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1 Introduction

Already early mankind recognized the potential application of thermal radiation. A
simple example is warming in the sun or at a fire. But even more complex applica-
tions such as monitoring the annealing temperature of a metal workpiece for forging
are common since thousands of years. With the formulation of the Maxwell’s equa-
tions [MAX65] and the related understanding of light being an electro-magnetic wave,
increasing interest in the question about the nature of thermal radiation arose.

Slightly earlier it was discovered that the spectrum of an atom is composed of discrete
lines [KIR60]. Along with the development of the atomic model these lines were later
interpreted as the energy difference between electronic levels [BOH13].

Then it took more than 40 years finding a description for the thermal radiation of bulk
material. At the beginning of the 20th century Max Planck published his law of thermal
radiation [PLA00, PLA01]. Planck’s famous formula solved the problem of the so called
ultraviolet catastrophe, a result of the Rayleigh-Jeans law [RAY00, JEA05], which
reproduces the radiation spectrum at low photon energies. His formula merged the
Rayleigh-Jeans law with the Wien approximation [WIE97], the latter one describing the
short-wavelength spectrum of thermal radiation. Planck’s formula marks the beginning
of quantum physics.

Clusters bridge the gap between single atoms and bulk material. Mie theory [MIE08]
describes successfully the thermal radiation of large cluster systems containing hun-
dreds of atoms. For small clusters consisting of only a few atoms Mie theory fails and
experimental data are sparsely available.

Thermal radiation is one of the basic observables of clusters. Studying its depen-
dence on the cluster size allows a deeper understanding of the general evolution from
single atoms to the bulk material. The experimental environment is crucial for the
reliability of the gathered information. Due to the high reactivity and the large sur-
face to volume ratio, storage and accumulation of clusters on surfaces or embedded in
matrices often lead to faulty results. Thus, measurements in the gas phase are desired.
Nowadays ion storage on timescales comparable to thermalization processes of many
species is possible. But low production yields and limits of storage capabilities often
prohibit direct measurements of the thermal radiation. Hence, indirect measurements
are required. Here electrostatic ion-storage devices are suitable setups. These devices
offer the possibility to store ions over long times and have field-free regions in order to
perform experiments without perturbation of electric or magnetic fields. Due to the
purely electrostatic nature the absence of any mass limitation offers unique experimen-
tal conditions covering a wide range of different cluster sizes.

In this thesis the cooling of small anionic cobalt and copper clusters is addressed.
First the experimental setup, based on an electrostatic ion-beam trap, is presented.
Here, studies on basic trap characteristics are discussed. These sections are followed
by a discussion on the decay of anionic clusters. Measurements on anionic copper
clusters consisting of four to seven atoms are discussed. Here, the decay of hot clusters
is observed in order to draw conclusions on the internal temperature and the cooling
process itself. In the last part of this thesis measurements on Co−4 are discussed. A
measurement scheme is presented enabling to monitor the internal energy distribution
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1 Introduction

of the clusters over storage time in a temperature-controlled environment. The cooling
of initially hot clusters as well as the heating of initially cold clusters were observed.
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2 Experimental Setup

2.1 The electrostatic ion-beam trap

Almost 50 years ago electrostatic ion mirrors were introduced to the field of time-
of-flight mass spectrometry [MAM73]. Ions with higher kinetic energy can penetrate
deeper into the ion mirror and thus travel a longer path. The basic idea is tuning the ion
mirror in such a way that the longer traveled path compensates for the higher velocity.
Thus, the mass resolution can be improved compared to a simple, so called linear, time-
of-flight mass spectrometer. To further increase the resolving power a more advanced
mirror setup including several stacks of reflection plates has been developed. The
refined ion potential creates a closed ion orbit between the mirrors and thus increases
the flight time dramatically [WOL90]. These devices, so called multi-reflection time-
of-flight (MR-ToF) mass spectrometers, were the birth of the electrostatic ion-beam
trap (EIBT). In first arrangements three mirror stacks were used, inducing an angle
between the incoming and the reflected beam at one mirror. This reflection under an
angle caused high losses of around 35% during each revolution, wich severely limited the
storage time [WOL90]. Especially the technical development in switching the electrodes
allowed simpler arrangements with only two mirrors. Nowadays in room temperature
setups the storage time is only limited by the losses due to residual gas collisions
[ZAJ97].

There are two commonly used operation modes of an EIBT. In the first one the
entrance mirror is switched to ground while the ions enter the trap [ZAJ97]. The mirror
is then switched back to trap potential before the ions reflected at the second mirror
can leave the trapping region again. In the second mode the ions have kinetic energies
higher than the mirror potentials and thus can pass the injection mirror. Afterwards
the ions enter a drift tube located between the two mirrors. The drift tube is switched
to lower potential in order to reduce the energy of the ions, which are now reflected
forth and back between the mirrors [WOL12a].

In both cases two electrostatic mirrors in general trap the ions axially. An einzel
lens accompanies each mirror for radial confinement. The electrode configuration used
for the experiments of this thesis is shown schematically in Fig. 2.1. EIBTs have many
advantages:

• An EIBT can be designed as tabletop setup.

• Compared to magnetic storage rings it is a low-cost device.

• Due to its electrostatic nature it has in principle no mass limitation.

• No large-scale accelerators are needed, since ions can be stored at keV energies.

• Only the residual gas density limits the storage time in room temperature setups.

• An EIBT can be tuned to reach high mass resolving power of up to 105 within
short storage times of below 10 ms.

3
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Figure 2.1: Schematic view of the EIBT at the CTF (see sec. 2.2). Each electrostatic
mirror consists of 8 electrodes labeled A to H. Electrodes A, C and H
are grounded, electrodes A, B, and C work as an einzel lens, D-H reflect
the trapped beam. The voltages creating the potential shown as red line
are given in the left column of tab. 2.1.

• It can be constructed offering a large field-free region for experiments.

• It guarantees comfortable access to stored ions, either axially through the elec-
trostatic mirrors or orthogonally to the beam in the field-free region.

• The field-free regions can additionally be used to introduce electrons, atoms, or
ions as targets.

Because of these characteristics EIBTs are widely used in many fields of physics. Due
to its high mass resolving power they are well suited as isobar separators in radioactive
ion beam facilities [WOL12b, PLA13]. They are also employed as mass spectrometers
[ITO13, WIE13, ATA15, ROS15]. Furthermore many studies in molecular physics were
performed in an EIBT. To mention here is the decay of ions [MEN14, TOK12] as well
as laser induced electron emission and fragmentation [KAF15, LUZ15, SHE14].

2.2 The cryogenic trap for fast ion beams

The Cryogenic Trap for Fast ion beams (CTF) [LAN10] was developed as a prototype
for the Cryogenic Storage Ring (CSR) [HAH16]. Both are installed at the Max-Plank-
Institut für Kernphysik in Heidelberg. Several upgrades have been added to the CTF
since its construction. The present setup is schematically shown in Fig. 2.2. The CTF
was designed to study unimolecular reactions. A micro-channel plate detector (MCP)
detects neutral reaction products. Such reactions occur either due to excitations during
ion production or can be induced by a laser.

The ions were produced in two different types of ion sources, a Metal Ion Sputter
Source (MISS) and a Laser VAPorization source (LVAP). After production the ions
were accelerated to 6 keV, mass selected by a magnetic mass separator (resolving power
of 150) and transported towards the EIBT. The entrance mirror of the EIBT is at
ground potential while the ions enter the trap. Before the ions leave the trap after
reflection at the second mirror the entrance mirror is switched on within some hundred
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Figure 2.2: Schematic view of the CTF setup: Ion source, magnetic mass separa-
tor, electrostatic guiding elements, and the electrostatic ion-beam trap
are shown. Neutral particles are detected with a micro-channel plate
detector (MCP).

nanoseconds. Here, switches model HTS 161-06 from Behlke Power Electronics GmbH
are used. The applied voltages are given in tab. 2.1. To prevent ions from reaching the
EIBT while no ions are injected a beam chopper is installed between the ion source
and the magnetic mass separator. It consists of two parallel plate electrode between
the ions path through. One electrode is at ground potential, while the other is at 1 kV,
to deflect undesired ions. To let ions pass the electrode is switched to ground potential
for some microseconds.

The induced image charge on a pick-up system (shown in Fig. 2.3) is measured to
monitor the stored ions. The pick-up system has a length of 2 cm and a diameter
of 4 cm. It is connected to a home-built FET amplifier. In addition, the number of
neutralized particles escaping through holes in the second mirror stack are detected by
the MCP and thus used to monitor the beam.

To excite the ions a laser beam can be overlapped in crossed beam configuration. To

Table 2.1: Voltages applied to the electrodes of the EIBT (see Fig. 2.1) in order to store
ions. For the slip factor ηE compare sec. 3.2.

ηE = −0.07 ηE = 0.18

electrode voltage / V voltage / V

A 0 0
B 5536 5498
C 0 0
D 2140 2140
E 3995 3995
F 6399 7000
H 0 0
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A B C

Figure 2.3: Photograph of the pick-up electrodes. Electrodes A and C are divided
into 4 segments each and can be used either as deflectors or pick-up
electrodes. For the measurements presented in [BRE16a] electrode B
was used as pick-up electrode.

this end, a pulsed Nd:YAG laser (Continuum Powerlite 6050) and an optical parametric
oscillator (OPO) laser system (Ekspla NT 342B-SH-SFG) are available.

2.2.1 Metal Ion Sputter Source (MISS)

The MISS is shown in Fig. 2.4. It is based on a design developed by Middleton [MID83,
MID90]. Here, a Caesium reservoir is heated in order to produce Caesium vapor. A
fraction of this vapor condensates on a heated filament, there the Caesium is surface
ionized, producing a strong beam of Cs+ ions of up to 1 mA of current. The Caesium
ions are accelerated onto a solid target of the desired cluster material by a voltage of
1 to 2 kV applied between the filament and target. By colliding with the target the
Caesium ions quarry small clusters out. Neutral Caesium condensated on the target
surface increase the probability of anionic cluster production due to their loosely bound
valence electron. In addition, gas can be added on purpose to the target area in order
to produce anions of gaseous species, or by fragmentation anionic fragments can be
produced. Only negatively charged species escape the source area, because of the
electrostatic potentials applied. The MISS is known to produce ions in high vibrational
and rotational states [WUC96, WUC98].

2.2.2 Laser VAPorization ion source (LVAP)

In order to produce ions in lower rovibrational states under well-controlled conditions
the LVAP [BER95] was installed at the setup, it was a contribution of the group of Prof.
Dr. Niedner-Schatteburg at the technical university of Kaiserslautern to a collabora-
tion. The source is shown in Fig. 2.5. Here, a frequency doubled Nd:YAG laser (New
Wave Research Polaris III) is used to vaporize material from a rotating metal disk of
the desired target material. The used pulse energy is about 10 to 20 mJ. The resulting
plasma consists of neutral and charged atomic or molecular fragments as well as free
electrons and is flushed away by a dense Helium gas pulse (backing pressure of 14 bar)
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2.2 The cryogenic trap for fast ion beams

Figure 2.4: Schematic view of the MISS, including the Caesium reservoir (green),
the filament (red), the target (blue) and the gas inlet (yellow).
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Figure 2.5: Schematic view of the LVAP.
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Electrode trigger
Data acquisition
Laser excitation

Figure 2.6: Schematic experimental cycle.

created by a homebuilt piezo-electric valve. It is controlled by voltage pulses of about
40µs length and 600 V strength. The resulting opening time and therefore the actual
gas pulse length was not measured. The valve has an opening of 1 mm. It is connected
to the expansion channel of 1.5 mm diameter. Directly before the gas gets into contact
with the plasma, around 7 mm behind the valve, the diameter of the expansion channel
increases to 2 mm, to cool the Helium gas. The mixture of plasma and Helium is guided
by the expansion channel for around 85 mm before it is expanded into vacuum, trigger-
ing a clustering process. Due to the supersonic expansion the Helium cools down to low
temperatures. By collisions with the cold Helium atoms the clusters are cooled down
accordingly to low internal temperatures. The ions are extracted through a skimmer
of 1 mm opening which is close to the end of the expansion channel (around 1 mm) in
order to reduce the gas flow to the EIBT.

2.3 Operation

2.3.1 Experimental control system

The experiment is controlled by two PC Counter/Timer cards (National Instruments
NI-PCI 6602). An experimental cycle with ion production with the LVAP is shown in
Fig. 2.6. It starts with triggering the flash lamp of the source laser, followed by the
trigger of the piezo valve and the Q-switch of the source laser. Here, the electronic
trigger of the piezo valve is created 120 to 70µs before the trigger of the Q-switch of
the source laser. For temperature stability the source laser had to be operated with
at least 1 Hz, whereas the typical storage times were several seconds. Therefore, the
beam chopper (see sec. 2.2) was used to deflect undesired ion pulses from the LVAP.
For the application of the MISS the chopper is used to chop the continuous ion beam
into small bunches with some ten microseconds lengths. The data acquisition and the
switching of the entrance-mirror electrodes of the EIBT were triggered simultaneously.
In order to determine the dark count rate of the detector, the data acquisition was kept
running after the electrodes were switched off for approximately 10 % of the storage
time. To control the OPO laser system only a single trigger pulse was required, because
the delay between firing the flash lamp and triggering the Q-switch was controlled by
the lengths of that trigger pulse. In contrast the Nd:YAG laser to excite the stored
ions needed two separate trigger pulses. In both cases the trigger pulses were locked
to the trigger of the switching of the entrance-mirror electrodes, guaranteeing the laser
excitation during each injection cycle was performed at the same time with respect to
the experimental cycle. The signals from the MCP were amplified, discriminated and

8



2.3 Operation

converted to a TTL pulses before being fed into the Counter/Timer cards. For each
injection the time of each detected event was recorded.

2.3.2 Room temperature operation

The storage lifetime in an EIBT can be limited by several reasons. Collisions with
residual gas particles as well as voltage fluctuations at the mirror electrodes may de-
plete the beam. At room temperature the collisions with residual gas particles are
typically the dominating factor. Thus the better the vacuum, the longer is the beam
lifetime. To achieve the required ultra high vacuum, the experimental vacuum cham-
bers are pumped by a combination of a 500 l/s turbo molecular pump, an ion getter
pump with 65 l/s pumping speed and a home build cryopump. For pumping efficiently
hydrogen, the inside of the vacuum chambers is partly covered with non-evaporative
getter strips (model ST707/CTAM/30D from SAES Getters). To further enhance the
vacuum conditions, the chambers are backed to about 320 ◦C for around two days. In
total a residual gas pressure on the order of 10−11 mbar is reached during room temper-
ature operation. This leads to storage lifetimes, i.e. the time it takes the ion number to
decrease by a factor of 1/e, on the order of some seconds for the clusters investigated
in this thesis.

