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Time-resolved photofragmentation of stored silver clusters Agn
1

„n58– 21…

U. Hild,1,* G. Dietrich,2,† S. Krückeberg,1 M. Lindinger,1,‡ K. Lützenkirchen,2 L. Schweikhard,1 C. Walther,2

and J. Ziegler1,§

1Institut für Physik, Universita¨t Mainz, D-55099 Mainz, Germany
2Institut für Kernchemie, Universita¨t Mainz, D-55099 Mainz, Germany

~Received 3 November 1997!

The time-resolved decay of silver clusters Agn
1 (n58221) 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 100ms 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 closure atn59.
The separation energies forn58,9 are in good agreement with configuration-interactionab initio calculations.
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PACS number~s!: 36.40.Qv, 36.40.Wa
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I. INTRODUCTION

The separation~or dissociation! energy of a cluster, re
quired to remove an atom, is one of the basic proper
describing its stability@1–14#. It has an influence on the
chemistry of clusters, with a low separation energy indic
ing a facile breaking of bonds and thus a high chemical
activity @15#. The size dependence of the separation energ
connected to the evolution of atomic to bulk properties. F
smaller clusters discontinuities and eletronic shell effe
have been observed, for larger ones with some tens of at
a monotonic increase following a liquid drop behavior@9#.
Through a comparison with theoretical calculations of
total binding energy@16#, separation energies may serve
gain information on the geometrical structure of a cluster

One way to measure separation energies is by collis
induced dissociation~CID! where clusters are excited b
single or multiple collisions with neutral atoms@2–6#. De-
pending on the respective collision impact parameters
broad distribution of excitation energies is populated. Se
ration energies are inferred from the onset of the fragme
tion yield measured as a function of the collision energy.

Another technique is photoabsorption@7–14#, which of-
fers the advantage that clusters may be excited by a kn
amount of energy above the fragmentation threshold.
electronic excitation is converted into a vibrational one a
the clusters decay with lifetimes depending on the ene
deposited in excess of the separation energy@17,18#. Hence,
by measuring lifetimes of excited clusters at a given pho
energy, the separation energies may be determined@10–
12,14#.

Based on these two approaches, separation energies
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been determined for a number of alkali@7–9# and transition
metals@2–5,10–14#. In the case of the Ib elements copp
@11#, silver @14#, and gold@5,12–14#, the electronic struc-
tures resemble those of the alkali metals: Each of the grou
state atoms has a closedd shell and a singles valence elec-
tron. Among these silver clusters are of particular practi
interest due to their role in photographic processes@19–21#.
From a theoretical viewpoint reliable predictions of the ele
tronic and geometric structure of silver clusters may be
tained more easily as compared to copper and gold clus
which require an explicit treatment of correlation effects f
d electrons@16#.

Various properties of silver clusters have been exami
already. From abundance spectra odd-even alternations
shell effects are known@22–24#, which were explained in a
one-electron shell model as in the case of alkali-metal c
ters. Additional electronic properties were studied, such
ionization potentials@25,26#, electron affinities@27–29#, and
the optical response of charged clusters@14,30,31#. In a
quadrupole drift tube the decay channels of silver clust
were determined after photoexcitation@32,33#. With Ag3

2

stored in a quadrupole ion trap, the internal motion of A3

could be studied using femtosecond laser spectroscopy
successive ionization to yield Ag3

1 @34#. Recently, the de-
cay paths of Agn

1 @35# and Agn
21 clusters@36–38# were

determined by CID in a Penning trap. With a configuratio
interaction ~CI! ab initio method the structures, the tota
binding energies, and the ionization potentials were cal
lated for small neutral and charged silver clusters@16,39#.

In this article we report on the photofragmentation
Ag n

1 clusters (n58221) stored in a Penning trap. With th
storage technique the decay of excited clusters can be
lowed over a broad time scale 102521021 s. This allows us
to determine cluster separation energies with high accur
Sections II and III give an overview of the experiment
approach and the measurements. Section IV covers the
termination of separation energies from the decay of the p
ent clusters, the sequential decay of excited fragments, a
discussion of decay channels of Ag13

1. Conclusions are
given in Sec. V.
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57 2787TIME-RESOLVED PHOTOFRAGMENTATION OF STORED . . .
II. EXPERIMENT

The Penning trap mass spectrometer constructed for
periments with stored cluster ions has been described in
tail in Ref. @40#. Its main features are reviewed briefly~Fig.
1!, while characteristics of the present measurements are
sented in more detail.

