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We present a comprehensive experimental study of bound excited stateXep ¢tlusters @
=1-54), using photoelectron spectroscopy and energy-dependent action spectroscopy. Starting at
n=4, the electron detachment action spectra developed peaks lying in energy lower than the vertical
binding energy. This behavior has been shown for both final spin states of the neutral iodine. It
indicates the existence of bound electronic states extended over the xenon cluster. The peaks lying
in energy below thel=1/2 detachment continuum of the iodine>4) were detected over the
whole cluster size range of Ke, using electron detachment action spectroscopy. For the bound
states relating to thé= 3/2 continuum, in the size range=4—-12, thermionic emission has marked

the existence of bound states. For 12, these states were stabilized and detected via two-photon
excitations. The picture, unveiled from the above photoelectron and action spectra, is the gradual
evolution of bound excited states on the xenon solvent cluster. The critical size for the binding of
an excited electron is=4. At the largest cluster interrogated Xes,, the binding energy amounts

to 170 meV. We compare these states to the ground electronic statg aiu&ers, and discuss the
differences between the experiments and model calculations1999 American Institute of
Physics[S0021-960809)00913-7

I. INTRODUCTION Xeg. Further calculations, taking into account many-body

d?olarization interactions, found that Xevas the smallest

cluster to bind an electron. Stampfli and Bennenfampmo-
osed a dielectric continuum model to calculate the EA of

Monomer closed-shell atoms and many molecules do n
exhibit affinity to excess electrons, due to the efficient

screening of the positive core by the closed shell. In th . "
condensed form, however, many of these systems exhibﬁma” rare gas clusters, and determined the critical cluster
' X size to be Xg—Xey. The experimental evidence for the ex-

positive electron affinity(EA): While a single water mol- | .
ecule or ground-state noble gas atoms do not bind eIectronEs’,tence of stable Xg was provided by Haberland and

0 .
electrons are solvated in bulk watend rare gas liquids and cg-workeré The existence of Sma,”, Xe has bee.n unam-
solid€ (i.e., the bottom of the conduction band of solid xe- biguously demonstrated; yet, the critical cluster size for elec-
non Iies~6.58 eV below the vacuum level tron binding in the ground-state cluster was inconclusive (

Inspired by these facts, the phenomenon of excess elec 6 or smalley, due to the possible presence of electronically

trons solvated in clusters has attracted scientists over the la3i€tastable Xg. In these experiments, the very low concen-
two decades. A considerable amount of experimental anljations of clusters, resulting from their low electron binding
theoretical efforts has been invested in exploring systems fd¢nergy, prevented further spectroscopic studies.

which a stable anionic monomer doest exist, such as mo- Recently, Becker, Markovich, and Cheshnov$BpC)

lecular (CO,); (Refs. 3-5, (NHz), (Ref. 6, and (H,0), have introduced a new experimental approach to study the
(Ref. 7, and atomic Hg (Ref. 8, Ne, (Ref. 9, and X  €volution of bound excess electron states in xenon clusters,

(Ref. 10 clusters. by using I Xe, clusters® (we will refer to Ref. 13 as BMC

Unlike molecular clusters, where the interactions be-throughout the current papeit is based on the fact that the
tween the solvating molecules, and consequently betweeflectron, localized on the solvated anion, can be photoex-
them and the solvated electron, are strongly affected by théited only to the extended states in the xenon—iodine cluster,
complex intermolecular interactions, the binding of excessince the bare iodine anion does not support any bound ex-
electrons to rare gas atoms is solely due to the collectivéited states. Practically, we use the anionic electron as an
polarization of the surrounding solvating atoms, whichinternal electron source, assuming that the excited states of
makes it the simplest excess electron system to investigatée | Xe, clusters highly resemble the ground state of the
The focus of this study is the binding of excess electrons inXe, clusters:*
xenon clusters. This approach has two distinct advantages. First, due to