2.3.3 Cryogenic operation

The CTF is not only designed for room temperature but also for cryogenic operation.
This means the chamber housing the EIBT is cooled down to T ≈ 15 K, the source
region, the injection beam line, and the turbo molecular pump are kept at room temper-
ature, i.e. T ≈ 295 K. The detector is placed in a chamber reaching around 40 to 50 K.
The experimental vacuum chambers are cooled with a closed-cycle Helium refrigera-
tion system. To reach cryogenic temperatures the transfer of energy onto the vacuum
chambers has to be reduced. Energy is transported onto the chambers by convection,
conduction, and radiation. To prevent convection the vacuum chambers containing the
EIBT, referred to as experimental vacuum, are housed by a second vacuum system,
referred to as the isolation vacuum.

The experimental vacuum chambers are hold by several stainless steel wires at their
positions. Due to the low thermal conduction of stainless steel, the small cross section
and the length of the wires the application of energy by conduction is suppressed. Fur-
thermore, the pumps as well as the injection beam line are connected to the cryogenic
part of the experimental vacuum system through edge-welded bellows.

After cooling the experimental vacuum chambers the Helium is used to cool two sets
of radiation shields. The inner shield surrounding the experimental vacuum is designed
to stay at a temperature of about T =40 K. Therefore it is called 40-K shield. The
second shield surrounding the 40-K shield is designed to stay at about T = 80 K and
thus is referred to as the 80-K shield. To suppress heat radiation from the isolation
vacuum chamber onto the 80-K shield it is wrapped in 15 layers of multi-layer insulation.
This multi-layer insulation covering the 80-K shield is not designed to withstand baking
temperatures of about 320 ◦C. Therefore, the 80-K shield is equipped with a water
cooling system to keep it below 120 ◦C while the experimental vacuum chambers are
backed.

By using cold gaseous Helium (T ≈ 4 K) the experimental vacuum chamber has
been cooled down to about 10 to 15 K, measured by temperature sensors mounted at
various positions on the experimental vacuum chambers. Employing superfluid Helium
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2 Experimental Setup

at T ≈ 2 K to cool the CTF, particle densities of about 2000 cm−3 were demonstrated
[LAN10], equivalent to a vacuum of below 10−13 mbar at room temperature. Even with
the application of gaseous Helium a particle density on the order of some 1000 cm−3 is
still expected, leading to storage lifetimes on the order of minutes.

2.4 Data evaluation

The data evaluation was performed with MATLAB R2015a running on a windows ter-
minal server. The CPU was an Intel Xeon E5-2690V3 CPU and the computer was
equipped with ∼400 GB of random-access memory. The programs for data import and
manipulation were self-written with the functions implemented in MATLAB. Fits of
data to models were performed with the robust nonlinear least square method.
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3 Beam dynamics of an electrostatic
ion-beam trap

3.1 Beam losses

Various processes are responsible for the loss of stored ions from the trap. At room
temperature operation the dominant loss process is related to collisions with residual
gas particles. In such a collision process cations may capture an electron while anions
emit their excess electron. Due to the kinetic energies of the ions while passing the
field free region collisions of molecular ions can result in fragmentation. The neutral
fragments are lost immediately, while the charged fragments may still be trapped on an
unstable ion trajectory for a limited number of revolutions. But typically the narrow
energy acceptance of the EIBT (∼ 6000± 600 eV in case of the CTF as determined by
simulations) quickly leads to a loss of the charged fragments. A portion of the neutral
fragments might escape the trap through the holes in the electrostatic mirrors and
therefore might be detected by the MCP detector, compare sec. 2.2. A different type
of loss mechanism is the scattering process after collision with residual gas particles. A
single collision or the net effect of a number of collisions may scatter the ion out of the
phase space of the trap.

The rates of all these collision-induced loss processes are proportional to the residual
gas-particle density. Thus they are suppressed at cryogenic operation, because of the
excellent vacuum conditions. Accordingly, the storage lifetime at cryogenic operation
is not limited by collisions, but other loss processes become dominant. Imperfection
of the electrodes and instabilities of the applied voltages may drive stored ions out of
the stable phase space. Since the loss of these charged particle is not directed their
detection is difficult.

All these loss mechanisms sum up to an effective total loss rate. Only fragmentation,
electron capture, and electron emission result in a neutral particle, which can be de-
tected with the MCP behind the second mirror stack. These loss rates are proportional
to the number of stored ions. Therefore the neutral count rate at the MCP can be used
to monitor the evolution of the ion number, and ultimately to determine the effective
beam life-time.

3.2 Self-synchronization and self-bunching

Ion ensembles stored in an EIBT will always possess a finite energy distribution. Par-
ticles with higher kinetic energy can penetrate deeper into the electrostatic mirror and
thus move on larger orbits. The increased orbits counteract the higher velocity. The
net effect on the revolution time can be expressed by the slip factor ηE [ZAJ04]:

ηE =
∆f/f0
∆E/E0

=
∆v̄/v̄0
∆E/E0

− ∆L/L0

∆E/E0
. (3.1)

f0, E0, v̄0 and L0 are the revolution frequency, the kinetic energy, the mean velocity
and the orbit length of a reference particle. ∆f , ∆E, ∆v̄ and ∆L are the deviations
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3 Beam dynamics of an electrostatic ion-beam trap

for an arbitrary ion. According to this formula a bunch of ions injected into an EIBT
disperses for ηE 6= 0, but is conserved infinitely for ηE = 0. This is the so-called
isochronous mode [WOL12b], routinely used by MR-TOF mass spectrometers for high-
resolution mass separation and mass measurements. Due to imperfections of the mirror
electrodes as well as instabilities of the applied voltages a trap never perfectly fulfills
ηE = 0 and thus with increasing numbers of revolution the energy spread is expected
to lead to a significant spread in time of flight. However, ion bunches were observed to
persist for long times for ηE < 0 [PED01]. This behavior is called self-synchronization.
Even a decreasing width of the injected bunch, called self-bunching, can be observed
[BOL11, ZAJ04]. The effect is caused by the Coulomb interactions of the ions and thus
demands a critical lower threshold of charge density [STR02]. In mass spectrometry
self-synchronization and self-bunching are undesired effects. They can be so strong
that even ions of different charge to mass ratios are bunched together, which is called
peak coalescence [TOK09]. It prevents the separation of the ion species and subsequent
measurement of their mass difference. As a consequence less than 1000 ions are usually
stored simultaneously in a MR-ToF device employed for mass measurements [WOL13].

For measuring the decay properties of anionic clusters the potentials applied to the
electrostatic mirrors were chosen such that ηE ≈ 0.18 > 0. Thus the stored bunch
disperses fast and the trap is filled homogeneously. ηE is determined by measuring the
revolution frequency in dependence of the ion energy.

3.3 Thesis article I - Spreading times of ion-bunches in the
Cryogenic Trap for Fast ion beams

Although the effect of the conservation of the bunch by space charge is known now for 15
years and despite its importance for mass separation and mass measurements there are
only limited experimental and theoretical studies available. The first experiments were
performed shortly after the pioneering EIBT setup [ZAJ97] was put into operation.
It was demonstrated, that space charge is the source of the conservation and that
ηE ≤ 0 is required [PED02, STR02]. But the bunches were only observed for 100 ms.
Several studies followed and models were develop to describe the self-synchronization
theoretically [GEY04, BOL11]. These models confirmed the Coulomb interaction of
the ions as the origin of the self-synchronization, but cannot predict the bunch lengths
as a function of storage time. Nevertheless, no experimental data about the time it
takes for the bunch to spread were available, since the bunches can be conserved in
principle for seconds. To extend the observation time to similar timescales an excellent
vacuum is required. An accurate theory is missing and simulations are challenging due
to the large number of involved particles, e.g. in the order of thousands, and the long
timescales of seconds, which is equivalent to hundred thousands of revolutions. Thus
deriving information about this process relies on experiments.

Froese et al. [FRO12] showed that bunches can persist up to 10 s. Within the first
article of this thesis [BRE16a] the dependence of the spreading time on the injected ion
number was investigated and first systematic studies were performed. It was shown,
that the spreading time, defined as the time it takes for a bunch of ions stored in the
CTF to increase its width by 1/3 scales almost linearly with the number of injected
ions. The spreading time reaches an upper limit at a critical number of ions. Further
increasing the number of injected ions does not affect the spreading time.
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4 Anionic clusters

4.1 Decay of highly excited clusters

Clusters can decay if their internal energy is sufficient to overcome the binding energy
of its constituents. While cationic clusters typically emit an atom or a larger fragment,
anionic clusters can alternatively emit their excess electron. Depending on the binding
energy this is often the most likely decay channel. In the following the focus will be on
anionic clusters as they were exclusively studied in this thesis.

4.1.1 Electron emission

An excited cluster can emit its electron if the internal energy is higher than the binding
energy of the excess electron, called adiabatic electron affinity EA. Excitation energy
can be stored in the rotation, the vibrational modes, and electronic levels of the cluster.
Due to its low mass the electron cannot carry away significant angular momentum.
As a consequence the angular momentum of the cluster is kept constant for electron
emission. Although the clusters’ structure may change it is assumed that the rotational
constant and thus the rotational energy is conserved and not available for the electron
emission from clusters [AND02], while this assumption is not valid in case of other
anionic system, e.g. SF−6 [MEN14]. In this section the emission rate constant will be
linked to the density of states of the anionic and the neutral cluster. The density of
states includes a contribution of the vibrational degrees of freedom as well as of the
electronic ones. For small cluster, which are investigated in this thesis, the electronic
levels are usually much higher in energy than the spacing between vibrational levels.
Therefore, only a small error is introduced if only the vibrational density of states is
taken into account [HAN13].

Therefore, only the vibrational energy is considered. For a cluster of n atoms the
energy is distributed over the 3n-6 vibrational modes (3n-5 for a linear structure). The
energy of the individual states is not conserved, but redistributed on short timescales
between all available vibrational modes. Thus all states with energy E are populated
with identical probability, independent of the initial distribution of the energy.

Under these assumptions the rate constant for electron emission from a particle can
be derived by detailed balance. The basic idea is to compare the rates for emission and
attachment in a closed system [HAN13]. Here the reaction

A−n � An + e− (4.1)

is considered. In equilibrium the rates for emission RA−
n→An+e−(E) and attachment of

an electron RAn+e−→A−
n

(E − EA) are equal. Here, E is the vibrational energy of the
anionic cluster. The systems before and after emission are described by their density
of states ρp(E) of the parent clusters which emit the electrons and ρproduct(E) of the
system constituting of the neutrals and the electrons which are attached, leading to

ρp(E) · kem(E, ε)dε = ρproduct(E, ε) · kat(E, ε), (4.2)
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4 Anionic clusters

where ρproduct(E, ε) is a composition of the density of states of the neutral daughter
cluster ρd and the electron ρelectron. kem(E, ε)dε is the emission rate constant for
emission of an electron with kinetic energy ε. The attachment rate constant kat is
considered to be independent of E and can be derived from the cross section σ(ε) for
an electron of energy ε being attached to the neutral cluster:

kat(ε) =
1

V
σ(ε)v =

1

V
σ(ε)

√
2ε

m
. (4.3)

V is an arbitrary volume and m and v are the mass and the velocity of the electron.
The product system consists of two particles, the neutral daughter cluster and the
emitted electron (compare Eq. (4.1)). Thus the total density of states is the product of
the densities of states of both particles:

ρproduct(E, ε) = ρd(E − EA− ε) · ρelectron(ε)dε. (4.4)

Due to energy conservation the internal energy of the daughter cluster is equal to the
initial energy reduced by the adiabatic electron affinity EA and the kinetic energy of
the electron.

The energy eigenstates of an electron in a cube of edge length 3
√
V are

ε =
~2π2

2mV 2/3
(n2x + n2y + n2z), (4.5)

with nx,y,z being the quantum numbers of the corresponding state [HAN13]. For de-
riving the density of states of the electron, one has to count the total number M(ε) of
different states up to energy ε and differentiate for ε. M(ε) can be approximated by
the volume of the sphere with radius

√
n2x + n2y + n2z =

√
2εmV 2/3

~2π2
, (4.6)

divided by 8, as only positive numbers nx,y,z are allowed and multiplied by 2 for taking
into account the spin degeneracy:

M =
2

8

4π

3
(n2x + n2y + n2z)

3/2 =
πV

3

(√
2εm

~π

)3

. (4.7)

Therefore, the density of states of the electron is given by

ρelectron(ε) =
dM

dε
=
m3/2ε1/2

√
2V

~3π2
. (4.8)

Combining Eq. (4.2)-(4.4) and (4.8) leads to

kem(E, ε)dε =
2m

π2~3
σ(ε)ε

ρd(E − EA− ε)
ρp(E)

dε. (4.9)

Integrating over ε results in the total electron emission rate:

kem(E) =

∫
2m

π2~3
σ(ε)ε

ρd(E − EA− ε)
ρp(E)

dε. (4.10)

As cross section σ(ε) the Langevin cross section [HAN13] is adopted:

σ = π

√
2α e2

ε
. (4.11)
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Figure 4.1: Calculated electron emission rate constants rates for Co−4 . The dashed
lines mark a rate constant of kem = 105 s−1 and the corresponding energy
of E = 1.817 eV.

The incoming electron polarizes the neutral cluster, is attracted and collides with the
cluster. Thus, the polarizability α of the neutral cluster is a characteristic measure of
the process. e is the elementary charge. This cross section is only an estimation for the
collision of the electron with the cluster, but the electron capture itself is neglected.
Assuming full sticking probability when the cluster and the electron collide will lead to
an overestimation of the actual emission rate constants. Due to the electrons’ low mass
compared to the mass of the atoms of the cluster only limited energy can be transfered
from the electron to the vibrational modes. Thus, most likely the electron will leave
the cluster again after collision instead of being attached. The sticking probability can
be even as low as 0.001 [AND02].