Positively charged silver clusters are produced by la
vaporization of a silver wire and condensation in a heliu
gas pulse. They are guided towards a Penning trap wh
electrode configuration consists of a segmented ring and
end caps. Each end cap has a hole in the center in ord
inject ~eject! the clusters into~out of! the trap. The capture o
clusters is performed by lowering the potential of the e
trance end cap down to the value of the ring electrode w
the ions are arriving and increasing it back to the trapp
value when they are inside the trap. The size distribution
the captured clusters@Fig. 2~a!# is adjusted by suitable po

FIG. 1. Schematic overview of the experimental setup: Me
clusters are produced in an external ion source and guided by
optical elements to a Penning trap, located in the bore of a
magnet. Fragmentation of clusters is induced by absorption of p
tons from a Nd:YAG dye laser system. The position of the la
beam relative to the cluster ion cloud is monitored by a CCD ca
era. To measure lifetimes of clusters as a function of internal e
gies, all ions are ejected out of the trap at variable times after l
irradiation and are detected by time-of-flight mass spectrometr
x-
e-

re-

r

se
o
to

-
n

g
f

tential differences between the cluster source and Pen
trap. Ions are stored by superposition of a homogene
magnetic field (B55 T! for radial and an electric-quadrupol
field for axial confinement. The depth of the electrosta
potential well in the axial direction is 1.5 V. In the following
one experimental cycle for measuring the photofragmen
tion of Agn

1 clusters is described. The time duration of o
cycle is 780 ms. Typically, the data of 200 cycles wi
20–50 cluster ions each are added to obtain statistically
nificant signal intensities.

In order to optimize the fragmentation yield and the ov
lap with the laser beam~see below! clusters of the size to be
studied are centered in the middle of the trap. This
achieved by a combination of collisional energy loss and
excitation at their cyclotron frequencyvc5qB/M (q is the
ion charge andM is the ion mass! @41#: To induce collisions,
four pulses of argon are injected through a piezoelec

l
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T
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r
-
r-
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FIG. 2. For the photofragmentation of Ag12
1 time-of-flight

spectra are shown that illustrate the experimental sequence:~a! cap-
ture of a distribution of Agn

1 clusters around Ag12
1 and centering

of Ag12
1 by collisional cooling;~b! mass separation of Ag12

1 by
radial ejection of all other clusters;~c! fragmentation of Ag12

1 into
Ag11

1 induced by 2.30-eV photons atDt51 ms between the lase
pulse and TOF analysis;~d! same as~c! with they axis stretched by
a factor of 3;~e! Dt53 ms; ~f! Dt540 ms.
c-
e

to
FIG. 3. Relative cluster abundances as a fun
tion of time Dt between the laser pulse and th
time-of-flight measurement: Ag13

1 at photon en-
ergies of~a! 3.73 eV and~b! 3.44 eV and Ag16

1

at photon energies of~c! 3.12 eV and~d! 2.96 eV.
The solid lines are exponential functions fitted
the data.
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TABLE I. Measured time constantstn for fragmentation of Agn
1 at different laser wavelengthsl and

photon energieshn. tn21 andtn22 represent the time constants for formation of the fragments Agn21
1 and

Agn22
1. An empty entry indicates that no time dependence was observed.

n l ~nm! hn ~eV! tn ~ms! tn21 ~ms! tn22 ~ms!

