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Time-resolved photofragmentation of stored silver clusters Ag*™ (n=8-21)
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The time-resolved decay of silver clusters Zg(n=8—21) has been observed after excitation by photons
with energies 1.5—-4 eV. Clusters were found to decay by emission of neutral atoms or dimers with lifetimes in
the range 10Qus to 15 ms. Separation energies were calculated from the lifetimes assuming a statistical
unimolecular decay. As a function of cluster size, the resulting values increase towards the bulk cohesive
energy of silver. They show a pronounced odd-even alternation and an indication of a shell closai@. at
The separation energies for 8,9 are in good agreement with configuration-interactibrinitio calculations.
[S1050-294{@8)05504-9

PACS numbes): 36.40.Qv, 36.40.Wa

I. INTRODUCTION been determined for a number of alkgli-9] and transition
metals[2—5,10—14. In the case of the Ib elements copper
The separatior{or dissociatioh energy of a cluster, re- [11], silver [14], and gold[5,12—14, the electronic struc-
quired to remove an atom, is one of the basic propertiesures resemble those of the alkali metals: Each of the ground-
describing its stability{1-14]. It has an influence on the state atoms has a closddshell and a singles valence elec-
chemistry of clusters, with a low separation energy indicattron. Among these silver clusters are of particular practical
ing a facile breaking of bonds and thus a high chemical reinterest due to their role in photographic procegdés-21.
activity [15]. The size dependence of the separation energy isrom a theoretical viewpoint reliable predictions of the elec-
connected to the evolution of atomic to bulk properties. Fofronic and geometric structure of silver clusters may be ob-
smaller clusters discontinuities and eletronic shell effectsained more easily as compared to copper and gold clusters,

have been observed, for larger ones with some tens of atomgich require an explicit treatment of correlation effects for
a monotonic increase following a liquid drop behaviét. 4 electrong16].

Through a comparison with theoretical calculations of the

total binding energy16], separation energies may serve to already. From abundance spectra odd-even alternations and

gain information on the geometrl_cal structgre pf a C'“St.ef- shell effects are knowf22-24, which were explained in a
One way to measure separation energies is by collision=

induced dissociatior(CID) where clusters are excited by one—electrqn shell modell as in the_ case of aIkaI.i—metaI clus-
single or multiple collisions with neutral atoni2—6]. De- ters. Addltlonal (_alectromc properties were studied, such as
pending on the respective collision impact parameters, #nization potential$25,26, electron affinitie 2729, and
broad distribution of excitation energies is populated. Sepat’® Optical response of charged clust¢g,30,31. In a
ration energies are inferred from the onset of the fragmenta@uadrupole drift tube the decay channels of silver clusters
tion yield measured as a function of the collision energy. Were determined after photoexcitatip82,33. With Ags™
Another technique is photoabsorptipfi-14], which of- ~ stored in a quadrupole ion trap, the internal motion of;Ag
fers the advantage that clusters may be excited by a knoweould be studied using femtosecond laser spectroscopy and
amount of energy above the fragmentation threshold. Theuccessive ionization to yield Ag [34]. Recently, the de-
electronic excitation is converted into a vibrational one andcay paths of Ag™ [35] and Ag,?" clusters[36—3§ were
the clusters decay with lifetimes depending on the energyletermined by CID in a Penning trap. With a configuration-
deposited in excess of the separation en¢igy1g. Hence, interaction (Cl) ab initio method the structures, the total
by measuring lifetimes of excited clusters at a given photorbinding energies, and the ionization potentials were calcu-
energy, the separation energies may be determji€d- lated for small neutral and charged silver clus{er§,39.
12,14. In this article we report on the photofragmentation of
Based on these two approaches, separation energies hadg, " clusters (=8—21) stored in a Penning trap. With the
storage technique the decay of excited clusters can be fol-
lowed over a broad time scale 101071 s. This allows us
*Present address: IBM Deutschland Entwicklung GmbH, D-to determine cluster separation energies with high accuracy.
71032 Bdlingen, Germany. Sections Il and Il give an overview of the experimental
TPresent address: SerCon GmbH, D-55130 Mainz, Germany. approach and the measurements. Section IV covers the de-
*present address: Frankfurter Allgemeine Zeitung, D-60267%termination of separation energies from the decay of the par-