Two groups performed theoretical calculatidhd? pre-  high EA (>3 eV) these clusters can be generated in large
dicting the minimal xenon cluster size to bind an electron toquantities. Second, both bound and unbound electron states
be 6—7 atoms; Martyna and Befhapplied diffusion Monte in the xenon clusters are accessible via excitation from the
Carlo simulations using a pair-polarization model, anddeeply bound impurity state. Figure 1 depicts the principles
showed that an electron would attach to a cluster as small af our experimental strategy: High energy photons,;
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FIG. 2. The experimental system: Clusters are formed in an expansion
I'Xe, through a pulsed supersonic nozzlg crossed by an electron sour(®.
Clusters are accelerat€®) into a flight tube(4) of a TOF mass spectrometer

FIG. 1. A scheme of the excited states of théé, clusters and the photo-  through an electrostatic leitS). A mass gate-energy filt¢6(a)] is followed
induced processes following various excitation scherhes: denotes the by an impulse deceleratg6(b)], followed by a removable ion detecttr).
direct photodetachment process;, is excitation to the two bound (IXg~ A laser beaniperpendicular to the plane of the draw|n@®) intersects the
states which lie below the almost degenerate dwe/2 states of the neutral 10N beam and detaches electrons which are directed towards the solenoid
iodine, from which an electron or a xenon atom can be thermally emitteddrift tube (9) by a strong diverging magnetic field0) and guided to the -
The bound excited states can be further excitba,) to a detachment ©lectron detectofll) by a low magnetic field produced by a solenoid coil
continuum. v, stands for the excitation to the autodetachment (xe (12- Areflectron mass spectromet@), coaxial with the ion beam, is used
resonance lying below thé=1/2 of the neutral iodine. to detect(14) charged fragments. Fast neutral fragments are detected by a
neutral detectof15, 16.

excited states of 1Xe, clusters. The current paper signifi-
(hv,>EA), are used to measure the vertical binding energycantly expands the results of BMC. The size range of inves-
of the anionic electron to the cluster via photoelectron spectigated I Xe, clusters is extended to include second solva-
troscopy (PES. Lower energy photonshv, and hvs, are tion layer effects §=1-54). We investigate the
used to excite the electron to the extended states of the xen@utodetaching bound states relating to fkel/2 spin state
solvent. The excitation to bound or to autodetaching states isf the iodine core, and use two-photon action spectroscopy
monitored by recording the yield of spontaneously emitted2PAS as well as neutral fragment spectroscopy in order to
electrons and photofragments, or by subsequently detachirgharacterize the extended excited states. Altogether, these
the excited bound electron withv, photons. The generic studies offer a comprehensive picture on the nature of the
name “action spectroscopy” is given to the above methodsxcited states in 71Xe,, in accordance with our initial
in which the energy dependence of the photoinduced proaSSignmeth?‘
cesses is monitored. The difference between the vertical
binding energy in each mass-selected cluster and the corre-
sponding excitation energy is the binding energy of the exll- EXPERIMENT

cess electron to a xenon cluster. This methodology is quite 5 <.heme of the experimental setup is shown in Fig. 2.

general for the investigation of empty bands in clusters, ViaNegativer chargedIXe, clusters are produced in the early
the excitation of slightly perturbing impurity states. It is ver- stages of a supersonic expansion from a pulsed nozzle. The
satile and can be adapted to the characterization of Stat%?(panding gas consists of 3—4 bars mixture of 5% Xe in 95%
residing above or below the vacuum level, by using differentay  passed through a cooled~(-60°C) reservoir of
detection schemes. methyl—iodide. The expansion is intersected by a 100—200

As we have already emphasizEdthe analogy to the ey electron beam ending up in the formation o, clus-
bare xenon clusters is incomplete. In ouXk, experiment, ters. The newly formed clusters are cooled by a further flow
the conduction band of the bare xenon cluster is perturbed by, the expansion, and skimmed through a differentially
the presence of the iodine core, at least in small clustergumped chamber to a chamber where they are mass-
Also, note that in the vertical photoexcitation process, nonseparated by a Wiley—McLaren time-of-flight mass
relaxed geometries of the xenon clusters are accessed, wighectrometélf (TOFMS). The accelerated ions are directed
no direct measurement of the adiabatic binding energies. by an electrostatic lens algra 1 mfree-drift tube towards a