8 603 2.06 0.216 0.03 0.21 6 0.03
9 408 3.04 0.536 0.12 0.57 6 0.11

419 2.96 0.526 0.13 0.55 6 0.11
10 710 1.75 0.336 0.07 0.31 6 0.07

780 1.59 11.16 2.9 11.1 6 2.9
11 430 2.88 0.116 0.04 0.12 6 0.04

440 2.82 0.136 0.05 0.12 6 0.05
450 2.78 1.56 0.6 1.3 6 0.5

12 530 2.34 1.96 0.6 1.9 6 0.6
540 2.30 3.26 0.8 4.9 6 0.9

13 332 3.73 0.306 0.06 0.26 6 0.05 0.35 6 0.12
360 3.44 5.06 1.1 3.6 6 0.6 10.0 6 5.9

14 430 2.88 1.46 0.2 2.5 6 0.3 0.23 6 0.08
450 2.76 2.86 1.0 6.0 6 1.3 1.2 6 0.3

15 310 4.00 13.56 6.2 3.4 6 0.7 2.8 6 0.8a

333 3.72 5.86 2.9 10.7 6 1.5
16 398 3.12 5.06 1.1 11.9 6 1.4 2.0 6 0.4

419 2.96 11.56 2.2 14.1 6 2.9 6.2 6 1.5
17 545 2.28 2.56 0.9 1.2 6 0.3
18 545 2.28 0.126 0.04 0.09 6 0.03 1.9 6 0.5
19 485 2.56 7.36 2.3 10.5 6 2.4
20 530 2.34 1.76 0.6 0.64 6 0.15 b

540 2.30 1.16 0.3 0.81 6 0.16 b

21 408 3.04 0.146 0.03 0.11 6 0.02
428 2.90 0.296 0.12 0.35 6 0.05

aTime constant for thedecayof the Ag13
1 fragment cluster.

bA time dependence for the Ag18
1 fragments was observed, but the uncertainties of the data are too lar

determine a time constant.
fo
th
e
in
it
h
g
h

b
le

di

d

a
–

h

ts
t
e

lec-
the
ion

the
ion

n

ive
valve installed near the trap. The rf excitation is applied
650 ms and covers the range of cyclotron frequencies
correspond to the isotopic mass distribution of the giv
cluster size. The spatial cluster distribution after center
was determined from the fragmentation yield measured w
a narrowly focused laser beam of 0.3 mm diameter. T
distribution along the horizontal and vertical axes throu
the center of the trap was found to follow a Gaussian wit
diameter@full width at half maximum~FWHM!# of 1.8 mm.
Due to the buffer gas collisions the clusters may well
expected to be in thermal equilibrium with the gas molecu
at 300 K.

The cluster size in question is mass selected by ra
ejection of all other ions@Fig. 2~b!#. To induce fragmentation
of clusters, the light of a pulsed dye laser~Lambda Physik,
FL 2001, pulse length 10 ns!, which is pumped by the secon
or third harmonic of a Nd:YAG laser~where YAG denotes
yttrium aluminum garnet! ~Lumonics, HY 400!, is focused
axially into the Penning trap. By frequency doubling with
b-barium-borate crystal photons in the energy range 1.5
eV are produced. The laser wavelengths are adjusted wit
accuracy of 0.01 nm using a pulsed wavemeter~Burleigh
Instruments WA-4500!. The charged fragmentation produc
@Fig. 2~c!# are axially ejected and identified by time-of-fligh
~TOF! mass spectrometry. Single-ion detection is perform
r
at
n
g
h
e
h
a

e
s
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4
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d

by use of a conversion dynode detector. Its aluminum e
trode and microchannel plate detector are mounted off
cluster beam axis in order to axially focus the fragmentat
laser beam into the trap~Fig. 1!. The number of cluster ions
was chosen low enough to avoid saturation effects of
detection system. The time evolution of the fragmentat
processes is studied by variation of the storage timeDt ~typi-
cally 20ms to 100 ms! between laser excitation and ejectio
of the product ions out of the trap.

In order to control the position of the laser beam relat

FIG. 4. Separation energies of Agn
1, n58221, calculated with

Eq. ~2! from the lifetimestn of the parent clusters~Table I!.
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57 2789TIME-RESOLVED PHOTOFRAGMENTATION OF STORED . . .
to the cluster ion cloud as well as the laser-beam shape,
of the light is reflected to a charge coupled device~CCD!
camera and monitored on line by a beam profile analyz
system~Laser 2000, BIG SKY!. Typical values are a profile
of 95% Gaussian shape with 1.5–2.5 mm diameter~FWHM!
and pulse energies covering a range from about 100mJ to 2
mJ.