Various properties of silver clusters have been examined

Frankfurt, Germany. ent clusters, the sequential decay of excited fragments, and a
Spresent address: Deutsche Bank AG, D-60325 Frankfurt, Gerdiscussion of decay channels of Ag. Conclusions are
many. given in Sec. V.
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FIG. 1. Schematic overview of the experimental setup: Metal TIME OF FLIGHT [ps]

clusters are produced in an external ion source and guided by ion- £ 2. For the photofragmentation of Ag time-of-flight
optical elements to a Penning trap, located in the bore of a 5-Lpectra are shown that illustrate the experimental sequéaasap-
magnet. Fragmentation of clusters is induced by a_tt_)sorpnon of phoyyre of a distribution of Ag™ clusters around Ag" and centering
tons from a Nd:YAG dye Iqser system. The_ position of the laserys Agy," by collisional cooling;(b) mass separation of Ag" by
beam relative to the cluster ion cloud is monitored by a CCD camyagial ejection of all other clusteré;) fragmentation of Ag," into
era. To measure lifetimes of clusters as a function of internal eneiang,.* induced by 2.30-eV photons At=1 us between the laser

gies, all ions are ejected out of the trap at variable times after Iase‘gmse and TOF analysi&l) same a<c) with they axis stretched by
irradiation and are detected by time-of-flight mass spectrometry. 5 factor of 3:(e) At=3 ms: (f) At=40 ms.

Il. EXPERIMENT . . .
tential differences between the cluster source and Penning

The Penning trap mass spectrometer constructed for extap. lons are stored by superposition of a homogeneous
periments with stored cluster ions has been described in deragnetic field B=5 T) for radial and an electric-quadrupole
tail in Ref.[40]. Its main features are reviewed brieflyig.  field for axial confinement. The depth of the electrostatic
1), while characteristics of the present measurements are prpotential well in the axial direction is 1.5 V. In the following,
sented in more detail. one experimental cycle for measuring the photofragmenta-

Positively charged silver clusters are produced by lasetion of Ag,™ clusters is described. The time duration of one
vaporization of a silver wire and condensation in a heliumcycle is 780 ms. Typically, the data of 200 cycles with
gas pulse. They are guided towards a Penning trap whos20—-50 cluster ions each are added to obtain statistically sig-
electrode configuration consists of a segmented ring and twoificant signal intensities.
end caps. Each end cap has a hole in the center in order to In order to optimize the fragmentation yield and the over-
inject (ejecd the clusters intgout of) the trap. The capture of lap with the laser beartsee below clusters of the size to be
clusters is performed by lowering the potential of the en-studied are centered in the middle of the trap. This is
trance end cap down to the value of the ring electrode wheachieved by a combination of collisional energy loss and rf
the ions are arriving and increasing it back to the trappingexcitation at their cyclotron frequenay.=qB/M (q is the
value when they are inside the trap. The size distribution ofon charge and! is the ion masg[41]: To induce collisions,
the captured clusterd=ig. 2(a)] is adjusted by suitable po- four pulses of argon are injected through a piezoelectric
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TABLE |. Measured time constants, for fragmentation of Ag* at different laser wavelengths and
photon energielv. 7,_, andr,_, represent the time constants for formation of the fragments_Ag§ and
Agn_-". An empty entry indicates that no time dependence was observed.

