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1 Introduction

Atomic clusters can be ordered - amongst others - according to their type of bond
into categories of Van-der-Waals, metal, covalent or ionic clusters [1]. Depending
on the kind of bond the properties of the cluster differ significantly, e.g. melting
point [1], ionization energy [1] or dissociation energy [2]. In the case of neutral metal
clusters one observes, that they primarily reduce their energy via evaporation of
neutral atoms or dimers [3] as a means of cooling. However, a different behavior was
discovered for the post-transition metals tin and lead: for cluster sizes up to 15, both
cool via break-off of bigger fragments. This is also known from the semiconductors
silicon [3–6] and germanium [3,5,7]. As tin and lead are metals in the bulk, there seems
to be a nonmetal to metal transition, which is investigated within this theses for the
case of lead.
In the early 1980s, the first lead-cluster investigations were performed by Sattler and
coworkers, who developed an inert gas condensation cluster source, which produces
clusters in the size range of 2 – 400 atoms. Soon after, the first magic numbers,
i.e. cluster sizes with increased stability due to their electronic or geometric confi-
guration, were observed for lead. For cations the stable sizes are n = 7, 10, 13, 17
and 19 [8–11]. These were also found to be particularly stable by simulations [12–15],
which take into account cluster geometry and electron distribution. For lead-cluster
anions different stable cluster sizes n = 7, 10, 12 and 15 are observed [16]. In most
studies Pb+

14 has only a low abundance compared to the neighboring cluster sizes [8],
which can be attributed to its small dissociation energy [13].
A cluster’s stability significantly affects its fragmentation behavior, which will be
investigated in this thesis. In doing so, the range of investigated cluster sizes is
expanded beyond that of previous studies (n ≤ 15 [17]). The new investigations
include photoexcitation of singly-charged cluster cations (n = 6 − 41) and anions
(n = 9− 56), as well as doubly charged anions (n = 34− 56).
A further topic of this theses is the investigation of multiply negatively charged
lead clusters. Former investigations observed Pb2+

31 as the smallest doubly positive
charged lead cluster [18]. The authors predict a critical size for the smallest Pb2+

n

cluster to be n = 30 in the case of lead. This assumption is based on the balance of
the binding energy of the cluster atoms and the Coulomb repulsion in a conductive
sphere. If a cluster is multiply charged, the charge will be arranged over the cluster
surface on a timescale much faster than the ionic cores will react. In the case of
two charges they will be arrangeed on opposite sides of the spherical cluster. This
charge separation leads to an electric force on the ionic cores, and the cluster will
be deformed into a prolate structure. At last, if the binding energy of the atoms is
less than the Coulomb energy the cluster breaks apart.
Only a few years later also smaller doubly positive lead clusters were observed, for
n = 7, 9, 11 and 13 [19], which was explained by a structural change of the lead clus-
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1 Introduction

ters. The structure of clusters smaller than n = 13 is estimated as a chain instead
of a sphere (Icosahedron), which leads to a longer distance of the two charges and
therefore a smaller Coulomb energy. The critical size for a doubly charged chain
of lead atoms is n = 7 [19]. However, later on even smaller doubly positive charged
lead clusters are observed (n = 3) [20]. However due to the experimental conditions
it is not clear if these clusters are stable or only metastable, which means in this
case stable on the time scale of 10−6 s. In this thesis doubly negatively charged lead
clusters are investigated and compared to the findings of the cationic system.
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2 Cluster fragmentation and
fission in the liquid drop model

A simple model to describe the binding energy of a cluster is the liquid drop model
(LDM), which assumes the cluster behaves like a droplet and its atoms interact only
with their nearest neighbors. The binding energy is calculated similar to the semi
empirical mass formula of nuclear physics [21,22]:

E (n, z) = Evol (n) + Esurf (n) + Ecoul (n, z) (2.1)

The first part, the volume term describes the attraction due to the forces between
surrounding atoms:

Evol (n) = −avn. (2.2)

The coefficient av is the average binding energy per atom, for lead: avol = 2.03 eV [23]

is used in the following, whereby n is the number of atoms in the cluster. As
the surface atoms have less interaction atoms, a surface term is introduced, which
reduces the binding energy [21]:

Esurf (n) = −asn
2
3 , (2.3)

with as = 1.45 eV [24] for lead. If the cluster is charged (z < 0 for negative charges
and z > 0 for positive charges) a Coulomb energy must be added [21]:

Ecoul (n, z) = azz
2n− 1

3 = z2
e2

8πε0Ra

n− 1
3 , (2.4)

with az = 3.73 eV for an atomic radius of Ra = 3.65a0 (a0 – Bohr radius) for lead [24].
For a given charge state z, the bulk work function (W = 4.0 eV [25]) has be taken into
account [26]. With equation 2.1 the ionization energy (IP) (z → z + 1) and electron
affinity (EA) (z → z − 1) [27] can be calculated to

IP = E (n, z + 1)− E (n, z) = W +

(
z +

1

2

)
e2

4πε0Ra

n− 1
3 (2.5)

and
EA = E (n, z − 1)− E (n, z) = W −

(
z +

1

2

)
e2

4πε0Ra

n− 1
3 . (2.6)

If the EA is positive, energy is needed to release an electron from the cluster and
if EA is negative the electron will leave the cluster spontaneously. However if the
initial cluster is multiply negatively charged (z ≤ −2), the Coulomb wall of the final
cluster (zf ≤ −1), must be taken into account. This barrier stabilizes the surplus
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2 Cluster fragmentation and fission in the liquid drop model
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Figure 2.1: Schematic of the fission barrier of two touching spheres. Adapted from
ref. [28] and ref. [31].

electrons, even if the EA of the final cluster is negative. In a classical view, an
electron has to overcome the Coulomb wall [28]

Vc =
e2

4πε0Ra

(
zf
r
− R3

zr2 (r2 −R2)

)
(2.7)

of the remaining cluster to leave it, with the cluster radius R = Ran
1
3 . In the

quantum-mechanical approach, tunnel effects through the Coulomb wall have to be
considered, which allow attached electrons to leave the cluster, even if they do not
have sufficient energy to overcome the potential barrier [29].
As for the process of electron emission described above, a similar approach can be
made for the evaporation of neutral atoms from the cluster. The dissociation energy
for monomer evaporation can then be calculated by (see Fig. 2.2):

D (n, z) = E (n− 1, z)−E (n, z) = av+as

(
n

2
3 − (n− 1)

2
3

)
+azz

2
(
(n− 1)−

1
3 − n− 1

3

)
.

(2.8)
The emission of an electron and the evaporation of a monomer are the main cooling
processes for hot metal clusters [22]. However, for multiply charged clusters, fission
into two charged clusters is also possible [18]. The fissility parameter [28,30]:

χ =
Ecoul

2Esurf

=
acz

2

2asn
(2.9)

is defined for fission via small deformations of a sphere to an ellipsoid. For the
case of χ ≥ 1 the cluster breaks apart spontaneously and for the case χ < 1 the
cluster is stable and needs energy to break apart. For the investigated lead clus-
ters (10 ≤ n ≤ 50, z = −2, dianions) the fissility parameter is in the range of
0.1 . χ . 0.5 and therefore unexcited clusters are expected to be stable against
spontaneous fission. In Fig. 2.1 the potential energy of the cluster before, during
and after a fission process is given. The metal clusters are assumed to be charged
metallic spheres, with the charge at their surface.
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Figure 2.2: Dissociation energies for different lead-cluster reactions in dependence
of the cluster size.

The energy to break a cluster apart is calculated in the picture of two touching
metalic spheres. The energy difference between the initial state and the final state
(two separated clusters) is calculated by

Q = E (ni, zi)− E (n1,f , z1,f ) . (2.10)

With the maximum height of the Coulomb wall [28]:

Bc =
3z1,fz2,f

4sc

1

4πε0
(2.11)

at the position sc. For the case of charge symmetric fission sc is calculated by [28]

sc =
(
2
(
R3

1 +R3
2

)) 1
3 . (2.12)

In total an energy of [28]
Bf = Bc −Q (2.13)

is needed to break a cluster apart (separate two touching metallic spheres).
In Fig. 2.2 the energies needed for the different reactions of lead cluster (di-)anions
are shown as a function of cluster size for 5 ≤ n ≤ 60.
For large dianionic lead clusters (n & 40) the activation energy for monomer evapo-
ration is smaller than for all other possible reactions and thus monomer evaporation
is the most probable reaction. For smaller dianionic lead clusters (n . 30) the most
probable reaction is the detachment of an electron. The fission into two charged
clusters should play no role. These considerations are in good agreement with ex-
perimental results for noble metals [32,33], but as will be shown in the next chapters,
not for lead clusters.
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3 ClusterTrap

In the following the setup used for the photofragmentation of and electron inte-
raction with lead clusters is described. The ClusterTrap setup [34–37] was built to
investigate metal clusters in the gas phase. An overview of the setup is given in
Fig. 3.1 and a typical timing pattern of the experiments in Fig. 3.2.

Figure 3.1: Schematic of the ClusterTrap setup. For details see text.

The clusters are produced in a laser ablation source [38] (see Fig. 3.4) where a pulsed,
frequency doubled nanosecond Nd:YAG laser beam is focused onto a 1mm thick
lead wire by means of a cylindrical lens. After the laser beam hits the wire, atoms
and ions of the target material are evaporated. Due to a constant flow of helium
gas around the wire through a nozzle of the source into the vacuum chamber, the
evaporated material is accelerated (up to the helium velocity) and cooled by the
adiabatic expansion of the helium gas. The constant He-flow was introduced during
this thesis instead of a pulsed one to get rid of a mechanical valve which frequently
needs maintenance and calibration. The mixture of target atoms and ions have a
very low temperature and the collision energy between them is low and therefore
they form neutral and charged clusters. The clusters are moving in the direction of
a radio frequency ion trap (RFQ) through a system of two skimmers. Furthermore,
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3 ClusterTrap
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between the nozzle and the first skimmer an electrical field is applied to adjust the
kinetic energy of the cluster beam. Thus only clusters of a certain charge state and
within a rough mass range enter the RFQ, which is operated at ±95V (see Fig. 3.4).
There, the clusters are trapped and several cluster pulses from the source are accu-
mulated, referred to as “RFQ capture” in Fig. 3.2.
Afterwards the clusters are ejected ("buncher extr.") and further guided by electro-
static lenses, deflectors and a quadrupolar bender into the cylindrical Penning trap
with a 12-T magnet ("PT capt."). The motion of the clusters in the Penning trap
is determined by the static electric and magnetic fields. The electric field leads to
an axial motion with the frequency:

ωz =

√
qU0

Md20
, (3.1)

with the trap parameter d0 = 26.65mm [39], the axial trapping depth U0, the mass
of the cluster M and the cluster charge q. The superposition of both fields lead to a
radial motion consisting of a combination of the cyclotron motion with the reduced
cyclotron frequency (ω+) and the magnetron motion with the magnetron frequency
(ω−)

ω± =
ωc

2
±
√
ω2
c

4
− ω2

z

2
(3.2)

with the undisturbed cyclotron motion ωc = qB/M .
Within the trap the ions are cooled by buffer gas ("buffer gas"), typically argon,
which leads to a damping of the axial motion and the cyclotron motion. Simulta-
neously the radius of the magnetron motion is increased. Additionally the clusters
are resonantly excited by an electric dipole field to increase the amplitude of their
magnetron motion ("DP exc."). Furthermore the application of an alternating qua-
drupolar field at the cyclotron frequency (ωc) of the cluster size of interest ("QP

8
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Figure 3.4: Laser-ablation source for metal-cluster production.

exc.") leads to a conversion between both radial motions. As the cyclotron motion
is damped the radial motion of only the cluster size of interest is damped and all
other masses/ cluster sizes leave the trap volume [40,41].
After this separating process the clusters are either irradiated by a Nd-YAG laser
beam at wavelength of 532 nm (see chapter 4.1), an optical-parametric-oscillator
laser beam at wavelength of 425 nm (see chapter 4.2), interact with an electron beam
(see chapter 4.3 and Fig. 3.3 "application of an electron beam") or a combination of
both interactions (see chapter 4.4 and Fig. 3.3 "photoexcited Pb2−

43 "). The reaction
products with the same charge sign remain stored in the Penning trap and are later
ejected for time-of-flight (ToF) analysis. To this end the ions pass a tube electrode
(lift), which is switched from the acceleration potential to ground level during their
passage (potential lift [36]) to operate other components of the apparatus at ground
level. Lead clusters smaller than Pb±

4 are too fast for this switching process and are
not observed in ToF-spectra. In Fig. 3.3 for each experimental step in the Penning
trap a time-of-flight spectrum is shown, for the case of dianion photoexcitation. It
is labeled according to the steps in Fig. 3.2.
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4 Experimental observations

4.1 Singly charged lead-cluster photoexcitation
and fragmentation pathways (Article 1)

If a laser pulse hits a metal cluster, the electron cloud will respond first. Therefore
the cluster can emit electrons immediately and/ or the electron cloud starts to
oscillate in a collective way around the cluster core. Within about several 100 fs the
oscillation will be damped Landau-like and electron-electron collisions take place [2,25]
(for lead clusters from 2 to 29 atoms, electron relaxation times of up to several ps are
measured by time resolved photoelectron spectroscopy [42]). This leads to heating of
the cluster ions. If this heating deposits enough energy in a vibrational mode of
a cluster evaporation or fission will occur. In this section the observation of these
processes will be presented for singly charged lead clusters.
Singly charged lead clusters are produced, size selected, stored in a Penning trap
and photoexcited by a 532 nm Nd-YAG laser. For the present experiment a laser
pulse with a pulse energy of 3mJ and a duration of 4 ns is used to investigate
the dissociation behavior of lead clusters. Lead cluster cations from cluster size
n = 6− 41 and lead cluster anions from cluster size n = 9− 56 are examined. The
cluster ions are selected following the procedure described in chapter 3, excited by
a laser pulse and the reaction products are stored for another 100ms. Finally the
clusters are ejected from the trap for ToF analysis.

11



4 Experimental observations

4.1.1 Cations

As an example Fig. 4.1 shows the abundance spectra after photoexcitation of Pb+
22

and Pb+
24. Signals of smaller cluster sizes than n = 22, 24, are magnified by a factor

of 2 and 4, respectively.
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Figure 4.1: Abundance spectrum after photoexcitation of Pb+
22 (top) and Pb+

24

(bottom). (Adapted from Fig. 2 of article 1.)

Clusters of both sizes evaporate monomers and the cluster sizes m = 13 and 15
have a pronounced abundance, from which m = 13 is known as a magic number [43].
Additionally, for cluster size n = 24 the fragment m = 17 is observed with a high
abundance. For both cluster sizes n = 22 and 24 the fragment m = n − 7 has an
increased abundance, which is a general trend for all cluster sizes between n = 19
up to roughly 34 (see Fig. 4.2).
All abundance spectra after cation photoexcitation are summarized in Fig. 4.2. On
the ordinate the precursor cluster size is given and the abscissa corresponds to the
x-axis of the abundance spectra of Fig. 4.1. The signal intensity is color coded and
scaled logarithmically and each horizontal abundance spectrum is normalized to one.
The main line with the gradient one corresponds to the remaining precursor clusters.
The clusters corresponding to the vertical lines at position m = 13, 15, 17, 24 and
28 have an increased stability with regard to their neighbors. In contrast to other
metal clusters [33,44–54], which evaporate only monomers and dimers, lead breaks off
bigger neutral fragments, mainly Pb7, which is observed from cluster size n = 20 up
to n ≈ 34. This fragmentation pathway seems especially preferred, if the remaining
charged cluster has a higher stability compared to his neighbors.
A peculiar behavior is observed for Pb+

14, as there is not a single fragment in the
spectrum. To investigate this behavior further the pulse energy was increased up
to 60mJ. However the cluster remains intact. As Pb+

14 has a low abundance in all
other spectra (as well as reported in the literature [8,11,55]), enhanced stability can be
excluded. Probably, this cluster size has a small (maybe negligible) cross-section for
photoabsorption at 532 nm.