Anion impurities embedded in rare gas clusters havemicrosphere platéMSP®'®) detector. The resolution of the
been previously studiet?:'® These studies focused on the mass spectrum, with a 1.8 cm-wide ion beant/ist~ 350.
impurity ground-state properties. The focal point of BMC Typical spectra of TXe, clusters under two expansion con-
and the present work is the investigation of the extendedlitions are shown in Fig. 3.
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FIG. 3. Typical mass spectra of thé Xe, clusters under two different FIG. 4. A tandem reflectron mass spectrum of aiXes cluster, under
expansion conditions. Note the magic numbers=atl2, 18, 22, 25, and 54.  relatively bad expansion condition®) together with its daughters, selected

These numbers coincide with magic numbers in the mass spectra of podpy & conventional stopping MG, art) with no daughter peaks, selected by
tively charged Xg clusters, if I is counted as well. an energy-filter mass gate. Insets: The voltage pulsing on the conventional
and energy-filter mass gates, respectively.

The weakly bound 1Xe, clusters tend to dissociate B-ACtion spectroscopy

spontaneously during their flight. When spontaneous frag-  The energy dependence of the photoinduced processes in

mentation occurs during drift in a Wiley—McLaren TOFMS, the clusters was measured by using a tunable OPO laser

both the parent and the fragment ions share practically theysten?* We have studied the photoexcitation process by

same velocityignoring the small recoil energy gained in the monitoring the following products: electrons from single and

fragmentation procegsEach mass peak in the mass spec-two-photon excitations, photofragments, and fast neutral

trum may consist of the parent ion as well as its fragmentesidues.

daughters. To minimize this effect in the spectroscopic stud- .

ies of the mass-selected clusters, we have developed dn E/€ctron ejection

energy-filter mass gate to remove the spontaneous fragments We have measured the energy dependence yield of the

from the mass spectruthin which the intensity loss of the photoelectrons below and above the vertical detachment

parent ion due to filtration is negligible. The effect of filtra- threshold by slightly acceleratingd.5-2 eV the electrons

tion is shown in Fig. 4. towards the detector. Two-photon photoelectron detachment
Two sets of experiments are performed on the masswas induced by overlapping the fundamental and the second

selected cluster: PES for the determination of the EAharmonics of the tunable OPO laser system outhdthe

namely the energetics of the ground state, and energyaction spectra of the two-photon processes were taken by

dependent photo-action spectroscopy for the characterizaticgating the appropriate higher-energy photoelectrons in the

of the excited states. time-of-flight spectrometer.

A. Photoelectron spectroscopy 2 Photof fati
. Photofragmentation

Our photoelectron spectrometer follows the design prin-
ciples of Kruit and Read’ Our version is based on a “mag-

netic bottle” formed by a small pulsed solend@bout 1kG (7 o1 'pfiectro® TOFMS2® The resolution of our reflec-

n Fhe laser 'QIeraC“O” zoheand a 1.67 meter guiding sole- tron is t/At~700 and we can observe distinct fragments
noid (~8 G).“~ Forn<8, the clusters are decelerated before . . . . .
which are 1% in quantity of their parent ion.

photodetachment by a voltage impulse, down to a low ki-
netic energy £30 eV) to reduce the Doppler-energy broad-
ening of the photoelectron spect@For larger clusters, this
procedure is unnecessary due to their lower velocity. In addition to action spectroscopy, in which electrons or
The photoelectron spectra were taken with a photon enphotofragments are detected, one can monitor the yield of
ergy that exceeded the energy of the neutral iodirel/2  the fast neutral species generated in the former procé&ses.
spin state by~ 0.5 eV. The spectrometer was calibrated with Although this detection scheme does not point directly to the
photoelectron spectra of I(Ref. 23 at the 4.66 eV photons occurring process, it has its distinct merits. Its signal is pro-
of the Nd:YAG laser. A typical electron spectrometer energyportional to the total yield of the photo process, and it allows
resolution was~60 meV at an electron energy of 1 eV. for the integration of the photo process over a microsecond