n A (nm) hv (eV) 7, (M9 Tn—1 (M9 T2 (M9
8 603 2.06 0.21+ 0.03 0.21+ 0.03
9 408 3.04 0.53+ 0.12 057+ 0.11
419 2.96 0.52+ 0.13 0.55+ 0.11
10 710 1.75 0.33+ 0.07 0.31+ 0.07
780 1.59 11.1+ 2.9 11.1+ 2.9
11 430 2.88 0.11= 0.04 0.12+ 0.04
440 2.82 0.13= 0.05 0.12+ 0.05
450 2.78 15+ 0.6 1.3+ 05
12 530 2.34 1.9+ 0.6 1.9+ 0.6
540 2.30 3.2+ 0.8 49+ 09
13 332 3.73 0.30= 0.06 0.26 + 0.05 0.35+ 0.12
360 3.44 50+ 1.1 36+ 0.6 10.0 + 5.9
14 430 2.88 1.4+ 0.2 25+ 0.3 0.23+ 0.08
450 2.76 2.8+ 1.0 6.0+ 1.3 1.2+ 0.3
15 310 4.00 135+ 6.2 34+ 07 28+ 082
333 3.72 58+ 2.9 10.7 + 1.5
16 398 3.12 5.0+ 1.1 119+ 1.4 20+ 0.4
419 2.96 115+ 2.2 141+ 2.9 6.2+ 1.5
17 545 2.28 2.5+ 0.9 1.2+ 0.3
18 545 2.28 0.12= 0.04 0.09 + 0.03 1.9+ 05
19 485 2.56 7.3+ 2.3 105+ 2.4
20 530 2.34 1.7+ 0.6 0.64 = 0.15 b
540 2.30 1.1+ 0.3 0.81 = 0.16 b
21 408 3.04 0.14+ 0.03 0.11+ 0.02
428 2.90 0.29+ 0.12 0.35+ 0.05

&Time constant for thelecayof the Ag,s" fragment cluster.
®A time dependence for the Ag" fragments was observed, but the uncertainties of the data are too large to
determine a time constant.

valve installed near the trap. The rf excitation is applied forby use of a conversion dynode detector. Its aluminum elec-
650 ms and covers the range of cyclotron frequencies thdtode and microchannel plate detector are mounted off the
correspond to the isotopic mass distribution of the givercluster beam axis in order to axially focus the fragmentation
cluster size. The spatial cluster distribution after centerindaser beam into the traffrig. 1). The number of cluster ions
was determined from the fragmentation yield measured wittwas chosen low enough to avoid saturation effects of the
a narrowly focused laser beam of 0.3 mm diameter. Theletection system. The time evolution of the fragmentation
distribution along the horizontal and vertical axes throughprocesses is studied by variation of the storage thhéypi-
the center of the trap was found to follow a Gaussian with acally 20 us to 100 mg between laser excitation and ejection
diameter{full width at half maximum(FWHM)] of 1.8 mm.  of the product ions out of the trap.
Due to the buffer gas collisions the clusters may well be In order to control the position of the laser beam relative
expected to be in thermal equilibrium with the gas molecules
at 300 K.

The cluster size in question is mass selected by radial
ejection of all other ion§Fig. 2(b)]. To induce fragmentation
of clusters, the light of a pulsed dye laggambda Physik,
FL 2001, pulse length 10 hswhich is pumped by the second
or third harmonic of a Nd:YAG lasefwhere YAG denotes
yttrium aluminum garnet(Lumonics, HY 400, is focused
axially into the Penning trap. By frequency doubling with a
B-barium-borate crystal photons in the energy range 1.5-4
eV are produced. The laser wavelengths are adjusted with an
accuracy of 0.01 nm using a pulsed wavemdturleigh
Instruments WA-4500 The charged fragmentation products
[Fig. 2(c)] are axially ejected and identified by time-of-flight ~ FIG. 4. Separation energies of Af, n=8-21, calculated with
(TOF) mass spectrometry. Single-ion detection is performedq. (2) from the lifetimesr, of the parent clusteréTable |).
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TABLE II. Separation energieB,, of Ag,” clusters at different  tive abundance of the Ag" fragment increases for larger
photon energiedr. The last column gives the average valilgs. values ofAt.
The D, values are calculated with E(R) assuming a one-photon For Ag;s" and Agys" as examples, Figs(8-3(d) depict
absorption for the cluster sizes=8—16 and a two-photon absorp- the decrease of the relative parent cluster abundances as a
tion for the sizem=17-21. Clusters that evaporated a dimer are fynction of At for fragmentation with two different photon
marked with O). For all other cluster sizes evaporation of mono- energies(The corresponding increase of the fragment ions is