12



4.1 Singly charged lead-cluster photoexcitation and fragmentation pathways (Article 1)

Figure 4.2: Intensity plot of the abundance spectra for cation photoexcitation. On
the ordinate the precursor cluster size is given and the abscissa corre-
sponds to the x-axis of the abundance spectrum of Fig. 4.1. The signal
intensity is color coded and scaled logarithmically and each horizontal
abundance spectrum is normalized to one (Fig. 3 of article 1.)

4.1.2 Anions

All abundance spectra after photoexcitation of lead anions are summarized in Fig. 4.3.
Abundance spectra for Pb−

11 and Pb−
17 are absent because of insufficient production

of these clusters. Again, the remaining precursor clusters appear as a diagonal line
with a gradient of one. For all cluster sizes monomer evaporation is observed. Clus-
ters with increased stability compared to their neighbors appear as vertical lines,
namely 10, 12 and 20. Similar to the cationic clusters, the anionic clusters in the
size range of n = 18 up to ≈ 38 fragment by break off of a neutral heptamer. The
clusters of size n = 20 fragment almost only into Pb−

10 and for the precursor Pb−
22

the fragment Pb−
12 has a pronounced abundance with regard to all other precursor

clusters, which are both hints for neutral decamer break off.
The fragmentation of lead clusters into neutral Pb7 is probably caused by the cluster
structure. As the energy of the exciting photon is statistically spread over the
cluster, their must be a "weak point", where the cluster breaks apart. Theoretical
studies predicted, that lead clusters are a composition of lead heptamers, bound
by "glue" atoms [15] (the "bottleneck"). This view is partly supported by cluster

13



4 Experimental observations

Figure 4.3: Intensity plot of the abundance spectra for anion photoexcitation, in
analogy to the plot for cationic clusters in Fig. 4.2. (Fig. 5 of article 1.)

beam deflection experiments [56] and, additionally by the present photoexcitation
measurements.

4.2 Time resolved monocationic lead cluster
photoexcitation (Article 2)

As shown in the previous section, the results from lead-cluster photoexcitation shows
several fragmentation pathways, including a pronounced abundance of clusters mis-
sing a neutral heptamer compared to the precursor. To disentangle the fragmen-
tation pathways, time resolved photoexcitation measurements are performed at a
wavelength of 425 nm. As described above (see chapter 3) the clusters of Pb+

31 are
size selected in the Penning Trap and excited by a nanosecond laser pulse of 425 nm.
At a defined time after the laser pulse (the "delay time"), the clusters and their
charged fragments are ejected and analyzed by time-of-flight mass spectroscopy.
In fig 4.4 all measured abundance spectra for delay times of 10µs up to 200ms
are given. Obviously some clusters are formed with increasing time and others are
decaying. Already at 10µs a part of the clusters are fragmented and the clusters
Pb+

30,29,28 are observed. These decays and growths are more clearly visible in Fig. 4.5,

14



4.2 Time resolved monocationic lead cluster photoexcitation (Article 2)

Figure 4.4: Intensity plot of the abundance spectra for different delay times. Each
row represents a ToF spectrum with the fragment-cluster size at the x-
axis and the delay time at the y-axis. For details see text. (Data taken
from article 2.)

where a selection of cluster sizes with the highest abundance (n = 17, 24, 28-31) is
shown. At the ordinate the delay time and at the abscissa the relative abundance
rm(t) within the corresponding abundance spectrum is given. The solid lines through
the data points (circles) are fits to the data and the triangles represent fitted time
constants (see table 4.1). The fit functions for the relative abundances are given in
the following. All time constants and amplitudes of intensity increases are written by
uppercase letters and all parameters of intensity decreasing with lowercase letters.
The decay of the precursor Pb+

31 can be described by the sum of two exponential
decays with an offset:

r31 (t) = r31,offset + r31,1e
−k31,1t + r31,2e

−k31,2t. (4.1)

The corresponding time constants and amplitudes of all fit functions are summarized
in table 4.1. Pb+

30 is produced faster than the smallest delay time and has an initial
abundance of ≈ 7%. The further progress of the relative abundance is described by
an exponential decay followed by an exponential growth:

r30 (t) = r30,offset + r30e
−k30t +R30

(
1− e−K30t

)
. (4.2)
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The growth of Pb+
29 (and Pb+

23) is followed by a decay. Such decay is known from
nuclear physics and can be described by the so called Bateman equation [57,58], which
has to be combined with an exponential growth:

r29 (t) = r29,offset +
K29

k29 −K29

R29,1

(
e−K29t − e−k29t

)
+R29,2

(
1− e−k29t

)
. (4.3)

The time constant of the last term can (mathematically) either be identical to the
decay or growth time of the second term (the Bateman equation). As the decay time
is defined by the inner energy of the cluster and thus by the number of absorbed
photons, all clusters with the same decay (or growth) time are identical. In the case
of Pb+

29 only a part of the produced (identical) clusters decay further and the other
part must be cooled radiatively or by collisions with the background gas. In other
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n roffset / % τ / ms r / % T / ms R / %

31 78.7(3) 0.14(5) 2.6(4)
30(4) 8.7(4)

30 0.8(2) 1.1(2) 5.9(3) 46(11) 3.1(3)

29 0.79(8) 0.69(7) 6.4(2)
106(38) 6.4(2) 4.1(3)

28 1.20(4) 117(66) 0.7(2)
27 0.12(2) 4.2(9) 0.83(5)
24 0.14(2) 38(2) 7.4(2)

23 0.07(2) 0.62(9) 0.94(4)
450(450) 0.94(5) 0.5(4)

17 0.02(2) 0.3(2) 0.14(2)
13 0.014(5) 15(7) 0.12(2)

24+17 0.21(2) 35(4) 7.4(3)

31+30 82.6(3) 0.73(10) 7.6(5)
22(5) 6.0(5)

Table 4.1: Fit-parameter values for the precursor Pb+
31 and each fragment. All in-

creasing time constants (T) and amplitudes (R) are written by uppercase
letters and all decreasing parameters (τ , r) with lowercase letters. (adap-
ted from Table 1 and 2 of article 2.)

words, the excited Pb+
29

∗ decays into a non-excited Pb+
29 or into another cluster size

Pb+
29

∗ →
{
Pb+29
Pb+m−l + Pbl.

(4.4)

The remaining signals at cluster sizes m = 28, 27, 24, 17 and 13 show only an
exponential growth combined with an offset:

rm (t) = rm,offset +Rm

(
1− e−Kmt

)
. (4.5)

To disentangle the fragmentation pathways the fitted time constants and amplitudes
are compared. One finding is a sequential monomer evaporation from Pb+

31 down to
Pb+

28, which is well known for metal clusters [3,33,49,59,60]. Furthermore a fast sequen-
tial heptamer evaporation can be disentangled by forming the sum of Pb+

24 and Pb+
17

(see Fig. 4.6) which has a growth-time constant matching the decay-time constant
of Pb+

31. These findings support the assumption, that (at least) Pb+
31 evaporates

neutral heptamers which was found in the photoexcitation measurements for lead
clusters of many sizes and of both charge states.

4.3 Multiply charged lead clusters and first hints
for a dianion fission (Article 3)

The main challenge for investigations on and with multiply-charged anionic-clusters
in the gas phase is their production. Some techniques are laser desorption [61,62],
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Figure 4.7: Schematic of the electron bath. For details see text.

electrospray ionization [61,63], sputtering with high energetic ions on a surface (e.g.
graphite [64]) or capture of low energetic electrons by electrophilic molecules [61]. In
the framework of this thesis the technique of electron bath [65,66] is used, to increase
the charge state of lead clusters. Unlike former measurements with metals as Al [67],
Au [29] or Ag [68], fragmentations are observed beside the multiply charged clusters.
Lead-cluster anions are size selected and stored like introduced in chapter 3. Addi-
tionally, an electron beam is guided through the Penning trap (for 500ms, with an
energy of ≈ 63 eV) and argon gas is pulsed into the trap volume. The electron beam
ionizes the argon, the positive charged argon ions leave the trap and the secondary
electrons stay stored together with the cluster ions (see schematic in Fig. 4.7). Some
electrons overcome the Coulomb wall of the clusters, loose energy in the cluster and
are bound to the cluster. When the electron beam is switched off the ions are ejected
for ToF analysis. As no fragmentation products are observed after the application
of the electron beam during the storage of cationic lead clusters, it is assumed that
the electron beam is not hitting the cluster cloud in the trap directly.
In Fig. 4.8 all measured lead-cluster-electron-interaction spectra of precursor clus-
ter sizes n = 10, 12-104 are summarized. As for Fig. 4.2 each row represents the
ToF-spectrum of one precursor cluster size. The signal height is color coded and
logarithmically scaled. Beside the pronounced precursor cluster line with the gra-
dient one, two additional lines are observed, which are doubly and triply negatively
charged lead clusters. The smallest observed di- and trianions are Pb2−

28 and Pb3−
69 ,

respectively. The smallest observed di- and trianions previously reported from la-
ser ablation experiments are slightly bigger (Pb2−

35 and Pb3−
76 ) [62]. The difference is

presumably due to the different production processes, which leads to higher tem-
peratures in the case of laser ablated clusters without carrier gas, as compared to
the laser-ablation cluster-source. The smallest observed dianion is in the same or-
der as the smallest observed dication for spherical clusters, which was found to be
Pb2+

31
[18]. For chains of atoms the smallest observed dication is Pb2+

7 , due to the big-
ger distance between the two charges, which are arranged on opposite sides of the
cluster. Overall the smallest observed multiply charged clusters are Pb2+

3 and Pb3+
43

on experimental time scales of 10−6 s [20]. The present experimental time scales are
much longer, in the order of 1 s, which is a crucial point, as the multiply negatively
charged clusters are metastable as long as the electron affinity is negative (EA < 0
for n ≤ 2).
In Figure 4.9 the interesting part of Fig. 4.8 (lower left corner) for cluster fragmen-
tation is given. Similar to the photoexcitation measurements (see chapter 4.1) the
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Figure 4.8: Intensity plot of the abundance spectra after electron interaction as in
Fig. 4.2. (Fig. 2 of article 3.)

cluster sizes with increased stability are n = 10, 12 and 20 can be identified as
vertical lines. Additionally, singly charged fragments at cluster sizes m = n − 10,
m = n−12, m = n−17 and m = n−20 are observed. The fragments at m = n−17
are probably a product of a further fragmentation of the clusters m = n−10, due to
subsequent loss of a neutral heptamer Pb7. The fragments m = n− 20 are observed
only with a very small abundance and are possibly a product of a fission process or of
further decay of Pbm−10, with a following neutral decamer break-off. The fragments
m = n−10 andm = n−12 are either products of neutral decamer or dodecamer loss
or of a fission process (Pb2−

n +e− → Pb−
n−m+Pb−

m). As no fragments m = n−10(12)
are observed in earlier photoexciation measurements (see chapter 4.1), it is probable
the first observation of metal cluster fission into two charged fragments. To proof
these hints, lead cluster dianions are stored and size selected in the Penning Trap,
photoexcited and the fragmentation pattern is investigated (see next section).
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Figure 4.9: Enlarged view of essential part for fragmentation of Fig. 4.8. (Fig. 8 of
article 3.)

4.4 Dianion photoexcitation (Article 4)

To proof the dianion fission of lead clusters, stored and size selected lead clusters dia-
nions are photoexcited like in former experiments with monoanions (see section 4.1).
The first part of the experimental procedure is the same as for the electron inte-
raction. The cluster anions are captured, buffer gas cooled, size selected and exposed
to an electron beam (≈ 63 eV) which produces, by support of argon as buffer gas
secondary electrons, which stay stored in the trap (electron bath). After 500ms of
electron bath, the axial trapping potential is lowered for 4µs and the electrons leave
the trap, the clusters stay stored due to their higher mass. The remaining cluster en-
semble of different sizes and charge states is again resonantly excited in the presence
of buffer gas, to limit the stored distribution to dianions of the precursor cluster
size of interest, only. These cluster dianions are photoexcited by a 532 nm Nd-YAG
laser pulse (pulse energy of 3mJ, duration of 4 ns) and the reaction products are
ToF-analyzed.
As an example in Fig. 4.10 the abundance spectrum after dianion photoexcitation
of Pb2−

44 is presented. Several fragments are observed, amongst others Pb−
44, due

to electron loss from Pb2−
44 , and Pb−

43,42,... from a monomer evaporation chain. Ad-
ditionally, the fragments Pb−

34 and Pb−
10 are observed. There are various possible
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fragmentation pathways:

Pb2−
44 + hν → Pb−

44
∗
+ e− → Pb−

34 + Pb10 + e− (4.6)
Pb2−

44 + hν → Pb−
44

∗
+ e− → Pb34 + Pb−

10 + e− (4.7)
Pb2−

44 + hν → Pb−
44

∗
+ e− → Pb−

34
∗
+ Pb10 + e− → Pb−

10 + Pb24 + e− + Pb10

(4.8)
Pb2−

44 + hν → Pb2−
34

∗
+ Pb10 → Pb−

34 + e− + Pb10 (4.9)
Pb2−

44 + hν → Pb−
34 + Pb−

10 (4.10)

To exclude several pathways the abundance spectrum of the phototexcitation spectrum
of Pb−

44 (same experimental parameters as for dianion photoexcitation) and Pb2−
34

are presented in Fig. 4.10. Within the photoexcitation spectrum of Pb−
44 only a

monomer evaporation chain is observed, so the pathways 4.6 – 4.8 can be excluded.
Figure 4.10 bottom shows the abundance spectrum of Pb2−

34 after photoexcitation.
Amongst others the fragments Pb−

12, Pb
−
22 and Pb−

24 are observed in contrast to the
photoexcitation spectrum of Pb2

44-, so the fragmentation fingerprint of Pb2
34- is not

observed within the fragmentation spectrum of Pb2
44-. Additionally, no Pb2

34- is ob-
served for the precursor Pb2

44- and the case 4.9 can be excluded. The only remaining
explanation for the fragments Pb−

10 and Pb−
34 is case 4.10, a fission process into two

charged particles.
If one considers the LDM (see chapter 2, Fig. 2.2) these findings are surprising, as
the only dissociation pathways in this size region are evaporation of an electron or
neutral atom, and fission should play no role. However, excitation measurements
with the doubly positive charged metal clusters Ag [69] and Au [70], show a similar
behavior. The most abundant fragments cluster sizes are Ag+3 , Ag

+
9 , Au

+
3 and Au+

5 ,
which have all closed electronic shells and therefore are magic numbers, like Pb−

10.
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In Fig. 4.11 all measured abundance spectra after dianion photoexcitation are sum-

Figure 4.11: Intensity plot of the abundance spectra after photoexcitation of precur-
sor dianions as in Fig. 4.2. (Fig. 4 of article 4.)

marized. Again each row represents a time of flight spectrum of one precursor cluster
size after photoexcitation. The signal height is color coded and logarithmically sca-
led. For precursor cluster sizes n = 34 up to n = 48 the fission into two charged
particles of the form Pb2−

44 + hν → Pb−
n−10 + Pb−

10 is observed. Additionally, the
fragments m = 12 and m = 20 are visible. In the case of precursor size n = 34
there is possibly also a fission process (Pb2−