In Fig. 4.1 the calculated emission rate constants kem of Co−4 , is shown for the param-
eters given in [BRE16c]. The rate increases strongly in dependence of the vibrational
energy. Before a decaying particle can be detected the ion must be transferred from
the source to the EIBT. The time this takes is typically on the order of some 10 mi-
croseconds. This is the lower limit of the observation time. Thus, only rates up to
about 105 s−1 can be measured. The maximum observation time was on the order of
0.01 s to 1 s, depending on ion species. Therefore rates down to roughly 1 s−1 can be
observed. The corresponding energy interval is about 90 meV wide in case of Co−4 (from
1.73 to 1.82 eV). If the population N(E) is known the decay curve R(t), the number of
decaying ions per time, can be calculated by

R(t) =

∫ ∞

EA
N(E)kem(E)e−kem(E)tdE. (4.12)

This is identical to

R(t) =
1

t

∫ ∞

EA
N(E)kem(E)te−kem(E)tdE. (4.13)
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4 Anionic clusters

Introducing k′em = dkem/dE the rate can be transformed to:

R(t) =
1

t

∫ ∞

0
N(E)

kem(E)

k′em(E)
e−kem(E)td(kemt). (4.14)

The integrand peaks at an energy E = Em with kem(Em)t = 1. For a wide energy
distribution, N is only slowly changing with energy and can be pulled out of the integral
as a factor N(Em) [AND03]. The ratio kem/k

′
em can be written as

kem
k′em

=

(
1

kem

dkem
dE

)−1
=

(
d(lnkem)

dE

)−1
. (4.15)

Therefore it is also slowly changing with E and can be extracted from the integral
similar to N . As a result R can be approximated as:

R(t) ≈ 1

t
N(Em)

kem(Em)

k′em(Em)

∫ ∞

0
e−kem(E)td(kemt) =

1

t
N(Em)

kem(Em)

k′em(Em)
. (4.16)

As N(Em) and kem(Em)/k′em(Em) vary only slowly with time, the time dependence
of the decay is mainly expressed by 1/t [AND03]. Thus, although the population of a
single energy level decays exponentially the sum of various exponential decays result in
a decay curve, which can be approximated by a power law in time. Although Eq. (4.16)
predicts a power of -1 a non-constant energy distribution affects the exact power and
an energy distribution fast changing with internal energy will even result in a decay
deviating from a power law. Therefore, measuring the decay curve can be used to
derive information about the underlying energy distribution. Besides the shape of the
decay curve, the total number of decaying ions yields information about the number
of excited ions. In Fig. 4.2 the measured decay curves for Co−4 after production with
high internal energies in an ion source as well as after laser excitation are shown. In
the case of laser excitation a clear change of the shape of the decay curve as well as of
the amount of decaying ions is observable, directly reflecting a change of the internal
energy distribution of the stored cluster ensemble.

4.1.2 Fragmentation

In contrast to the case of electron emission, the angular momentum of the cluster ion
can change drastically in the fragmentation process [KAF15]. Even for single atom
evaporation a considerable amount of angular momentum can be transferred to the
atom. Thus, the angular momentum of the anionic cluster prior fragmentation is of
major importance for this type of decay. In the following derivation of the fragmentation
rate constant for single-atom evaporation the reaction

A−n � A−n−1 +A (4.17)

is considered. Again, detailed balance is used. Therefore, a system with parent clusters
A−n of vibrational energy E and angular momentum Jp decaying and daughter clusters
A−n−1 and atoms A attaching is considered being in equilibrium. As a result the rates
for evaporation RA−

n→A−
n−1+A and attachment RA−

n−1+A→A−
n

are equal:

RA−
n→A−

n−1+A = RA−
n−1+A→A−

n
. (4.18)

The rate for fragmentation can be written as [CHE77]

RAn→An−1+A = (2Jp + 1)2ρp(E)kfrag(E, Jp), (4.19)
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Figure 4.2: Measured decay curves for Co−4 (a) after production with high internal
energies in the ion source and (b) after laser excitation with an photon
energy of Eph=1.46 eV. The blue (red) points represent data taken after
0.25-0.30 s (1.90-1.95 s) of storage. The straight lines are power law
functions with exponents of -1.13 and -1.30.

with the factor (2Jp + 1)2 for the rotational degeneracy. For the attachment rate the
allowed rotational states have to be taken into account, resulting in [CHE77, JAR94]

RAn−1+A→An = g(2Jp + 1)

∫ ∫
kcomplex(εd, Jd, Jp)ρtrans(εd)dεd

ρd(E +BpJp(Jp + 1)−D0 − εd,ges)dεd,ges. (4.20)

Here, g accounts for the reaction path degeneracy. D0 is the binding energy of the
most weakly bound atom in the cluster, εd is the relative translational energy of the
fragments, and εd,ges = BdJd(Jd + 1) + εd is the sum of rotational and translational
energy of the fragments. Jd indicates the rotational angular momentum of the daughter
cluster An−1. BpJp(Jp+1) and BdJd(Jd+1) are the rotational energies of the parent and
daughter cluster, Bp and Bd are the rotational constants of parent and daughter cluster,
respectively. ρtrans is the translational density of states of the fragments. The energy
of the daughter cluster is given by energy conservation. kcomplex is the rate constant
at relative kinetic energy εd for the attachment of an atom to the daughter cluster at
rotational state Jd forming a collision complex with rotational state Jp. Similar to the
electron emission, Langevin theory is applied, resulting in [CHE77]

kcomplex(E, Jp) =
vπ~2

2µεdV
ρrot(εd, Jd, Jp). (4.21)

Here v is the relative velocity of the daughter cluster and the atom. µ is the reduced
mass of the system, V an arbitrary volume, and ρrot(εd, Jd, Jp) the density of angular
momentum states of the fragments. The density of translational states can be calculated
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4 Anionic clusters

by

ρtrans(εd) =
fµ3/2ε

1/2
d

√
2V

2~3π2
. (4.22)

This formula is almost equal to Eq. (4.8), only the mass m is replaced by the reduced
mass µ. In principle in Eq. (4.8) m has to be replaced by µ too, but the mass difference
between the electron and the cluster is so large that µ ≈ m. For the electron the spin
degeneracy f is 2, whereas for the fragmentation process it depends on the element
considered.

Integrating ρrot(εd, Jd, Jp) over εd gives the total number of orbital angular momen-
tum states Γ(εd,ges, Jp):

Γ(εd,ges, Jp) =

∫
ρrot(εd, Jd, Jp)dεd. (4.23)

As εd and Jd are not independent, but εd,ges = BdJd(Jd + 1) + εd the number of states
Γ depends on εd,ges. Combining Eq. (4.18)-(4.23) the fragmentation rate constant kfrag
can be written as:

kfrag(E, Jp) = g

∫
Γ(εd,ges, Jp)

2Jp + 1

ρd(E +BpJp(Jp + 1)−D0 − εd,ges)
hρp(E)

dεd,ges. (4.24)

The integration over εd,ges can be split into a sum over Jd and an integration over εd:

kfrag(E, Jp) =

g

Jd,max∑

Jd=0

∫ εmax
d

εmin
d

Γ(Jp, Jd, εd)

2Jp + 1

ρd(E +BpJp(Jp + 1)−D0 −BdJd(Jd + 1)− εd)
hρp(E)

dεd.

(4.25)

The limits of the summation and the integration are given by energy and angular
momentum conservation, the latter one sets the orbital angular momentum ~L of the
cluster-atom system after fragmentation to

~L = ~Jp − ~Jd. (4.26)

The incoming atom will be polarized by the charged cluster, due to the resulting dipole
moment an attractive potential αe2/(2r4) is created. Because of the orbital angular
moment a non-attractive term ~2L(L+1)/(2µr2) is added, therefore the total potential
is given by

U = −αe
2

2r4
+

~2L(L+ 1)

2µr2
, (4.27)

resulting in the so called centrifugal or rotational barrier, which has to be overcome for
attachment. Therefore, the minimal kinetic energy εmind is

εmind = Λ(Jp − Jd)2(Jp − Jd − 1)2, (4.28)

with

Λ =
~2

8µ2αe2
. (4.29)

The maximum possible relative kinetic energy εmaxd is

εmaxd = E +BpJp(Jp + 1)−D0 −BdJd(Jd + 1). (4.30)
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4.2 Radiative cooling of excited clusters

Energy conservation limits the maximum rotational state of the daughter cluster:

BdJd,max(Jd,max + 1) = E −D0 − εd +BpJp(Jp + 1). (4.31)

The minimal orbital angular momentum is

Lmin = Jp − Jd. (4.32)

The maximum orbital angular momentum depends on εd:

Lmax = (
εd
Λ

)1/4, for εd ≤ Λ(Jp + Jd)
4; (4.33)

Lmax = Jp + Jd, for εd ≥ Λ(Jp + Jd)
4. (4.34)

The orbital angular momentum can adopt values between Lmax and Lmin, every state
is degenerated 2Jp + 1 times. Therefore, the total number of rotational and orbital
momentum states T (εd, Jp) can be expressed as

T (Jp, Jd, εd) = (2Jd + 1)(Lmax(Jp, Jd, εd)− Lmin(Jp, Jd, εd)). (4.35)

For small clusters the assumption of a spherical daughter and parent cluster is only
a rough approximation. Nevertheless, these formulas were successfully applied to the
fragmentation of Al−4 [KAF15].

4.2 Radiative cooling of excited clusters

Excited clusters may cool radiatively by photon emission. This is a process compet-
ing with electron emission and fragmentation for highly excited clusters. Both, the
electron-emission-rate constants as well as the fragmentation-rate constants, depend
strongly on the internal energy of the cluster. Therefore, even the emission of a low-
energy photon will quench the decay. Accordingly, Eq. (4.12) for the rate of decaying
clusters is modified by adding a cooling rate constant krad(E). Taking additionally the
fragmentation process into account the full equation is

R(t) =
∑

Jp

∫ ∞

EA
N(E)(kem(E) + kfrag(E, Jp))e

−(kem(E)+kfrag(E,Jp)+krad(E))tdt. (4.36)

In analogy to Sec. 4.1.1 and 4.1.2 the rate constants krad(E, hν) for emission of a pho-
ton with energy Eph = hν can be derived by detailed balance. Starting with the
fundamental relation [EIN17]

ρE1A
2
1 =

8πhν3

c3
ρE2B

1
2 (4.37)

between the Einstein coefficients for emission A2
1 and absorption B1

2 , krad can be ex-
pressed as [HAN98]:

krad(E, hν) =
8πν2

c2
σPh(E − hν, hν)

ρ(E − hν)

ρ(E)
. (4.38)

Here, σPh(E − hν, hν) is the cross section for absorption of a photon with energy
Eph = hν by a cluster of energy E − hν.
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Several processes contribute to the absorption cross section. The molecules can
absorb photons at their infrared-active vibrational modes and with lower probability
at the corresponding overtones as well as at combinations of the mode frequencies. In
addition, transitions changing only the rotational energy are possible. Even electronic
transitions have to be taken into account, since the energy in the excited electronic
states can be transfered to the vibrational modes by internal conversion [BIX68]. Both,
single electrons or collective motions of the electrons, so called plasmons, can be excited.

Several studies were devoted to investigating the radiative cooling process of clusters.
Due to the low density of clusters in the gas phase it is difficult to perform direct mea-
surements of emission spectra. Nevertheless, more than 20 years ago first measurements
on carbon and metal clusters were performed [ROH88, MIT95, FRE95, FRE97].These
measurements benefited from highly excited clusters at temperatures of above thou-
sand Kelvin leading to multi-photon emission on short timescales. Furthermore, the
greater heat capacity of the large cluster systems compared to small clusters allowed
the emission of photons in the visible range. For small clusters of less than ten atoms
the small heat capacity results in internal energies of only few electron volts even at
temperatures above 1000 K. Therefore, the emission of photons in the visible range is
strongly suppressed by the factor ρ(E − hν)/ρ(E) in Eq. (4.38). Thus, the emission
is shifted into the infrared regime. Direct observation of photon emission at infrared
frequencies is difficult. Black body radiation of the room temperature experimental
environment prohibits the detection. Thus, measurements have to be performed under
cryogenic conditions.

Instead of direct measurements an indirect approach is suitable to monitor the in-
ternal energy of small clusters and thus their radiative energy emission. The electron
emission as well as the fragmentation rate constants depend strongly on the internal
energy. Thus, laser-induced electron emission or fragmentation probes the internal en-
ergy effectively. Long storage times in rings and traps allow determining the temporal
evolution of the internal energy. In [WAL99] a pump-probe scheme was used to mea-
sure the photon emission rate of cationic V13 clusters. Several studies were devoted
to the radiative cooling of Al−4 [TOK07, AVI11, LAN12]. For small carbon clusters
and carbon bearing molecules the strong contribution of electronic states to the cool-
ing was demonstrated [MAR13, ITO14, CHA14]. By observing the fragmentation of
niobium [HAN14] and silicon [FER15] clusters information on their cooling processes
was derived.

In thesis article II the cooling of anionic Copper clusters ranging in size from 4 to
7 atoms was investigated. In thesis article III a scheme was presented to monitor the
internal energy distribution of anionic molecules as a function of time by measuring
the laser-induced delayed electron detachment. A proof-of-principle experiment was
conducted on Co−4 and the cooling and heating of the clusters in a 300 K environment
was monitored.

4.3 Geometric cluster structure

The density of vibrational states is a key parameter in the calculation of decay rate
constants. They are calculated in thesis article II and III with an algorithm established
by Beyer and Swinehard [BEY73]. This algorithm requires the vibrational frequen-
cies, which are directly connected to the cluster structure. The cluster structure can
be derived from theory. Several different approaches based on density functional the-
ory, Hartree-Fock approximation, and perturbation theory are available. For various
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4.4 Thesis article II

species the structure of small clusters has been derived, e.g. Sodium [BON88, SOL02],
Copper [COG15, FER04], and Carbon [RAG87, JON97]. The variations in the calcu-
lated energy levels of the various theoretical approaches are on the same order as the
energy spacing of different geometrical configurations, but other characteristics differ
significant for the different theoretically derived cluster structures. Thus, theoretical
results for other characteristics have to be compared with measurements. Several differ-
ent techniques were developped to measure characteristics of clusters. In ion mobility
measurements [SCH10, OHS14] information about energy and orientation averaged
collision-cross sections are derived. Photo-electron spectroscopy [KON12, KON13] is
used to measure the electronic density of states below the highest occupied molecu-
lar orbit. Information can be derived from electron diffraction [KEL12, WAL15]. This
technique is sensitive to the number and distance of nearest neighbors. Infrared absorp-
tion spectroscopy probes the vibrational frequencies of the clusters [GRU08, FIE04].
However, for the clusters investigated in this thesis no conclusive experimental studies
on the cluster structure were reported. Thus, the studies rely completely on theoretical
calculations applying density functional theory to derive the structure and vibrational
frequencies.

4.4 Thesis article II - Decay processes and radiative cooling of
small anionic Copper clusters

Anionic Copper clusters with 4 to 7 atoms were produced in the metal ion sputter source
and stored for several seconds in the CTF operated at cryogenic temperatures. Due to
the high internal energy after production some clusters at the high-energy tail of the ion
ensemble can undergo electron emission or fragmentation without further excitation.
The corresponding rate R for this spontaneous decay was measured. The electron
emission rate constants kem as well as the fragmentation rates kfrag were calculated
based on literature values for EA and D0 combined with vibrational frequencies derived
by density functional theory. The results show that fragmentation can only compete
with electron emission for unreasonable high rotational excitation. While Eq. (4.36)
predicts this decay to follow a simple power law in time, the measured decay curves of
Cu−4,6,7 consist of two components. A second component in the decay of Cu−5 was not
observed, but cannot be excluded due to insufficient statistical significance of the data
for long storage times. In case of Cu−4 the second component was clearly identified
as a power law in time. Such a two-component decay was so far presented only in
a recent short conference report [STO15]: The clusters Cu−3−6 were investigated, but
only for Cu−4 a two-component decay was observed. The studies of the present thesis go
beyond the investigations of the report and include the first detailed discussion about
the observation of two-component decays.

