beam, the velocity of neutral clusters and cluster

expansion chamber from the collision chamber. In the courséagments can be measured as well. This is done by setting

of the study we found that the performance of the valvethe second grid at 0 V and the flight tube-gh V (to prevent

significantly depends on the amplitude of the pulse applied taletection of positive ions Figure 3(bottom shows a time-

it and also changes with time. In the measurements reportenf-flight spectrum of neutral excited fragments generated by

here we have adjusted the valve pulse so as to keep thmpact of 50 eV electrons. Fitting of a supersonic velocity

(time-averagedpressure in the expansion chamber at a condistribution(see Haberlanét al>!) shows that the mean ve-

stant value of 8.810 ° Torr. locity of the clusters is 602 m/s with a FWHM of 85 m/s, the
In the collision chamber, at a distance of 53 mm from theMach number is 12.7, and the expansion temperature is 6.3

skimmer, the cluster beam is crossed at right angles with aK. The velocity distribution obtained agrees well with cluster

electron beam. Cluster ions are detected using a time-ofrelocities found in other similar experiments. The velocity

flight mass spectrometért’which is mounted along the axis distribution has been measured several times in the course of

of the cluster beam. Neutral metastable fragments are déhis study(always at a stagnation pressure of 3.5 Jatim all
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FIG. 4. Curves relating time of flight in the laboratory frame with time of
flight in a frame of reference traveling with the cluster be@ee text The

top curve refers to the detector at 45° and the bottom curve to the detector at
90°.

Metastable yield

which metastable fragments reach the detector is the vector
b e L a— — sum of the velocity of the parent clustess=600 m/s and
0 500 1000 1500 the velocityu the fragment has acquired in the fragmentation
Time of flight (us) process. We can correct for this effect by a scale transforma-
FIG. 3. (Top) Time-of-flight spectrum of ionized species obtained at 50 eV tlon.from the. Iaboratory frame to the beam frame which is
electron impact and an Ar stagnation pressure of 3.5 atm. The cluster sizegsta“onary with respect to the parent clusters. The transfor-

are indicated(Bottom) Time-of-flight spectrum of neutral metastable frag- Mation is carried out by using the following equation, relat-
ments detected by the multiplier when the mass spectrometer flight tube ing the measured flight timig, =1/w to the flight time in the

held at+5 V. The peak at zero time is due to photons resulting from thebeam frame=1/u (the flight time the fragment would need
interaction of the electron beam pulse with the cluster beam. . .
to travel the same distance in the beam frame

cases the mean velocity obtained was very close to 600 m/s, t=t,,[1—2 cosfuty/l+(vty/1)?] 2
and this value is used in the analysis of the measurements.

Except for the velocity measurement described aboveynare | is the distance to the detector addis the angle

all measurements on neutral metastable fragments have beggyeen the direction of the detector and the cluster beam.
performed using the neutral metastable dete¢tbrannel- Figure 4 shows the relation betweerandt,, for the two
tron), which is located at a distance of 124 mm from the jigarent detector angleg=45° and 90°/ =124 mm, and

interaction region. During these measurements the voltagevs:600 m/s.

on tge mass sp;ectrgmetefr were setl to zero. ble f In applying such a transformation we make a tacit as-
xcitation functions for neutral metastable r""gmems‘sumption. Consider two fragments with unequal velocities

have been measured as well. Usually excitation functions ar\f;(-ll andw, in the laboratory frame. If both fragments are

measured successively by detecting only those fragmen{:'f’etected,wl andw, point in the same direction. A simple

that arrive at the detector within well defined time-of-flight | . .. diagram shows that the corresponding velocities

windows. In the present experiment all excitation functlonsand U, in the beam frame point in different directions. It

have b_een rr}ea?]ured S|Irr_1url1taneolusly bly compL:jterfcont(;olle,%”OWS that the above transformation is only valid assuming
operauoln . ?}6 the multichannel - scalar used for datgy,; e angular distribution of the fragments in the beam
accumu atp ) . . . frame(i.e., in reference to the targes isotropic.