Fragmentation could be a competing process to electron
ejection. Charged fragments were monitored by a tandem

3. Neutral generation
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time scale after the excitatidi.The key to efficient neutral IXe =0
detection is a high kinetic energy of the neutrals impinging et SNt s N
on a high-efficiency electron ejection surf&caVe have ac- e L 5
celerated the charged clusters to about 5.5 keV prior to pho- RV, S/ Wt
toexcitation. et 1IN
Spectra were acquired by a LeCroy 9310 transient re- A A\ 4
corder and transferred to the computer for event counting, . . VAR
data averaging, and processing. 6
s | e DN L ) N
7
Ill. RESULTS AND DISCUSSION e 3
o o N L ONL
A. Mass spectrum and cluster temperature A
Figure 3 shows the mass spectrum oKk, character- s NI A VR

ized by “magic numbers” typical to noble gas clusters,if |

is counted as well. Particularly intense is the peak ofd,,.

We anticipate this cluster to have an icosahedral structure
with the I” located in the center, symmetrically solvated by
a shell of 12 xenon atoms. Other local magic numbers are

i
f>

Photoelectron Signal (AU)

n=18, 22, 25, and 54 predicted by theoretical calculations A NS
for pure xenon cluster® and coincide with experimental e AW 20
magic numbers of Xg clusters’® We speculate that the e N\, 25
magic number ah= 38 relates to a pack of three clusters: l A 30
one is I Xe;,, and the other two are pure xdcosahedrons. /\ 35
We have used recent calculations of Jung and G&ber e .
on the I"Xe, system and the evaporative ensemble mtdel AW
to evaluate the cluster temperature. Typical values are 80 and o N B
40 K for the first and second solvation layer, respectively. N N 50
L A L i 54
B. Photoelectron spectroscopy 52 48 44 40 36 32 28
Figure 5 displays photoelectron spectra ofXg,, n Binding Energy (eV)

=0-54. All of these spectra are characterized by two peaks B _
(about 0.95 eV apartcorresponding to the twd spin states Elc?i gvzr;‘ét%e'zicz‘\’/”pi%‘ig:g of theXe, clusters,n=0-54, taken using
(J=1/2, 3/2 of the neutral iodine core in the final state. We ' '

have assigned the peaks of these spectra to the vertical bind-

ing energieg VBE3,(n) and VBE,(n), respectively of the

negatively charged cluste(Fable ).

The difference between VBE(n) and VBE(0) range of the investigated Ke, clusters is extended to in-
(Table ), Esap, represents mainly the stabilization of the clude second solvation layer effects=f 1—54). The excita-
ground state by the polarization interaction of the iodide withtion energy range is expand¢8.0—4.95 eV as well to in-
its xenon solvent. The size dependenc&gf,elucidates the clude the autodetaching bound states relating toJthd/2
evolution and grouping of xenon atoms around the main ionggntinuum of the iodine core.

Figure 6 presentE,, as a function of the cluster size. Figure 7 presents the action spectra forXe,, n
Within our PES resolutionEgp, as deduced from thd  =0-12. No laser-induced fragmentation was observed for
=1/2 final statg VBE;(n)—-VBEyy(0)], is identical. Note  any of the above species, and electron emission was the ex-
that the increase iy in clusters containing more than 12 clusive decay channel. In Fig. 8, both the action spectrum
xenon atoms levels off dramatically. This is a strong indica-and photoelectron spectrum of theXes, cluster are super-
tion that these 12 atoms form the first solvation shell aroungmposed as an example of the relation between the photo-
the ion. The addition of subsequent atoms to the second so&lectron spectra and action spectra. The arrows in Fig. 7
vation layer involves smaller interactions with the ion, due tomark the energies of the VBEs of thie=3/2 andJ=1/2

a larger distance. This curve, as well as the mass spectrum efates, respectively, as determined in our PES experiments.
Fig. 3, where TXey, is a global magic number, supports the  Starting atn~4, the following trends evolve with the
assignment of icosahedral structures to th¥d, clusters. cluster size:

(@ The very broad detachment spectrum ©of tharacter-
istic of localized to continuum transitions, narrows
As in BMC,*® we use the action spectra of electron de- gradually to bands near and lower in energy than both
tachment in order to identify the extended bound states inthe  VBEjz;, (n) and VBE, (n).
|~ Xe, clusters. As previously emphasized, the current papefb) The relative cross section of absorption over J&e3/2
expands the scope of this study in two aspects: The size  state grows gradually with the cluster size. Starting

C. Action spectroscopy - loosely bound excited states
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TABLE I. Experimental binding energies, delocalization energies, and stabilization energies of iodidkejn |
clusters.

VBE? at VDE® at Binding energy of VBE at VDE® at Binding energy of
J=3/2(eV) J=3/2(eV) excited electron J=1/2(eV) J=1/2(eV) excited electron
(=30meV) (£3 meV) (J=3/2)—-Vy,(meV) (230 meV) (£3 meV) (IJ=1/2)—V, (meV) Eggy

N (=30 meV) (=30 meV) (eV)

2 3.22 3.255 -35 4.166 0.16

3 3.29 3.295 -5 4.236 0.23

4 3.35 3.339 11 4.296 4.261 32 0.29

5 3.41 3.391 19 4.356 4.308 48 0.35

6 3.46 3.440 20 4.406 4.354 52 0.40

7 3.51 3.486 24 4.456 4.400 56 0.45

8 3.56 3.532 28 4.506 4.441 65 0.50

9 3.60 3.569 31 4.546 4.470 76 0.54
10 3.65 3.608 42 4.596 4.515 81 0.59
11 3.69 3.641 49 4.636 4.552 85 0.63
12 3.73 3.675 55 4.666 4.576 90 0.67
13 3.746 3.678 68 4.692 4.592 100 0.686
14 3.754 3.684 70 4.700 4.596 104 0.694
15 3.763 3.690 73 4.706 4.606 110 0.703
20 3.793 3.712 81 4.739 4.616 123 0.733
25 3.810 4.756 4.626 130 0.750
30 3.848 3.757 91 4.794 4.658 136 0.788
35 3.869 4.815 4.676 139 0.809
40 3.894 3.787 107 4.840 4.690 150 0.834
45 3.914 4.860 4.704 156 0.854
50 3.935 4.881 4.719 162 0.875
54 3.955 4.901 4,731 170 0.895

&/ertical binding energy.
byvertical delocalization energy.
‘Stabilization energy.

from n=1, the peaks of the action spectra graduallyxenon solvent. We consider these transition energies to be
increase by about two orders of magnittfiat n the vertical delocalization energiWDE,, and VDE,) of
=12. the iodide impurity.
(c) As the cluster grows, the peaks of the action spectra The energy difference between the VBE and VDE may
locate at an increasing energy spacing below the VBEshe negative or positive for bound and unbound delocalized
states, respectively. These energy differences are the cluster
equivalent of— V, in the bulk®® namely, the binding energy
of the excess electron in the conduction b¥nd

The above observations relating to both VBEs of he
=3/2 andJ=1/2 states, reinforce the BMC identification of
bound excited states lying below the VBEin these clus-
ters. We relate the excited-state bands to a transition from a VBE—VDE=—V,. @

localized electron state on the iodide to excited states on the .
In Table I, we summarize the values of VDE and/, for

both iodine spin states.
While the detachment of an electron excited above the

1.0 VBEj;,, may be a direct process, electron detachment below
I'Xe PR the VBE;, is connected with cluster rearrangement. Follow-