III. MEASUREMENTS AND RESULTS

The aim of the present experiment is to measure the f
mentation time dependence for a size-selected ensemb
photoexcited Agn

1 clusters. A Penning trap is well suite
for such a measurement since all charged products rem
stored until they are ejected for the purpose of a TOF an
sis. By variation of the storage durationDt between laser
excitation and ion ejection the fragmentation time dep
dence is determined from the respective numbers of Agn

1

clusters and fragmentation products, Agm,n
1. As an ex-

ample, Figs. 2~d!–2~f! show TOF spectra of the photofrag
mentation of Ag12

1 for different storage timesDt. The rela-

TABLE II. Separation energiesDn
1 of Agn

1 clusters at different
photon energieshn. The last column gives the average valuesDn

1.
The Dn

1 values are calculated with Eq.~2! assuming a one-photo
absorption for the cluster sizesn58216 and a two-photon absorp
tion for the sizesn517221. Clusters that evaporated a dimer a
marked with (D). For all other cluster sizes evaporation of mon
mers was observed.

n hn ~eV! Dn
1 ~eV! Dn

1 ~eV!

8 2.06 1.986 0.06 1.98 6 0.06
9 3.04 2.626 0.07 2.60 6 0.07

2.96 2.57 6 0.07
10 1.75 1.646 0.07 1.66 6 0.08

1.59 1.67 6 0.08
11(D) 2.88 2.21 6 0.07 2.22 6 0.07

2.82 2.18 6 0.07
2.76 2.28 6 0.08

12 2.34 1.976 0.08 1.97 6 0.08
2.30 1.97 6 0.08

13 a 3.73 2.57 6 0.06 2.58 6 0.06
3.44 2.59 6 0.06

13(D), a 3.73 2.62 6 0.10 2.64 6 0.10
3.44 2.66 6 0.10

14 2.88 2.126 0.09 2.11 6 0.09
2.76 2.09 6 0.09

15 4.00 2.666 0.09 2.63 6 0.09
3.72 2.60 6 0.09

16 3.12 2.186 0.09 2.17 6 0.10
2.96 2.15 6 0.10

17 2.28 2.666 0.09 2.66 6 0.09
18 2.28 2.406 0.09 2.40 6 0.09
19 2.56 2.886 0.10 2.88 6 0.10
20 2.34 2.446 0.09 2.44 6 0.09

2.30 2.43 6 0.09
21 3.04 2.716 0.09 2.72 6 0.09

2.90 2.72 6 0.09

aFor the calculation ofD13,1
1 andD13,2

1 see Sec. IV C.
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tive abundance of the Ag11
1 fragment increases for large

values ofDt.
For Ag13

1 and Ag16
1 as examples, Figs. 3~a!–3~d! depict

the decrease of the relative parent cluster abundances
function of Dt for fragmentation with two different photon
energies.~The corresponding increase of the fragment ions
discussed in Sec. IV B; see Figs. 5 and 6.! The error bars
correspond to the 1s statistical uncertainties. The solid line
are exponential functions fitted to the data byx2 minimiza-
tion. The fitting function has the form

y~Dt !5ae2Dt/t1b, ~1!

wheret is the lifetime of parent clusters,a1b is their rela-
tive abundance forDt,1025 s, andb is their relative abun-
dance for largeDt, i.e., the fraction of clusters that did no
absorb a photon. Typically, the relative magnitude of t
delayed fragmentation, viz.a, is 5–10 %. It was kept this
low on purpose in order to minimize the probability for mu
tiple photon absorption.