Calibration of the electron energy is obtained by running 114 kinetic energy of the fragments is obtained by a

the pu!sed valvg with 3.5 atm of helium. No |n(_j|c§1t|on of subsequent transformation from flight tintein the beam
clustering of helium has been observed. Two excitation f“ncframe to fragment kinetic enerds;

tions are measured in this situation; one for the photons and
one for the metastables. Comparisons of the observed thresh-
olds with known values for the excitation energies of
He(2 1P) and Hé2 3S) provide the calibration.

E=1/2m W¥=1/2ml%t~2

Applying a very nonlinear transformation to a spectrum
IIl. RESULTS results in many data points and large scatter in one end of the
transformed spectrum. To avoid this both transformations
have been applied to the measured spectra by using equidis-
In interpreting the time-of-flight spectra of the meta- tant points on the transformed scale and summing @vac-
stable fragments we have to consider that the velagityith  tions ofy channels in the original spectrum.

A. Scale transformations
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B. Time-of-flight spectra

LELA L L NS DL B O B B B

Time-of-flight spectra of neutral metastable fragments
for different electron impact energies are shown in Figa) 5
and 3b). The origin of the time-of-flight scale is determined
by the prompt peak produced by radiative decay of excited
clusters and fragments.

Two features are present in the series of spectra in Fig. 5.
The first feature is narrow and has a maximum aroung 60
The second feature is much broader and has a maximum that
shifts from about 22Qus (at 13 eVj to 160 us (at 200 eV.

Due to the very well directed nature of the cluster beam,
no signal should be observed at the detector, positioned at
45° or 90° to the cluster beam direction, unless some addi-
tional directed motion occurs. The only possibilities of meta-
stable fragments moving towards the detector are either be-
cause of excitation of randomly directed background gas
atoms or because break-up of a cluster has occurred, impart-
ing kinetic energy to a fragment and causing it to move out 29
of the cluster beam. The first possibility has been demon-
strated to be a minor one in the following way.

The time-of-flight spectrdFig. 5 have been taken with 14

a 350 us delay between the valve pulse and the electron 13 3

Metastable yield

beam pulse, so that the electrons are hitting the clusters at a - =
time midway in the cluster pulse. We have also taken a few PR ET ST EFITEIN NI IR
spectra(not shown in Fig. bwith a delay of 500us so that 0 100 200 300 400 500
the gas pulse is effectively over. Metastable spectra taken @ Time of flight (ps)

this way show only a contribution of neutral metastable ar-
gon atoms produced by electron impact of argon atoms re-
maining in the chamber just after the cluster pulse has fin-
ished. The spectra taken this way show a Maxwellian
distribution with a maximum near 26@s, that remains in the
same place when the electron energy is increased. Keeping
this in mind we come to the following conclusions regarding
the spectra in Fig. 5. The first feature, appearing at smaller
flight times, must with certainty be due to fragmentation of
clusters. The second feature may have a small contribution
due to background argon atoms being excited, but because
the maximum in the distribution shifts from 220 to 168,

here also the largest contribution must be contribution from
argon clusters.

Careful comparison of Figs(& and 5b) reveals several
differences. The maximum in the first feature occurs at
slightly lower flight times at 45° compared to 90°, especially
at lower electron impact energies. The second feature is
clearly much less pronounced in the data from the 90° detec-
tor, reflecting the fact that the cutoff in velocities of frag-
ments which can reach the detector is much more severe at
90°. 15

We have applied thg,—t transformation from labora- i
tory time-of-flight to time-of-flight with respect to the cluster
beam to the two TOF spectra taken at 29 eV, 45° and 31 eV, o '1(')0' — '2(')0' . '3(')0' — '4(')0' s
90°. The transformation has been performed for a cluster b _ )
beam velocity of =600 m/s, and the result is shown in Fig. (b) Time of flight (us)