34 + hν → Pb−
n−12 + Pb−

12), but because
of insufficient data, this assumption cannot confirmed. The fission pattern fades
away around cluster size n = 48 as in the electron interaction measurement (see
chapter 4.3) and only the well-known monomer evaporation process remains, beside
electron emission.
This change of decay pattern can be interpreted as a non-metal to metal transition,
which has been widely discussed in the literature [42,56,71,72]. But, how should one
define a non-metal to metal transition? Issendorf et al. [71] proposed a definition,
where clusters are metallic, if the energy gap of the highest occupied molecular or-
bit (HOMO) to the lowest unoccupied molecular orbit (LUMO) is smaller than the
Kubo gap (average energy level spacing in a metallic particle of finite size [56]). This
is questioned by Götz et al. [56], because even simple metallic particles have highly
degenerated energy levels like sodium. Beside the energy gap also the electronic
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screening (which should be nearly perfect for a metal) and the bonding nature has
to be taken into account [56]. Based on beam-deflection experiments to investigate the
electronic shielding they concluded that lead clusters up to at least n = 36 are not
metallic [56]. In contrast, the comparison of calculations for a metallic droplet and jel-
lium model with photoelectron spectroscopy measurements leads to the assumption
of a non-metal to metal transition at Pb20, which is supported by density-functional
theory calculations [12].
The fragment Pbn−10 can be used as an indicator for fission of Pbn. If this is app-
lied to the electron interaction measurements (see sect. 4.3) the smallest indirectly
observed dianion is Pb2−

21 , which is significantly smaller than the directly observed
Pb2−

28 .
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5 Summary and outlook

This thesis describes investigations on anionic and cationic lead clusters stored in a
Penning Trap. The main focus was the fragmentation and fission behavior of the
clusters after increasing their inner energy either by electron interaction or photoex-
citation.
In all measurements cluster sizes with enhanced stability were observed, namely
Pb−

10,12,20 and Pb+
13,15,17 in accordance with other measurements [8–11,16] and theore-

tical considerations [12–15]. The fragmentation pattern of anionic and cationic lead
clusters differ strongly compared to other metal clusters, where almost only the loss
of monomers or dimers has been observed [33,44–54]. For lead clusters especially the
break-off of neutral heptamers was observed for cluster sizes up to about n = 40,
regardless of the charge sign.
Within the photofragmentation measurements up to cluster size n = 40 the break
off of a heptamer seems to be a preferred dissociation channel for anions as well
as cations. To further investigate this fragmentation behavior time resolved pho-
toexcitation measurements were performed for the example of Pb+

31, which support
the assumption, that lead clusters break apart by neutral heptamer loss. By use of
different wavelengths for photoexcitation it should be possible to extract the energy
needed for this process.
A very peculiar behavior was found for Pb+

14. This cluster was not possible to be
fragmented at a wavelength of 532 nm in contrast to all other investigated cluster
sizes. Probably, the absorption cross section at 532 nm is very small. In the future
this will be further investigated by use of different wavelengths.
The appearance sizes of lead cluster di- and trianions (napp = 39 and 80, respecti-
vely) were determined by use of the electron bath technique. Furthermore, the
fragmentation spectra after interaction of clusters and electrons are similar to that
of the photoexcitation. However, there were hints of a fission process of lead clusters
of the form Pb2−

n + e− → Pb−
n−10 +Pb−

10 + e−, which was confirmed by photoexcita-
tion of lead dianions.
The measurements on lead cluster dianions show the first observed fission of polya-
nionic metal clusters. The main fission channel is the fission into Pb−

n−10 and Pb−
10.

As the fission process fades away at about cluster size n = 48 this is interpreted as
a non-metal to metal transition. The observed fission process leads mainly into the
stable cluster Pb−

10. The fission into a stable cluster size is also known for multiply
positive charged metal clusters [69,70]. However what about dicationic lead clusters?
Do they fragment too into a "magic" cluster sizes e.g. Pb+

13?
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Photodecay Pathways of Stored, Size-Selected Lead Clusters Pbn
+,

n = 6−41 and Pbn
−, n = 9−56

Stephan König,† Franklin Martinez,*,‡ Lutz Schweikhard,† and Markus Wolfram†

†Institute of Physics, Ernst-Moritz-Arndt University, Felix-Hausdorff-Str. 6, Greifswald 17489, Germany
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ABSTRACT: Fragmentation of cationic (Pbn
+, n = 6−41) and anionic (Pbn

−, n = 9−
56) lead clusters by photoabsorption at 532 nm is investigated. For small (Pbn

+, n < 19,
Pbn

−, n < 16) and large (Pbn
+, n > 24, Pbn

−, n > 30) lead clusters the fragmentation is
dominated by evaporation of monomers, but at the intermediate sizes the main
fragmentation pathways seem to include the breaking off of a neutral heptamer, Pb7.
Under the same conditions as for all other clusters being investigated, Pb14

+ shows a
peculiar behavior, as no decay products are detected.

■ INTRODUCTION

Clusters containing fewer than ∼100 atoms show significant
changes in their properties, for example, binding energy and
decay pattern, as a function of their size and chemical
composition, due to different electronic level structures and
geometrical arrangements of the atoms.1−3 One of the main
topics of atomic-cluster research is the transition from metallic
to nonmetallic behavior as the cluster size decreases, regarding
elements that are conductors in the solid state, for example,
mercury, sodium, and lead.3−7

Clusters of particular stability have been first reported for
xenon and attributed to highly symmetric particle shapes
(geometrical shell closings).8 For lead clusters, such “magic”
sizes were observed by electron-impact ionization,9 photo-
ionization,10 and photofragmentation.10,11 Because the same
magic numbers of cluster size, namely, clusters consisting of
n = 7, 10, 13, 17, and 19 atoms, were observed for both neutral
and cationic species, a geometrical stability as known from the
rare-gas clusters was assumed, rather than electronic effects.10,11

The cluster sizes n = 7 and 10 are observed with enhanced
intensity for anionic lead clusters, too.12,13 However, in contrast
with the cations, to some extent also sizes n = 12 and 15, but
not n = 13, show relatively strong signals in the anion spectra.
Modeling of lead clusters and calculations of their magic

numbers including both geometrical and electronic shell effects
mostly agree with the experimentally observed sizes, especially
n = 7 and 10.6,14−16 In addition, there are further experimental
studies of lead clusters addressing the production of multi-
anionic species,17 the exposure to strong laser fields,18

electronic structure and relaxation dynamics,7,12,13,19−21 and
molecular deflections.22

For monovalent metals, the decay pattern is dominated by
the evaporation of monomers and dimers,23−26 whereas
group 4 semiconductor (Si, Ge) clusters decay into larger
fragments,11,27 which is also called fission in this context. In
surface-induced dissociation (SID) of cationic lead clusters,
monomer evaporation for n ≤ 14 was observed as well as fission
for cluster sizes n = 15 to 20,28 in agreement with ab initio

calculations.15 The most favored fission processes result in the
observation of charged clusters with magic numbers n = 13 and
n = 17, or the break off of a heptamer. Collision-induced
fragmentation (CID) measurements show similar results, where
anionic clusters with n > 14 decay mainly by fission, while the
decay of cations is dominated by loss of monomers and
dimers.29

A special behavior was reported for the Pb14 cation: Pb14
+ is

nearly absent in mass spectra following electron impact
ionization9 and similarly for photoionization at 308, 248, and
222 nm.11 In contrast, Pb14

+ was observed at 193 and 157 nm.10

As explanations for the absence of Pb14
+, a low fragmentation

energy14 and a wavelength-dependent cross section11 have been
suggested.
In the following, we present the dissociation behavior of

charged lead clusters after photoexcitation at 532 nm. While,
depending on their size and charge state, the clusters evaporate
monomers and show break up of larger fragments (preferably
Pb7), the cation Pb14

+ is not observed to dissociate.

■ EXPERIMENTAL SETUP AND PROCEDURE
The experiments were performed at ClusterTrap, a setup for
the investigation of atomic clusters in the gas phase.30−32 A
short overview of the components relevant for the present
investigation is given in the following. The clusters of interest
are produced by a laser ablation source33 using a frequency-
doubled Nd:YAG laser at 532 nm with nanosecond pulses of
∼10 mJ. The metal vapor condenses to small clusters in helium
gas, which is guided through the source region and transports
the clusters through a 0.6 mm nozzle into vacuum. We note in
passing that the original helium inlet of a pulsed valve has
recently been replaced by a continuous gas flow. As the laser
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pulse produces a plasma, the source delivers not only neutral
but also both cationic and anionic metal clusters.
By choice, cationic or anionic clusters produced from several

laser pulses are accumulated in a radio frequency ion trap.
Cluster-ion bunches are then transferred to a Penning trap,
where they are stored for extended durations, in the present
studies several seconds. After ion capture, the experimental
sequence within the Penning trap continues by buffer-gas
cooling combined with resonant quadrupolar excitation34 of the
radial ion motion for centering of the species of interest.35 In
addition, resonant dipolar excitation is applied to radially eject
all unwanted ion species and thus select a particular cluster size
from the size distribution delivered by the source.
The size-selected cluster ensemble is then exposed to the

pulse of a second Nd:YAG laser (again at 532 nm, pulse
duration 4 ns, pulse energy of 3 mJ at a diameter of 9 mm). The
laser-pulse intensity is chosen to be high enough for some
decay to occur but yet so low that sequential fragmentation is
limited to only a few steps. After a further storage time of
100 ms the clusters are ejected from the Penning trap into a
drift section toward a MCP detector (Daly type) for time-of-
flight mass analysis. Depending on the cluster size, a few up to
more than 100 ions per experimental cycle (of duration of ∼2.5
s) are detected. The drift section toward the detector includes a
potential lift; that is, the ions are accelerated into a tube
electrode and the electric potential of that electrode is switched
during their passage, which allows operating the trap and most
of the drift section on ground potential. Because the potential is
switched after the precursor ions have entered the tube, the
smallest, and thus fastest, clusters have already left the lift tube
at its other end. Therefore, clusters smaller than Pb4

± do not
appear in the time-of-flight spectra. Apart from this restriction,
all species trapped after laser excitation, that is, the remaining
precursors as well as charged fragments, are monitored. As an
example, Figure 1 shows an abundance spectrum (time-of-flight
spectrum after rescaling of x axis according to the cluster sizes)
after size selection of Pb41

+ clusters in the Penning trap (top)
and after additional laser irradiation (middle). In the bottom,
the latter is given with expanded y axis for an improved display
of the decay products.

■ RESULTS AND DISCUSSION
We first describe the findings for photoexcitation of cationic
lead clusters and then those for the anionic species. In all
abundance spectra the signal of the precursor clusters is
indicated by shading, as already shown in Figure 1, and the
y axis is adjusted to the signals of the decay products.

Cationic Clusters. Photofragmentation of Pb41
+ results in

the observation of subsequently smaller clusters from Pb40
+

down to Pb33
+ with decreasing signal intensity (Figure 1),

indicating sequential monomer evaporation. For such a process,
the number of decay steps and the stepwise decreasing peak
height for subsequent smaller cluster sizes depend on the
number of photons absorbed by the precursor cluster, as known
from other metal clusters.24−26

For smaller lead clusters, the photofragmentation pattern
changes significantly (Figure 2). While clusters Pb15

+ to Pb18
+

show only monomer evaporation, for Pb19
+ up to Pb26

+ a
second group of fragments appears, with pronounced
intensities of cluster sizes n = 13, 15, 16 and 17, indicating a
competing decay channel. At the same time, the cluster signals
due to monomer evaporation increase with increasing cluster
size (Figure 2).
A better overview of the full size range investigated, n = 6 to

41, is provided in Figure 3, where each horizontal line
corresponds to the photofragmentation mass spectrum of the
precursor cluster size indicated at the ordinate, with the
logarithmic color scale presenting the signal intensity. The

Figure 1. Abundance spectra of stored lead-cluster cations after size
selection of Pb41

+ (top) and after additional photoexcitation at a
wavelength of 532 nm, a pulse energy of 3 mJ, and a beam diameter of
9 mm (middle). A common display of both spectra, the size-selected
precursor cluster (gray) and the respective photofragmentation
distribution (black line), is shown with zoomed intensity scale
(bottom).

Figure 2. Abundance spectra of size-selected (gray) and photoexcited
(black line) lead cluster cations in the size range n = 15 to 26. For
details, see the text.
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diagonal line of strong intensity is caused by the nonfragmented
precursor clusters, while the signals left of it are due to the
decay products. First of all, along the complete size range,
monomer evaporation is observed with increasing intensity and
increasing number of product cluster sizes for larger clusters.
This band of evaporation products Pbm

+ expands to cluster
sizes m = n − 6, that is, six atoms below the precursor size n in
the size range under investigation. For clusters n ≤ 13, only this
decay channel is observed (Figure 3), which is in general
agreement with previous investigations, where the loss of atoms
is related to a metallic character of the clusters.15,24,28 However,
and quite interestingly, we observe no charged fragments at all
after photoexcitation of Pb14

+ (Figure 3), as will be further
discussed at the end of the section.
Photofragmentation spectra of lead cluster cations n = 15 to

18 are yet dominated by monomer evaporation but show faint
signals of smaller fragment sizes, especially m = 13 and 15
(Figure 3). Starting with the photofragment spectrum of Pb15

+,
its only peculiarity is the very faint appearance of the fragment
ion Pb8

+. This ion is also reported from CID studies, however
with a relative intensity of 19% of all fragments.29 SID
measurements for Pb15

+ show fragment ions Pbm
+, with m = 6

to 13 but no Pb14
+,28 which is in contrast with our results where

Pb15
+ decays equally shared into Pb13

+ and Pb14
+. However,

photofragmentation of the next bigger clusters, Pb16
+ up to

Pb20
+, shows no appearance of the charged fragment Pb14

+ at
all.
Looking at photofragmentation of Pb17

+, the prediction of
preferred decay into Pb13

+ by loss of a neutral tetramer14 does
not meet our observation of the main fragment Pb16

+. However,
in agreement with the SID studies,28 Pb10

+ appears as a
fragment ion at this size (Figure 3), again resulting from loss of
a neutral heptamer, Pb7.
Those weak hints for another decay channel, starting to

compete with monomer loss from lead cluster sizes n = 15 to

18, turn into a pronounced second fragmentation group for
precursor cluster sizes n ≥ 19 (Figures 2 and 3). The line of
first fragments of this group is parallel to the precursor diagonal
but shifted by about seven atoms to lower masses, m = n − 7
(white line in Figure 3). Thus the origin of this second group
presumably involves the loss of a neutral heptamer in the decay
sequence from the respective precursor size Pbn

+, as already
indicated by the decay of the smaller sizes Pb15

+ and Pb17
+.

Indeed, the lead cluster with seven atoms was already reported
as a particular prominent cluster size in mass and fragmentation
spectra, independent of charge state and ionization method,
including electron impact and photoionization at different
wavelengths.6,9−15,36 Its geometry was calculated to be a
pentagonal bipyramid,10,16 in accordance with ion mobility
measurements.29 Furthermore, Pb7 has been identified as an
important structural subunit of larger lead clusters by electric
molecular beam deflection experiments.22

The second fragmentation group consisting of cluster sizes
m ≤ n − 7 with respect to the precursor size n is dominated by
specific sizes with enhanced intensity, namely, m = 13, 15, 16,
17, 23, 24, and 28 (Figure 3). In particular, sizes 13 and 17 have
already been observed as sizes with enhanced stability in mass
and fragmentation spectra.9−11 Pb13

+ is the prevalent photo-
fragment ion for the precursor size range n = 19 to 24, even
dominating fragment ions from monomer evaporation (Figures
2 and 3). This finding is in good agreement with DFT
calculations, predicting fission Pbn

+ → Pb13
+ + Pbn−13 to be the

energetically most favorable decay channel for n = 19 to 23.15

For n = 24, loss of a neutral heptamer producing Pb17
+ is

expected to be the lowest decay channel with 1.56 eV.15 The
larger share of Pb13

+ compared with Pb17
+ in the photofragment

spectrum of Pb24
+ (Figure 2) may be due to a sequential decay

by a monomer loss producing Pb23
+ and its subsequent decay

to Pb13
+, supported by the fact that Pb23

+ appears in similar
intensity as the Pb13

+ fragment.