mers was observed. discussed in Sec. IV B; see Figs. 5 and Bhe error bars
N — correspond to thed statistical uncertainties. The solid lines
n hv (eV) Dy (V) Dy (eV) are exponential functions fitted to the data jg% minimiza-
8 2.06 1.98+ 0.06 1.98+ 0.06 tion. The fitting function has the form
9 3.04 2.62*+ 0.07 2.60 = 0.07 _
2.96 257+ 0.07 y(Ay=ae *+b, @
10 1.75 1.64+ 0.07 1.66 = 0.08

wherer is the lifetime of parent clusters,+b is their rela-

1.59 1.67 = 0.08 . T . . .
110 588 291+ 007 299+ 0.07 tive abundance foAt< 10> s, andb is their relative al_oun-
dance for largeit, i.e., the fraction of clusters that did not
2.82 2.18+ 0.07 g&at, . . .
276 228+ 0.08 absorb a photon. Typlca_lly, _the relative magnitude of_the
‘ e delayed fragmentation, via, is 5—10 %. It was kept this
12 2.34 1.97= 0.08 197+ 008 low on purpose in order to minimize the probability for mul-
2.30 197+ 0.08 tiple photon absorption.
139 3.73 2.57+ 0.06 2.58 = 0.06 With increasing photon energy the lifetimes decrease con-
3.44 2.59+ 0.06 siderably. The photon energies were chosen such that frag-
1302 3.73 262+ 0.10 264+ 0.10 mentation occurred within the experimentally accessible
3.44 266+ 0.10 time rangeAt=10 °—10"! s. The lower limit is determined
14 2.88 212+ 0.09 211+ 0.09 by the extraction time of the clusters from the trap for TOF
2.76 2.09+ 0.09 analysis; all clusters that decay within 10s after the laser
15 4.00 2.66*+ 0.09 2.63+ 0.09 pulse are detected as fragments. The upper limit is set by the
3.72 2.60 = 0.09 pressure in the Penning trap-(0" ' mba since the photo-
16 3.12 2.18*+ 0.09 217+ 0.10 excited clusters may lose internal energy upon collisions
2.96 215+ 0.10
17 2.28 2.66+ 0.09 2.66 £ 0.09 014 — " T
18 2.28 240+ 0.09 240+ 0.09 01 a) :
19 2.56 2.88= 0.10 2.88+ 0.10 ' Ag +
20 2.34 244+ 0.09 244+ 0.09 0107 - E 119+14 ms
2.30 243+ 0.09 008l ' ’
21 3.04 271+ 0.09 2.72*+ 0.09 '
2.90 2.72 = 0.09 0.06¢1
& or the calculation 0131’3’1 andD;;,see Sec. IV C. % 0.04
: < 0.04
to the cluster ion cloud as well as the laser-beam shape, 595C ’
of the light is reflected to a charge coupled deviGxCD) = 0.03}
camera and monitored on line by a beam profile analyzing—o
system(Laser 2000, BIG SKY. Typical values are a profile g 0.02¢
of 95% Gaussian shape with 1.5-2.5 mm diam&®&yHM) 001t
and pulse energies covering a range from about10@0 2 -
mJ. E 0.00
0.16
IIl. MEASUREMENTS AND RESULTS 0.14F

The aim of the present experiment is to measure the frag: 0.12
mentation time dependence for a size-selected ensemble ¢ 0.10

photoexcited Ag™ clusters. A Penning trap is well suited 0.08

for such a measurement since all charged products remai  ©-06

stored until they are ejected for the purpose of a TOF analy- 0.04=— = 3 = -
sis. By variation of the storage duratiakxt between laser 10 10 10 10 10
excitation and ion ejection the fragmentation time depen- At [MS]

dence is determined from the respective numbers of ‘Ag

clusters and fragmentation products, Ag,*. As an ex- FIG. 5. Relative abundances @ Ag,s" and(b) Ag,,* frag-