6. There is very good agreement in the shapes of the first
feature, consistent with the assumption that this feature is
from decay of parent states with a velocity of 600 m/s. WherF!G. 5. (a) Time-of-flight spectra for neutral metastable fragments obtained

the same transformation is applied to TOF spectra at inCiderWith the detector positioned at 45° with respect to the cluster beam. The
incident electron beam energies are noteySimilar, except with the meta-

electron ?nergies of 50 eV and higher, the agreement is leSgable detector positioned at 90°. Horizontal scales indicate laboratory time-
good. This may very well be due to an angular anisotropy obi-flight.

L B S B R L S L B NN L L B B

51

Metastable yield
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FIG. 6. Comparison of time-of-flighta) obtained at an incident electron
energy of 31 eV with the metastable detector at 90°, @mdat 29 eV and
45°. The transformation from laboratory time-of-flight to beam time-of-
flight has been applied to both spec(sze texk
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fragments produced by the additional fragmentation procesa€: 7- (Top) Time-of-flight spectrum at 29 eV, 45° obtained after subtrac-
g P y 9 P tlsclm of the fit of the spectrum at 13 eV, 45°. The fit is represented by the full

occurring at electron impact energies above 30.8@dcess curve. The dashed curves indicate a possible deconvolution of the contribu-
2, see Sec. IV tions of the various process@sumbered 1-%to the spectrum(Process 2

The divergence between the spectra in Fig. 6 at flighhas an onset at 30.8 eV and only contributes to the feature at higher ener-
times above 12Qus shows that the transformation does r]Otgie:s) (Bottom) Time-of-flight spectrum at 31 eV, 90° obtained after subtrac-

. tion of the fit of the spectrum at 15 eV, 90°. Horizontal scales indicate

work very well for the segonq feature. The relation beMeenaboratory time-of-flight.
ty andt at 45°(top curve in Fig. 4 suggests that a continu-
ous distribution of fragments net290 us would result in
a distribution in the 45° detector with a sharp dipggt=292
uS. Such a dip is not observed in the time-of-flight spectra of
Fig. 5, because it is effectively washed out by the spread ifiuently the fits were subtracted. In a similar manner the fit to
forward velocities of the parent clusters. 'nh“;_>t transfor- the spectrum at 15 eV, 90° has been subtracted from the other
mation assumes that all clusters have a velocity of exactljime-of-flight spectra at 90°.
600 m/s along thex-axis. It is therefore accurate for the Figure 7 compares the spectra at 29 eV, and 45° and 31
faster fragments, but becomes less reliable for fragment8V, 90°, obtained after subtraction of the fits. The spectra
ejected with velocities comparable to the beam velocity ofclearly show that at 45° two processes contribute to the sec-
600 m/s. ond feature, whereas at 90° only one process contributes.

Assuming that the incident electron only imparts excita-The first feature is produced by two processes &ge next
tion energy to the cluster and does not affect the subsequefgction. Thus a total of four processes appear to be respon-
relaxation and fragmentation, the TOF distribution of frag-sible and the corresponding time-of-flight structures are la-
ments from a single fragmentation process is expected to beeled 1-4 in Fig. 7. . . .
independent of the incident electron energy. If we assume Process 4 is absent in the 90° time-of-flight spectra
that at the lowest energi€$3—15 eV the second feature is Which can be understood by looking at Fig. 4. Process 4
dominated by a single process, then this contribution may beroduces fragments with velocities less than 620 (fess
subtracted from the time-of-flight spectra at higher energieshan 0.08 eV kinetic energyThese fragments would have

It turns out that the second feature at 13—15 eV is venyflight times with respect to the beam frame longer than 200

well fitted by a Gaussian velocity distribution 1S, providing a significant contribution above 148 in the
time-of-flight spectra at 45°. However, the curves in Fig. 4

shows that these fragments cannot be observed at 90°.
' (1) Figure 7 shows that the fragments produced by process 3

have a significant difference in flight time between 45° and
wherew, and Aw are the average velocity and the FWHM 90°. This can be understood in a similar manner. Suppose the
of the distribution(with respect to the laboratory frame fragments produced by process 3 have kinetic energies be-