Figure 3. Intensity plot of the abundance of precursor and product ions after photofragmentation of size-selected cationic lead clusters. The ordinate
gives the size of the precursors, and the abscissa corresponds to the x axis of the abundance spectra in Figure 1. The color value follows a logarithmic
scale and is normalized to the sum of detected clusters for each row. For further details, see the text.
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For the precursor cluster sizes n = 25 to 30, the ion Pb17
+

displays the highest intensity of the second fragmentation
group, yet it is in strong competition with Pb13

+ for sizes n = 25,
26, and 30. From DFT calculations Pb17

+ is the preferred decay
channel only for Pb27

+,15 and indeed in the respective
photofragmentation spectrum Pb17

+ clearly dominates the
second fragmentation group and even the monomer evapo-
ration peaks (Figure 3).
At cluster size n = 30, the fragment ion Pb23

+ opens up an
intermediate third fragmentation group, taking over the
m = n − 7 edge size from the second group (white line in
Figure 3). This third group is mainly presented by fragments
Pb23

+ and Pb24
+ before fading away at precursor size n = 36. For

precursor sizes n = 35 to 40, a fourth group around Pb28
+ gives

only a short and weak appearance. Eventually, Pb41
+ shows no

sign of fragmentation other than monomer evaporation
(Figures 1 and 3).
Besides the m = n − 7 edge, the neutral heptamer also seems

to link the second and third fragmentation groups by two of
their stronger representatives, being Pb17

+ and Pb24
+. However,

for Pb28
+ of the fourth group, no such partner is obvious.

Another relation to the neutral heptamer might be seen in
the relative prevalence of charged fragment sizes m = 13, 15, 16,
and 17 with increasing precursor size n (respective vertical
signal traces in Figure 3). These fragments significantly
decrease in intensity, as soon as the respective precursor size
n is more than seven atoms above the precursor size where the
fragment appeared at first. For example, fragment Pb15

+ appears
for precursor size n = 21 and fades away for n ≥ 28. This
relation could be an indicator for sequential decay processes,
including a combined loss of one up to six monomers and
emission of one neutral heptamer, while keeping the actual
sequence of these steps an open question. Longer fragmenta-
tion pathways, for example, producing Pb13

+ from Pb30
+, would

include two heptamer losses, for example, going via Pb23
+ and

Pb16
+, both being observed in the fragmentation spectrum of

Pb30
+ (Figure 3).

A closer comparison between the observed decay channels is
obtained by considering the abundance of all fragments relative
to the precursor abundance as a function of cluster size (Figure
4, top). The overall trend is a larger fragmentation probability
with increasing cluster size. The four lowest total fragmentation
abundances relate to precursors Pb13

+, Pb14
+, Pb15

+, and Pb17
+

(Figure 4, top), in agreement with their enhanced presence in
fragment spectra, except for Pb14

+ (Figure 3). The highest total
fragmentation abundances belong to Pb22

+ and Pb25
+ (Figure

4). This behavior matches their low abundance as fragments in
group III as compared with their neighbors Pb23

+ and Pb24
+

(Figure 3).
Besides Pb20

+, the lead cluster ion Pb14
+ shows the lowest

fragmentation energy in the size range n = 5 to 30,15,29 which
explains its absence in almost every photofragmentation
spectrum, except for Pb15

+ (Figure 3). (Other faint appearances
of fragment Pb14

+ are always accompanied by Pb15
+, indicating

monomer loss from the latter.)
However, our photoexcitation spectrum of Pb14

+ shows no
photofragments at all (Figure 3). In contrast, calculations yield
the loss of a neutral monomer as the most favorable decay
channel for Pb14

+.15 CID measurements show charged fragment
sizes m = 9 to 13,29 while SID measurements show fragment
ions ranging from m = 5 to 13, similar to its neighboring sizes,
and shifting away from the precursor size n = 14 with increasing
incident energy.28 To further investigate the absence of any
photofragments from Pb14

+, we increased the laser intensity up
to 60 mJ, yet no fragments could be observed. Because
enhanced stability of Pb14

+ can be excluded, it is probable that
this cluster has a very small cross section for photoabsorption at
532 nm. This conjecture is supported by previous photo-
ionization experiments, where no Pb14 has been ionized at
wavelengths of 308, 248, and 222 nm,11 but Pb14

+ was detected
at 157 and 193 nm,10 revealing a strong dependency of the
cross-section on the photon wavelength. While Pb14

+ is a very
extreme case, one should keep in mind that the photo-
absorption cross section may, in general, vary as a function of
cluster size. The discussion above does not include this aspect,
and due to lack of further information, similar cross sections
have been assumed.
The ratio of fragment ions Pbm

+ with m ≤ n − 6 (i.e., all
fragments of groups II, III, and IV in Figure 3) to all observed
fragment ions (Figure 4, bottom) shows the drastic change in
fragmentation behavior, especially for cluster sizes n = 19 to 24,
where monomer evaporation is drastically suppressed in favor
of fission into fragments from group II (Figure 3). The
respective maximum is achieved for fragmentation of Pb22

+ and
Pb23

+, which preferably decay into Pb13
+ and Pb15

+ (Figures 2
and 3). For larger clusters, n ≥ 25, monomer evaporation again
competes with fission, gradually taking over with increasing
cluster size (Figure 4).
In summary, for cations, the fragmentation of lead clusters

for sizes smaller than Pb19
+ and larger than Pb24

+ is dominated
by monomer evaporation, but in the intermediate size range,
the fragmentation has a major decay pathway of emission of a
bigger neutral fragment, in particular, the neutral heptamer;
that is, the decay proceeds via Pbn

+ → Pbn−7
+ + Pb7. This

behavior may be related to a geometric structure of the clusters
involving composition of Pb7 subunits.

16,22 Prominent charged
fragments are Pb13

+, Pb15
+, Pb17

+, Pb24
+, and Pb28

+, mostly in
agreement with known magic numbers for cationic lead
clusters. Note that while Pb19

+ shows pronounced abundances
in photoionization9 and electron-impact ionization mass
spectra,11 it does not appear as a particular abundant fragment
ion in the present study. However, between the precursor sizes
n = 18 and 19 the fragmentation pattern changes drastically.

Anionic Clusters. The photofragmentation spectra of
anionic lead clusters, Pbn

−, in the size range from n = 9 to
56, are summarized in the intensity plot of Figure 5, by analogy

Figure 4. Abundance of all fragment ions relative to the precursor ion
abundance as a function of cluster size (top). Abundance of fission
products (Pbm

+ with m ≤ n − 6) relative to all fragment ions
(bottom).
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to Figure 3 for the cations. Fragmentation spectra for Pb11
− and

Pb17
− are missing due to insufficient production of those

species in the cluster source. As for the cations, the diagonal of
maximum intensity is caused by nonfragmented precursor
clusters.
Over the whole size range, lead cluster anions show

signatures of monomer evaporation. For cluster sizes n < 30
evaporation is mainly limited to the loss of one or two neutral
monomers. However, for larger sizes, n ≥ 30, evaporation
fragments expand to smaller sizes, at the same time remarkably
enhancing in abundance. As observed for the cations, the
evaporation band extends down to cluster sizes m = n − 6, that
is, six atoms below the precursor size n (Figure 5). While the
decay products keep comparable abundances up to precursor
size n = 45, their yield decreases again for even larger cluster
anions.
For the smallest cluster anions investigated, n = 9 to 15, a

good agreement of photofragmentation patterns with results
from CID measurements29 is noticed. Pb9

− to Pb13
− decay by

monomer losses, while Pb14
− in both studies shows fragment

sizes m = 10, 12, and 13, but no fragment Pb11
−. Indeed, Pb11

−

occurs only as photofragmentation product from Pb12
− and

Pb18
−, indicating neutral monomer and heptamer emission,

respectively. An alternative sequential decay of Pb18
− into Pb12

−

by loss of a hexamer and subsequent decay from Pb12
− to Pb11

−

appears rather unlikely, as fragmentation spectra of larger
clusters, n > 18, show intense peaks of Pb12

−, but are hardly
accompanied by any Pb11

−. Some deviation is observed for
Pb15

−, showing photofragment sizes m = 9, 12, and 14, while in
CID studies the products observed are m = 7 to 10 and 14.29

Similar to the cation decay scheme, also the anions show a
second fragmentation group competing with monomer
evaporation, which starts at precursor cluster size n = 14 and
reaches up to n = 38 (Figure 5). Again, most of this second

group shows an upper edge size m = n − 7, that is, being seven
atoms below the precursor size n (white line in Figure 5) and
thus indicating loss of neutral heptamers. However, this is only
true for precursor sizes n ≥ 19. For the smaller clusters n = 14
to 18, pronounced intensities of Pbm

−, m = 10 and 12,
contribute to the second fragmentation group.
Pb20

− shows no monomer evaporation but almost exclusively
decays into Pb10

− (Figure 6), that is, by fission into a neutral

and a charged decamer. For precursor sizes n = 27 to 32, the
anion Pb20

− is a prominent photofragment (Figures 5 and 6),
being observed with fading intensity even for precursors up to
n = 39. This pronounced appearance of fragment Pb20

−

coincides with the intensity enhancement of the monomer
evaporation channel starting at precursor Pb28

−. The photo-
fragmentation spectrum of Pb27

− illustrates this relation, where

Figure 5. Intensity plot of the abundance of precursor and product ions after photofragmentation of size-selected anionic lead clusters. The ordinate
gives the size of the precursors, and the abscissa corresponds to the x axis of the abundance spectra in Figure 1. Color scaling and normalization by
analogy to Figure 3. For details, see the text.

Figure 6. Abundance spectra of size-selected (gray) and photoexcited
(black line) lead cluster anions for n = 20, 26, and 27. For details, see
the text.
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Pb20
− and Pb10

− appear as the dominant fragments, strongly
indicating sequential loss of a neutral heptamer and a neutral
decamer (Figure 6). Taking this scheme in combination with
one or several decay steps, precursor clusters Pbn

−, n = 27 to
37, are able to photofragment via Pb20

− down to Pb10
− (Figures

5 and 6). Eventually, from precursor n = 13 up to 38, the stable
lead cluster anion Pb10

−12,13 appears as a constant member of
the product spectrum, however with fluctuating intensity.
Note in passing that similar to its cationic counterpart, Pb14

−

plays no major role as a fragmentation product, except for
monomer loss from Pb15

− and for some faint heptamer loss
from Pb21

−. However, Pb14
− does photofragment at 532 nm,

showing no special behavior with respect to its neighboring
cluster sizes (Figure 5). This charge-dependent difference in
the photofragmentation behavior of lead cluster Pb14 may
originate in different geometrical shapes, as had been deduced
from ion mobility studies:29 While Pb14

+ showed an open,
prolate structure, the anion Pb14

− seems to be a hollow cage.
Despite these structural variations, both charge states of Pb14
show very similar fragmentation energies,29 but in contrast with
the cations, the anionic neighbors Pb13

− and Pb15
− share

equally low values with Pb14
−.29 This situation is reflected in the

relative photofragmentation abundance with respect to the
precursor abundance (Figure 7, top), where Pb14

− does not

deviate from its neighbors. Instead, maxima are found for Pb22
−,

Pb25
−, Pb27

−, and Pb44
− (Figure 7), though no further

conclusions can be drawn at this point.
Comparison of the anion decay channels reveals a strong

suppression of the monomer evaporation in the size range from
Pb16

− to Pb30
− (Figure 7, bottom). This size range is more

extended and also ends more abruptly as compared with the
cations (Figure 4, bottom).
For anions, we can conclude that the decay of clusters from

n = 16 up to 38 includes break-off of a neutral heptamer. The
stable fragments that are mainly independent of the precursor
cluster size are Pb10

−, Pb12
−, and Pb20

−. For cluster sizes n > 30,
mainly monomer evaporation is observed.

■ CONCLUSIONS AND OUTLOOK
The fragmentation behavior of lead cluster ions (n = 6 to 56)
upon photoexcitation at 532 nm and low laser-pulse energy has
been investigated with size-selected clusters stored in a Penning
trap. Clusters in the size range of n = 19 to about 38 for cations
and n = 16 to about 38 for anions show breaking off of larger

fragments (producing charged products with Pbm, m ≤ n − 6)
by photoexcitation, as known from Ge and Si clusters,27 while
all other sizes decay mainly by monomer evaporation. For
cationic clusters we found the product sizes Pb13

+, Pb15
+, Pb17

+,
and Pb24

+ to be of pronounced abundance, and for anionic
clusters, we found the sizes Pb10

−, Pb12
−, and Pb20

−, most of
them known to be magic.
In many photofragmentation patterns the breaking off of a

neutral Pb7 cluster is observed. This particular fragmentation
channel may be due to the geometric structure of the clusters. If
emission of Pb7 leads to one of the more stable cluster sizes, it
appears as a preferred decay path.
A further observation during these studies was the peculiar

behavior of Pb14
+. Its photoexcitation spectrum shows no

fragmentation products at all, while its anionic counterpart,
Pb14

−, shows fragment patterns similar to its neighboring sizes.
Thus Pb14

+ can be assumed to have a very small cross section
for absorption at 532 nm. It is planned to further investigate
this behavior by excitation at different wavelengths. In addition,
the studies will be extended to higher cationic and anionic
charge states. To this end, the cluster charge state can be varied
in the Penning trap by electron-impact ionization37 as well as
electron attachment.38
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(19) Bahn, J.; Oelßner, P.; Köther, M.; Braun, C.; Senz, V.; Palutke,
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Krückeberg, S.; Lützenkirchen, K.; Obst, B.; Ziegler, J. Production and
Investigation of Multiply Charged Metal Clusters in a Penning Trap.
Hyperfine Interact. 1996, 99, 97−104.
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Abstract

Lead clusters Pbn
+ -/ in the size range between about n=15 and 40 have recently shown to

exhibit complex dissociation spectra due to sequential and competing decays. In order to

disentangle the pathways the exemplary Pb31
+ clusters have been stored and size selected in a

Penning trap and irradiated by nanosecond laser pulses. We present time-resolved measurements

at time scales from several tens of microseconds to several hundreds of milliseconds. The study

results in strong evidence that Pb31
+ decays not only by neutral monomer evaporation but also

by neutral heptamers breaking off. In addition, the decays are further followed to smaller

products. The corresponding decay and growth times show that Pb30
+ also dissociates by either

monomer evaporation or heptamer break-off. Furthermore, the product Pb17
+ may well be a

result of heptamer break-off from Pb24
+—as the second step of a sequential heptamer decay.

Keywords: lead clusters, cluster dissociations, Penning trap, time resolved photo dissociation

(SQ1 Some figures may appear in colour only in the online journal)

Introduction

Most atomic clusters, and in particular such as of alkalis (Li:

Bréchignac et al 1994, Na: Bréchignac et al 1989, Nonose

et al 1996, K: Bréchignac et al 1988), noble metals (Cu:

Krückeberg et al 2001, Vogel et al 2003, Ag: Hild et al 1998,

Shi et al 1999, Spasov et al 1999, Vogel et al 2003, Au:

Becker et al 1994, Vogel et al 2003), transition metals (Ni:

Brucat et al 1986, Lian et al 1992a, Cr: Su and Armentr-

out 1993, Co: Hales et al 1994, Nb: Brucat et al 1986, V: Su

et al 1993, Fe: Brucat et al 1986, Lian et al 1992c), noble

gases (Ar: Levinger et al 1988, Woodward and Stace 1991)

and elements of the boron group (B: Hanley and Ander-

son 1987, Al: Jarrold et al 1987, Ti: Lian et al 1992b) dis-

sociate mainly by evaporation of monomers. Clusters of the

noble metals have been investigated in a Penning trap. For

small, odd-numbered singly charged clusters dimer evapora-

tion has been observed as a competing decay pathway for

gold (by collisional activation Weidele et al 1999 and pho-

tofragmentation Vogel et al 2003), silver (by multiple-

collision induced dissociation Krückeberg et al 1996,

Krückeberg et al 1999 and photofragmentation Vogel

et al 2003) and copper (by collision induced dissociation

Ingólfsson et al 2000 and photofragmentation Vogel

et al 2003). However, the light elements of the carbon group

(exclusive carbon itself Alonso 2011) show a different

behavior. Small silicon clusters (n=2–15) dissociate into

Si6
+ and Si7

+ (Bloomfield et al 1985, Jarrold and

Bower 1988) and bigger ones (n=16–26) dissociate by

break-off of bigger fragments, i.e. heptamers and decamers

(Jarrold and Bower 1988). Germanium in the size range of

n=10–20 shows a similar behavior, as well as tin (Tai

et al 2002, Oger et al 2009). For the heavy element lead the

fragmentation by break-off of bigger fragments occurs

between cluster size n=14 up to roughly 37 (Waldschmidt

et al 2007, Kelting et al 2011, König et al 2017a, 2017b).