= 0.8 ", et ing the vertical photoexcitation, vibrational relaxation pro-
% 0.6 S cesses in the excited state, as well as internal vibrational
;; s energy contained in the cluster prior to the photoexcitation,
g 0.4 7 ..‘ may raise the electron above its adiabatic binding energy

0242 (ABE). Consequently, electron detachment to the 3/2

oo & state occurs, in a process which is analogous to the bulk

. T T 1 T f

thermionic emissioTE).
TE was identified in anion clusters of two different
No. of Xenon atoms types: Fullerene¥ and refractory metaf€ TE occurs as the
FIG. 6. The dependence Bf;,{n)=VBE(n)— VBE(0) on the cluster size. major de_cay (_;hanne' when other proc_esses such as l_’mlmo-
Note that aboven=12, Eyy, levels off, indicating, that the first solvation lecular dissociation and thermal radiation are slow. This re-
layer around T consists of twelve xenon atoms. quires a relatively high activation energy for the atomic

0 10 20 30 40 50 60
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FIG. 7. Action spectra of the Xe, clusters, forn=0-12. The arrows
indicate the vertical binding energi€¢BEs) of iodide with finalJ=3/2 and
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evaporation in comparison to their EAs. According to our
findings, the adiabatic EA of the clusters is lower than 50
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FIG. 9. The effect of nozzle temperatufB and stagnation pressue) on
the action spectra of Xey: (@) T=150°C,P=4 atm;(b) T=150°C,P
=9 atm;(c) T=220°C,P=4 atm.

Electron ejection from excited bound states below the
J=1/2 state, however, is simply autodetachment as the elec-
tron is coupled directly to thd=3/2 continuum. Note that
the peaks that relate to tle= 1/2 andJ=3/2 continua are of
comparable intensity. Since the find 1/2 state is always
coupled to a detachment continuum, one can deduce that the
electron detachment probability is high also in the vicinity of
the J=3/2 state at energies lying below the vacuum level.

The onset of the detachment of the action spectra at en-
ergies above the second= 1/2) detachment continuum are
puzzling to us. For the bare I(Ref. 39, two onsets appear
in the action spectrum, which begin promptly at the thresh-
old energies corresponding to the production of a free elec-

meV, and the binding energy of a xenon atom at the firs.o, and an iodine atom at thie= 3/2 andJ=1/2 states. The

solvation shell is estimated by Jung and Getbéo be 4
kcalmol'! (=325 meV. Hence, the prevalence of the de-

tachment process is intelligible.

FIG. 8. Superposition of the action spectrisolid line) and photoelectron

Action
Spectrum

Photoelectron
Spectrum

’
’

. -~
T T T

T
42 44 46 48 50

Photon Energy/Binding Energy

spectrum(dotted ling of the I” Xe5, cluster.

shape of the onsets follow the “Wigner” threshold [&w
(o= (hv—EA)'"%2 wherel is the angular momentum of the
electron for ejection of ap electron in iodide to as wave
continuum. Despite our expectations, no such onsets show in
the spectra of 1Xe, relating to theJ=1/2 states. This phe-
nomenon is probably induced by the presence of the xenon
solvent. We find this observation outside the scope of the
current work, and will not try to resolve it.

A distinct spectral splitting of~20 meV shows in the
action spectra starting from Ke,. Action spectra of the
selected TXeq cluster have been run at several nozzle-
expansion conditions to clarify their nature. At higher stag-
nation pressures, which we associate with lower cluster tem-
perature, the high-energy peak increased its relative
intensity, while at higher nozzle temperature in the expan-
sion, the low-energy peak was higher. These experimental
findings are shown in Fig. 9. In BMC, we have attributed the
splitting to hot bands in analogy to hot bands in the recent
experiments on1Ar, clusters performed by Neumark and
co-workerst® accompanied by the calculations by Manol-
opoulos and co-workef8. Since the peaks lying below the
J=1/2 continuum are substantially narrower than the
=3/2 peaks and do not show any splitting, this assignment
should be abandoned. The fact that only the states which
refer to theJ=3/2 continuum are split implies that the split-
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FIG. 11. A comparison between the neutral and the electron action spectra
of (a) I~ Xey, and(b) 1™ Xe;3. Note the resemblance between each pair of
spectra which indicates that neutralization of the parent due to excitation
results exclusively from electron emission.