We have fitted this functioritransformed to a time-of- tween 0.29 and 0.035 eV, their flight times with respect to the

flight scale to the spectrum at 13 eV, 45°. The same functionbeam frame would be between 105 and 330 The curves
has been fitted to each of the other time-of-flight spectra ain Fig. 4 show that they would appear between 80 and 500
45°, such thatv, and Aw were fixed and onlyA was ad-  us at 45°, and between 120 and 5@¢ at 90°, in agreement
justed to fit the spectrum between 300 and 260 Subse- with the observations in Fig. 7.

_ 2
g(w)=A ex;{—4 In 2(WAV\\IIVO)
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R R R R R RN AR RN AR does not reveal any new onsets besides the ones identified
(& above.

An equivalent set of excitation functions has been mea-
sured with the detector at 45°. The excitation functions at 45°
are almost identical in shape to the excitation functions at
(b) 90° and the onsets have been measured at 11.7, 13.5, and
30.3 eV. Within experimental uncertainty these values agree
with the values found at 90°. This uncertainty is estimated to
be 1.0 eV and depends both on the energy resolution of the
incident electron bearfabout 0.8 eV FWHN! and the statis-
tics of the accumulated counts in the excitation function. In
the remainder of this paper we have adopted the average
values 11.6, 13.6, and 30.8 eV. The excitation functions mea-
sured at 45° for time-of-flight windows between 220 and 520
us are dominated by processes 3 and 4. They are very similar
in shape as Fig. (@) and the observed onset is at the same
position. This suggests that there is a similarity between pro-
cess 3 and process 4, even though the velocities of the frag-
ments produced are different.

In the study of molecular dissociation the location of
onsets as a function of flight time is a valuable source of
information. In the case of a dissociation producing two frag-
N A T T T T T N T ments, a plot of the onset energi@ppearance potentialas

10 20 30 40 50 60 70 80 a function of the kinetic energies of the fragmeffisr the
Electron energy (eV) corresponding time-of-flight intervglswould result in a
straight line with a slope given by the ratio of the mass of the
FIG. 8. _Excitation fl_mctions_with the_ metast_able det_ector positioned at 90° indetected fragment to the mass of the molecule before dis-
appropriate to the different time-of-flight regions of Fig(&.40-90us; (b) .. . . .
90—140ps; (C) 140-220us; (d) 220-520ys. sociation. It is not possible to make such a plot in the present
instance, because the vast majority of fragments possess en-
ergies less than 1 eV and the uncertainty in the onsets is of
C. Excitation functions similar order.

Metastable yield

We have measured a set of 50 excitation functions for 10D
us wide time-of-flight windows with the metastable detector
at 90°. The excitation functions in Fig. 8 have been generated The procedure described in Sec. Il C has allowed us to
by adding excitation functions for adjacent time-of-flight obtain a series of time-of-flight spectra at 90°, containing
windows from this set. contributions of processes 1 and 2 only. Kinetic energy dis-

The four excitation functions displayed in Fig. 8 are for tributions for these processes have been obtained by using
four different time-of-flight regions chosen to separate thethe t,—t transformation and thé—E transformation in
various processes shown in Fig. 7 as much as possible. Ttseiccession. We have used=600 m/s,|=124 mm, and
top function in Fig. 8) shows an excitation function domi- m=40 amu in the transformations, assuming that single ar-
nated by two processes. Process 1 has an onset at 13.7 ggn atoms are detected. Figure 9 shows the time-of-flight
and its excitation function rises sharply from threshold to aspectra obtained after subtraction of the fits and application
maximum at 20 eV. The second process has a threshold af the ty,—t transformation. Figure 10 shows the kinetic
31.3 eV and has a maximum at much higher enépgyhaps energy distributions obtained after application of the E
near 100 eYV. transformation to the spectra of Fig. 9.