Ion storage experiments allow the study of the decay as a

function of time after photoexcitation. Typically the clusters

do not dissociate immediately; instead an exponential decay

of the ion ensemble is observed (Vogel et al 2002). From the
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associated decay and growth times of the precursors and

products, respectively, information can be extracted, such as

on radiative cooling (Walther et al 1999) or dissociation

energies (Vogel et al 2001a) as well as concerning the nature

of the decays involved, in particular with respect to sequential

behavior and pathway degeneracies (Vogel et al 2001b).

Recently, the mass spectra from photoexcitation (König

et al 2017a) and electron-interaction experiments (König

et al 2017b) with lead clusters have resulted in more com-

plicated decay spectra and indicated that larger neutral frag-

ments brake off from the cluster ions. In particular for Pbn
+

clusters of sizes around n=19–37 a pronounced abundance

of Pbn 7-
+ was observed after photoexcitation, indicative of

neutral-heptamer break-off. The observation of this special

decay pathway supports theoretical DFT calculations, which

predict that lead clusters are composed of Pb7 subunits (Li

et al 2011). Figure 1 shows a spectrum for the particular case

of Pb .31
+ In addition to the product clusters of sizes n=30

down to 27 (with only very little abundance at n=26 and 25)
there are prominent signals at n=24 and 23 and further

down also clearly visible at n=17 and 13. The strong signals
at cluster sizes n−7 and n−(2·7) make Pb31

+ a particular

good candidate to confirm the assumption of neutral heptamer

break-off. In order to disentangle the (sequential) dissociation

pathways, time-resolved photodissociation measurements

have been performed.

Experimental setup and procedure

ClusterTrap is a setup designed for the investigation of atomic

clusters in the gas phase. By use of a Penning trap the clusters

can be stored for extended periods of time and subjected to a

sequence of various preparation and reaction steps. The setup

and procedures have been developed over the last two dec-

ades and were already described in several reviews (Becker

et al 1995, Schweikhard et al 1995, Schweikhard et al 1999,

Martinez et al 2011, 2014). In the following, a brief

description of the ClusterTrap components and procedures

relevant for the present study is given.

The clusters are produced by Nd:YAG laser irradiation of

a 1 mm diameter lead wire with nanosecond pulses at a

wavelength of λ=532 nm and laser-pulse energies of about

10 mJ at a repetition rate of 20 Hz. The ablated material is

cooled and carried by a constant helium-gas flow. The

resulting charged clusters can be pulled by an electric field

from the nozzle of the source body to a system of two

skimmers and captured in a linear radiofrequency quadrupole

trap (RFQ) for the accumulation of several cluster bunches.

For the present experiments the cationic clusters are captured.

After the accumulation, the cluster ions are ejected from the

RFQ and guided through a quadrupolar bender and a transfer

section with several ion optical elements such as einzel lenses

and deflectors to the Penning trap. There, the cluster-size

range is preselected due to switching of the axial trapping

potential. A more defined isolation of the single cluster size is

performed by the well-established axialization with quad-

rupolar excitation at the ions’ cyclotron frequency in the

presence of a buffer gas (Savard et al 1991, Schweikhard

et al 1992), for which argon is used. For the present study the

clusters of size n=31 are selected.

The size-selected clusters are exposed to the pulse of the

interaction laser and—after a delay time—are ejected back

into the transfer (drift) section for time-of-flight (ToF) mass

analysis. The ions are counted by a Daly-type setup with a

conversion dynode at a potential of −15 kV and a micro-

channel-plate detector. Typically, about 150 cluster events

(from Pb31
+ and fragments) are recorded in each experimental

cycle and the signals of 120 iterations are summed up to

produce the abundance spectra which are shown in the fol-

lowing. The present measurements are part of a series of

several experiments at different wavelength of an optical-

parametric oscillator laser beam. For the present study it was

kept at λ=425 nm. As figure 2 shows, at this wavelength

Pb24
+ is even the most prominent product cluster, followed

by Pb .29
+ Pb17

+ is not quite as abundant as in figure 1, but

still visible.

The laser-pulse energy is adjusted for a sufficient number

of decays and thus fragment-ion counts. On the other hand,

care is taken to have not too much fragmentation in order to

Figure 1. Time-of-flight spectrum of size-selected photoexcited
Pb31

+ clusters (signal intensity normalized to precursor height) and

resulting fragments, 100 ms after the laser pulse, laser pulse energy
3mJ at wavelength λ=532 nm (data from König et al 2017a).

Figure 2. ToF spectrum of photoexcited Pb31
+ clusters, as in figure 1

(signal height normalized to precursor height), in particular again
100 ms after the laser pulse, but now at λ=425 nm and laser-pulse
energy of about 6 mJ.
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avoid even more complicated fragment patterns, in particular

different decay pathways competing in the production of a

common dissociation product. Thus, a pulse energy of about

6 mJ is chosen. Between the photoexcitation of the clusters

and their ejection from the Penning trap, the clusters are

stored for delay times from 10 μs up to 500 ms.

Experimental results and fits of individual

abundance curves as a function of delay time

Figure 3 shows the ToF spectra for the different delay times

from t=10 μs up to 200 ms. Already at t=10 μs fragment

clusters are observed, in particular Pb .30,29,28
+ For longer

storage times after laser irradiation, the relative overall

abundance of fragment clusters increases to about 20%. (Note

that different scales were chosen for precursor and decay

products; the latter are enlarged by a factor of 7.)

Figure 4 is based on the same data as figure 3, including

the signals for t=500 ms which are practically identical with

that of t=200 ms (and thus not shown in figure 3). Now the

relative abundances rn(t) of the cluster sizes n are plotted as a

function of the delays t. Only those cluster sizes are shown,

for which a dependence on the delay has been observed. Note

that the diagrams of the individual cluster sizes have their

own ordinate scales. The summed abundance of all other

cluster sizes is about 1% (and independent of the delay within

the uncertainty). The diagrams have logarithmic abscissa, as

the decays and appearances happen with rather different rate

constants. The lines are fits to the data. The corresponding fit

functions are given in the following.

Even at the shortest delays (10 μs) about 10% of the

Pb31
+ clusters have already decayed. After 500 ms, less than

80% remain. Two decays can be distinguished, one con-

cerning only a relative abundance of 2.6% around

τ1≈140 μs and another one of 9% at about τ2 ≈30 ms,

where τ1,2 are the constants for exponential decays,

r t r r re e . 1k t k t
31 31,offset 31,1 31,2

31,1 31,2= + +- -( ) ( )
Thus, the curve is the sum of an offset r31,offset( ) plus two
independent decays with the decay rates k 1 .1,2 1,2t= / Pos-

sibly, the abundances at the different temporal parts of the

curve correspond to different numbers N of photons absorbed

by the clusters. If N is sufficiently high, the clusters decay

immediately, i.e. earlier than the shortest delay of the present

measurements. At a lower N1 the decay occurs with short

decay time τ1. With one photon less absorbed, i.e.

N2=N1−1 a correspondingly longer decay time τ2>τ1
results. If there are even less photons absorbed, down to none,

the precursor cluster does not decay at all within the exper-

imental time window. In figure 4 the decay and growth times

are depicted as upside down full triangles.

All values of the fitted parameters of this and the other

cluster sizes are listed in table 1, including the uncertainties,

which will, thus, not be repeated in the text unless necessary.

The parameters of signal growth are denoted by capital letters

to distinguish them from the decay parameters (in lowercase

letters).

An analogous treatment of the relative abundance data

can be performed for the decay products, where the most

abundant are Pb ,30
+ Pb29

+ and Pb .24
+ The abundances of

Pb28
+ and Pb23

+ vary on the percent level, and Pb17
+ and

Pb13
+ one further order of magnitude below (see figures 3 and

4). In the following, the time dependences are described for

each of these cluster sizes. For the other cluster sizes no time

dependence observed.

The Pb30
+ signal appears already at short delays with

about 6.5%. Some Pb30
+ clusters decay with τ=1.1 ms but

these clusters are also produced which leads to a signal

growth at Τ=46 ms according to a fit of

r t r r Re 1 e . 2k t K t
30 30,offset 30 30

30 30= + + -- -( ) ( ) ( )
At short delays the Pb29

+ abundance is about 0.8%. The main

growth of 6.4% happens at Τ= 0.69 ms. Later on Pb29
+

decays with τ≈110 ms and about 6.4%. The parameters are

found with the fit function

r t r R

R

e e

1 e , 3

K

k K

K t k t

K t

29 29,offset 29,1

29,2

29

29 29

29 29

29

= + -

+ -
-

- -

-

( ) ( )
( ) ( )

where the second term, the sequential exponential decay

function is known from the Bateman equation of nuclear

physics (Bateman 1910, Jens Volker Kratz 2013). For Pb29
+

it has to be combined with an offset and a simple exponential

growth. Alternatively, the function

r t r R

R

e e

1 e , 4

K

k K

K t k t

k t

29 29,offset 29,1

29,2

29

29 29

29 29

29

= + ¢ -

+ ¢ -
-

- -

-

( ) ( )
( ) ( )

can be fitted to the data, where K 29( ) in the last term is

replaced by k 29 .( ) The fit results of the two equations are

identical with the same rates and R2=R2
¢ values, and the R1¢

term of the second equation being R R R1 2 1¢ = - of the first

equation. In table 1 the values are given for equation (4).

At first sight, this ansatz may seem strange. However, it

fits the data quite well (figure 5) and there is a possible

interpretation, as discussed below (see next section).

With an offset of 1.2% Pb28
+ has the second-largest

initial abundance of the decay products. The signal increases

to 1.9% at long delays with a large rise-time value of

Τ=120 ms when fitted to a single exponential function

r t r R 1 e . 5K t
28 28,offset 28

28= + - -( ) ( ) ( )
There is no observable decrease of the Pb28

+ signal as a

function of time.

The Pb27
+ signal also shows a rising from initially

0.12%–0.97% with Τ=3.9 ms.

A single rise is also observed for Pb ,24
+ but now by

7.4%, namely from 0.1% to 7.50% with Τ=38 ms.

Similar to Pb ,29
+ the Pb23

+ signal seems to fall after an

initial rise from 0.07% by 0.9% at Τ≈0.6 ms. But as the

uncertainty of the fitted decay time is as large as the value

itself (τ=450 ms, not shown in figure 4), and at the edge of

the measurement time window, this possible decay will not be

considered further.
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Figure 3. ToF spectra after photoexcitation of size-selected Pb31
+ at λ=425 nm and different delay times (as indicated) between laser pulse

and ejection from the Penning trap. All spectra are scaled as the 10 μs spectrum which is normalized with the maximum signal set to 1. The
signals of the decay products are scaled up by a factor of 7 with respect to the signal of the precursor.
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Finally, the signals of Pb17
+ and Pb13

+ increase at

τ=0.3 ms and 15 ms, respectively, but only in the per mill

range of the relative abundance.

Discussion of the decay pathways

To disentangle the fragmentation pathways, the decay and

growth constants τ and Τ as well as their respective ampli-

tudes r and R are compared. Correlations, i.e. similar values,

can indicate causal connections between the decay of a larger

initial, Pb ,i
+ into a smaller final cluster ion, Pb ,f

+

Pbi
+→Pbf++rest, where i>f and where the ‘rest’ con-

sists of i–f atoms, either as individual neutral monomers or

fragment clusters. To find corresponding decay and rise

Figure 4. Relative abundances (open circles) of the precursor cluster
Pb31

+ (top) and fragment clusters (panels below, as indicated) for

which a delay dependence has been observed, with corresponding
fits to the data (solid lines). The triangles correspond to fitted decay
(down triangle) and growth (up triangle) constants. Note the
different scales of the ordinates. For details see text.

Table 1. Decay and growth parameter values as resulting from the
fits of the individual functions to the data. For each cluster size n,
where a time dependence has been observed, the offset roffset, decay
and growth constants τ and Τ, and corresponding relative
abundances r and R are given. In the case of Pb31

+ two decays are
observed and, thus, two lines are used to present the fit values. For

Pb29
+ and Pb23

+ equation (4) has been applied for the fit, which
includes a growth of the signal (due to de-excitation of clusters
without decay to smaller clusters) simultaneously with the fall of the
abundance of the excited clusters. As the corresponding growth time
is identical to the decay time, it is not listed again.

n roffset/% τ/ms r/% Τ/ms R/%

31 78.7(3) 0.14(5) 2.6(4) — —

30(4) 8.7(4)

30 0.8(2) 1.1(2) 5.9(3) 46(11) 3.1(3)

29 0.79(8) 0.69(7) 6.4(2)

106(38) 6.4(2) 4.1(3)

28 1.20(4) — — 117(66) 0.7(2)

27 0.12(2) — — 4.2(9) 0.83(5)

24 0.14(2) — — 38(2) 7.4(2)

23 0.07(2) 0.62(9) 0.94(4)

450(450) 0.94(5) 0.5(4)

17 0.02(2) — — 0.3(2) 0.14(2)

13 0.014(5) — — 15(7) 0.12(2)

Figure 5. Relative abundances (open circles) of Pb29
+ as a function

of delay time and the corresponding fit function (solid line) as
composed either by the terms of equation (3) in red or equation (4) in
blue. For details see text.
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behaviors of the Pbi
+ and Pbf

+ clusters can be complicated by

sequential decays when clusters of the product size (possibly

produced earlier by absorption of a different number of

photons) decay at similar times as Pbi
+ that feeds that pro-

duct, Pbi
+→Pbf++rest→Pbff++rest. To take this into

account, one can look at, e.g., the sum of the signals of the

initial clusters Pbi
+ and the intermediate ones Pbf

+ for

comparison with the product Pbff
+ of the sequential decay.

The signal of the precursor cluster Pb31
+ falls in two

steps. The second decay (τ=30 ms, r=8.7%) obviously

corresponds to the growth of the Pb30
+ signal (Τ=46 ms,

R=3.1%), which, thus, is interpreted as evaporation of a

neutral monomer, i.e. the reaction Pb31
+→Pb30++Pb.

However, the amplitudes differ and as not all Pb31
+ clusters

decay into Pb ,30
+ there is at least one further decay pathway

of the precursor cluster. If one sums up the abundances of

Pb24
+ and Pb ,17

+¢ the resulting growth time Τ=35 ms is

similar to the decay time of Pb31
+ (τ=30 ms), see figure 6

and table 2 which lists the fit parameters of the summed

signals of Pb17
+ and Pb24

+ and another cluster combination

that will be relevant in the following discussion. The growth

and decay amplitudes R24+R30=10.4% and R31=8.7%
are expected to be the same. As they differ, Pb24

+ must have

another source beside Pb ,31
+ which, however, cannot be

identified from the present data. In any case, the presentation

and arguments up to here indicate a heptamer decay,

Pb31
+→Pb ,24

+ and furthermore a dissociation-pathway

degeneracy of Pb31
+ which decays into either Pb30

+ or Pb ,24
+

31
24

30
. 6

k 31
¾ { ( )( )

The heptamer break-off process may seem surprising for

lead, as the normal cooling and fragmentation process for

metal clusters is the evaporation of neutral monomers (Brucat

et al 1986, Ingólfsson et al 2000, Vogel et al 2003) and

dimers (Ingólfsson et al 2000, Vogel et al 2003). However, in

recent photoexcitation measurements (König et al 2017a) on

lead clusters n=19 to ∼37 Pbn 7-
+ was observed as a main

fragment which indicated, that neutral heptamers break off

from the precursors. The present time-resolved studies

strongly support this conclusion. Additionally, in surface-

induced dissociation (Waldschmidt et al 2007) and collision-

induced studies (Kelting et al 2011) also break-off of bigger

fragments (mainly heptamers) in the size range of n=14–20
was also observed. Theoretical investigations (Li et al 2011,

Götz et al 2016) predict, that lead clusters are made of hep-

tamer subunits with a few further ‘glue atoms’. Besides lead,

also other group-4 elements such as tin (Tai et al 2002, Oger

et al 2009), germanium (Heath et al 1985) and silicon

(Bloomfield et al 1985, Heath et al 1985) show the break-off

of bigger fragments, mainly heptamers and decamers.