ample, Figs. &)—2(f) show TOF spectra of the photofrag- ments resulting from the decay of Ag at 3.12-eV photon energy
mentation of Ag," for different storage timeAt. The rela-  as a function of timeAt. (c) is the sum of(a) and (b).
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0.16 — ‘ ‘ - ‘ dimer emission, and all other clusters preferentially decay by
0.14 ¢ a) N I L emission of monomers.
0.12 ¢ S S :
1 0.10 | z 3 ] IV. DISCUSSION
(ZJ 0.08 ¢ Ao A. Separation energies
< 0.06 S 1 o :
= i T = 0264005 ms | The measured lifetimes of the fragmentation processes
= 0.04 ield inf - h . . f the cl
5 002 I3 ; } : ; yield information on the separation energies of the clusters.
m b) ; ! While the laser pulse has a length of about 10 ns, the ob-
=r, 0.07 ¢ "1—' i : ] served decays occur on time scales that are four to six orders
3006 f % of magnitude larger. One may safely assume that the initial
= 005t t ] electronic excitation has been converted to vibrational exci-
A= 0.04F ¥ . tation during this period. The decay process may thus be
' Ag,, described by a statistical unimolecular dissociation. An ap-
0.03+¢ T = 0.35+0.12 ms | propriate approach for the present problem is the quantum
0.02 ‘1 - = ” - version of Kassel's theor{17,18. The more sophisticated
10 10 10 10 10 theory of Rice, Ramsperger, Kassel, and Marf44] re-
At [us] quires knowledge of the vibrational density of states, little of

which is known for the clusters in question. Within Kassel's
FIG. 6. Relative abundances @f) Ag,," and(b) Agy;* frag-  approachs oscillators of frequency share a number gb
ments resulting from the decay of Ag" at 3.73-eV photon energy =E*/hy quanta;E} represents the vibrational excitation en-
as a function of time\t. ergy for ann-atom cluster. Dissociation occurs if one oscil-
lator contains at leasg=D, /hv quanta;D . represents
with gas atoms. In addition, energy loss by emission of inthe separation energy of Ag for the decay Ag™— Ag
frared radiation is likely to gain importance on the time scale,—m* + Ady,. The decay rate, which is the inverse of the
of several tens of millisecond42,43. measured lifetime, follows as
Note that the relative abundances of Ag and Ag¢"
are less than 100% at smalt. This is due to the absorption
of two or more photons by a single cluster and its subsequent (p—q)!(p+s—1!’

fragmentation within a time shorter than (3. with a degeneracy factog. For g, values ofn (for n
Lifetimes of photoexcited clusters were measured for:8_13, n—1 (for n=13) andn-2 (for n=14—21 are

Ag,", n=8-21. For smaller clusters photofragmentation This choice. h . ¢ ial A |
occurred, but no time dependence was observed in the ran E‘OS?”: IS choice, NOWEVEr, 1S NOL CTUclal. AS an example,
variation ofAg = 2 results in an uncertainty of less than

of photon energies studied here. Possibly, photodissociatio . ;
might proceed directly via a repulsive potential for these .02 eV for the separation energy of Ag. The oscillator

smaller cluster§11]. frequencyv iszapproximated by Fhe_ Debye freclu_ency of sil-
The fragmentation time constants for the photon energie¥e" 4-70< 10" Hz [45]. The excitation energf; is given

and cluster sizes studied are summarized in Table I. FdpY the sum of the thermal energy of the cluster before the

most cluster sizes measurements have been performed wigser irradiatiorskgT (s=3n—6 andT=300 K; cf. Sec. I}

at least two different photon energies. The measured tim@nd the energy gained by photoabsorption

constants cover the range from about 1@ to_ 102 s. The E* = /hy+skgT. 3)

T, values are time constants for fragmentation of the parent

clusters. The values of,,_; for clusters withn=8-10,12 The number of absorbed photoriswas established by re-

represent the formation of fragment clusters due to monomeguiring consistency of the separation energies from 2§.