With increasing photon energy the lifetimes decrease c
siderably. The photon energies were chosen such that f
mentation occurred within the experimentally accessi
time rangeDt.102521021 s. The lower limit is determined
by the extraction time of the clusters from the trap for TO
analysis; all clusters that decay within 1025 s after the laser
pulse are detected as fragments. The upper limit is set by
pressure in the Penning trap (.1027 mbar! since the photo-
excited clusters may lose internal energy upon collisio

FIG. 5. Relative abundances of~a! Ag15
1 and ~b! Ag14

1 frag-
ments resulting from the decay of Ag16

1 at 3.12-eV photon energy
as a function of timeDt. ~c! is the sum of~a! and ~b!.
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2790 57U. HILD et al.
with gas atoms. In addition, energy loss by emission of
frared radiation is likely to gain importance on the time sc
of several tens of milliseconds@42,43#.

Note that the relative abundances of Ag13
1 and Ag16

1

are less than 100% at smallDt. This is due to the absorptio
of two or more photons by a single cluster and its subsequ
fragmentation within a time shorter than 10ms.

Lifetimes of photoexcited clusters were measured
Ag n

1, n58221. For smaller clusters photofragmentati
occurred, but no time dependence was observed in the r
of photon energies studied here. Possibly, photodissocia
might proceed directly via a repulsive potential for the
smaller clusters@11#.

The fragmentation time constants for the photon energ
and cluster sizes studied are summarized in Table I.
most cluster sizes measurements have been performed
at least two different photon energies. The measured t
constants cover the range from about 1024 s to 1022 s. The
tn values are time constants for fragmentation of the pa
clusters. The values oftn21 for clusters withn58 –10,12
represent the formation of fragment clusters due to mono
evaporation; forn511 only fragments due to dimer evap
ration with time constanttn22 were observed. Note that i
these casestn.tn21 andtn.tn22, respectively, within ex-
perimental errors. The data forn513 are consistent with a
competition between monomer (tn21) and dimer (tn22)
evaporation; see Sec. IV C. Clusters withn>14 generally
decay by emission of monomers with the decay described
the tn values only. The fragments formed by the loss of tw
atoms are due to a sequential decay. Hence the data fo
first fragment are a convolution of formation and decay;
correspondingtn21 values have no direct physical meanin
and are only given in the sense of a fit parameter; see
IV B.

The fragmentation channels observed are in line with e
lier results for the collision-induced fragmentation of Agn

1,
n53 –20 @35#: For n53,5,7,11 dimer emission was foun
the data forn513 indicate a coexistence of monomer a

FIG. 6. Relative abundances of~a! Ag12
1 and ~b! Ag11

1 frag-
ments resulting from the decay of Ag13

1 at 3.73-eV photon energy
as a function of timeDt.
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dimer emission, and all other clusters preferentially decay
emission of monomers.

IV. DISCUSSION

A. Separation energies

The measured lifetimes of the fragmentation proces
yield information on the separation energies of the cluste
While the laser pulse has a length of about 10 ns, the
served decays occur on time scales that are four to six or
of magnitude larger. One may safely assume that the in
electronic excitation has been converted to vibrational ex
tation during this period. The decay process may thus
described by a statistical unimolecular dissociation. An
propriate approach for the present problem is the quan
version of Kassel’s theory@17,18#. The more sophisticated
theory of Rice, Ramsperger, Kassel, and Marcus@44# re-
quires knowledge of the vibrational density of states, little
which is known for the clusters in question. Within Kasse
approach,s oscillators of frequencyn share a number ofp
5En* /hn quanta;En* represents the vibrational excitation e
ergy for ann-atom cluster. Dissociation occurs if one osc
lator contains at leastq5Dn,m

1 /hn quanta;Dn,m
1 represents

the separation energy of Agn
1 for the decay Agn

1→ Ag
n2m

1 1 Ag m . The decay rate, which is the inverse of th
measured lifetime, follows as

kn~phn!5tn
215gn

p! ~p2q1s21!!

~p2q!! ~p1s21!!
, ~2!

with a degeneracy factorg. For g, values of n ~for n
58–12!, n21 ~for n513!, and n22 ~for n514–21! are
chosen. This choice, however, is not crucial. As an exam
a variation ofDg 5 2 results in an uncertainty of less tha
0.02 eV for the separation energy of Ag14

1. The oscillator
frequencyn is approximated by the Debye frequency of s
ver, 4.7031012 Hz @45#. The excitation energyEn* is given
by the sum of the thermal energy of the cluster before
laser irradiationskBT (s53n26 andT5300 K; cf. Sec. II!
and the energy gained by photoabsorption

En* 5l hn1skBT. ~3!