Previous measurements (König et al 2017a) of the

changing decay behavior with increasing cluster size from

break-off of bigger fragments to monomer evaporation can be

interpreted as a nonmetal-to-metal transition. These investi-

gations are a main topic of cluster physics and were also

investigated by, e.g., photoelectron spectroscopy measure-

ments (Wang et al 2005, Senz et al 2009).

We note in passing that if equation (6) is rewritten as

31
24

30

7

k

k

31 24

31 30

¾ ¾¾

¾ ¾¾





⎪

⎪

⎧
⎨
⎩

( )
( )
( )

k 31 24( ) and k 31 30( ) are generally not identical

and in particular different from k 31 .( ) Instead, the latter is the

sum of the former,

k k k31 31 24 31 30 . 8=  + ( ) ( ) ( ) ( )
Both products appear at the same rate k 31 .( ) However, their

so-called partial rates (and more commonly used ‘partial half-

lives’ t kln 21 2 = ( )/ Cottingham 2001, Jens Volker
Kratz 2013) determine the corresponding abundances

. 9
R

R

k

k

31 24

31 30

31 24

31 30

31 30

31 24
= = t

t









( )( )
( )

( )
( )

( )
( )

The large initial abundance of Pb30
+ clusters can result

only from (fast) monomer evaporation from Pb .31
+ The decay

constant of the Pb30
+ signal and its amplitude (τ=1.1 ms,

r=5.9%) correspond to the upcoming Pb29
+ clusters

(τ=0.69 ms, R=6.4%). Thus, Pb30
+ decays—like Pb31

+—

by monomer evaporation, Pb30
+→Pb29++Pb. However,

the Pb29
+ growth is larger than the Pb30

+ decay. Hence, the

signals of these clusters sizes alone cannot tell the full story.

Individual clusters will never grow but always only decay in

the trap. Therefore, the signal grows of Pb29
+ has to be due to

larger clusters and the only other size left, in addition to

Figure 6. Relative abundances (open circles) of Pb31
+ (black) and the

sum of Pb24
+ and Pb17

+ (red) as a function of delay time and the

corresponding fit function (solid lines), as well as the fit function of
only Pb24

+ (red, dashed line); the Pb17
+ signal contributes only a

small part to the sum.

Table 2. Parameter values as fitted to the data in analogy to table 1,
but now for signals summed over different cluster sizes.

n roffset/% τ/ms r/% Τ/ms R/%

24+17 0.21(2) — — 35(4) 7.4(3)

31+30 82.6(3) 0.73(10) 7.6(5) — —

22(5) 6.0(5)
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n=30, is n=31. Pb31+ indeed also decays at shorter times.

If one assumes that this decay is by monomer evaporation, as

discussed above for the initial Pb30
+ signal (now due to a

higher number of photons and thus with a shorter decay time)

one has to add up the Pb31
+ and Pb30

+ signals to compare the

fall of the sum signal with the rise of the Pb29
+ signal, see

figure 7. The growth and decay constants are indeed the same.

It should be mentioned that, although no further indication of

dimer evaporation has been observed, the production of the

Pb29
+ may not necessarily be interpreted as only due to

monomer evaporation from Pb30
+ which itself is fed from

Pb .31
+ The present data do not exclude a direct decay,

Pb31
+⇒ Pb29

++Pb2.
A similar approach as for the rise of the Pb29

+ abundance

can be made for Pb ,23
+ where the signal grows as the sum of

Pb31
+ and Pb30

+ falls (again, see figure 7). Thus, in the light

of the pathways known from the Pb31
+ decay it can be con-

cluded that Pb ,30
+ too, decays by either monomer evaporation

or, alternatively, by heptamer break-off.

The behavior of the Pb29
+ signal as a function of time,

namely a large growth at short times followed by a smaller

fall later on, can be interpreted as follows: the highly excited

Pb30
+ clusters, in the following symbolized by 30**, decay to

still somewhat excited Pb29
+ (29*) which either lose their

energy by cooling (via collisions with residual gas or radia-

tively) to 29 or decay further to smaller clusters Pb ,n 29<
+

n<29:

n
30 29

29

29
. 10

k k30 29
** *¾ ¾

<{ ( )( ) ( )

The arguments about observable and so-called partial decay

and growth times are the same as discussed for the Pb31
+

decay degeneracy. Now, however, for the Pb29
+ decay one of

the products is mass spectrometrically identical with the

precursor. This explains the applicability of both equations (3)

and (4): either the sum of the remaining precursor clusters 29*

and the cooled precursors 29 can be used to fit the data as by

equation (4), or alternatively, one can make the ansatz (3) that

only a fraction of the 29* produced by the 30** decay undergo

a second decay, while the rest is not decaying further. While

both approaches are mathematically equivalent, the second

one (4) follows the actual decay more closely.

The growth time of the Pb28
+ (Τ=120 ms) matches the

decay time of the Pb29
+ signal (τ=106 ms,), i.e. the

sequential monomer evaporation of Pb31
+ can be trailed down

to Pb .28
+ The value of about 100 ms is two orders of mag-

nitude larger, and thus well distinct from the rise time of the

Pb29
+ signal. Again the amplitudes (R28=0.7%, r29=4%)

indicate that not all Pb29
+ clusters decay into Pb ,28

+ i.e. there

must be another decay pathway of Pb29
+ or Pb28

+ immedi-

ately decays further.

As already discussed above, the growth time of the Pb23
+

signal is similar to the decay time of the sum of Pb30
+ and

Pb ,31
+ although the amplitudes differ. This indicates heptamer

decay and thus a degeneracy of the decay pathway of Pb30
+

into Pb29
+ and Pb .23

+ At long delay times the Pb23
+ signal

seems to go down (figure 4) however, the fit uncertainty of

the decay time is as large as the value itself, so this possible

decay remains an open question.

The Pb17
+ signal clearly rises at about Τ=0.3 ms

(figure 4), however, by only about a per mill. When it is

added to the Pb24
+ signal their combined growth time does

agree with the decay time of the Pb31
+ signal even better than

when Pb24
+ alone is considered. In addition, the offset of

Pb24
+ is sufficient to explain the rise of the Pb17

+ via hep-

tamer break-off. In principle, this decay of Pb24
+ to Pb17

+

should show up as a corresponding fall of the Pb24
+ signal.

However, it seems that as the amplitude of this decay is so

small, it is hidden in the large signal growth of Pb24
+ and the

corresponding statistical fluctuations. In summary of this

case, there are strong indications of heptamer break-off of

Pb24
+ and, thus, sequential heptamer break-off starting with

Pb .31
+ For further confirmation, dedicated photodissociation

measurements with well-prepared Pb24
+ precursors are highly

desirable.

There remain further, as yet unresolved questions: in

particular, the growth of the Pb27
+ signal with τ27≈4.2 ms is

not yet understood. These clusters have to be produced by

either of the four larger species, but it seems like the present

data do not reveal the pathway to this cluster size. Similarly,

the growth of the Pb13
+ signal, i.e. the signal of the smallest

cluster species, where a time dependence was observed, is

clearly visible, see figure 4, but the corresponding decay of a

possible precursor could not be found. It is probably hidden in

its signal fluctuations.

Conclusion and outlook

Decay pathways of mass selected lead cluster Pb31
+ after

delayed photo dissociation at λ=425 nm have been inves-

tigated in the delay-time range of 0.01–500 ms. An overview

of the observed delayed decay and formation processes is

given in figure 8. The top and bottom show the ToF spectra at

delay time of 10 μs and 500 ms, respectively. In the middle

the decays are pictured by arrows from the precursor to the

fragment clusters. The tip and the end of the arrows indicate

the observed growth and decay times, respectively. (Small

Figure 7. Relative abundances (open circles) of Pb29
+ and Pb ,23

+ as
well as the sum of Pb30

+ and Pb31
+ signals as a function of delay

time and the corresponding fit function (solid line).
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shifts have been applied when the constants overlapped, in

particular for the decay-path degeneracies.) The dotted lines

represent tentative assignments, where the data are not fully

conclusive.

The clusters of sizes n=30, 29 and 28 are produced by

sequential monomer evaporation, where some products Pb29
+

could also be due to dimer evaporation from Pb .31
+ The most

abundant cluster fragment is Pb24
+ which is produced directly

from Pb31
+ by heptamer break-off. In addition, it seems Pb24

+

can continue to decay further to Pb .17
+ Heptamer break-off is

also inferred with respect to the production of Pb ,23
+ whose

growth time agrees with the decay time of the sum the signals

of Pb31
+ and Pb .30

+ Probably Pb31
+ decays to Pb ,30

+ which

decay further to Pb .23
+

A couple of open questions remain, most notably the

origin of the Pb27
+ and Pb13

+ signals. To complete the picture

of (multi-) sequential decays, it is planned to extent the

measurements to further precursor-cluster sizes. It will be

particularly helpful to use the present fragment cluster ions as

size-selected precursors, especially those which we now

found to be intermediate clusters that undergo further decays.

This will allow decisive observations of the connections along

the decay pathways on the way to the full picture. In addition,

it will be interesting to see whether the dissociation pathways

depend on the wavelength of the applied laser pulse. And

even if there is no dependence of the decay path one can still

expect a dependence of the decay times on the photon ener-

gies (Hild et al 1998, Walther et al 1999, Vogel et al 2002).

By studying this dependence it may even be possible to

extract some information on the number of photons that were

necessary for the different decays observed in the present

study.

Last but not least, the experiments are to be extended to

anionic clusters in order to investigate the influence of the

charge on the decay behavior. This will complicate the

situation substantially, as a new decay pathway will be

available, namely electron emission (Shi et al 1999, Herlert

et al 2002, Herlert and Schweikhard 2006, 2012). We also

aim to combine the present time-resolved measurements with

recent efforts to work not only with singly charged species

but to include polyanionic metal clusters (Herlert et al 1999,

Yannouleas et al 2001, Herlert and Schweikhard 2003, 2012,

Schweikhard et al 2003, Walsh et al 2007, 2009, 2010,

Martinez et al 2013, 2015). Very recently, while producing

polyanionic lead clusters (König et al 2017b) we found strong

indications for yet another dissociation pathway, namely fis-

sion of the polyanionic precursor clusters into two charged

product clusters. To further study this process we plan to

prepare size-selected dianionic metal clusters, and possibly

even higher charge states, and perform time-resolved mea-

surements at various cluster sizes and laser wavelengths.
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a  b  s  t  r  a  c  t

Polyanionic  lead clusters  have  been  produced  by  electron  attachment  in  a  Penning  trap.  The smallest  dian-
ionic  and  trianionic  lead  clusters  observed  were  of  size  n  = 28 and  n =  69,  respectively  and  the  appearance
sizes  following  the definition  of  Martinez  et  al. (2015)  are  n  =  39  and  n =  80,  respectively.  In addition,  and
in  contrast  to previous  measurements  on  clusters  of  several  other  metals,  decay  reactions  are  observed
in the  cluster  size  range  of  n = 14–49.  The  decay  products  are  similar,  but  not  identical,  to  those  reported
for  the photodissociation  of Pb−

n .
©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Due to their mutual Coulombic repulsion, the number of excess
electrons that can be carried by small molecular systems is rather
limited. The smaller the molecule of interest, the less electrons can
it bind. At ClusterTrap [1–4] a series of investigations has been per-
formed to determine the limits for small metal clusters. After gold
[5,6], silver [7,8], copper [8] and aluminum [9–12] we have now
investigated the element lead by use of the electron-bath method
[5,13] and observed doubly and triply negatively charged clusters.
The studies confirm previous findings on polyanionic lead clusters
produced by laser ablation from lead targets in high vacuum and
detected via time-of-flight mass spectrometry by Stoermer et al.
[14] but go beyond in size, i.e. to smaller clusters.

In addition, the Penning trap measurements allowed study-
ing the reaction processes after size selection of the monoanionic
precursor clusters, Pb−

n . In contrast to all previous studies of the
interaction of the anionic clusters with electrons for the elements
listed above, we not only observed the attachment of further
electrons but also decay processes. In addition, the decay path-
ways were found to depend on the cluster size. The products
include Pb−

n−1,n−2,...,n−5, Pb2−
n−1,n−2,...,n−4 which indicates sequen-

tial monomer evaporation from the anionic and dianionic clusters,
respectively, as well as Pb−

n−m and Pb−
m which suggests the loss of

∗ Corresponding author.
E-mail address: Stephan.Koenig@physik.uni-greifswald.de (S. König).

neutral clusters Pbm and Pbn−m where the most frequently found
fragment sizes are m = 7 and 10.

2. Experimental setup and procedure

The ClusterTrap setup has already been described in detail
several times elsewhere [3,4,15]. In the following, we  give a
short overview: The clusters are produced in a laser vaporiza-
tion source [16], since recently with a continuous helium gas flow.
The monoanionic clusters are guided to a linear radio-frequency
quadrupole ion trap. There, several cluster-ion bunches are accu-
mulated and some preselection with respect to the cluster-size of
interest can be performed. The cluster ions are then guided via a
quadrupole bender and several electrostatic lenses to the Penning
trap with a 12-T superconducting magnet. Once captured in the
Penning trap, the clusters are centered and size selected by use of
argon buffer gas and resonant dipolar and quadrupolar excitation
of their radial motion [17].

The next step in the experimental sequence is the application of
an electron beam of about 60 eV, which ionizes some of the argon
atoms and, thus, produces secondary electrons which stay stored in
the Penning trap and can be picked up by the clusters, an “electron
bath” [5,13]. The charged reaction products stay stored in the Pen-
ning trap until they are ejected axially for time-of-flight (ToF) mass
(i.e. mass-over-charge state m/z) analysis. Due to specific apparatus
settings of the present experiment only lead clusters with a cluster
size n ≥ 4 were detected. Fig. 1 shows ToF spectra to illustrate the

http://dx.doi.org/10.1016/j.ijms.2017.06.009
1387-3806/© 2017 Elsevier B.V. All rights reserved.
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Fig. 1. Abundance spectra of Pb−
39 clusters after capture in the Penning trap and size

selection (top) and after additional application of the electron bath (bottom).

Fig. 2. Intensity plot of cluster abundance as a function of precursor cluster size
(y-axis) and resulting ion (m/z) distribution (x-axis) for the experimental sequence
as described in Section 2.

selection (top) and the resulting product distribution after electron
interaction (bottom) for the specific case of Pb−

39.
Typically, the complete experimental cycle has a duration of

about 6 s, and consists of 3 s for cluster production, bunching of sev-
eral cluster pulses at a laser repetition rate of 20 Hz and transfer to
the Penning trap, capturing, 2 s for cooling and selection within the
Penning trap, 0.5 s for further storing to pump away the argon gas
and 0.5 s for introduction of the electron beam and, immediately
thereafter, extraction for time-of-flight (ToF) detection. (For the
sake of completeness we note that for the clusters of size 52 ≤ n ≤ 58
the electron beam was accidentally applied for only 0.1 s with no
apparent difference in the ToF spectra.)