The bottom function in Fig. @) is qualitatively similar Whereas théy,—t transformation is almost linear below
to the excitation of argon atoms by electron impact. The200 us (see Fig. 4, thet—E transformation is very nonlin-
observed onset is at 11.7 eV. Based on Fig. 7 it appears thaar and as a result one feature may dominate the kinetic
this excitation function is dominated by process 3. Data fromenergy distribution. This is found to be the case when the
30 adjacent time-of-flight windows have been combined taransformations are applied to the time-of-flight spectra at
obtain this excitation function. The excitation functions for 45°. The kinetic energy distributions are dominated by a
the individual 10us windows show that the falloff with in- large peak below 0.2 eV with a maximum at 0.05 eV, which
creasing energy is more rapid at higher flight times. Thisobscures the contribution due to the processes 1 and 2. The
indicates that as the 1fs window moves to shorter flight peak is mainly produced by process 3, but may also be af-
times some contribution of the other processes 1 and 2 ifected by inaccuracies in the subtraction of the fits.
present. We have also attempted to transform the time-of-flight

The excitation functions in Figs(B) and 8§c) show con-  spectra at 90°, without subtracting the fits. The kinetic en-
tributions due to multiple processes. Careful examination o&rgy distributions obtained are again dominated by process 3,
the excitation functions for the individual 1s windows producing a large peak below 0.2 eV with a maximum near

. Kinetic energy distributions
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FIG. 9. Time-of-flight spectra for neutral metastable fragments produced byIG. 10. Kinetic energy distributions of neutral metastable fragments pro-
processes 1 and &ee text and detected at 90°. Each spectrum has beenduced by processes 1 andsge textand detected at 90°. Each spectrum has
obtained from the corresponding time-of-flight spectrum in Fig) Dy been obtained from the corresponding spectrum in Fig. 9 by application of a
subtraction of the contribution of process 3, and application of a transfortransformation of beam time-of-flight to fragment kinetic enefgge text
mation from laboratory time-of-flight to beam time-of-fligtgee text Ver- Vertical scales are comparable except the bottom spectrum is multiplied
tical scales are comparable except the bottom spectrum is multiplied by 4by 5.

0.1 eV. However, this distribution may be affected by the(3) A process with an onset at 11.6 eV, producing fragments
small background of argon atoms present in the vacuum below 0.2 eV with a maximum at about 0.1 eV kinetic
chamber. Because the transformation to kinetic energy is €nergy.
very nonlinear and therefore very sensitive to inaccuracies4) A process with an onset at 11.6 eV and a maximum at 20
the kinetic energy distributions we have obtained for process €V. These are the slowest fragments and they are only
3 are unreliable. detected at 45°. Their average kinetic energy is about
Estimates for the most probable kinetic energy of the 0.04 eV.
fragments produced by process 4 can be obtained from the  Reqarding the interpretation of these processes two re-
maxima in the time of flight spectra at 45°. The maximum e fields of research are of relevance. These fields are the
occurs atty =210 us (see Fig. J, corresponding td=270  jsnization of noble-gas clusters, and the formation of exci-
us ande=0.044 eV. tons in noble-gas solids and clusters. The model now gener-
ally accepted for the ionization of noble-gas clusters
(Haberlan®) is the following. After the cluster has been
IV. DISCUSSION ionized by electron or photon impact, the cluster is left with

Based on the information obtained from the time-of-a.1 posmvely_ charged hole thh_ b_ecomes localized a ps
time scalé in a molecular ion within the cluster. The vibra-

flight spectra, the excitation functions and the kinetic eNnergy. | -1 relaxation of this ion releases about 1 eV of energy

distributions we have identified four different processes con- . .
o into the cluster, causing the evaporation of several ground-
tributing to the observed spectra.