In the second part of the article the laser-induced electron detachment is discussed.
Here, the results for Cu−4,5 differ qualitatively from those obtained for Cu−6,7. The data

for Cu−4,5 show no indication of any radiative cooling effect at all. Cu−6,7 cool initially, but
this cooling stops (or slows down dramatically) after approximately 2 s. This absence
of cooling of highly excited small metal clusters was not reported before. The observed
cooling of Cu−6,7 is comparable to the reported cooling of Al−4 [LAN12]. In the latter
the observed cooling stopped or slowed down at around 200 K, i.e. before the clusters
reached equilibrium with the 10 K environment. However, for Cu−6,7 it is demonstrated
in the present thesis that the radiative cooling stops or slows down at temperatures
considerably higher than room temperature.

21



4 Anionic clusters

4.5 Thesis article III - Monitoring the internal energy of
anionic cluster systems

In this article a new scheme is presented to monitor time-resolved the internal energy
distribution of small anionic systems by employing laser-induced delayed electron de-
tachment. Measuring the amount of delayed electron events in a specific time interval
after laser excitation allows determining the population of the related energy interval.
Following the evolution of the count rate over storage time enables measuring the pop-
ulation of the energy interval as a function of time. By use of different photon energies
the complete energy distribution can be observed with temporal resolution.

The new technique was demonstrated on Co−4 , where the thermalization of hot clus-
ters at about 1000 K as well as of cold clusters at about 250 K with the 295 K experi-
mental environment was monitored: The cluster energy distribution was reconstructed
from decay data at eleven photon energies ranging from 0.95 to 1.88 eV in time steps
of 50 ms for the storage duration of 4.6 and 6 s for clusters from the metal ion sputter
source and the laser vaporization. No comparable studies were reported so far. The
conversion of delayed electron-detachment data is usually performed indirectly, by as-
suming some kind of distribution, i.e. a canonical energy distribution [TOK07, LAN12],
and by measuring with only one or a small number of different photon energies a re-
construction of the whole energy distribution has been tried [GOT13]. In contrast the
scheme presented in thesis article III is a direct approach deriving the energy distribu-
tion. Therefore, a method is introduced for a time-resolved observation of the radiative
cooling processes.
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5 Summary and Outlook

In this thesis experiments on anions stored in an electrostatic ion-beam trap were
presented. The setup can be operated both at room temperature and under cryo-
genic conditions down to 15 K. The first thesis article [BRE16a] deals with general
storage characteristics of the EIBT and improved the comprehension of the so-called
self-synchronization effect. It was shown, that a bunch of ions can be conserved for up
to 12 s, but the time it takes for the bunch to disperse depends strongly on the charge
density of the stored ion ensemble. For a deeper understanding experiments aiming for
the dependences on the length as well as on the density of he ion bunch have to be
performed.

The second and third thesis articles [BRE16b, BRE16c] deal with the radiative energy
exchange of small metal clusters with its environment and the mapping of the internal
energy distribution. The data on the anionic Copper clusters are not yet completely
understood. In [BRE16c] a scheme to monitor the internal energy distribution as
a function of time of small anionic clusters was presented and demonstrated for the
case of Co−4 . Here, the cooling of hot clusters from a sputter source, as well as the
heating of cold clusters from a laser vaporization source was observed. The application
of this method on anionic Copper clusters may reveal further information helping to
understand the cooling of these particles.

Future measurements may be extended to other systems, such as cationic clusters or
multiply charged clusters. For singly or multiply charged cationic clusters the electron
emission channel is highly suppressed, as the second and higher ionization potentials are
usually much higher than the binding energy of the atoms in the cluster. Therefore,
only dissociation and radiative cooling have to be taken into account. Nevertheless,
a better control about the rotational excitation of the clusters is needed, since the
rotational excitation has a crucial influence on the fragmentation rate constant as shown
in sec. 4.1.2. For poly-anionic clusters single-electron emission cannot be investigated
at the CTF, as only neutrals can be detected. But two electron emission from dianions
could be studied, indications for which have been observed for metal clusters [HER12].

Recently, the cryogenic storage ring (CSR) was commissioned [HAH16] and first
measurements were performed at cryogenic temperatures [OCO16]. The CSR has some
advantages over the CTF for measurements on laser-induced delayed electron emission.
The overlap of the laser is larger. Thus higher count rates can be expected. Or vice
versa fewer ions have to be stored in order to obtain comparable signal strengths. The
rest-gas density at cryogenic operation is more than an order of magnitude lower than at
the CTF. Even though the stored ions in the CSR have a higher kinetic energy compared
to the CTF (∼200 keV instead of 6 keV) and therefore a higher velocity, resulting in
more collisions per time for the same mean free path, in total the collisional background
is reduced and the storage lifetime is significantly increased. In the EIBT only neutrals
created between the electrostatic mirrors while moving towards the detector can be
observed. This is only a small percentage (10 − 15%) of the ions revolution time. In
the CSR the geometric detection probability is higher as two detectors can be used
for neutral particle detection. For future operation the implementation of additional
detectors is forseen. Furthermore the fragmentation and electron emission process can
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5 Summary and Outlook

be distinguished by measuring the charged and neutral fragments in coincidence. To
this end, one detector is placed behind a deflector. The detector can only be hit
by charged particles of certain charge-to-mass-ratio. By adjusting the position of the
movable detector a specific charge-to-mass-ratio can be choosen.

For directly observing the thermal radiation of ions the CTF is currently upgraded.
An infrared detector will be implemented. Laser excited ions will emit mid-infrared
photons while thermalizing again with the cryogenic environment of the CTF. The
number of emitted photons as function of time will deliver new information on the
cooling processes. Scanning the excitation frequency will allow to measure the absorp-
tion spectra of stored molecules and clusters. Upgrading the detector further to even
resolve the energy of the emitted photons will certainly put the CTF into a leading
position in the research fields of molecules and clusters.
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a  b  s  t  r  a  c  t

The  decay  of  ion-bunches  stored  in the  self-bunching  mode  of an electrostatic  ion beam  trap  (EIBT)  has
been  investigated  as a function  of the  number  of injected  ions  with  the  Cryogenic  Trap  for  Fast  ion  beams
(CTF)  located  at  the Max  Planck  Institute  for Nuclear  Physics  in  Heidelberg.  By  use of  the  pickup-electrode
signal  the dependence  of  the characteristic  bunch-spreading  time  �, i.e. the  time  in which  the bunch  width
increases  by  one  third,  on the number  of injected  ions  is  determined.  For  F− ions  with an  initial  bunch
length  of 2.7  �s the spreading  times  are  observed  to increase  approximately  linearly  with  the number  of
injected  ions  and  to reach  a constant  value  of  ∼10  s for  ion  numbers  larger  than  4 × 105.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

While relatively new in the ion storage community, electrostatic
ion beam traps (EIBTs) [1], also known as multi-pass or multi-
reflection time-of-flight mass spectrometers [2], have already
demonstrated their usefulness and flexibility in various branches
of physics. Significant contributions have recently been reported
in the areas of cluster physics [3–8], atomic and molecular physics
[9–12], electron collision studies [13], electron-neutrino correla-
tions [14], mass measurements [15–19] and mass separation [20],
particularly in nuclear physics [21–27].

In addition, advances in understanding the underlying dynamics
of ion ensembles in these traps have been pursued. Far from only
technical interest, a fundamental understanding of ion-ensemble
dynamics in EIBTs is required to further extend their contributions
to the various fields of application as well as for avoiding systematic
uncertainties of the quantities to be measured.

Therefore, significant theoretical [28–34] and experimental
[20,29,31,35–37] efforts have been devoted to the study of the
ion ensemble in the so-called self-bunching trapping mode [28]

∗ Corresponding author at: Max-Planck-Institut für Kernphysik, Saupfercheckweg
1,  69117 Heidelberg, Germany. Tel.: +49 6221516413.

E-mail addresses: breitenf@mpi-hd.mpg.de,
Breitenfeldt2@Physik.Uni-Greifswald.de (C. Breitenfeldt).

in EIBTs. The dynamics in this storage mode are of particular inter-
est as the correct choice of trap-electrode potentials dramatically
lengthens the duration over which well-defined ion pulses can be
stored and observed.

In an EIBT, ions are trapped axially between two  electrostatic
mirrors, each of which is accompanied by an einzel lens to confine
the ions in the transversal direction. As discussed previously [37],
the frequency slip factor �E has a crucial influence on the temporal
development of a localized cloud of ions inside the trap. With the
oscillation frequency f, the ions’ energy E, their average velocity v̄
and the orbit length L, we  adopt the definition [37]

�E = �f/f0
�E/E0

= �v̄/v̄0

�E/E0
− �L/L0

�E/E0
, (1)

where f0, E0, v̄0, and L0 are the reference values of the oscillation
frequency, energy, average velocity, and orbit length, respectively.
�E can be adjusted via the trap-electrode voltages and the result-
ing potential gradient in the reflection regions of the trap. Slightly
changing the energy of the injected ions while leaving the trap
potentials untouched will result in a shift of the oscillation fre-
quency, permitting the experimental determination of the slip
factor. When only a few ions are stored, their Coulomb interac-
tion can be neglected and the shape of the bunch can be preserved
by setting �E to zero, since in this case the revolution frequency is
independent of the ion kinetic energy. In contrast, a non-zero �E

http://dx.doi.org/10.1016/j.ijms.2015.11.011
1387-3806/© 2015 Elsevier B.V. All rights reserved.
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will cause the bunch to disperse fast due to the energy spread of
the ions. By increasing the number of charges, and thus the strength
of the Coulomb interaction, the bunch can be conserved even for
negative �E as shown by Pedersen et al. [35]. Strasser et al. [28]
derived a minimal charge density needed for this so-called self-
bunching effect which results in dispersionless storage of an ion,
bunch. Under sufficient vacuum conditions ion-bunches injected
into an EIBT at negative �E have been reported to persist for at least
up to 10 s [37]. In the present experiment, the dependence of the
characteristic spreading time �, defined as the time in which the
bunch width increases by 33%, on the number of injected ions is
investigated. We find that � increases approximately linearly with
the number of injected ions until the number of ions is exceeding
a limiting value, after which � remains constant.

2. Experimental details

The present data were taken at the CTF (see Fig. 1), a cryo-
genically cooled EIBT [38]. Residual gas densities of 2000 particles
per cm3, which is equivalent to a pressure of 8 × 10−14 mbar
at room temperature, were demonstrated with this device dur-
ing operation at 10 K. The presented data were taken at trap
temperatures of 70 K as confirmed by an array of PT-1000 tem-
perature sensors. Consequently, the resulting pressure is expected
to be somewhat higher. Still, the excellent vacuum dramatically
reduces collisions with residual gas compared to a room tem-
perature trap, thus minimizing the main ion loss mechanism and
extending the observed beam lifetimes. For the present measure-
ments we used F− ions. These ions have a smaller mass than most
previously studied species and therefore travel faster at a given
kinetic energy. We  observed a storage lifetime of 70(1) s, by detec-
ting the neutrals resulting from rest-gas collisions, that leave the
trap through mirror 2, with a micro-channel plate (MCP) detector
(see Fig. 1).

A cesium sputter source operated with SF6 gas was  used to pro-
duce F− ions. The parameters at the source could be changed to vary
the amount of F− ions produced. The beam energy was  set to 6 keV.
An ion deflector chopped the continuous beam into 2.7 �s bunches
and a magnetic mass separator was employed for mass selection.
By an array of einzel lenses and quadrupole electrodes, the beam
was transported and focused for optimized capture efficiency. To
inject and capture the ions, the potentials of the entry-side elec-
trostatic mirror (Mirror 1 in Fig. 1) were switched from ground to
trapping potentials by fast electronic switches (model HTS 161-06
from Behlke Power Electronics GmbH). With these switches, 95%
of the nominal voltage of up to 7.8 kV is reached after 420 ns. The
voltages applied were experimentally determined to correspond to
�E = −0.2 [37].

Fig. 1. Schematic view of the CTF. The cryogenic region is marked in light grey. For
details see text and [38].

A cylindrical pickup electrode of length Lp = 2 cm, slightly shifted
along the beam orbit from the geometric center of the trap, per-
mitted the observation and mass identification of the trapped
ion-bunch. In contrast to the MCP  detector, which detects the neu-
tralized particles leaving the trap and thus monitors the stored
ion number during the whole storage time, the pickup signal is
only observable as long as the bunch persists. The signal was read
out by use of a custom-built high-ohmic, low-noise FET ampli-
fier and observed with a 500-MHz oscilloscope (LeCroy LC374A)
and a spectrum analyzer (Advantest R3131A). When the oscillo-
scope samples the pickup signal in the time domain at high time
resolution, its maximum observation time is limited to 100 �s. In
contrast, the spectrum analyzer can observe the signal amplitude in
the frequency domain (typically at the second harmonic of the ions’
oscillation frequency) throughout the entire measurement cycle.

3. Definition of spreading time

After injection, the ion-bunch can be approximated by a rect-
angular function, but the bunch will disperse and the shape will
change with storage time. Since the actual shape is not known, we
approximate the shape of the ion-bunch by a rectangular with a
changing width �(t). A Fourier transformation is used to convert
the bunch-signal amplitude U to the frequency domain. For the
amplitude of the second harmonic of the ion oscillation frequency,
we thus obtain

Û2(t) = 2U(t)
�

sin(ω�(t)), (2)

where ω = 2�/T and T is the oscillation period. A calibration of
the pickup signal allows the transformation of this voltage signal
to the number of ions N passing through the pickup. Measurements
at the Test Storage Ring in Heidelberg [39] confirmed a simple
relationship between the induced voltage U(t)

U(t) = Lp

vC
I(t) (3)

on a pickup electrode and the ion velocity v, the pickup length Lp,
the total capacity of the pickup C, and the ion current I(t). With this
relation, and taking into account the gain g of the pickup electronic,
the measured pickup signal Û2(t) is connected to the number of
particles N(t) in the bunch by

Û2(t) = 2 Lp q g N(t)
v C �(t) �

sin(ω�(t)), (4)

approximating the ion current by a square function, I(t) = qN/�(t),
with q being the ion charge. For the CTF, Lp = 2.00(1) cm,  g = 1045(5)
(constant between 150 and 300 kHz), and the total capacity of the
electrodes, cables and amplifier is C = 109.1(5) pF.