evaporation; fom=11 only fragments due to dimer evapo- with theoretical values fon=28,9 [16] and relative experi-

ration with time constant,,_, were observed. Note that in mental values fon=8—21 determined by CID46]. Hence

these cases,=1,_1 and r,= 7,,_,, respectively, within ex- /=1 was used fon=8-16 and/ =2 for the larger clus-

perimental errors. The data for=13 are consistent with a ters. This increase of is due to the increasing number of

competition between monomerr{_;) and dimer ¢,_>) degrees of freedom: In order to fragment within the experi-

evaporation; see Sec. IV C. Clusters wiitk=14 generally mental time window, more excitation energy is needed for

decay by emission of monomers with the decay described bthe larger clusters as compared to the smaller ones.

the 7, values only. The fragments formed by the loss of two In Table Il the separation energies calculated from the

atoms are due to a sequential decay. Hence the data for tlodserved lifetimes of the parent clusters are given. The errors

first fragment are a convolution of formation and decay; theinclude an estimated uncertainty of 50 K for the cluster tem-

correspondingr,,_; values have no direct physical meaning perature prior to laser irradiation and the uncertainties of the

and are only given in the sense of a fit parameter; see Semeasured lifetimes. Note that in all cases where several

IV B. wavelengths were used the separation energies agree to
The fragmentation channels observed are in line with earwithin 4%. In Fig. 4 the average separation energies are

lier results for the collision-induced fragmentation of &g shown as a function of cluster size.

n=3-20[35]: For n=3,5,7,11 dimer emission was found, TheD, values are equivalent to monomer separation en-

the data forn=13 indicate a coexistence of monomer andergies except in the cases of A and Ag;s". For the

p!(p—q+s—1)!

kn(phv)=1, =gv )
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decay of Ag;* the only fragment observed is A4, which TABLE IIl. Separation energieB, ,, of Ag,_, clusters cal-
indicates the emission of a Agdimer. This finding is con- culated from sequential decay datagives the number of atoms of
sistent with the energy balance for monomer and dimer dethe parent cluster;” the number of absorbed photons of eneingy
cay of Ag,*. The values oD, , andD, are given by

n—1 n / hv (eV) D, 141 (eV)
+ _ -t +
Dna=Bn1 TR By (4) 15 16 2 3.12 257+ 0.13
" i 4 15 16 2 2.96 249+ 0.13
Dna=EnoTEa—Ey (5) 17 18 3 2.28 247+ 0.13

E, and E, denote the total binding energy of positively
charged and neutral-atom clusters, respectively. With,

i i -5
0 andE,= — D, one obtains whered is the relative abundance fat<10 > s andc+d

the relative abundance for large.
DY —D*.=D* ..—D.. 6) The various decay times and cluster abundances can be
nz TnloEeoLlo T2 understood in terms of the number of absorbed photons: The
Since dimer emission predominates for Ag, one has decay of Ag" with r=5.Qi 1.1 ms is attributed to a decay
D, ,<Di;,, which is equivalent toD,>D;,,. Since after one-photon absorption. At small valuesAif<10 us
D2=' 1.69+0.08 eV [47] and Dfo =166+ 0.08 eV (Ta- thg Al abun_dance has aIreaQy decreased to about 85%.
ble Il) it is apparent that dimer emission is energetically fea-ThIS decrease is due to absorption of two or more photons

sible. The case of Ag" is more complicated and will be and a correspondingly rapid decay. In the case of#Aghe
discussed separately in Sec. IV C. increase of the cluster abundance Adr>1 ms is due to the