3. Results and discussion

The present lead-cluster experiments were performed as
described above for the cluster sizes of n = 10, 12–102. As in pre-
vious photofragmentation experiments [18], Pb−

11 could not be
produced in sufficient amounts for further investigations. For each
size-selected cluster Pb−

n the resulting ToF spectrum after electron
interaction was recorded. Fig. 2 gives an overview of all measure-
ments. Each row represents a Time-of-Flight spectrum as shown in
Fig. 1 bottom with the signal intensities now color coded. Thus, the
y-axis indicates the precursor size while the x-axis is identical with
the corresponding ToF spectra of the size-selected precursors. The
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Fig. 3. Relative abundance of lead di- and trianions, including all doubly and triply
charged fragments, respectively.

signal of the precursor clusters Pb−
n (that remain after the interac-

tion period) appears at x = y = n, i.e. the precusor signals lie on the
pronounced diagonal line. The lines of the doubly and triply charged
lead clusters have correspondingly higher gradients.

In addition, there are cluster-fragment signals Pb−
m up to almost

precursor size n = 50. So far, the excitation causing the fragmenta-
tion remains unclear. It is probably not due to the primary electron
beam, because in analogous measurements with cationic lead clus-
ters no reaction has been observed. (Note that this is different from
previous experiments, where electron impact ionization had been
used to produce higher positive charge states of metal clusters
[19–22]. In the meantime, the trap geometry has been changed as
well as the superconducting magnet and apparently there is no
longer any overlap between the stored cluster ion cloud and the
electron beam). Maybe the collisions with the secondary electrons
heat up the clusters or the cluster energy is increased by the attach-
ment of an electron (as known from neutral metal clusters [23]),
which causes fission of the doubly charged cluster into two singly
charged fragments or a decay, followed by loss of an electron due
to the decreased electron affinity of the smaller product cluster.
The following sections describe further details of the experimental
findings.

3.1. Multiply charged clusters

Fig. 3 shows the relative abundance of the multiply charged lead
clusters as a function of cluster size. For dianions, it is increasing
from n = 28 up to n ≈ 45 where it reaches a first maximum, similarly
as observed by Stoermer et al. [14]. Then, the abundance decreases
for almost 10 cluster sizes to rise again with a second maximum at
n ≈ 70. The following decline of the dianion signal is easily under-
stood as in the same size region the trianions appear. Their signal
intensity increases as a function of cluster size up to n ≈ 85.

Above n ≈ 90 the trianion signal decreases while the dianion sig-
nal increases again. The details of ups and downs of the relative
abundances are not yet understood. They may  be caused by size
specific electron attachment and detachment cross sections, and/or
possibly due to electronic or geometric aspects like previously dis-
cussed in the case of gold clusters [7].

The smallest di- and trianions of the present study were
found at the cluster sizes nmin = 28 and nmin = 69, respectively, see
Figs. 2, 3 and 8 (in Section 3.2, blow-up of the low-size cluster region
of Fig. 2). In general, such smallest-size values depend on the exper-
imental parameters. Thus, the present numbers are in agreement
with the report of Stoermer et al. [14] who found di- and trianions
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Fig. 4. Relative abundance of lead di- and trianions, data as in Fig. 3 for the regions
of smallest observed clusters of the corresponding charge state. Experimental data
in blue and red, fit for Rs = 1.217 Å [25] in green and for Rs = 1.934 Å [26] in black. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of this article.)

Table 1
Fit parameters, calculated for lead work function W = 4.0 eV [25], minimum mea-
sured cluster size nmin and appearance cluster sizes napp according to [6].

Rs [Å] z T [K] ı [Å] k0 [s−1] nmin napp

1.217 [25] −2 403(3) 1.1534(5) 2.1(1) 28 39
1.934 [26] −2 529(2) −0.41(2) 2.2(1) 28 39
1.217 [25] −3 268(18) 2.81(2) 0.76(4) 69 80
1.934 [26] −3 392(19) 0.01(5) 0.76(4) 69 80

down to size n = 35 and n = 76, respectively. As these authors pro-
duced the polyanions by laser ablation from a solid target under
high vacuum conditions these clusters were probably much hot-
ter and, thus, smaller polyanionic clusters immediately lost their
excess electrons (or decayed, see below), even before the ToF anal-
ysis right after the laser pulse. The findings for lead dianions are
also in line with those for gold, where the smallest cluster sizes
were n = 12 previously found by the electron-bath method [24] and
n = 29 in the case of Stoermer et al. [14].

For a more quantitative and experiment-independent data eval-
uation the procedure of Martinez et al. [6] has been followed, which
describes the abundance

An = k0

kn − k0
(e−tRk0 − e−tRkn ) (1)

of multiply charged clusters with a sequential exponential “decay”.
The equation is based on the assumption that the clusters pick up
electrons with a constant attachment rate k0 and emit electrons
due to thermionic emission and field-emission (the dominant part)
with the rate kn = 4�R2nem. nem is the temperature (T) dependent
electron emission density and R = Rsn1/3 + ı the cluster radius, which
is calculated from the Wigner–Seitz radius Rs and the electron spill-
out ı. For further details see [6].

Fig. 4 shows the rising slope of the relative abundance of di-
and trianions up to the first maxima and, additionally, least-square
fit curves of Eq. (1) to the data. As for the Wigner–Seitz radius of
lead, several different values can be found in the literature, between
1.217 Å [25] and 1.934 Å [26]; both have been applied for the proce-
dure. The electron spill-out ı, the attachment rate k0 and the cluster
temperature T were left as free parameters. The results of the fitting
are summarized in Table 1.

The fitted temperature values depend on the assumed
Wigner–Seitz radius. For the trianions, e.g., the values are 268 K
and 392 K. Thus, these values indicate the order of magnitude
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Fig. 5. Abundance spectra of Pb−
90 (top) and Pb−

55 (bottom) clusters after application
of  the electron bath.

30 35 40 45 50 55 60 65 70 75 80 85 90 95100
0

0.02

0.04

0.06

0.08

0.1

0.12

precursor cluster size n

re
l. 

ab
un

da
nc

e

Fig. 6. Relative abundance of dianion fragments ((n − 5)/2 < m < n/2) to the doubly
charged precursor cluster (n/2).

which is consistent with the precursor cluster preparation under
room-temperature conditions. For the dianions and Rs = 1.934 Å, the
resulting electron spill-out value is negative and for trianions neg-
ligible, so the corresponding value of the Wigner–Seitz radius is
obviously too big.

According to [6] the appearance sizes napp can be defined by
solving

A(napp)
A(n → ∞)

= 1 − e−1. (2)

This results in napp = 39 and napp = 80 for dianions and trian-
ions, respectively. These values are independent of the choice of
Wigner–Seitz radius and the corresponding fit parameters.

3.2. Cluster decay pathways

In contrast to all previous studies on metal clusters where the
electron-bath method was applied [5–13], the lead-cluster spec-
tra indicate, in addition to electron attachment, decay processes.
While almost no decays were found for large clusters (see Fig. 5 top
with abundance spectrum for n = 90) the dianions show sequential
monomer evaporation, Pb2−

n → Pb2−
n−1 → Pb2−

n−2 in particular in the
region between 45 < n < 75 (see e.g. Fig. 5 bottom for n = 55).



132 S. König et al. / International Journal of Mass Spectrometry 421 (2017) 129–134

10 20 30 40 50 60 70 80 90 100
0

0.05

0.1

precursor cluster size n

re
l. 

ab
un

da
nc

e

Fig. 7. Relative abundance of fragments from monomer evaporation (n − 5 < m < n)
to the precursor cluster (n). For details see text.

In Fig. 6 the relative abundance of dianionic products
of monomer evaporation ((n − 5)/2 < m/z  < n/2) to their doubly
charged precursor cluster (m/z = n/2) that remain in the result-
ing spectrum is given. No dianionic dissociation products were
observed up to cluster size n = 37. Probably, for these small clus-
ters electron emission is much more likely than atom evaporation,
as known from photoexcitation of other dianionic metal clusters
[27]. From cluster size n = 38 up to about n = 56 the relative abun-
dance of dianionic decay products is rising linearly, supposedly as
the electron affinity is increasing faster than the atomic binding
energy according to the liquid drop model [28]. For larger clusters
the Pb2−

n−1,...,n−4 abundance becomes lower again. This may  be due
to the increasing of the number of vibrational degrees of freedom
and of the density of electronic states as a given excitation energy
from, e.g., electron attachment or inelastic scattering leads to only
a small increase of the cluster temperature. At n = 58–60 and n = 66,
67 there seem to be local minima, i.e. either the clusters are rela-
tively stable with respect to atom evaporation or unstable against
electron emission as compared with their neighbors. However, to
our knowledge, both size regions are not known for their clusters
particularly high geometric or electronic stability. At high cluster
sizes, between n = 90 and 102, there are a few outliers, that have a
high relative abundance with respect to the general trend.

In the ToF spectra for cluster size n ≥ 85 a few counts of
monomer evaporation from trianions, are observed. Further below,
the monoanionic precursor evaporates neutral atoms, too (see Fig. 5
for n = 55). Fig. 7 shows the relative abundance of products from
monomer evaporation (n − 5 < m < n, except for n = 13 (14) where
10 < m < 13 (14) is used and for n = 16 where 12 < m < 16 is chosen)
to the remaining precursor cluster (n). The abundance of products
from monomer evaporation has a local minimum at the precur-
sor cluster size n � 49 and local maxima at precursor cluster sizes
n � 35 and 55. It remains unclear, whether these minima and max-
ima  are caused by the relative cluster stabilities or a change of the
electron-impact cross section. Above precursor cluster size n � 55
the product abundance due to monomer evaporation is decreasing,
presumably due to the increasing number of vibrational degrees of
freedom the excitation energy can dissipate into.

Below precursor cluster size n � 48 the number of decay path-
ways increases significantly. Fig. 8 gives an amplified view of this
region from Fig. 2.

For a more detailed exemplary illustration Fig. 9 shows the spec-
trum of Pb−

34. Here, several decay products are apparent, which
hint to the main decay pathways: There are, to start with, the
monoanionic n = 33, 32 and 31 clusters, indicative of monomer

Fig. 8. Amplified part of low cluster sizes of Fig. 2.
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Fig. 9. Time-of-flight spectrum of the precursor cluster Pb−
34 after application of the

electron beam.

evaporation of the precursor as the signal heights also decrease in
this order. There is a signal at n/z = 17 which we interpret as doubly
charged cluster Pb2−

34 as it is in line with the other dianion signals in
Fig. 8. Note, that in this case the dianion does not perform neutral
monomer evaporation to Pb2−

33 and smaller dianions. Furthermore,
strong signals of the products Pb−

24 and Pb−
10 are observed as well

as Pb−
22 and Pb−

12. We  have listed them here such that the pairs can
be combined to add up to the precursor size 24 + 10 = 22 + 12 = 34.
This is an indication, that the precursor breaks up into two frag-
ments n → (n − m)  + m with either m = 10 or m = 12, a pattern, that
is observed as well for several other precursor cluster sizes.

This is indicated by corresponding arrows in Fig. 8 where the
charged reaction products that are independent of the size of the
precursor clusters appear as vertical lines: In each fragmentation
spectrum from cluster size n = 14 (17) up to cluster size n = 49 (42)
Pb−

10 (Pb−
12) is observed and mostly with a pronounced abundance.

There are also the corresponding lines of signals for Pb−
n−10 (Pb−

n−12),
parallel to but shifted by m = 10 (12) atoms from the diagonal line of
precursors. Furthermore, Pb−

20 is well visible in the fragment spec-
tra of the cluster sizes n = 27–33 and n = 37–40. These findings are
in agreement with recent photofragmentation measurements [18]
and the cluster sizes m = 10, 12, and 20 have already earlier been
classified as magic [14,29]. Similar to other group 4 semiconductors
like Si−20 [30,31] and Ge−

20 [30], Pb−
20 decays mainly into Pb−

10 (see
Fig. 10 top).

In addition, there is an n − 7 line of signals in Fig. 8 (as also
observed in previous photoexcitation measurements [18]), how-
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Fig. 10. Time-of-flight spectrum of the precursor cluster Pb−
20 (top) and Pb−

42 (bot-
tom) after application of the electron beam.

ever no charged Pb−
7 . Small fragment signals at cluster sizes

m = n − 17 (but again no Pb−
17 with the exception of the heptamer

breakoff from Pb−
24) and n − 20 are observed for precursor cluster

sizes n = 36–39 and n = 29–41, respectively. Possibly, these frag-
ment products are due to sequential breakoffs of neutral Pb7
and neutral Pb10. Similarly, clusters around n = 42 seem to decay
sequentially by Pb−

n → Pb−
n−10 → Pb−

n−11 → Pb−
n−12, i.e. by breakoff

of a neutral decamer followed by several single atoms (see Fig. 10
bottom).

As for larger fragments, in previous lead-cluster photoexcitation
measurements [18] only the breakoff of neutral Pb7 was found but
none of neutral or charged Pb10 and Pb12. Thus it may  be inferred,
that the appearance of Pb−

10 and Pb−
12 is not due simply to an exci-

tation of the Pb−
n precursor but rather to fission of the dianion Pb2−

n
into two charged fragments Pb−

n−m and Pb−
m, with m = 10 or 12.

Another hint in this direction is the similar abundance of Pb−
10 and

Pb−
n−10 as well as Pb−

12 and Pb−
n−12, as presented in Fig. 10 bottom.

If these fragments were produced by the decay of the monoanion
the excess electron would have to choose between Pbn−m and Pbm

and one would assume that there is a different likelihood for that
choice, due to, e.g., the size-dependent electron affinity of the frag-
ments [29,32]. However, in most cases the monoanionic signals of
the two fragments are very similar (see Fig. 11) and the deviations
observed could be due to further dissociations leading mostly to
the stable fragments (Pb−

10 and Pb−
12) having higher abundances.

4. Conclusions and outlook

Lead clusters of size n = 10, 12–102 were stored and size-selected
in a Penning trap. An electron beam ionized argon atoms in the
trap and lead to the production of low-energy secondary electrons
which were stored simultaneously with the clusters (electron-bath
technique [5,13]) and were picked up by the clusters, depending on
the cluster size. The smallest dianions and trianions observed by
this technique were Pb2−

28 and Pb3−
69 , respectively. The appearance

sizes (following the definition of [6]) are napp = 39 for dianions and
napp = 80 for trianions.

In addition to the multiply charged clusters, and in contrast to
earlier experiments with the same setup and similar parameters
but with clusters of different metals [12], cluster fragments were
observed. There are indications that the fragmentation is not due
to the primary electron beam. One hint is the absence of decay
products and higher charge states in corresponding cluster cation
spectra. It rather seems that the anionic clusters stored in the Pen-

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
10

−1

10
0

10
1

precursor cluster size n

Pb
10

/Pb
n−10

Pb
12

/Pb
n−12

Fig. 11. Ratio of the fragments Pb−
10 to Pb−

n−10 (black) and Pb−
12 to Pb−

n−12 (blue). (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web  version of this article.)

ning trap are heated by the interaction with the secondary electrons
which causes the clusters to decay.

The observed product cluster spectra indicate dissociation
pathways, some of which are known from photoexcitation mea-
surements [18]. However, photo fragmentation Pb−

n → Pb−
n−m for

m = 10 and m = 12 has not yet been observed. Possibly, these prod-
ucts of the present study are caused by fission processes of dianions
into two monoanions rather than by fragmentation of monoanionic
clusters. A hint for such a fission process is the similar abundance
of Pb−

10 and Pb−
n−10 and also Pb−

12 and Pb−
n−12. To further investi-

gate this behavior it is planned to extend the measurements and
photoexcite stored, size-selected dianions.
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Fission of polyanionic metal clusters
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Size-selected dianionic lead clusters Pb2−
n , n=34-56, are stored in a Penning trap and studied with

respect to their decay products upon photoexcitation. Contrary to the decay of other dianionic metal
clusters, these lead clusters show a variety of decay channels. The mass spectra of the fragments
are compared to the corresponding spectra of the monoanionic precursors. This comparison leads
to the conclusion that in the cluster size region below about n=48 the fission reaction Pb2−

n →
Pb−

n−10 + Pb−
10 is the mayor decay process. Its disappearance at larger cluster sizes may be an

indication of a non-metal to metal transition. Recently, the pair of Pb−
10 and Pb−

n−10 was observed
as pronounced fragments in electron-attachment studies (S. König et al, 2017, Int. J. Mass Spectrom.
in press). The present findings suggest that this combination is the fingerprint of the decay of doubly
charged lead clusters. With this assumption the dianion clusters have been traced down to Pb2−

21

whereas the smallest size for the direct observation was as high as n=28.