The bunch amplitude measured at t = 0 allows to determine the
number of ions, N0, in the bunch at the time of injection

N0 = Û2(t = 0) v C �0 �

2 Lp q g sin(ω�0)
,  (5)

where �0 = �(t = 0) is the length of the bunch at injection. Eq. (3) is
not taking into account the fringe fields at the edges of the pickup
electrode leading to an over-estimation of the ion current. Thus the
ion current will be slightly lower than measured. Moreover, it fol-
lows from Eq. (4) that the disappearance time t0, the time the bunch
amplitude Û2(t) vanishes, is the time when �(t) = �(t0) = �/ω = T/2,
which corresponds to the situation that the bunch fills half of the
orbit. Note, that although no signal can be observed at t0 by the
pickup, the bunch still exists, and in fact reappearances of the bunch
signal are expected for t > t0 [37]. This, however, has not yet been
observed.
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To characterize the dispersion of the injected ion-bunch, we
define the spreading time � as the time the bunch has expanded
by one-third of its initial length.

4. Experimental results and discussion

The spectrum analyzer was set to measure the signal ampli-
tude Û2(t) at the second harmonic of the ion oscillation frequency
f2 = 274(1) kHz, which corresponds to an oscillation time of the F−

ions of T = 7.30(3) �s. The initial ion-bunch width was determined
by adjusting the chopper timing settings and was measured via
the pickup signal and an oscilloscope to be �0 = 2.69(2) �s. By set-
ting �0 to 2.69 �s, the bunch increases by T/2 − �0 = 0.96 �s, which
corresponds to approximately one-third of the initial bunch length,
and by this � ≈ t0.

By changing the ion-source parameters, the initial number of
ions injected into the trap was varied while all other trap and ion
injection parameters were kept constant. In Fig. 2, the signal ampli-
tudes Û2(t) are shown for five initial numbers of ions ranging from
1 × 105 to 1.1 × 106. They result in disappearances times t0, defined
as the time the spectrum analyser signal drops below 10−3 mV,
ranging between about 3 and 10 s.

The resulting characteristic bunch-spreading times � are plot-
ted in Fig. 3, together with the results obtained from several further
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Fig. 2. Pickup-signal amplitude Û2(t) versus time after injection for 5 measurements
with different injected initial ion count.

Fig. 3. Characteristic bunch-spreading times � as a function of injected charges,
observed for 6 keV F− ions, with an initial bunch width of 2.69 �s. The full dots
indicate the data deduced from the curves displayed in Fig. 2 (with corresponding
colors). The dashed lines are drawn to guide the eyes. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this  article.)

measurements with different numbers of injected F− ions. An
approximately linear dependence of the bunch-spreading time on
the number of ions in the bunch is observed. Above N0 ≈ 4 ×105, �
reaches a saturation and stays constant at about 10 s.

The increase of � at lower ion intensity demonstrates the sta-
bilization of the bunch by the increase of the number of ions
and thus reflects the basic multi-particle interaction that leads
to the self-bunching effect. At low ion numbers the interactions
between the ions are negligible. Simulations assuming a momen-
tum spread of 1‰ and not taking into account the Coulomb
interaction showed that the ion-bunch disperses completely within
1000 revolutions. This corresponds to 7.3 ms  in the case of F− for the
present settings. The limitation of � observed at higher intensities
is likely due to increasing ion losses from the bunch by colli-
sions of the ions with each other, so called intra-beam scattering.
When the injected number of ions is increased above a certain
value, the additional charges seem to be removed from the bunches
during the first seconds of storage, as indicated by the steeper slope
of Û2(t) for the highest intensity curve in Fig. 2. Both the red and yel-
low curves in Fig. 2 show the maximum observed bunch-spreading
time of around 10 s, but they differ in the amount of charges initially
present in the ion-bunch. The yellow curve represents the decay of
an ion-bunch with 0.5 × 106 charges, while the bunch correspond-
ing to the red curve contained 106 initial charges. The red curve
goes down faster in the beginning, but after 3 s it shows a simi-
lar behavior as the yellow one. The earlier decrease may be due
to ions that leave the bunch. Hence, the number of charges that
stabilize the bunch in the self-bunching regime over longer times
remains approximately the same even if a higher initial number
of charges was  injected. Therefore, the limit of the characteristic
bunch-spreading time encountered when operating the CTF in the
self-bunching mode likely reflects a maximum of charges that a
self-stabilized stored ion-bunch can support.

5. Conclusions

The excellent vacuum of the Cryogenic Trap for Fast ion beams
(CTF) leads to long storage times and thus allows to observe the
spreading times of ion-bunches stored in the self-bunching mode
up to unprecedented long times and unaffected by ion losses caused
by residual gas scattering processes. For 6 keV F− ions with a bunch
width of 2.7 �s at injection, spreading times of ∼10 s are observed
for initial ion numbers N0 > 4 ×105.
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The decay of copper clusters Cu−
n with size n = 4−7, produced in a metal ion sputter source, was studied in

an electrostatic ion-beam trap. The neutral products after electron emission and fragmentation were monitored
for ion storage times of up to a second. The observations indicated the presence of radiative cooling. The energy
distributions of the remaining clusters were probed by laser irradiation up to several further seconds of storage
time. This defined excitation lead to photoinduced decay signals which, again, showed signs of radiative cooling
for Cu−

6,7, not, however, for Cu−
4,5.
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I. INTRODUCTION

Clusters mark the bridge between atomic systems and
condensed matter. The evolution of basic cluster properties
from small molecularlike systems towards bulk material
comprises crucial information about their geometric and
electronic structure. Here, the understanding of new features
such as the existence of superatoms [1,2] is of fundamental
importance. Especially metal clusters have recently attracted
much attention with respect to potential technical applications
[3]; examples are biolabeling [4] and catalysis [5]. In the
case of the alkali metals like sodium with only one s

valence electron shell-model calculations allow one to predict
fundamental properties like electronic shell closures [6]. Due
to their closed d shell in combination with one s electron,
the coinage metals (Au, Ag, Cu) exhibit many similarities to
the alkali metals. Although the localized d electrons may
modify some characteristics, jellium models are often used to
describe the electronic shell structure of various metal clusters
[7].

In particular copper clusters play an important role in
catalysis [8] and bioimaging [9–11]. Although challenging for
theoretical approaches due to the localized d electrons, numer-
ous calculations on copper clusters have been performed: Their
geometry [12–18], absorption spectra [19], and polarizability
[20,21] were studied in detail. In addition, many experiments
were devoted to Cu clusters, e.g., photoelectron spectroscopy
[22–25], determination of the dissociation energies [26,27],
and measurements of the polarizability [28]. However, until
recently, the radiative cooling of rovibrational highly excited
copper clusters has not been investigated. This process is
determined by the clusters’ infrared active modes and their
electronic structures. Thus, it can provide crucial information
about the basic characteristics like the cluster structure and
electronic states.

To investigate the radiative cooling of negatively charged
copper clusters ranging from Cu−

4 to Cu−
7 we have monitored

the decay of the highly excited clusters produced in a sputter
source. In addition, we employed laser-induced delayed elec-
tron emission and fragmentation in a temperature controlled
electrostatic ion-beam trap (EIBT) [29,30] at 15 and 300 K,
respectively, where the cooling process could be monitored up

to several seconds. The different time dependencies of electron
emission allowed us to compare the cooling processes of the
various cluster sizes.

In the next section the experimental procedure and the
apparatus will be discussed. Section III introduces delayed
electron emission, cluster fragmentation, and radiative cool-
ing by a state-of-the-art model description. In Sec. IV the
experimental results on anionic copper clusters of sizes 4–7
will be presented. The implications of the electron emission
and fragmentation signal will be discussed in order to derive
information about the radiative cooling process of the various
cluster sizes.

II. EXPERIMENTAL PROCEDURE

The measurements were performed with the cryogenic trap
for fast ion beams (CTF) [31] device at the Max-Planck-Institut
für Kernphysik in Heidelberg. The setup is schematically
shown in Fig. 1. Small anionic copper clusters are produced in
a caesium ion sputter source, which is known to produce ions
in highly excited rovibrational states [32,33]. The continuous
ion beam is chopped into bunches of 26−35 μs, depending on
the cluster size, mass selected by a 90◦ bending magnet, and
guided by ion-optical elements towards the EIBT. The trap is
attached to a super-fluid helium refrigeration system. Here, it
was operated at 15 K and room temperature, i.e., about 300 K,
respectively. During cryogenic operation at 15 K the particle
densities are equivalent to pressures of 10−13 mbar at room
temperature [31]. Due to these excellent vacuum conditions
the main ion-loss mechanism, i.e., collisions with residual gas
molecules, is greatly reduced. Thus, ion beams with kinetic
energies of some keV can be stored for several minutes in
the cryogenic environment. At room temperature a pressure of
below 10−10 mbar is reached leading to storage lifetimes of a
few seconds.

For ion capturing the entrance mirror is switched from
ground to trapping potential after the ion bunch has entered
the trapping region of the EIBT. Neutralized clusters and
neutral fragments leave the trap on axis and are detected with a
microchannel plate detector (MCP) placed behind the annular
mirror electrodes on the exit side of the EIBT.

2469-9926/2016/94(3)/033407(10) 033407-1 ©2016 American Physical Society
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FIG. 1. Schematic view of the CTF setup with ion source, mag-
netic mass separator, electrostatic guiding elements, the electrostatic
ion-beam trap, and the microchannel plate detector (MCP) for neutral
particle detection.

Based on the ion current measured with a Faraday cup
placed behind the mass separator, the number of injected
ions varied roughly between 10 000 (Cu−

7 ) and 100 000 (Cu−
4 )

depending on the ion species. The experimental cycle was
repeated a few thousand times, thus the total number of ions
involved in the investigations of a given copper cluster ranged
from several 10 millions to billions.

After injection, some ions with sufficiently high internal
energy can either emit their excess electron or undergo
fragmentation, thus leading to a decreasing rate of neutral
products which is observed up to second. This signal will be
referred to as the “initial signal.” The energy acceptance of the
EIBT is about 6000 ± 600 eV, thus ions with mass numbers of
the species investigated here are lost from the trap after atom
evaporation. The clusters that do not fragment or lose their
excess electron remain in the trap and can be excited by a laser
pulse. Each excitation is followed by a few milliseconds of
increased neutral-product rate. This response will be referred
to as the “laser-induced” signal.

A pulsed Nd:YAG laser with a pulse duration of about
15–20 ns and repetition rate of 50 Hz is used to excite the
ions in a crossed beam configuration. The laser is operated
at λ = 1064 nm, thus providing photons with an energy
of 1.165 eV. After photon absorption the excited clusters
may undergo delayed electron detachment, fragmentation or
radiative cooling. Direct photodetachment can be ruled out,
as the photon energy is even lower than the adiabatic electron
affinities listed in Table I and thus lower than the vertical
electron affinities. The waist of the laser beam was expanded
to a diameter of about 1 cm and its pulse energy was chosen to
be sufficiently low (typically 8–10 mJ) ensuring single-photon
absorption. Due to the small beam size compared to the
geometric trap length and the higher ion density in the mirrors
about 1.5 % of the stored ions are in the overlap region. Only
a small portion of these ions is expected to absorb a photon.

A typical diagram of MCP signal intensity versus time
is shown in Fig. 2. The baseline of the signal in Fig. 2(a)
consists of three components. At short times, i.e., up to 0.2 s,
the initial decay dominates the signal. After the initial decay
is quenched the baseline is caused by neutralization of the
clusters in collisions with residual gas molecules in the EIBT.
Two seconds after the injection the entrance-mirror potential is
switched down to empty the trap. The signal drops to the dark

TABLE I. Published values of the adiabatic electron affinities
(EA), the dissociation thresholds D0 for single atom loss (both in

eV), and the polarizability α (in Å
3
) of Cu−

4−7.

Cluster Cu−
4 Cu−

5 Cu−
6 Cu−

7 Ref.

EA 1.40(5) 1.92(5) 1.92(5) 2.10(5) [22]
EA 1.32(10) 1.82(5) 1.81(10) 1.98(15) [23]
EA 1.95(5) 2.15(5) [24]
EA 1.87(8) [25]
EAa 1.37(5) 1.87(4) 1.91(4) 2.05(3)
D0 1.93(12) 2.35(12) 2.55(30) 2.87(22) [27]
αb 15.8 15.5 15.2 15.0

aWeighted mean of the literature values.
bLinearly extrapolated from experimental data [28].

count rate of the detector. The peaks correspond to the laser
pulses. Figure 2(b) shows a zoom of the time axis by a factor
of 2000 of the signal just after laser excitation. Due to low
statistics the signal of the first 20 laser shots of Fig. 2(a) were
summed up, i.e., the signals within the gray area of Fig. 2(a).
Zero time in this figure represents the time of the maximum
count number of the first bunch of neutrals arriving at the
detector.

The laser pulse excites a subset of the ions which are present
in the laser crossing region at the moment of the pulse. The
peaks in Fig. 2(b) correspond to those neutrals produced as
the photoexcited ions move toward the detector during their
oscillatory motion in the ion trap. Since the neutral production
occurs in flight at high ion velocity, the arrival times at the
detector essentially reflect the time-of-flight spread resulting
from the distribution of distances of the initially excited ions
to the detector. The oscillation phases of the ions in the EIBT
are essentially random at the laser pulse time, thus, half of
the excited ions move toward the detector, while the other half
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FIG. 2. MCP signal of neutralized Cu−
4 clusters as a function

of storage time. (a) Signal intensity for two seconds of storage
employing laser excitation with a repetition rate of 50 Hz. (b) Zoomed
time axis and summation of 20 laser-shot signals, highlighted by the
gray area in (a).
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TABLE II. Revolution frequency f and period T of Cu−
4−7

extracted from the initial signal.

Cluster Cu−
4 Cu−

5 Cu−
6 Cu−

7

f /kHz 39.5(2) 35.3(2) 32.2(1) 29.8(1)
T /μs 25.3(2) 28.3(2) 31.1(1) 33.6(1)

move away from it. Corresponding to these two ensembles, the
pulses are spaced by half an oscillation period. The revolution
frequencies f and period T for the different investigated
copper clusters are listed in Table II.

Since the neutral production rate decreases as a function of
time following the laser shot, the amplitudes of these pulses
decrease [Fig. 2(b)]. Due to the high rate in the first peak,
saturation effects of the read-out electronics of the detector
might falsify the measurement. Thus, in the analysis of the time
dependence, all pulses except the first one after the excitation
are considered. The uncertainty due to the finite overlap area
with the laser can be neglected in the analysis.