The separation energies converge towards the bulk coh@n€-Photon induged decay of Ag. The fragment abun-
sive energy of silver(2.95 eV [47]). They show a pro- dance of about 5% aft<<1 ms is due to Ags"™ decay after

nounced odd-even alternation with a higher stability of the2PSorption of two photons. The internal energy of these

even-electron clusters as compared to the odd-electron onddJ1s’ fragments is sumeently high for evaporation of an-
The same alternation was observed in abundance spectra @f1€r &tom to yield Ag,". The increase of the Ag™ abun-
Ag," [22-24. As argued in Ref[48] the odd-even stagger- d_ance to a value close to 5% is fully consistent with this
ing is the result of a ground-state deformation of the clusterg?!cture. , N
which tends to remove all degeneracies except the double 1he time constant for the formation of Ag', which is
spin degeneracy of each level. An odd electron has to enter@rved from F'%' %), is of course affected by the sequential
higher single-particle level than the previous even electroffl€Cay into Ag,". The correct time constant is obtained by
that filled the doubly degenerate state. An eight-electropummation of the data for Ag™ and Ag,4™ [Fig. S(c)], viz.
shell closure is apparent from the high separation energy fof ~6-4*0.7 ms. Within the uncertainties, this value agrees
Ag,e" and the correspondingly low value for Ag . well with the decay time of Ags" . _

The binding energies of Ag™ clusters o = 2—9 were . The alzove reasoning is further substantlgted by a calcula-
calculated16] performing Clab initio calculations for sev- tion of Dy, ; from the data of the sequential A9 decay.
eral ionic structures. For the most stable structures an oddfs Will be shown, the resulting value is in complete agree-
even alternation is noticeable with a higher binding energy ofnent with the one obtained by direct observation of the
the even-electron clusters. For a quantitative comparisoRdn-1~ decay. The excitation energy of a Ag cluster af-
with the present experimental data, the calculated bindinder absorption o#” photons is given by Eq3). The internal
energies of the most stable g and Agy" structures were €nergy of the fragment cluster after emission of an atom is
converted into separation energies. One obtains values of
Dg,=1.96 eV andDg,=2.77 eV, which are in good agree- *  —E*—D’,—2kgTy, ®)
ment with the data in Table II. This indicates that for the ’

two clusters in question the calculated most stable structures o ) )
are indeed the energetically favorable ones. where the average kinetic energy of the emitted atom is

2kgTy, andTy, is the temperature of the fragment cludtel.
With E}_; and the time constant,_, for the formation of
the second fragment, ER) yields a value foD, ;. The
e . X calculation is performed with several values to obtain
€rgy may be sufficiently high for evaporation of several at'agreement with the data from the direct decay. For example,
oms. Figures @), 5(@), and b) show an example of such @ ) the sequential Ag," decay the Ags" separation en-
sequential decay in the case of Ag, i.e. ergy is deduced) 5 ,= 2.7+ 0.13 eV, using’=2 andDg ,
Agis" —Agys" +Ag—AgLt +2Ag. from Table II. (With /=1 and 3, on the other hand, one
obtains values of 1.1 eV and 4.0 @\This value is in good
After laser irradiation with 3.12-eV photons the time- agreement with the result from the direct one-photon-
resolved decay of Ag" and the formation of Ags" and  induced Ags" decay of 2.630.09 eV.
Ag,," are observed. The fitting function used to describe the Several examples of separation enerddes 1,1 Obtained
fragment formation is from the sequential decay of Ag clusters are listed in Ta-
ble Ill. They generally agree well with the results obtained
y(At)=c(1—e 2V +d, (7)  from the direct decayTable lI). This strongly indicates that

B. Sequential decays

If a cluster absorbs more than one photon its internal en
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the procedure used to derive separation energies from meN-Aglz+ and NAQn* are given by the difference of the abun-

sured time constants is internally consistent. dances at long and shoftt. From Figs. €) and Gb) one
obtainskyz 1/Ky3 = 2.7+ 0.9 (at 3.73-eV photon energyk;
is taken as the inverse of the average of the three time con-
stants for the decay of Ag" and the formation of Agy 15",