state atoms from the cluster, before the ion is detected in a
(1) A process with an onset at 13.6 eV and a maximum at 20nass spectrometer. While the initial model evoked a dimer
eV, producing fragments with about 0.2—1.0 eV kineticion core? more recent experimentdf’-3843-45 gand
energy. theoretical® research has indicated that in Jduster ions
(2) A process with an onset at 30.8 eV and a maximum at avith n<15 the positive charge is localized in a trimer ion

much higher energy, producing fragments with aboutcore.
0.2-1.0 eV kinetic energy. A small number of the frag- The physics of excitons in noble-gas solids is a broad
ments have energies somewhat higher than 1 eV. field of research®>>while extensive research on excitons in

Downloaded-17-Aug-2010-to-149.157.1.184.-Redistributlo e PRy » M@ 102, No.o21e dpyHBR LR - http://jcp.aip.org/about/rights_and_permissions



P. J. M van der Burgt and J. W. McConkey: Metastable fragments from argon clusters 8421

noble-gas clusters has been performed bylléoand
co-workers’81921-23Jsing fluorescence excitation spectros-
copy, they observed the absorption bands of the noble-gas
clusters to shift towards the energies of the excitons in the
solid noble gases with increasing average cluster size. Based 15
on these results we propose that the process 1 proceeds

16

1(1/2)u Ar*(2Py,) + Ar('S,)

through the following sequence of steps: 3
17777 BN

(@ Excitation of an exciton state in the cluster. The inci- e oM
dent electron excites the cluster and leaves without fur- 1 &

ther interaction. Womer et al® show that in smaller
argon clusters the lowest=2 excitons occur at 13.1 s F33 13
and 13.7 eV. These values are in very good agreement
with the onset of process 1 we observe at 13.6 eV. The
experimental uncertainty of our onset is about 1 eV,
and is insufficient to determine which of time=2 ex-
citon levels we observe.

(b) Localization of the exciton in an excimer or excited
trimer located within the cluster. The time scale for the
localization is of the order of a few & The size of the
localized exciton and also its location within the cluster
is open to debate. Ar potentials leading to
Ar*(3p°4p) are very similat’ to the Aj ground state
potential, suggesting that similar to Aelusters, the lo- —— 0
calized exciton could well be a trimer in an excited > 3 4 5
state. However, luminescence spectra of excitons in
noble-gas solids are generally interpreted in terms of
localizations Occurring on monomer and excimer SiteSZIG. 11. (Left) Location of excitons in solid argofBaile (Ref. 24]. Num-
in the crystaf”**~*%and no mention is made of trim- bers indicate principle quantum numbers of bulk excitdnss a longitudi-
ers. Last and Georé%have performed the only theo- na_l excitation;S_is a surface excitonl,:Tg is the energy of the band gap.
retical study of Rydberg excited Arclusters, but heir (3" Sehemat dagram o Avotenia cunefiuautant snd letsl

results for the higher excited states are limited becausg+(3psas)+Ar(s,) are shown. Arrows indicate a possible sequence of

of lack of knowledge of the Ar poten'[ialsz.9 However, steps occurring in electron-impact fragmentation of argon clugassiming
they do report relatively tightly bound states of the tri- the localized exciton is an excimer; see discussion of process 1 in the text
mer based on Ar 'D(4p) and suggest that more

highly excited Ar atoms should be well capable of

Ar*(3p°ap) + Ar(Sg)

«
T
|
1

Ar*(3p°4s) + Ar('Sg)

00

Y
N

12

X(0g)

Ar('So) + Ar('S)