III. STATISTICAL MODEL CALCULATIONS

To evaluate the observed time dependencies of the initial
and the laser-induced neutral product signals, calculations
within a statistical description of the occupation of the clusters
energy levels were performed. Emitting an electron with
energy ε from the parent cluster with vibrational energy
E leads to a daughter cluster with the vibrational energy
E − EA − ε, where EA is the adiabatic electron affinity of
the neutral cluster. Employing a detailed balance approach the
rate of this process can be deduced from the electron-capture
cross section σ (ε) as given in [34,35]:

kdet(E) =
∫

2 m

π2�3
εσ (ε)

ρd (E − EA − ε)

ρp(E)
dε. (1)

Here, m is the reduced mass of the neutral cluster and the
emitted electron, and ρd and ρp are the vibrational densities
of states of the neutral daughter and anionic parent cluster,
respectively. The electron-attachment cross section of the
neutral cluster [35],

σ = π

√
2 α e2

ε
, (2)

is deduced from the Langevin cross section, assuming full
sticking probability for the electron in case it overcomes the
angular momentum barrier of the neutral cluster. α is the
polarizability of the involved neutral cluster and e the electron
charge. This approximation can significantly overestimate the
attachment cross section, so that the determined rate kdet(E)
represents an upper limit. The rotational angular momentum
quantum number Jp and Jd of the parent and daughter
cluster is neglected in this calculation. This is justified as
an approximation since the electron can only take a small
amount or even no rotational quanta. Assuming Jd = Jp the
shift of the detachment threshold by the rotational excitation
is given by (Bp − Bd )Jp(Jp + 1). Bp and Bd are the rotational
constant of the parent and daughter clusters, respectively. Since
in our case Bd ≈ Bp, we neglect the difference completely
in the following and thus, in the analysis we will assume
the detachment rate to be independent of the initial rotational
quantum number Jp [34].

For the fragmentation process, however, the difference in
the rotational constants of parent and daughter clusters is of
major importance. In first approximation the shape of the
parent and the daughter clusters is assumed to be spherical.
In addition, only the evaporation of a single neutral atom is
considered. For the fragmentation of a cluster with vibrational
excitation E and a rotational state Jp, we follow phase-space
theory [36]:

kfrag(E,Jp) = g

Jd=max∑
Jd=0

∫ εmax
d

εmin
d

T (Jp,Jd,εd )

2Jp + 1

ρd (E+BpJp(Jp+1) − D0 − BdJd (Jd+1) − εd )

hρp(E)
dεd. (3)

Here, g is the fragmentation channel degeneracy and εd the
sum of the translational and rotational energy of the daughter
particle. In this process, the rotational quantum number can
change a lot and the probabilities for different final rotational
states Jd have to be summed up. D0 denotes the fragmentation
threshold. T (Jp,Jd,εd ) is the number of available angular
momentum states for given Jp, Jd , and εd . More details can be
found in [37]. Bp and Bd are calculated by a density-functional
theory approach and are listed in Table III. To approximate

TABLE III. Rotational constants Bn for clusters Cun. For electron
detachment Bp = Bd = Bn is used, for the fragmentation process
Bp = Bn and Bd = Bn−1.

n 3 4 5 6 7

Bn/μeV 9.5(40) 5.9(44) 3.3(24) 2.6(7) 2.0(5)

the cluster structure by a sphere the mean over the rotational
constants in the three directions of space is used. The large
scattering of the rotational constants in the direction of space
results in accordingly large uncertainties.

The required density of states can be derived from a
harmonic approximation by use of an algorithm from Beyer
and Swinehart [38]. The vibrational frequencies are similar
to the rotational constants derived by a density-function
theory, described in [12]. The published values of the EA

derived by photoelectron spectroscopy, their weighted av-
erages, and the experimental values for D0 are listed in
Table I.

In Eqs. (2) and (3) the polarizabilities of the neutral
copper atom and involved clusters are needed. Up to now
no experimental data for the investigated cluster sizes are
available, but the polarizabilities of larger copper clusters
(n = 9...61) have been measured [28]. These experimental
data differ significantly from theoretically derived values [20].
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FIG. 3. Calculated decay rates for electron detachment (solid
lines) and fragmentation (dashed and dotted lines) of Cu−

4−7 in
dependence of the internal vibrational energy E. Dashed lines
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state with highest population for Trot = 3000 K (J=212, 280, 315, 361
for Cu−

4−7). The gray areas indicate rates to which the measurements
are sensitive, namely from k = 1 s−1 to k = 10 000 s−1.

Thus, instead of using calculated values for the polarizability
the experimental values per atom from cluster size 45 to 9 were
extrapolated linearly to the cluster sizes of interest leading

to values between 15 and 16 Å
3
. The calculated detachment

and fragmentation rates of the investigated cluster species are
shown in Fig. 3.

In general, these decay rates are overestimated for two
reasons: First, Eq. (2) only describes the cross section with
which an electron colliding with a neutral cluster can enter
the inner region of the cluster. Thus, for the capture cross
section Eq. (2) has to be reduced by a sticking probability
[34]. Second, potential anharmonicities lead to an under-
estimation of the density of vibrational states, due to a
reduced spacing between higher vibrational levels. This is
more pronounced in the denominator than in the numerator
of Eqs. (1) and (3), where the energy is increased by EA

and D0.
Beside the destructive detachment and fragmentation

processes the internal energy of the clusters can be re-
duced by photon emission [39–43]. The rate for photon
emission krad can be derived [44] by detailed balance
as

krad =
∫ E/h

0

8πν2

c2
σ (E − hν,hν)

ρ(E − hν)

ρ(E)
dν, (4)

with c being the speed of light, hν the energy of the emitted
photon, and σ (E − hν,hν) the cross section for absorption of a
photon of energy hν by a cluster with internal energy E − hν.
There are no literature values for σ (E − hν,hν), but since the
photoabsorption is likely to change only slowly with energy,
we assume the photon-emission rate to depend only weakly
on E for E ≈ EA.

If the detachment and fragmentation rates kdet and kfrag as
well as the photon emission rate krad are known, the decay
curves, i.e., the decays per time interval as a function of
time, can be calculated for any given vibrational and rotational
energy distributions m(E) and n(J ):

R(t) =
∞∑

J=0

∫ ∞

0
n(J )m(E)(kdet(E) + kfrag(E,J ))

× e−(kdet(E)+kfrag(E,J )+krad(E))tdE. (5)

Due to the small heat capacities of the clusters and the
rapidly increasing detachment and fragmentation rates in
dependence of the internal energy, a single emitted photon
already quenches the decay, and thus reduces directly the
number of excited clusters. But in contrast to the detachment
and fragmentation processes no detectable neutral particle
is produced. As a consequence, krad contributes exclusively
to the exponent in Eq. (5). Only a small fraction of the
energy distribution is involved in the decay. Due to the weak
energy dependence of krad around EA, we neglect the
energy dependence within the involved fraction of the energy
distribution and keep krad as a constant in Eq. (5).

The summation over various exponentials in Eq. (5) results
in a power law in time. The power law exponent κ is usually
on the order of −1. Due to the small heat capacity of the
clusters and its shape of the energy distribution the power is
modified [35]. If the slope of the energy distribution m(E)
at the relevant energies is positive, the absolute value of
the power law exponent is increased and vice versa for a
negative slope [35]. Due to the depletion of long-lived states by
radiative cooling or if no longer living states are populated or
existing the decay curve will be quenching and start to deviate
from the power law. The decay curve can be approximated by
[45]

R = R0 (t/τ )δ

et/τ − 1
. (6)

Here the exponent of the power law in time is δ − 1. Around τ

the curve starts to deviate towards an exponential decay with
exp(−t/τ ).

IV. EXPERIMENTAL RESULTS

In the present experiments the anionic copper clusters are
produced in highly excited rovibrational states [32,33]. Some
of the clusters have sufficient vibrational and rotational ener-
gies to decay spontaneously (i.e., without further excitation
such as photoirradiation) either by electron detachment or by
cluster fragmentation (Sec. IV A). The remaining clusters are
subsequently excited by a laser pulse in order to reintroduce
internal energy causing further electron detachment and
fragmentation. The averaged time patterns of the decay signals
[shown in Fig. 2(b)] are analyzed as a function of the time of
the laser pulse after production of the clusters and capturing
in the EIBT [Fig. 2(a)] to study slowly proceeding cooling
processes of the cluster systems (Sec. IV B).
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FIG. 4. Counts of neutralized or fragmented copper clusters
within the first second of storage for cluster sizes 4–7 with the CTF
at T = 15 K. The solid lines are the summation over two power laws
of Eq. (6) to guide the eyes; the dashed (dotted) line represents only
the first (second) of the two components.

A. Spontaneous decay of clusters produced in highly
excited rovibrational states

Figure 4 shows the decay curves (i.e., the “initial signal”)
of Cu−

4−7 with the EIBT operated at T = 15 K. Due to the
excellent vacuum conditions during cryogenic operation the
background count rate is extremely low. Thus, the decays
can be followed up to several hundred milliseconds. Except
for the lower collisional background, no differences between
cryogenic and warm operation are expected, since the clusters
have temperatures above 1000 K and on the observed time
scales radiative energy exchange with the vacuum chamber
due to black body radiation can be neglected.

With the exception of Cu−
5 , where the statistics are too low

to be conclusive, all decay curves exhibit two components. The
second component becomes observable only when the first one
quenches. Both components follow a power law in time and
thus can be fitted with Eq. (6). The first component quenches
completely, while the second component could not be followed
sufficiently long to observe a quenching, if it occurs at all. The
observation of the second component reveals the presence of
a second decay process for a subclass of clusters.

In the past two decades many studies were performed on the
decay of small, rovibrationally excited molecular and cluster
anions such as large fullerenes [46,47], SF−

6 [48], Al−4,5 [49],
small anionic copper clusters [50], and anionic metal dimers
[51]. All these studies demonstrated that the nonexponential
decay curves follow a power law in time. In [50] a decay
revealing a two-component power law was reported.

The first component can be well described with the
statistical model and the calculated decay rates in Eq. (5).
Since electron detachment has a lower threshold compared to
fragmentation it will occur preferentially, and we assign the
first component to this process. It is generated by superposing
exponential decays of various populated excited states with a
distribution according to the high internal temperature with

TABLE IV. The cooling rates for fitting the initial decay with
Eq. (5) for clusters Cun.

n 4 5 6 7

krad / s−1 − 44 190 43

different decay constants [34,35]. There are two possible
explanations for its quenching: Either (i) radiative cooling
depletes the population of the decaying states or (ii) the low
decay rates of the lowest populated decaying states terminate
the power law behavior. The times when the curves start to
deviate from the power law are on the order of the inverse
of the decay rates of the states lying closest to the threshold.
For Cu−

5−7 the calculated decay rates of states around the EA

as well as their threshold fragmentation rates are too low to
explain the quenching. For these clusters there are states with
life times much longer than the observed quenching (Fig. 3).
Thus, the decay would have to follow a power law much longer,
if these states were not depopulated by radiative cooling. In the
case of Cu−

4 the calculated rates are too high to even reproduce
the first component of the decay pattern displayed in Fig. 4.
We conclude that the observed quenching should be due to
radiative decay in these cases.

We employed Eq. (5) to fit the data assuming an a priori
canonical energy distribution m(E) = ρp(E) exp (−E/kBT ).
A simple power law fitted to the later data points approximated
the second component of the initial decay. Thus, for fitting
the first component only the temperature T of the decaying
ensemble as well as the energy independent radiative cooling
rate krad [see discussion following Eq. (4)] remain as free
parameters. The fitted cooling rates are listed in Table IV. In
case of Cu−

4 no fit could be performed, since—as discussed
above—the calculated detachment rates are too high. The
extracted values of the temperature T are about 1000 K,
which is below the expectations. This is most likely due to
the overestimation of the detachment rates (see Sec. III). The
part of the energy distribution involved in the decay is thereby
shifted, resulting in lower extracted temperature values. The
fitted cooling rates krad are comparable to results reported for
other anionic molecular systems such as SF−

6 [48] and amino
acids [45]. But they are slightly smaller than the measured
rates for Al−4,5 [49].

The second component of the decay curves cannot be fitted
with Eq. (5), since the introduction of a single radiative cooling
rate krad to fit the quenching of the first component suppresses
the second component as well. Thus, the clusters contributing
to the second component must be affected differently by
radiative cooling. Possible reasons will be discussed in the
following. First, fragmentation could explain the second com-
ponent. Due to angular momentum conservation the rotational
energy can only be accessed in fragmentation, but not in
electron detachment. Therefore, rotationally excited clusters
can fragment even if the vibrational energy is lower than the
dissociation threshold. In Fig. 3 such an effective threshold for
fragmentation can be seen. Nevertheless, the calculated frag-
mentation and detachment rates demonstrate even for very high
rotational temperatures that fragmentation can only compete
with electron detachment for internal energies far above the
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EA. But then the decay would be much faster than the time
scales accessible in this experiment. Thus, for fragmentation
rotational temperatures above 3000 K have to be considered,
which is implausible. Alternatively, the dissociation thresholds
of Cu clusters [27] are overestimated by about half an eV or
vice versa the EA is underestimated. However, we cannot
comment on the accuracy of the measurements in [22–25,27].
If dissociation can compete with electron detachment on
experimental time scales, a wide range of populated J states
would result in a wide range of vibrational energies involved
in the decay. Thus, the energy dependence of krad could not
be neglected anymore and quenching at later times could be
possible.

A second explanation for the second component in the
decay curves might be the storage of internal energy in a
metastable electronic state. In this case the vibrational energy
needed for electron detachment is lower and thus the rate for
photon emission is lower and the decay curve quenches at
later time. There is no information about the existence of such
metastable states.