Just like nuclides show enhanced stability at their ma-
gic numbers [1], i.e. when the protons and neutrons
fill nuclear shells, atomic clusters also show shell effects.
They can have increased stabilities when either their
atoms form closed geometric shells, as in particular in
the case of Van der Waals clusters [2], or more closely
related to atomic nuclei - when the valence electrons of
metal clusters fill electronic shells [3] in the combined
Coulomb potential of the ionic cores, as described, e.g.,
by the jellium modell [4, 5]. Due to the different strength
of the spin-orbit coupling the magic numbers of atomic
nuclei and metal clusters are not the same. However,
similar features have been pointed out, such as the in-
stability towards fission for heavy nuclei and for highly
charged metal clusters [6]: When their charge is high,
nuclei undergo emission of alpha particle or more sym-
metric fission reactions. Analogue behavior has been ob-
served already more than two decades ago for multiply
charged cationic metal clusters and discussed in detail
[6]. Both the nuclear and cluster fission can be descri-
bed in the liquid-drop modell. And indeed, already in
the nineteenth century Lord Rayleigh characterized the
stability of charged liquid droplets against breakup due
to the charge limit [7, 8].
Much more recently, methods have been developed to
produce not only highly charged cationic but also anio-
nic metal clusters, [9, 10]. As in the case of the cations,
their stability is limited to larger clusters. However, they
have an additional decay pathway, namely the emission
of their excess electrons. Up to the present study, poly-
anionic metal clusters have been observed to either eva-
porate neutral atoms, or to emit electrons, possibly even
two electrons simultaneously [11], but never an anionic
atom or bigger fragment.
In this letter, we report the first observation of the de-
cay of doubly negatively charged metal clusters into two
singly charged product clusters, i.e. fission of dianio-
nic metal clusters. This constitutes a new decay mode.
The evidence is based on the comparison of the pro-

duct pattern from photodissociation of size-selected di-
anionic clusters with those of the corresponding mono-
anionic clusters [12]. The conclusion is in line with a
previous suggestion of lead-cluster fission in context of
the electron-bath application for the production of the
polyanionic clusters [13]. In addition, the fission fin-
gerprint allows to infer in retrospect that small dianio-
nic lead clusters have been produced previously although
they could not be observed directly in the corresponding
mass spectra.

The experiments have been performed with the Clus-
terTrap setup [14] which has pioneered the production
of polyanionic metal clusters [9, 10] and has been furt-
her developed over the years [15, 16]. In short, the setup
consists of a (pulsed) laser ablation cluster source [17, 18]
that produces lead clusters of a few up to thousands of
atoms, which are either neutral or (singly) positively or
negatively charged. The anions are guided by ion-optical
elements to a linear radio frequency quadrupole (RFQ)
trap, a so-called Paul trap. Several cluster bunches are
accumulated before they are transferred to a 12-Tesla
Penning trap. There, the mixture of clusters of different
sizes is exposed to mass-selective excitations of the ion
trajectories such that only the clusters of interest remain
stored in the trap while all others are ejected. Several
other experimental steps may follow, as described below.
At the end of a measurement cycle the Penning trap
is emptied by axial ion ejection followed by time-of-
flight mass-over-charge (M/Q) analysis. Figure 1 top
left shows an abundance spectrum, i.e. the ion-signal
intensity as a function of ion flight time (from the trap
to an ion detector consisting of a conversion electrode
and micro-channel plates) converted to cluster size over
charge state n/z, for the example of Pb−

41.
In a next step the electron-bath technique [9, 19] can be
applied to attach further electrons to monoanions. This
results in the appearance of polyanionic clusters, in the
present case the dianionic lead clusters. In general, addi-
tional electrons will only be attached to a fraction of the
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FIG. 1. Abundance spectra of Pb−
41 and Pb2−

41 after size se-
lection of monoanions Pb−

41 (top left) and additional photoex-
citation (bottom left), after electron bath Pb−

41 followed by
size selection of the dianions Pb2−

41 (top right) and additional
photoexcitation (bottom right). (Data of left column taken
from the studies reported in [13].

clusters. In order to perform the following measurements
with cluster ions of a defined size and charge state this is
followed by another M/Q, i.e. n/z, selection step. Fig. 1
top right shows an abundance spectrum from this stage:
Again clusters of size n = 41 are observed, but now the
doubly-charged.
The size and charge-state selected clusters are subjected
to a laser pulse (wavelength of 532 nm, pulse duration
of about 4 ns, pulse energy of about 3 mJ, beam diame-
ter of about 9 mm), see Fig. 1 bottom left and right. In
general, the photoexcitation leads to some kind of decay
reaction. Noble metal clusters, e.g., decay by evaporation
of neutral atoms or dimers [20–23] or by electron emis-
sion [11, 24, 25]. As these processes may occur delayed
[26–28], a waiting time (100 ms) is applied between the
laser excitation and product analysis. Most of the previ-
ous steps, such as the n/z selection take about an order
of magnitude more time. Thus, typical measurement cy-
cles are several seconds long. The number of cluster ions
detected per cycle is between a few up to about 200. The
cycles are repeated 80 to 450 times to increase the sta-
tistical significance of the data.

In the following, we will first focus on the particular
case of Pb2−

44 . This is the smallest lead cluster where
Pb2−

n−10, i.e. Pb2−
34 , was available in sufficient amounts

for photoexcitation studies. The importance of this re-
lation will be obvious from the discussion further below.
Fig. 2 shows the abundance spectrum after photoexci-
tation of size selected Pb2−

44 . In addition to the smaller
dianions Pb2−

43 , Pb2−
42 , Pb2−

41 due to sequential monomer
evaporation, there are three distinct regions of decay pro-
ducts, at Pb−

44 and below, Pb−
34 and below and Pb−

10 with
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FIG. 2. Abundance spectrum of size selected and photo exci-
ted Pb2−

44 clusters.

a small Pb−
9 signal nearby. (The charge states of the ions

in the four regions are inferred from the presence or non-
presence of signals at half-integer n/z values.) Obviously,
Pb−

44 can only be produced by electron emission:

Pb2−
44 + hν → Pb−

44 + e− (1)

In general, the monoanionic product can still have some
excitation energy and thus be able to decay further. The
decay patterns of the monoanions are already known
from a recent photoexcitation study [12], Figure 3 top
shows the result for Pb−

44: sequential monomer evapora-
tion. This explains the present observation at Pb−

44, as
well:

Pb2−
44 + hν →





Pb−
44

∗ →





Pb−
43

∗ →
{

Pb−
42

∗ → ...
Pb

Pb
e−

(2)
for the product ions down to about Pb−

35.

Without further information the Pb−
34 and Pb−

10 pro-
ducts could be due to several decay pathways:

• Electron emission followed by the breaking off of
a neutral decamer Pb10, resulting in the Pb−

34 signal

Pb2−
44 + hν →

{
Pb−

44

∗ → Pb−
34 + Pb10

e−
(3)

• similarly as in reaction (3) with the electron now
staying attached to the decamer

Pb2−
44 + hν →

{
Pb−

44

∗ → Pb34 + Pb−
10

e−
(4)
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FIG. 3. Abundance spectrum of Pb−
44 (top) (data taken from

Ref. [12]) and Pb2−
34 (bottom) after photo excitation.

• again similar as in reaction (3) but now with a furt-
her sequential decay to produce Pb−

10

Pb2−
44 + hν →





Pb−
44

∗ →
{

Pb−
34

∗ → Pb−
10 + Pb24

Pb10

e−

(5)

• again similar as in reaction (3) but in reverse order,
i.e. first braking off of a neutral Pb10 followed by
electron emission from the remaining doubly char-
ged Pb2−

34

Pb2−
44 + hν →

{
Pb2−

34

∗ → Pb−
34 + e−

Pb10
(6)

Note that in all these processes, each one accounts for
only one of the products, either Pb−

34 or Pb−
10. Thus, it

takes at least two of them to explain the observation of
both in the decay spectrum. In contrast, and last but
not least, the simple fission process

Pb2−
44 + hν → Pb−

34 + Pb−
10 (7)

leads to a simultaneous production of both product clus-
ter ions.
Next, the decay pathways (3) to (6) are further examined
by inspecting the decays of the intermediate fragments,
Pb−

44 and Pb2−
34 . The decay of Pb−

44 has already been
discussed above. Only sequential monomer evaporation
was found, but no sign of a decay to Pb−

34 or Pb−
10. This

excludes reactions (3) and (4) and also (5). The latter is,
additionally, not expected as the analog final step with
the excess electron ending up on Pb24 instead of Pb10 is
not observed.

In order to investigate the possibility of reaction (6)
one can have a look at the decay of size selected and

FIG. 4. Intensity plot of the abundance of size selected and
photoexcited lead-cluster dianions. The color represents the
signal height with logarithm scaling. Each horizontal line is
normalized to the highest signal.

photoexcited dianionic Pb2−
34 (see Fig. 3 bottom): There

are several fragments observed, namely Pb−
10, Pb−

12, Pb−
22,

Pb−
24 and also a monomer evaporation chain starting with

Pb−
34. In Fig. 2, however, no fragments Pb−

24 can be found
and the abundance ratio between Pb−

10 and Pb−
12 is quite

different. Thus, the product fingerprint of Pb2−
34 is mis-

sing and it can be ruled out as intermediate step to Pb−
34

as in reaction (6). Additionally, there are no signals of
Pb2−

34 in Fig. 2. Therefore, the only remaining explana-
tion for the main abundance of the fragments Pb−

10 and
Pb−

34 (and Pb−
33, Pb−

32, etc. which result from sequential
monomer evaporation from Pb−

34) is reaction (7), the fis-
sion of Pb2−

44 into Pb−
34 and Pb−

10.
The photodissociation measurements on dianionic lead
clusters have been performed with smaller precursors
down to n=34, the smallest cluster size where sufficiently
many dianions could be produced for further investiga-
tions. At the upper cluster-size end, the investigations
were extended up to n=56.

The results are summarized in Fig. 4. Each horizontal
line represents the photofragmentation mass spectrum
of a precursor cluster size n, indicated on the y-axis.
The signal of the precursor cluster Pb2−

n appears at
m/z = n/2. Another pronounced line lies at m = n;
these signals are due to the clusters Pb−

n , i.e. clusters
which emitted one of the two excess electrons. Further
strong signals occur at m/z = n − 10 and at m/z=10,
12 and also at 20. The clusters Pb−

n−10. and Pb−
10 from

precursor clusters Pb2−
34 up to Pb2−

48 can be explained by
a fission process of the dianion into the singly charged
clusters Pb−

n−10 and Pb−
10 as described above for the

example of Pb2−
44 .

Interestingly, the fission processes end at precursor
cluster size n ≈ 48. This is in agreement with the
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FIG. 5. Relative abundance of the sum of Pb−
8...13 (blue) and

Pb−
(n+1)/2...n−10

(red) for each precursor Pb2−
n .

results of electron-beam interaction measurements
[13]. Possibly there is a structural change around this
cluster size. In contrast to earlier electron-interaction
measurements [13] no pronounced line at cluster size
m = n−12 can be found except for the precursor cluster
size n = 34. Possibly, the energy needed for such a
fission process is higher than the energy provided by the
present photoexcitation. From cluster size n = 37 up to
n = 44 a pronounced signal can be found for the cluster
m = 20, in agreement with previous findings [12, 13].
The highest signal for m = 20 (except where it cannot be
distinguished from Pb2−

m ) can be found for the fragmen-
tation of Pb2−

37 , presumably because the cluster fissions
into cluster size Pb−

27 and further evaporates a neutral

Pb7 cluster (Pb2−
37 + hν →

{
Pb−

27

∗ → Pb−
20 + Pb7

Pb10
),

which was found to be a major evaporation process in
earlier measurements [12, 13].

If the dianions decay mainly by fission into two
charged clusters Pb−

n−10,n−12 and Pb−
10,12 the abundance

of both charged fragments should be similar. In Fig. 5
the relative abundance of both fission constituents
Pb−

n−10,n−12 and Pb−
10,12 are given, with the integration

borders shown in Fig. 6 for the example of Pb2−
38 .

Section I includes the clusters Pb−
8...13 and section II

Pb−
(n+1)/2...n−10. The relative abundances (Fig. 5) show

the same trend with similar values. The small differences
could be caused by further evaporation of neutrals from
Pb−

n−10, including Pb−
20, which cannot be distinguished

from the precursor in some cases, or by different transfer
and detection efficiencies as a function of cluster size.
The relative abundance of both fission products is
decreasing with increasing cluster size. In contrast, up
to the largest precursor clusters monomer evaporation
and electron detachment is observed as predicted by the
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FIG. 6. Abundance spectrum of Pb2−
38 after photo excitation.

The dashed lines and double arrows I and II indicate integra-
tion borders for fragments Pb−

8...13 and Pb(n+1)/2...n−10, for
details see text.
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FIG. 7. Abundance spectra after photoexcitation of Pb2−
35

(top), after electron interaction of Pb−
35 [13] (middle) and after

electron interaction of Pb−
25 [13] (bottom).

liquid-drop model [11]. This may indicate a non-metal
to metal transition in the cluster size region of n ≈ 48.
This is in agreement with ion mobility experiments,
where no transition was found up to n = 32 [29]. In con-
trast, theoretical considerations [30] and photoelectron
spectroscopy measurements [31] suggested n ≈ 20 as the
transition region.

Already in the lead-cluster investigations with the aim
of electron attachment for di- and trianion production
[13] hints were found for fission processes of dianionic
clusters: As in the present dianion photoexcitation mea-
surements from precursor cluster size n ≈ 48 downwards
clusters Pb−

m were observed with m = n − 10. As an
example in Fig. 7 the abundance spectra after photoex-
citation of Pb2−

35 and after electron interaction of Pb−
35
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are given. Both spectra show the fragments Pb−
10 and

Pb−
25 beside the fragments and precursor clusters Pb−

35

and Pb2−
35 and their monomer evaporation chain.

While Pb2−
34 was the smallest precursor cluster acces-

sible for the present photoexcitation studies the previous
electron-attachment investigations could be continued
down to smaller cluster sizes [13]. By use of the fragment
m = n − 10 as an indicator of the fission process, this
process is accessible even without the direct observation
of dianionic precursors, as in the case of Pb2−

25 (Fig. 7
bottom). The smallest fission precursor (indirectly)
observed in this way is the dianion Pb2−

21 , as the line
of fragments Pb−

n−10 can be trailed down (at least) to

Pb−
11 (Fig. 8 in [13]). In contrast, the smallest dianionic

lead cluster observed directly until now has size n = 28
[13]. Thus, a new tool has been found that extends the
observation range of the dianion precursors significantly.

This work was supported by a Collaborative Research
Center of the DFG (SFB 652-TP A03).

∗ Stephan.Koenig@physik.uni-greifswald.de
[1] M. G. Mayer and J. H. D. Jensen, Elementary theory of

nuclear shell structure (Wiley, 1964).
[2] O. Echt, K. Sattler, and E. Recknagel, Phys. Rev. Lett.

47, 1121 (1981).
[3] W. D. Knight, K. Clemenger, W. A. de Heer, W. A.

Saunders, M. Y. Chou, and M. L. Cohen, Phys. Rev.
Lett. 52, 2141 (1984).

[4] W. Ekardt, Phys. Rev. B 29, 1558 (1984).
[5] J. P. Perdew, Phys. Rev. B 37, 6175 (1988).
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