The number of absorbed photonsl was established by re
quiring consistency of the separation energies from Eq.~2!
with theoretical values forn58,9 @16# and relative experi-
mental values forn58221 determined by CID@46#. Hence
l 51 was used forn58216 andl 52 for the larger clus-
ters. This increase ofl is due to the increasing number o
degrees of freedom: In order to fragment within the expe
mental time window, more excitation energy is needed
the larger clusters as compared to the smaller ones.

In Table II the separation energies calculated from
observed lifetimes of the parent clusters are given. The er
include an estimated uncertainty of 50 K for the cluster te
perature prior to laser irradiation and the uncertainties of
measured lifetimes. Note that in all cases where sev
wavelengths were used the separation energies agre
within 4%. In Fig. 4 the average separation energies
shown as a function of cluster size.

The Dn
1 values are equivalent to monomer separation

ergies except in the cases of Ag11
1 and Ag13

1. For the
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decay of Ag11
1 the only fragment observed is Ag9

1, which
indicates the emission of a Ag2 dimer. This finding is con-
sistent with the energy balance for monomer and dimer
cay of Agn

1. The values ofDn,1
1 andDn,2

1 are given by

Dn,1
1 5En21

1 1E12En
1 , ~4!

Dn,2
1 5En22

1 1E22En
1 . ~5!

En
1 and En denote the total binding energy of positive

charged and neutraln-atom clusters, respectively. WithE1
50 andE252D2 one obtains

Dn,2
1 2Dn,1

1 5Dn21,1
1 2D2 . ~6!

Since dimer emission predominates for Ag11
1, one has

D11,2
1 ,D11,1

1 , which is equivalent toD2.D10,1
1 . Since

D251.6960.08 eV @47# and D10,1
1 51.6660.08 eV ~Ta-

ble II! it is apparent that dimer emission is energetically fe
sible. The case of Ag13

1 is more complicated and will be
discussed separately in Sec. IV C.

The separation energies converge towards the bulk c
sive energy of silver~2.95 eV @47#!. They show a pro-
nounced odd-even alternation with a higher stability of
even-electron clusters as compared to the odd-electron o
The same alternation was observed in abundance spect
Ag n

1 @22–24#. As argued in Ref.@48# the odd-even stagger
ing is the result of a ground-state deformation of the clust
which tends to remove all degeneracies except the do
spin degeneracy of each level. An odd electron has to en
higher single-particle level than the previous even elect
that filled the doubly degenerate state. An eight-elect
shell closure is apparent from the high separation energy
Ag 9

1 and the correspondingly low value for Ag10
1.

The binding energies of Agn
1 clusters (n 5 2–9! were

calculated@16# performing CIab initio calculations for sev-
eral ionic structures. For the most stable structures an o
even alternation is noticeable with a higher binding energy
the even-electron clusters. For a quantitative compari
with the present experimental data, the calculated bind
energies of the most stable Ag8

1 and Ag9
1 structures were

converted into separation energies. One obtains value
D8,1

1 51.96 eV andD9,1
1 52.77 eV, which are in good agree

ment with the data in Table II. This indicates that for t
two clusters in question the calculated most stable struct
are indeed the energetically favorable ones.

B. Sequential decays

If a cluster absorbs more than one photon its internal
ergy may be sufficiently high for evaporation of several
oms. Figures 3~c!, 5~a!, and 5~b! show an example of such
sequential decay in the case of Ag16

1, i.e.,

Ag16
1→Ag15

11Ag→Ag14
112Ag.

After laser irradiation with 3.12-eV photons the tim
resolved decay of Ag16

1 and the formation of Ag15
1 and

Ag 14
1 are observed. The fitting function used to describe

fragment formation is

y~Dt !5c~12e2Dt/t!1d, ~7!
e-

-

e-

e
es.
of

s,
le

r a
n
n
or

d-
f
n
g

of

es

n-
-

e

whered is the relative abundance forDt,1025 s andc1d
the relative abundance for largeDt.