In [50] the decay of Cu−
3−6 produced in a similar ion source

was investigated. There, two components were observed for
the decay of Cu−

4,5 but not for Cu−
6 . For Cu−

4 the decay was
followed up to 2 s and a quenching of the second component
was also observed. The decay curves of Cu−

4 in [50] and the
one presented in this article are very similar in general, but
also show distinct differences between each other in some
properties. The time the first component quenches is all about
the same in both curves, but the exponents of the two power law
components differ. The fit of two added power laws of Eq. (6)
to the data results in δ − 1 = −0.94 for the first component
and δ − 1 = −1.24 for the second component, respectively.
The first component of the decay curve shown in [50] seems to
be steeper, whereas the second component tends to be flatter
compared to our measurements. Because the quenching time
of the first component depends on the radiative cooling rate, an
intrinsic property of the cluster, it is expected to be identical
in both experiments. According to Eq. (5) the decay curves
depend strongly on the energy distribution of the clusters.
Thus, the differences in the measured decay curves may be due
to differences in the energy distributions of the ion ensembles
caused by the production processes. Even though the same
kind of ion source was used (caesium ion sputter source) the
applied parameters such as the acceleration voltage for the
caesium ions will affect the internal energy distribution [48].
In [50] the explanation suggested for the observation of two
decays was the presence of two different shape isomers, a
linear one, which cools radiatively much more slowly than the
second one, a two-dimensional structure, and thus the second
component of the decay quenches later. Different isomers for
anionic copper clusters were predicted in several theoretical
studies [12,16,18]. Considering the wide energy distribution
produced by the ion source the presence of different isomers
is indeed likely. Nevertheless, the observation of electron
detachment without further excitation is a clear proof of a high
internal energy of the clusters reaching at least EA. Assuming
a heat capacity of 6 kB for Cu−

4 , this would correspond to
a temperature of around 2500 K. Thus, the second isomer
would have to show a high stability in spite of a strong
internal excitation. Further studies appear necessary in order

 100 1000

(c)Cu
6
-

19 ms
799 ms
1599 ms

t(µs)
10 100 1000

2

1

0 (b)Cu
4
-

19 ms
799 ms
1599 ms

-lo
g 10

(n
or

m
al

iz
ed

 c
ou

nt
s)

4

3

2

1

0

100 1000

(a)Cu
4
-

FIG. 5. (a) Integrated number of counts versus time after laser
excitation of Cu−

4 . Due to low statistics 20 consecutive laser shots are
summed up. The red line is a fit of Eq. (6) to the data. In (b) and (c) the
decay curves for Cu−

4 and Cu−
6 , respectively, after laser excitation are

shown for various storage times. Again, 20 consecutive laser shots
are summed up due to low statistics and the lines are fits of Eq. (6).
All data were measured with the EIBT at 15 K.

to show the sufficient stability of excited isomers under these
conditions.

B. Laser-induced delayed decay

The laser-induced neutral product rates as a function of
time after laser excitation are shown in Fig. 5. As explained
in Sec. II, these rates correspond to the sum of all recorded
events within time windows centered at integer multiples of
half of the revolution period T of the stored ions (see Table II).
As in Fig. 2(b), the signals from 20 consecutive laser pulses,
corresponding to 0.4 s storage time, are summed up. Typical
decay curves for Cu−

4 and Cu−
6 are plotted in Figs. 5(b) and

5(c). In case of Cu−
4 the spectra at different storage times

remain identical within their uncertainties, while the slopes
of the spectra measured for Cu−

6 are clearly storage time
dependent.

For further analysis, the summed signal for each storage
time interval of 200 or 400 ms, depending on the statistics,
is fitted to Eq. (6) and the power law exponent κ = δ − 1 is
derived. The time intervals correspond to 10 and 20 laser shots,
respectively. The time dependencies of κ are plotted in Fig. 6
for the investigated cluster sizes and trap temperatures. No
storage time dependence is seen for Cu−

4 and Cu−
5 , where κ

is near −1.2 and −1, respectively. In contrast, a clear change
of κ over the first ≈2 s can be found for Cu−

6 and Cu−
7 , when

κ increases from ≈ − 1.2 to below −0.8 for Cu−
6 and from

≈ −1 to below −0.8 for Cu−
7 . At later storage times, κ seems

to be almost constant. Measurements were performed at CTF
temperatures of 15 K (Fig. 6 left) and 300 K (Fig. 6 right).
The data taken at 300 K and 15 K are identical within the
uncertainties, except for Cu−

6 where the steady state seems to
be reached a little earlier.

Several comparable studies on laser-induced decay of
ions were performed in the past. The laser-induced decays
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FIG. 6. The extracted power of Eq. (6) fitted to the decay curves
after laser excitation in dependence of storage time is plotted for
clusters Cu−

4−7. Due to statistical reasons the number of laser shots,
which were summed up, is not identical for all cluster sizes and the
time over which laser shots were summed up is indicated by the width
of the boxes, whereas the hight indicates the uncertainty of the fit.
The temperature of the trap has been kept at 10 K (left) and 300 K
(right), respectively. Dashed lines mark the average power of decay
curves taken at 15 K after reaching a steady state.

of anionic aluminum [37,40,52] and carbon [42,43,53,54]
clusters as well as the decay of larger carbon bearing molecules
[41,55] were investigated. For most of these studies the decay
curve follows a power law in time after excitation. Only for C−

4
and C−

6 an exponential decay was measured [43,54], which can
be explained by a large radiative cooling rate krad dominating
the decay. If a power law was observed, its shape changed
with storage time, indicating a cooling in the critical region of
the energy distribution of the stored ion ensemble. In case of
Al−4 the cooling could be followed below room temperature,
but comparable to Cu−

6,7 it stopped before equilibrium with
the 10-K environment was reached [52]. Only for anionic zinc
phthalocyanine (C32H16N8Zn−) a storage time independent
laser-induced power-law decay was observed [55]. These
findings are similar to the present data of Cu−

4,5, but the authors
of [55] deduced a cooling of the ensemble from the dependence
of the signal strength on the laser power. Nevertheless, the
measurements differ on some points: For Cu−

4 (Cu−
5 ) only

6 (9) vibrational degrees of freedom are involved. In case
of C32H16N8Zn− the number is much larger (165). As a
consequence, the detachment rate kdet increases much slower
with energy and the involved energy region is much wider. In
addition, the decay was induced by multiphoton absorption in
contrast to single photon absorption in our case.

As discussed in Sec. III, the exponent of the decay curve
carries a signature of the slope of the vibrational energy
distribution m(E) in the energy region E � EA where the
inverse decay rates k−1

det (E) are in the time range of the
recorded laser-induced spectra, e.g., between ≈10 μs and
≈1 ms (log10(kdet × s) ≈ 2...4); see Fig. 5. In the following
this will be referred to as the energy region of interest.

Several previous studies were devoted to the extraction
of the energy distribution from delayed electron-detachment

experiments. In [40,52] a Boltzmann distribution was adopted
to derive a temperature from the measured decay curve, in
[41] a Gaussian distribution was used to derive the energy
distribution and in [42] the normalized numbers of delayed
electron detachment events for different photon energies were
compared. Here, we extract direct information on the shape of
the energy distribution using Eq. (5) to fit the decay curves.
To this end, it is assumed that the absorption of a laser
photon of energy Eph shifts the energy of a cluster from E′
to E = E′ + Eph. The shifted distribution m(E) = m′(E′) is
then inserted into Eq. (5) to perform a fit of the measured
laser-induced decay.

We analyze the results for Cu−
6 , where the energy region of

interest ranges from 2.055 to 2.305 eV. This corresponds to an
energy interval ranging from 0.885 to 1.135 eV before the laser
excitation. Due to the overestimation of the detachment rates
(see Sec. III) the region of interest could be underestimated
and lie slightly higher. However, we assume that the shape of
the kdet(E) dependence still sufficiently holds for the analysis
of the energy distribution. We subdivided the region of interest
into five equally sized bins for which contributions to m′(E′)
are determined by a fit to the data. The laser-induced signals
were summed up into six time intervals with different lengths,
ranging from 0.3 to 1.7 s. The results are shown in Fig. 7. The
comparison with calculated thermal distributions suggests that
cooling proceeds from T ≈ 1100 K at short times (0.02–0.3 s)
to T ≈ 700 K at later storage times (3.7−5.5 s).

The constant exponent of the curves for Cu−
4,5 suggests

that the energy distribution in the region of interest does
not change for these clusters. This is not in contradiction
to the observation of the electron emission following the
ion production, where the quenching of the decay curves
was linked to a radiative cooling process in case of Cu−

5−7,
because both processes probe different parts of the ions’
energy distribution [see Fig. 7(a)]. The varying power of the
decay curves of Cu−

6,7 represents a storage-time-dependent
change of the energy distribution at lower energies E ≈ 1 eV.
Before cooling the hot ensemble indicated by the detachment
of the ions without laser excitation leads to a rising, flat or
only slowly decreasing energy distribution in the region of
interest. Since the sensitive region (≈ 1 eV) is far above the
vibrational ground state, predominantly lower-energy clusters
are expected after cooling. Thus, for a cooling ensemble a
reduction of the absolute value of the power law exponent is
expected, as discussed in Sec. III. This is in agreement with
the measurements presented in Fig. 6.

The presence of the initial decay without excitation as
discussed in Sec. IV A indicates an initially hot ensemble. The
temperature of 1100 K estimated for Cu−

6 for short storage
times is in agreement with this finding. The fast decrease of
temperature is comparable to what was observed for cooling of
other small metal clusters [39,40,52]. The stopping or dramatic
slowing down of the cooling indicates a strong dependence of
the radiative cooling rate on the internal energy.

Even for Cu−
6 and Cu−

7 the observed cooling process does
not lead to an equilibrium of the cluster temperature with
the environment. The photon energy EPh = 1.165 eV is far
below the EA and D0. Furthermore, at a temperature of
15 K vibrational energies of the order of Evib = 10 meV
are expected. The sum EPh + Evib is insufficient for delayed
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FIG. 7. (a) Canonical energy distributions m(E) =
ρp(E) exp (−E/(kBT )) for different temperatures (15 K orange,
300 K yellow, 700 K green, 1100 K cyan, and 1500 K blue) for Cu−

6 .
The dark gray area is the part of the energy distribution that undergoes
electron detachment on time scales to which the measurements
are sensitive. The light gray area is shifted by 1.165 eV and thus
represents the part of the energy distribution prior laser excitation
the measurements are sensitive to. (b)–(f) Energy distributions for
Cu−

6 for different storage time intervals and the EIBT at 15 K. The
shown populations are normalized to 1. See text for further details.

electron detachment or fragmentation of even highly ro-
tationally excited clusters. In addition, the results of the
measurements at 15 and 300 K are identical within the
uncertainties for n = 4,5,7, while for n = 6 at least the final
value of the power-law exponent seems to be independent
of the trap temperature (see Fig. 6). In case of Cu−

6 and
Cu−

7 a steady state seems to be reached within the first two
seconds, further cooling becoming much smaller (if existing
at all) taking the present data set. Small deviations between
the results obtained at 15 and 300 K for Cu−

4 and Cu−
5

might be explained by minor variations in the ion-production
process. A high temperature infrared light emitter prohibiting
equilibration with the vacuum chamber cannot have strong

effects, as the CTF at 15 K has demonstrated the radiative
cooling of Al−4 below 300 K [52].

The radiative energy emission can be driven by vibrational
infrared emission as well as by electronic excitations [47]. In
case of metal clusters the vibrational modes are known for
their low infrared activities. Thus, energy loss by vibrational
infrared emission is inefficient. The emission by electronic
excitations depends on the energy Eelec of the involved
electronic state or plasmon. Electronic excitations can only
contribute to the radiative cooling process if E > Eelec. The
photon emission through electronic states can be much more
efficient than infrared vibrational emission [47], resulting in
a strong energy dependence of krad. The unchanged energy
distribution in the region of interest for Cu−

4,5 might be linked
to the low efficiency of vibrational infrared emission and the
absence of electronic states in the specific energy region. In
case of Cu−

4 , ions with an internal energy of about 200 meV are
probed, while for Cu−

5 the internal energy of the ions is about
700–850 meV prior to laser excitation. There are no reliable
predictions about the electronic states in these energy regions.
The observed cooling process of Cu−

6,7 cannot be explained
by a combination of vibrational infrared emission and fast,
effective cooling via one electronic state. In this case, all
ions with vibrational energy above a certain threshold would
be cooling via this electronic state. Since we can observe a
change in the decay curves after laser excitation for Cu−

6,7
such a threshold might be in the region of interest. Therefore,
with a sharp onset of the electronic decay as a function of
E, the energy distribution in the region of interest should
develop into a steplike function, since all states which can
undergo the electronic cooling would deplete, in contrast to
our observations (compare Fig. 7).

It is not clear whether the stopped or drastically slowed
cooling can be linked to the process causing the second
components in the initial decay signals. However, even if
the second component is caused by fragmentation and the
laser-induced decay is dominated by fragmentation, a decay
curve unaffected by the ion-ensemble temperature prior to
laser excitation is not reasonable. In contrast to the vibrational
cooling the rotational cooling takes place on much longer
time scales, because each photon can reduce the angular
momentum by only 1�. Although the rotational energy can be
partly accessed in fragmentation, the fragmentation rates still
depend strongly on the vibrational energy. Thus, a significant
difference of the decay of clusters in an environment of 15 and
300 K is expected, in contrast to the observations.

On the other hand, different isomers or energy storage
in metastable electronic states can explain the observations
at least partly. Assuming there are both slowly as well as
fast cooling ion ensembles, the evolution of the laser-induced
decay curves represents the evolution of the mixed ensemble.
The initial change of the power law exponent for Cu−

6 and Cu−
7

thus reflects the change in the fast cooling ensemble, whereas
the signal level of δ − 1 at later times can be understood
as being due to the slowly cooling ensemble, while the fast
cooling ensemble does not contribute to the energy region of
interest, anymore.

For Cu−
4 and Cu−

5 the stable level of δ − 1 might reflect
the slowly cooling ensemble, nevertheless the first component
of the initial decay is still observable for Cu−

4 at the time the
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laser is fired the first time, and thus, in contradiction to the ob-
servation, a changing energy ensemble is expected. Therefore,
the assumption of two differently cooling ensembles cannot
explain the observations for Cu−

4

V. CONCLUSION AND OUTLOOK

The decay of highly excited anionic copper clusters pro-
duced in a sputter source as well as laser-induced decay of these
clusters after extended storage in a cryogenic electrostatic
ion-beam trap were observed for cluster sizes ranging from
four to seven atoms. The decay after ion production was
followed for several hundreds of milliseconds and consists of
two components, where the first one can be assigned to delayed
electron emission. The second component was discussed, but
could not be linked with certainty to any source.

For Cu−
4,5 clusters radiative cooling apparently caused the

observed quenching of the decay after ion production, while it

did not lead to changes in the shape of the energy distribution
for the lower energies probed by the laser. In the case of
Cu−

6,7 fast radiative cooling can be detected in the first two
seconds of storage. However, this cooling stops or slows down
considerably before equilibrium is reached with the trap´s 15 K
or 300 K environments. For a deeper understanding of the
involved processes a variation of the probed energy region
would be necessary, which could be obtained by changing
the laser wavelength. To determine the final cluster temperature
comparative measurements with rovibrationally cold ions are
of interest.
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J. R. Crespo López-Urrutia, F. Fellenberger, M. Grieser, R.
von Hahn, O. Heber, K.-U. Kühnel, F. Laux, D. A. Orlov,
M. L. Rappaport, R. Repnow, C. D. Schröter, D. Schwalm,
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The thermal equilibration of matter with its envi-
ronment via radiation is still poorly understood on the
nanometer scale, considering complex clusters of atoms
or molecules. The formation of carbon bearing anions
in the interstellar space by electron attachment depends
strongly on their ability to emit the binding energy radia-
tively [1]. Not only the formation itself, but also their sur-
vival time in the presence of the background radiation is
correlated with cooling behavior of the molecules [2]. For
small molecules simple radiative rate equations well de-
scribe observed quantum level populations [3]. In case of
more complex systems reliable predictions are more chal-
lenging. Thus, cooling of internally excited polyatomic
ions has been addressed experimentally and described by
statistical concepts. Many studies concentrated on car-
bon clusters [4, 5] and carbon bearing molecules such as
polycyclic aromatic hydrocarbons [6, 7], which are of ma-
jor relevance in astrophysics. In addition, thermal radia-
tion of metal clusters is of special interest for applications
as light sources [8]. The emitted radiation can be tuned
by the cluster size [9] and might even vary for different
structural isomers.