A\
\
A\
A\
A\
| LAY 2L

Internuclear distance (/&)

forming metastable clusters similar to those where jon- ~ gram. ';gg_gge 11 shows a few potential energy curves
ization is involved. Further theoretical studies would be for Ar,.~~>*After localization the excimer is in an ex-
helpful in clarifying this issue. cited state of one of the bound potential curves associ-
(c) Vibrational relaxation of the excimer or excited trimer. ated with A* (3p>4p) with energies between 12.91 eV
Landmanet al3* and Scharfet al3® have studied the and 13.48 eV. A metastable atom is ejected if the exci-
excited-state dynamics of excimers in *4rand mer makes a transition to one of the repulsive potential
- 5 l .
Xe3Ary; clusters. Their numerical simulations show curves leading to Ar(3p>4s)+Ar(*S,) with asymp-

totic energies of 11.55 and 11.72 eV. Based on the cal-
culated curves, the energy of the detected fragments is
expected to range from a few tenths of an eV up to 1

(about 0.03 eV maxover a time span of the order of ey, in good agreement with the energies observed in
200 ps. Ground-state atoms with such low kinetic en-  F'9- 10-
ergies cannot be detected in our experiment. So far we have assumed that the detected fragments are
(d) Fragmentation of the excimer or excited trimer. Themetastable argon atoms. Last and Getrgemment on the
fragmentation is only observed in our experiment pro-possible existence of metastableifand AE. If such frag-
vided that the localized exciton decays to a repulsivements would be produced, they would only be detected pro-
potential curve resulting in the ejection of an vided that they acquire enough kinetic energy during frag-
Ar* (3p°4s) metastable atom with sufficient kinetic en- mentation of the cluster. It seems that only through
ergy to reach the detect¢r-0.037 eV}, or of another dissociation is enough energy available, and it is unlikely
excited atom that can decay radiatively td"A8p°4s). that larger fragments are observed in our experiment.
If we assume that the localized exciton is an excimer,  There are other possibilities in the last step of the pro-
we can obtain an estimate for the energy of the metaeess described, that do not lead to the ejection of a meta-
stable fragment based on the,Ayotential curve dia- stable atom. The dissociation of the localized exciton may