spectrum could be attributed to the existence of a competing
process to electron ejection, to slower electron ejection dy-

namics, or to the stabilization of the bound excited state.

FIG. 10. Action spectra of the e, clusters, forn=12—54. The arrows
indicate the vertical binding energi€¢BEs) of iodide with finalJ=3/2 and
J=1/2 spin state of iodine.

@

ting originates from the degeneracy removal of the fihal
=3/2 state of the iodine core in the clustéThe tempera-

ture dependence of the relative intensities of the two peaks
can be explained using the calculations of Jung and G°€rber(b)
on the I Xe, system. They describe doublets-24 meV
spacedl in the photoelectron spectra of Xe, in terms of a
dynamic Jahn—Teller effect as the manifestation of the final
J=3/2 nondegenerate states of the neutral iodine. According
to these calculations, the temperature of the initial ground-
state ion influences the ratio of the Franck—Condon overlap
integral of the two nondegeneraie- 3/2 states. Such split-
ting is not discerned in our photoelectron spectra due to their
limited resolution. Since we assume that the bound excited
states in our clusters are basically neutral core with a dif-
fused bound electron, the analysis of the temperature depen-
dence of the photoelectron spectra may apply to our experi-
ment as well. ©

D. Action spectroscopy-
states

strongly bound excited

Starting atn=13, a dramatic change in the action spec-
tra (Fig. 10 occurs. The peaks manifesting the existence of
an excited state below the=1/2 spin state still exist foall
clusters. In contrast, the doublet peaks corresponding to
=3/2, which evolved and stabilized gradually upre 12,
abruptly disappearfrom the action spectra. Since the peak
relating to theJ=1/2 continuum develops regularly with
cluster size, we believe in the existence of bound excited
states also below th&=3/2 continuum. The disappearance
of their spectral features from the electron detachment action

Accordingly, we have performed the following measure-
ments:

We considered a plausible photofragmentation of clus-
ters for whichn>12, since the xenon binding energy
of the second solvation layer is weaker than in the first
solvation layer. No fragmentation was detected ffior
=13-15 and 54.

We have looked for electron ejection over a longer
time scale than the time window of the magnetic bottle
(0.25us for I"Xe;5), by performing fast neutral action
spectroscopy. The time of flight of the parent ion to the
neutral detector is about 4@s, allowing for the obser-
vation of electron detachment which is two orders of
magnitude slower. Figure 11 compares electron spectra
to neutral spectra of both™Xe;, and I'Xe;3. The
identity between the neutral spectrum and the electron
spectrum of each species proves that neutral production
stems from electron ejectiamly. We did not reveal in

the fast neutral action spectra any sign of a bound state
related to thel=3/2 continuum.

Finally, we have looked for the stabilization of the
bound states related td=3/2 by performing 2PAS.
The second harmonics of the OPO was used to pump
the excited state, while the fundamental was used to
detach the excited bound electron. Only electrons with
kinetic energy corresponding to these combined excita-
tions were collected. Figure 12 presents the 2PAS spec-
tra of I Xe, clusters, forn>12. Forn<12, only an
extremely weak 2PAS signal was detected. Note, in
Fig. 12, the pattern resemblance of the 2PAS and the
TE features of TXe,,. It appears as if the TE features
of the bound excited state switch over to the 2PAS for
n>12, indicating that ain>12 the excited state is
strongly stabilized, at least in the nanosecond time
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FIG. 12. The two-color, two-photon action spectra of thXe, clusters, for  FIG. 13. A slightly accelerated~100 me\j electron TOF spectra of se-

n=13-40. The top panel includes the TE action spectrum &}, for lected I Xe, clusters taken at photon energies of the action spectrum peaks
comparison. The arrows indicate the VBEs of iodide with fihal3/2 and related to thel=3/2 continuum. Note the changing ratio between the one-
J=1/2 spin state of iodine. Note the pattern resemblance of the 2PAS feecolor, two-photon(a), two-color, two-photon(b), and the TE(c) signals.