The various decay times and cluster abundances ca
understood in terms of the number of absorbed photons:
decay of Ag16

1 with t55.061.1 ms is attributed to a deca
after one-photon absorption. At small values ofDt,10 ms
the Ag16

1 abundance has already decreased to about 8
This decrease is due to absorption of two or more phot
and a correspondingly rapid decay. In the case of Ag15

1 the
increase of the cluster abundance forDt.1 ms is due to the
one-photon induced decay of Ag16

1. The fragment abun-
dance of about 5% atDt,1 ms is due to Ag16

1 decay after
absorption of two photons. The internal energy of the
Ag 15

1 fragments is sufficiently high for evaporation of a
other atom to yield Ag14

1. The increase of the Ag14
1 abun-

dance to a value close to 5% is fully consistent with th
picture.

The time constant for the formation of Ag15
1, which is

derived from Fig. 5~a!, is of course affected by the sequenti
decay into Ag14

1. The correct time constant is obtained b
summation of the data for Ag15

1 and Ag14
1 @Fig. 5~c!#, viz.

t56.460.7 ms. Within the uncertainties, this value agre
well with the decay time of Ag16

1.
The above reasoning is further substantiated by a calc

tion of Dn21,1
1 from the data of the sequential Agn

1 decay.
As will be shown, the resulting value is in complete agre
ment with the one obtained by direct observation of t
Ag n21

1 decay. The excitation energy of a Agn
1 cluster af-

ter absorption ofl photons is given by Eq.~3!. The internal
energy of the fragment cluster after emission of an atom

En21* 5En* 2Dn,1
1 22kBTf r , ~8!

where the average kinetic energy of the emitted atom
2kBTf r andTf r is the temperature of the fragment cluster@1#.
With En21* and the time constanttn22 for the formation of
the second fragment, Eq.~2! yields a value forDn21,1

1 . The
calculation is performed with severall values to obtain
agreement with the data from the direct decay. For exam
from the sequential Ag16

1 decay the Ag15
1 separation en-

ergy is deduced,D15,1
1 52.76 0.13 eV, usingl 52 andD16,1

1

from Table II. ~With l 51 and 3, on the other hand, on
obtains values of 1.1 eV and 4.0 eV.! This value is in good
agreement with the result from the direct one-photo
induced Ag15

1 decay of 2.6360.09 eV.
Several examples of separation energiesDn21,1

1 obtained
from the sequential decay of Agn

1 clusters are listed in Ta
ble III. They generally agree well with the results obtain
from the direct decay~Table II!. This strongly indicates tha

TABLE III. Separation energiesDn21,1
1 of Agn21

1 clusters cal-
culated from sequential decay data.n gives the number of atoms o
the parent cluster,l the number of absorbed photons of energyhn.

n21 n l hn ~eV! Dn21,1
1 ~eV!

15 16 2 3.12 2.576 0.13
15 16 2 2.96 2.496 0.13
17 18 3 2.28 2.476 0.13
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the procedure used to derive separation energies from m
sured time constants is internally consistent.

C. Decay of Ag13
1

For the clusters up to sizen512 only one of the frag-
ments, the one with eithern21 or n22 atoms, showed a
time-dependent formation in the experimentally access
time range. In these cases, the respective time constant
equal to the decay times of the parent clusters~within experi-
mental uncertainties!. For some of the clusters withn>14
both then21 andn22 fragments show a time-depende
decay. The time constants are explained in terms of a
quential decay, i.e., the absorption of several photons by
parent cluster and the successive evaporation of two ato

In the case of Ag13
1, however, this interpretation doe

not hold: Figs. 3~a!, 6~a!, and 6~b! show the decrease of th
Ag 13

1 signal and the corresponding increase of both
Ag 12

1 and Ag11
1 signals as a function ofDt at a photon

energy of 3.73 eV. At shortDt (,10 ms! the relative abun-
dance of Ag12

1 is 0.02. These Ag12
1 clusters result from the

decay of Ag13
1 after absorption of two or more photons an

still carry enough excitation energy to decay into Ag11
1 ~cf.