that energy exchange between the excimer and the
cluster results in the evaporation of several single
ground-state atoms with very low kinetic energies
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lead to the ejection of an argon atom in an excited statéances, causing the formation of the cavity around the local-
which decays by emission of an ultraviolet photon. Alterna-ized exciton. The fact that two processes are observed in our
tively the localized exciton may decay to a ground state conmeasurements may perhaps point to the existence of local-
figuration by emission of an ultraviolet photon. Verkhovtsevaized excitons as either monomers or excimers. Th@,0
et al*® have studied these ultraviolet emissions for argon angbotential has a shallow well, supporting an excimer state,
krypton clusters as a function of average cluster size. Thesghich could dissociate to A(3p°4s) +Ar(1S,), producing
measurements are very interesting in relation to our result®i metastable atom with about 0.05 eV kinetic energy.
However, Verkhovtsevat al*® have used an electron impact Whereas the present experiment looks at fragments from
energy of 1 keV. It would be very interesting to repeat theseneutral argon clusters, there are several studies of fragments
measurements at low electron energies. from ionized argon clusters. These studies involve kinetic
Process 2 produces fragments with kinetic energies inergy distributions of both ionized and neutral fragments.
the same range as process 1. The onset for process 2 is Eie advantage of studying ionized clusters is that a beam of
30.8 eV, which is(unlike the onset for the other processes only one cluster size can be produced by ionization of a
above the ionization threshold of the cluster. There are imeutral cluster beam followed by time-of-flight mass analy-
principle three possible explanations for this onset. Doubleis.
excitation of the clusters is one possibility, however, the ex- Stace and  co-worket§’*® and Nagata and
citation of twon=2 excitons in the clusters would have a co-workers®***°have measured kinetic energy distributions
threshold near 27 eV, somewhat below the observed onse?f both ionized and neutral fragments produced by photodis-
Simultaneous excitation and ionization has a threshold negociation of argon cluster ions. In both experiments a fast
28 eV, which is the sum of the excitation energy ofran?2 beam of mass-resolved Acluster ions is crossed with a 532
exciton and the ionization potential of the clustétd.3 ev, nm laser beam and the photofragments are detected using a
see Gantéfoet al?” and Kamkeet al®®). Double ionization time-of-flight technique. By analysis of the photofragment
has a threshold near 32 €8cheier and MarR). time-of-flight signals both groups have obtained information
Support for the simultaneous excitation and ionizationon the kinetic energy distributions of the fragments. Two
comes from the measurements of Fokinal*® and Steger types of neutral fragments have been observed. Slow frag-
et al*! Foltin et al** have observed a process with an onsetments with energies of 0-0.1 eV are attributed to the evapo-
at 27 eV in the metastable decay of*Aions leading to the ration of atoms. Fast fragments with energies of 0.1-0.6 eV
loss of about 3—6 monomers, which they attribute to the2re attributed to dissociation of the chromophori¢ Awore
simultaneous excitation and ionization of the neutral clustersn the cluster.
Stegeret al*! have observed the same onset in the meta- The similarities in the kinetic energy distribution of neu-
stable decay of Af to Ar{ . It is possible that we observe the tral fragments from cluster ioneSmith et al,® Nagata and
same process, assuming that the 2 exciton decays in a Kondow'9) and_ of negtral fragments from neutral clusters
very similar way as described for process 1. (presen.t expenme)wpngmate from the _analogy between the
Buchenatet al® have measured excitation functions for Underlying mechanisms. In the experiments of Sreitial”
the production of H& and Hg by electron impact on helium @nd of Nagata and Konddfithe fE‘St fragments are produced
clusters. These excitation functions show two onsets at 21 eYy dissociation of the centraAr3)* core of the cluster; in-
and 40 eV, the latter onset being attributed to the doubl@Ur experiment the fragments are produced by dissociation
excitation of the helium clusters. The qualitative similarity ©f @ excimer or excited trimer within the cluster.
between the He excitation function and our excitation func-
tion in Fig. Qa) is strlklr_lg. In view of Fh_e Iarge_n_umber of V. CONCLUSION
possible excited states in the clusters it is surprising that only
two onsets are observed in these excitation functions. We have presented time-of-flight measurements of neu-
The lower onset of 11.6 eV for the slower fragmentstral metastable fragments produced by electron collisions
produced by processes 3 and 4 indicates that the excitation ofith neutral argon clusters. Four different production mecha-
the cluster proceeds via am=1 exciton. These excitons nisms for neutral metastable fragments have been identified
have been observed between 11.6 and 12.2%¢VThe pro-  and kinetic energy distributions for the faster fragments have
cess leading to the ejection of a metastable atom may be vetyeen obtained. We have interpreted the fragmentation of the
similar to the electron and photon stimulated desorption otlusters in terms of excitation and decay of excitons in the
noble-gas solidé°¢~%8This process involves the localiza- clusters. The faster fragments are producednby2 exci-
tion of an exciton onto a single excited atom causing a detons, which localize on an excimer or an excited trimer
formation of the lattice due to the weakly repulsive interac-within the cluster and upon dissociation cause the ejection of
tion with neighboring atoms. A cavity is formed around thea metastable atom. The slower fragments are produced by
localized exciton, causing its ejection. Kinetic energies of then=1 excitons, which tend to localize on the periphery of the
desorped atoms are of the order of 0.1%8%/:8 cluster, leading to the ejection of a metastable atom due to
Last and Georg® have done extensive numerical calcu- weak repulsive forces with neighboring atoms.
lations of small clusters in electronic states associated with The present results indicate possible fruitful areas of fu-
Ar*(3p°4s). They argue that the exciton tends to locate atture research. Measurements of yields of metastable atoms,
the periphery of the cluster. The Apotentials asymptotic to and also yields of photoemissions for relevant transitions
Ar*(3p°4s) are weakly repulsive at large interatomic dis- should provide additional information about the fragmenta-
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