For the clusters up to size=12 only one of the frag- k,3=3520+450 s 1. The resulting partial decay rates are
ments, the one with either—1 or n—2 atoms, showed a k;;,=2570=440 s * and ky3,=950+270 s *. Assuming
time-dependent formation in the experimentally accessiblglecay after one-photon absorption, separation energies are
time range. In these cases, the respective time constants &giculated with Eq(2). One obtainsD;; ;=2.57+0.06 eV
equal to the decay times of the parent clustaiishin experi- andD}, = 2.62+0.10 eV. The results fér a 3.44-eV photon

mental uncertaintigs For some of the clusters with=14 . i
both then—1 andn—2 fragments show a time-dependent energy are given in Table II. Note that the errorf ; and

decay. The time constants are explained in terms of a sé:-),1+32 are correlated and largely due to the estimated uncer-

quential decay, i.e., the absorption of several photons by thiginty of the cluster temperature of 3660 K. The uncer-

parent cluster and the successive evaporation of two atomdainty of the difference of the two separation energies is
In the case of Ags", however, this interpretation does Much smaller £0.02 eV).

not hold: Figs. 8), 6(a), and &b) show the decrease of the

Ag,5;" signal and the corresponding increase of both the

Ag," and Ag,," signals as a function oAt at a photon

energy of 3.73 eV. At shorht (<10 ws) the relative abun- V. CONCLUSIONS

dance of Ag," is 0.02. These Ag," clusters result from the _ _

decay of Ag;" after absorption of two or more photons and The time-resolved phot-ofragmenltatlon Ofﬁkg cIu§}ers

still carry enough excitation energy to decay intoAg (cf.  (N=8—21) has been studied on a time scale 5.Le.10 S.

Sec. IVB. If all Ag,,* clusters were due to this kind of Cluster.s were s_tored in a Penning trap and excited by pho-

sequential decay, their abundance at lavigshould have tons with energies 1.5-4 eV. Parent and fragment clusters

increased by 0.02 as compared to shdbtt However, the Were detected by ejection from the trap and time-of-flight

difference in abundances is 0.03-0.05, which shows thadhass spectrometry. The decay channels observed are the

Ag;;" is not(completely formed by the decay of Ag". emission of neutral atoms and dimers with exponential time
If a sequential decay is still assumed, the separation ertonstants 10Qus to 15 ms.

ergy of Ag;," may be calculated as described in Sec. IVB. Separation energies were determined from the measured

The result is in disagreement with the assumption: The callifetimes based on the quantum version of Kassel's theory

culated value °D1+2,1 is 1.2 eV higher than the one in Ta- [17,18. The separation energies converge towards the bulk

ble 1l from the direct one-photon-induced decay of A0. cohesive energy of silver. They show a pronounced odd-even
Alternatively, the data might be explained by the presencalternation, which is interpreted in terms of Jahn-Teller de-

of two Ag,3" isomers that decay via monomer and dimerformations[48]. For n=8,9 separation energies were calcu-

evaporation, respectively. The result of almost equal formatated with a Clab initio method[16,39. Good agreement is

tion times of Ag;" and Ag;," would in this case be coin- found between the experimental and theoretical data.

cidental. In addition, the cluster temperature after absorption For some of the clusters with= 14 the sequential evapo-

of one 3.73-eV phOton is on the order of 1500 K. This iSration of several atoms was Observeﬂ_ Table D due to

higher than the melting temperature of bulk silver, whichapsorption of two or more photons. The calculated separation

renders thg existence Qf two isomers highly unlikely. Theenergies of the first fragments with—1 atoms agree well

most plausible explanation of the data is the presence of tWQiih, values determined from the direct decay of the respec-

coexisting decay channels for Ag', one with monomer the e cjysters(cf. Tables Il and II). Hence the procedure to

other with dimer evaporation. In this case, the time constantg .. separation energies from measured time constants is
for decay of Ag;" and for formation of Ag,” and Agy;"

must be equal. Within uncertainties, this in fact is the cas%‘éi;nagzazzgfésﬁg:é l)nb;r;?vgjs\?izm tﬁf etxgs?grgf gr;\geutral
for both photon energies studi€@able . Y e

: o f . atom or a dimer. The respective separation energies were
The separation energi€s;; ; and D5, are calculated in . . . .
i ) » : e determined from the branching ratio and the time constants.
the following way[49]: The decay rat&,; of Ag3" is given

by the sum of the rates for the monomer and dimer channels

C. Decay of Ag,5*
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