Sec. IV B!. If all Ag 11
1 clusters were due to this kind o

sequential decay, their abundance at longDt should have
increased by 0.02 as compared to shortDt. However, the
difference in abundances is 0.03–0.05, which shows
Ag11

1 is not ~completely! formed by the decay of Ag12
1.

If a sequential decay is still assumed, the separation
ergy of Ag12

1 may be calculated as described in Sec. IV
The result is in disagreement with the assumption: The
culated value ofD12,1

1 is 1.2 eV higher than the one in Ta
ble II from the direct one-photon-induced decay of Ag12

1.
Alternatively, the data might be explained by the prese

of two Ag13
1 isomers that decay via monomer and dim

evaporation, respectively. The result of almost equal form
tion times of Ag11

1 and Ag12
1 would in this case be coin

cidental. In addition, the cluster temperature after absorp
of one 3.73-eV photon is on the order of 1500 K. This
higher than the melting temperature of bulk silver, whi
renders the existence of two isomers highly unlikely. T
most plausible explanation of the data is the presence of
coexisting decay channels for Ag13

1, one with monomer the
other with dimer evaporation. In this case, the time consta
for decay of Ag13

1 and for formation of Ag12
1 and Ag11

1

must be equal. Within uncertainties, this in fact is the c
for both photon energies studied~Table I!.

The separation energiesD13,1
1 andD13,2

1 are calculated in
the following way@49#: The decay ratek13 of Ag 13

1 is given
by the sum of the rates for the monomer and dimer chan

k135k13,11k13,2. ~9!

The ratio ofk13,1 andk13,2, on the other hand, is determine
by the ratio of the respective channel abundances

k13,1

k13,2
5

NAg12
1

NAg11
1

. ~10!
a-

le
are

e-
e
s.

e

at

n-
.
l-

e
r
-

n

e
o

ts

e

ls

NAg12
1 andNAg11

1 are given by the difference of the abun

dances at long and shortDt. From Figs. 6~a! and 6~b! one
obtainsk13,1/k13,252.760.9 ~at 3.73-eV photon energy!. k13

is taken as the inverse of the average of the three time c
stants for the decay of Ag13

1 and the formation of Ag11,12
1,

k13535206450 s21. The resulting partial decay rates a
k13,1525706440 s21 and k13,259506270 s21. Assuming
decay after one-photon absorption, separation energies
calculated with Eq.~2!. One obtainsD13,1

1 52.5760.06 eV
andD13,2

1 52.6260.10 eV. The results for a 3.44-eV photo
energy are given in Table II. Note that the errors ofD13,1

1 and
D13,2

1 are correlated and largely due to the estimated un
tainty of the cluster temperature of 300650 K. The uncer-
tainty of the difference of the two separation energies
much smaller (.0.02 eV!.

V. CONCLUSIONS

The time-resolved photofragmentation of Agn
1 clusters

(n58221) has been studied on a time scale 102521021 s.
Clusters were stored in a Penning trap and excited by p
tons with energies 1.5–4 eV. Parent and fragment clus
were detected by ejection from the trap and time-of-flig
mass spectrometry. The decay channels observed are
emission of neutral atoms and dimers with exponential ti
constants 100ms to 15 ms.

Separation energies were determined from the meas
lifetimes based on the quantum version of Kassel’s the
@17,18#. The separation energies converge towards the b
cohesive energy of silver. They show a pronounced odd-e
alternation, which is interpreted in terms of Jahn-Teller d
formations@48#. For n58,9 separation energies were calc
lated with a CIab initio method@16,39#. Good agreement is
found between the experimental and theoretical data.

For some of the clusters withn> 14 the sequential evapo
ration of several atoms was observed~cf. Table I! due to
absorption of two or more photons. The calculated separa
energies of the first fragments withn21 atoms agree wel
with values determined from the direct decay of the resp
tive clusters~cf. Tables II and III!. Hence the procedure to
infer separation energies from measured time constant
internally consistent. In the case of Ag13

1 two competing
decay channels were observed, viz., the emission of a ne
atom or a dimer. The respective separation energies w
determined from the branching ratio and the time consta
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