tures and the TE features of Xe;,.

cluster. We believe the binding energy values, which we as-
scale. This stabilization inhibits TE over the time scalesign to —V,, to be analogous to the binding energies of an
of the experiment, and in parallel, allows for a nano-electron to ground-state Xeclusters. In Fig. 14, we com-
second 2PAS. One needs, however, to explain theare our measured V, values with the theoretical diffusion
abrupt cluster-size transition in the disappearance ofjonte Carlo simulation results of Martyna and Bérhen
the TE and the appearance of the 2PAS signals. Xe, and the continuum approximation of Stampfli and

2 . .

The key parameter to this phenomenon is the size deper@e””ema”ﬁ- Clearly, we expect no match at the limit of
dence of the cluster temperature. In the framework of thesmall clusters, since the effect of the neutral iodine on the
evaporative ensemble mod&lthe temperature of the cluster €lectron binding energy may be substantially larger than that
is determined by the dissociation energy of its weakestof atomic xenoﬁ‘.. Based on this fact, we wish to study the
bound component. The binding energy of the Second_|aye|||ncremental stabilization of the excited electron with the ad-
xenon atom is substantially lower than the binding energy offition of xenon atoms. It seems that in the first solvation
the 12th xenon atom in the first solvation layer. ConseJayer, the incremental stabilization in our experiments grows
quently, the temperature of Ke, (n>12) is substantially Wice as much as that of the calculations§ meV per xe-
lower. According to Gerber and Ju§the average binding Non atom in the experiment y32.6 meV in the calculations
energy of a xenon atom to the central iodide in the firstof Martyna and Bern€). This effect may result from the
solvation shell is approximately 4 kcalmdl, but only 1.9 difference between our model system and the simulated pure
kcal mol™ in the second solvation shell. The outcome of thisX€non clusters, yet it may indicate some fault in the calcula-
lower temperature is that although the absolute valu¥ of tions of the small clusters. In contrast, in the larger cluster
gradually grows with cluster size, the lower temperature for
n>12 slows TE down quite abruptly at this size. To empha-

size this point, we present in Fig. 13 the electron TOF spec- & 240 7] —o— Microscopic Moa

. 220 - —=— Continuum Model
tra of selected clusters, each taken at the action spectrum & 500 | —a— Experimental Results J=1/2
peak of the bound state related to the3/2 continuum. :;:3 180 o TV xperimental results J=3/2
These spectra contain the contributions of both one-photon 5 }ig ]
and two-photon detachments. Note that on ascending from fb 120 -
|~ Xep, to I Xeys, the two-photon signals increase abruptly, .5 100
at the expense of the one-photon signal, while for larger .5 30
clusters, the dominance of the two-photon signal grows n_ Zg:
gradually, with the increase of binding energy Y).- > 904

0 T T T T T T

0 10 20 30 40 S50 60 70 80

No. of Xenon Atoms

E. Comparison with calculations

Our motivation to perform the experiments was to study
a model System that would mimic in its excited state theFlG 14. Our experimentat V, values OT th_eTXen clusters(full and open
interaction of pure xenon clusters with excess electrons ngangles) compared to the calculated binding energy of the excess electron
. . . at the ground state of Xeclusters: diffusion Monte Carlo simulations of
relate the excited-state bands to a transition from a localizeggs 11 (open circles and the continuum approximation of Ref. Tl

electronic state on the iodide to excited states on the xenosyuares
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