Radiative emission of metal clusters was measured af-
ter laser heating to internal energies high above 300K
[10, 11]. To study thermal relaxation of clusters towards
lower temperatures, laser-induced neutralization by de-
layed electron emission of cluster anions was employed
[12, 13]. So far the energy distribution of cluster en-
sembles was characterized by the temperature of an as-

sumed Boltzmann distribution. The functional shape of
the energy distribution during relaxation could not be
monitored continuously, although significant deviations
from the Boltzmann distribution were discussed [14]. Re-
cently, Goto et al. [15] derived parts of the internal en-
ergy distribution at a specific time but did not follow its
evolution.

Here we present a scheme to continuously monitor the
internal energy distributions of anionic molecules and
clusters. In the process of laser-induced delayed elec-
tron detachment, the time scale after excitation on which
the electron is detached depends strongly on the internal
energy. Thus, a defined time window probes a specific
range of this energy. Measuring the amount of delayed
events from an ensemble of clusters stored in an ion trap
at varying storage time allows us to monitor the evo-
lution of its energy distribution within a selected energy
range. Use of different photon energies enables us to map
the energy distribution. We present data for the metal
cluster Co−4 as a test case to demonstrate the capabil-
ity of the method. The binned energy distributions and
their mean energies were determined with a high resolu-
tion (50 ms) in the ion-storage time of several seconds
as demonstrated for hot and cold cluster ensembles from
two different ion sources.

The measurements were performed at the cryogenic
trap for fast ion beams (CTF) located at the Max-Planck-
Institut für Kernphysik in Heidelberg [16, 17]. A metal
ion sputter source (MISS) and a laser vaporization source
(LVAP) were used to produce Co−4 : In the MISS ce-
sium ions accelerated to 2 keV bombard a solid cobalt
target, sputtering neutral and charged cluster fragments
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of various sizes at high ro-vibrational energies [18, 19].
In the LVAP[20] the second harmonic of a Nd:YAG laser
(532 nm, 10-20mJ per pulse) is used to vaporize mate-
rial from a cobalt target. The resulting plasma is cooled
and carried downstream by a short helium pulse (14 bar
backing pressure) accompanied by clusterization. The
helium–cluster mixture is subjected to a supersonic ex-
pansion through a 2mm nozzle to further cool the clus-
ters leading to ion ensembles at low internal temperatures
[21]. The ions were extracted through a skimmer to sep-
arate them from the helium carrier gas.

The ions are accelerated to 6 keV, mass selected by a
dipole magnet and captured in an electrostatic ion beam
trap (EIBT) [22, 23] operated at room temperature for
the present work. The stored ions can be irradiated by
an optical parametric oscillator laser with 20Hz repeti-
tion rate and 3-5 ns pulses in crossed beam configuration
during their storage for a time t. The laser pulse energy
was 1 to 2mJ at a beam diameter of ∼1 cm, which as-
sured single photon absorption to be strongly dominant.
The typical number of clusters in the laser overlap region
was 50 to 1000 and signals from repeated storage cycles
were summed up.

In a cluster of internal energy E, absorption of a pho-
ton of energy hν can yield a vibrationally excited cluster
of internal energy E′ = E+hν, which does normally not
decay promptly, but by statistical electron evaporation.
Such decay occurs at times delayed up to 1ms or more
with respect to laser excitation. The neutral clusters are
detected by a micro-channel plate (MCP) detector after
traveling straight on from inside the EIBT through a hole
in the downstream mirror electrodes.

Figure 1(a) shows the bursts of neutral counts observed
after laser pulses fired periodically at times t = t0 + n∆t
after injection with t0 = 49ms, ∆t = 50ms, and n =
0, 1, 2, .... The MCP signals following each laser pulse
are shown in Fig. 1(b) as a function of the delay τ af-
ter a single laser excitation. The individual pulses of
the bursts (inset) comprise the delayed decays of anionic
clusters after they were back-reflected for an increasing
number of times between the EIBT mirrors. The func-
tional dependence of their amplitude on τ changes in a
characteristic fashion with the storage time t, with two
of such intervals shown as examples in Fig. 1(b). We as-
cribe this to a change of the cluster energy E′ after laser
excitation. In general, the neutralization rate constant
k(E′) [24] increases with E′−EEA. Here EEA is the adi-
abatic electron affinity. To analyze E′ we consider the
observed integral neutral rate Y (Iτ ) for a time interval
Iτ = [τ1, τ2]. For small E′−EEA (slow neutralization), τ2
can be too short and most events occur after Iτ is over.
Conversely, for high E′−EEA, already τ1 can be too long
and most events occur before Iτ begins. Hence, using a
model of the decay probability described below, a spe-
cific energy interval IE′(Iτ ) = [E′

1, E
′
2] can be assigned

to an observation time window Iτ and the yield Y (Iτ ) af-

FIG. 1. (a) Co4 neutralization rate R as a function of stor-
age time t during the first 2.15 s of storage (ions produced
by MISS). Wavelength and repetition rate of the laser pulses
are 850 nm (hν = 1.46 eV) and 20Hz, respectively. (b) Sum
ΣR of the rates following two consecutive laser pulses in the
windows A and B of (a) as a function of time τ after the laser
excitation. The solid lines are to guide the eye. The number
of delayed electron detachment events decreased with storage
time, indicating the cooling of the ions. The inset shows the
sum of the signals following all laser pulses in (a).

ter a single laser pulse reflects the number of anions that
become excited into this energy interval by the laser.

The relation between the time and the energy inter-
val allows us to construct a scheme for monitoring the
distribution N(E) of the internal energies in the cluster
ensemble as a function of the storage time t. For a laser
of photon energy hν, fired at time t, the yield Y (Iτ , hν)
represents the number of anions in the energy interval

IE(Iτ , hν) = [E1 = E′
1 − hν,E2 = E′

2 − hν]. (1)

Figure 2(a) shows measured t variations of Y (Iτ , hν) in a
time interval of Iτ = [12µs, 1500µs] for ions produced in
the MISS and for hν decreasing from the top panel to the
bottom one (see legend). The corresponding E intervals,
Eq. (1), then shift upward from top to bottom. The first
curve with significant yield in Iτ at, e.g., t ∼ 1 s is that
for hν = 1.65 eV. Yields at this t rise further for lower hν
down to 1.46 eV and then drop again. We interpret this
by the shift, due to relaxation, of N(E) to smaller excita-
tion energies; the smaller photon energies cannot excite
ions to E′ > EEA whose internal energy E has become
too small. At shorter storage time t, however, the yield
at small hν reflects the presence of clusters with higher
internal energy E. Hence, the data reveal relaxation of
internally hot ions.

In contrast, when the LVAP is used [Fig. 2(b)], the
yield at small photon energies (such as hν = 1.55 eV)
and correspondingly higher probe energies E indicates
that N(E) increases, as a sign of heating of the initially
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FIG. 2. Y (Iτ = [12µs, 1500µs], hν) with hν as in the legend
for (a) hot ions produced in the MISS and (b) cold ions pro-
duced in the LVAP. The data are corrected for the number of
stored ions, the laser intensity, and are averaged over two con-
secutive laser shots. To compare the data obtained with the
LVAP source and MISS the data are further normalized such
that the integrals over the later derived energy distributions
are identical. See text for details.

cold stored ions.
Quantitatively, we describe the delayed electron emis-

sion (E′ > EEA) by a rate constant k(E′). As k(E′)
becomes small, the competition by radiative decay of the
excited cluster is also taken into account with a rate con-
stant kr. The yield within Iτ is then

Y (Iτ , hν) = Π

∫ ∞

0

p(E′, Iτ )N(E′ − hν)dE′ (2)

where Π is a sensitivity factor including excitation and
observation, discussed below, while the probability func-
tion is given by

p(E′, Iτ ) =
k(E′)

k(E′) + kr

[
e−(k(E′)+kr)τ1 − e−(k(E′)+kr)τ2

]
.

(3)
The delayed autodetachment rate constant k(E′) is mod-
eled from statistical theory [25, 26] based on detailed
balance with electron capture of Co4, finding the level-
relevant vibrational densities as a function of E′ by den-
sity functional theory. We write the rate constant as

k(E′) = k0w(E
′)/w(E′

0), (4)

where w(E′) [24] contains the level densities and EEA

only, while k0 is proportional to the low-energy electron-
capture rate constant of Co4. An energy-independent

FIG. 3. Probability functions p(E′, Iτ ) for Iτ,1 =
[12µs, 200µs] (red) and Iτ,2 = [400µs, 1500µs] (blue). The
dashed vertical lines are the limits of the assigned intervals in
E′.

value represents a good approximation for this rate con-
stant. The model parameters are determined from a fit
of the calculated neutral-rate time dependence to data
taken without laser excitation the initially hot ensem-
ble of Co−4 ions from the MISS directly after injection
(signal near t = 0 in Fig. 1(a)). In addition, the model
was compared to the average of laser-induced bursts at
t > 3.8 s. The values found are EEA = 1.73(1) eV,
k0 = 240(70) s−1, and kr = 70(70) s−1 [24]. The value
of EEA is consistent with the rapid signal drop observed
at large t between 1.65 and 1.77 eV (Fig. 2).

With this model we can relate, for each laser pulse, the
measured yields Y (Iτ , hν) to average values of the energy
distribution N(E) within energy intervals IE(Iτ , hν) ac-
cording to Eq. (1). Probability functions p(E′, Iτ ) for
an ion of energy E′ decaying in the time interval Iτ
calculated for the time intervals Iτ,1 = [12µs, 200µs]
and Iτ,2 = [400µs, 1500µs] are shown in Fig. 3. The
two functions suggest to define [24] two adjacent en-
ergy intervals, IE′,1 = [1.757 eV, 1.824 eV] and IE′,2 =
[1.733 eV, 1.756 eV], respectively, as those which domi-
nate the yields Y (Iτ,i, hν). For the highest analyzed
photon energy, hν = 1.77 eV, the lower bound of IE′

is replaced by hν itself to ensure 0 as lower bound of IE .
Different values of hν then, via Eq. (1), scan the binned
energy distribution

N(IE) =
Y (Iτ , hν)

Πp(Iτ )∆E(IE′)
(5)

for bins IE(Iτ , hν) [Eq. (1)], with p(Iτ ) being the aver-
age of p(E′, Iτ ) and ∆E(IE′) = E′

2 − E′
1, both for the

respective interval IE′(Iτ ) = [E′
1, E

′
2].

For the sensitivity factor in Eq. (2) we use Π =
C0Aσ(hν)Pl/ν with A being the number of stored ions,
σ(hν) the cross section for absorption of a photon with
energy hν and Pl the measured power of the laser. The
proportionality constant C0 cancels as each N(E) for a
given t is normalized to 1. A number proportional to the
ion number is derived from the background count rate,
caused by ion collisions with rest gas molecules. No ex-
perimental cross sections σ(hν) are available. Since only
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FIG. 4. Energy distributions of ions produced with (a) the
MISS and (b) the LVAP. The horizontal line in the top of each
panel indicates the mean internal energy with statistical un-
certainty. The vertical dashed black lines indicate the upper
limits of probed energies.

a small energy dependence is expected we assume it as
constant within the present photon-energy range. The fi-
nal energy intervals ĨE are taken from IE of Eq. (1), after
adjustments [24] to cover the E scale continuously and
uniquely.

Measurements which scan N(E) by changing hν were
performed repeating 103 to 8× 104 injection and storage
cycles per photon energy. Figure 4 shows energy distri-
bution functions derived from the neutral cluster yields
from laser pulses at specific times t after injection for
some examples of t. For ions from the MISS an initially
wide energy distribution was found, which cools fast to a
narrower distribution with lower mean internal energy. In
contrast, the energy distribution obtained for the LVAP
is much narrower and slightly shifts to higher energies.
This is in agreement with the assumption of an initially
cold ion ensemble.

FIG. 5. Mean internal cluster energy as a function of storage
time. Each data point represents one point in time the laser
was fired. Ions are produced with the MISS (red circles) as
well as the LVAP (blue diamonds). The red and the blue
lines are a fit of Eq. (7) to the data. The green line represents
Ē = 0.162(2) eV. The data points highlighted with a star
mark the laser shots for which the energy distribution is shown
in Fig. 4

In Fig. 5 the mean energy

Ē =
∑

ĨE

N(ĨE)Ê(ĨE)∆E(ĨE), (6)

of the clusters is shown for each laser firing time, i.e.
as function of the storage time t, as extracted from the
energy distributions. Ê(ĨE) is the mean energy of each
interval ĨE . The evolutions of the mean internal clus-
ter energy Ē approaching equilibrium are clearly visible.
They were fitted with a modified Stefan-Boltzmann law,
assuming the mean emitted energy of an ion ensemble
of mean energy Ē to be proportional to Ēp (p = 4 for
the Stefan-Boltzmann case). Thus, the net change of the
internal energy is

−dĒ

dt
= B(Ēp − Ēp

eq), (7)

with B being a proportionality factor and Ēeq the energy
at the thermal equilibrium with the environment. The si-
multaneous fit yields Ēeq = 0.162(2) eV and p = 4.2(3).
For clusters from the LVAP the fit systematically over-
estimates slightly the energy at times up to 0.8 s and
underestimates it at times from 1 to 3 s. Nevertheless,
the modified Stefan-Boltzmann law is a reasonable ap-
proximation and the fitted exponent even agrees with
the Stefan-Boltzmann value of p = 4.

From the observation that both, initially hot and cold
clusters approach the same equilibrium internal energy,
we conclude that the relevant cluster temperature should
correspond to the ambient trap temperature (295K). For
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a canonical energy distribution, the mean energy of Co−4
clusters at this temperature in the harmonic approxima-
tion [24] would be ∼ 90meV. Instead, the final mean
energy Ēeq determined by the fit is considerably higher.
This deviation is most likely caused by an underestima-
tion of the density of states at higher energies. Anhar-
monicities of the potential will reduce the level spacing
for higher energies and thus increase the level density.
Furthermore, neither electronic excitations nor different
shape isomers of were taken into account. At least for
the neutral cluster, calculations predict multiple isomers
[27, 28]. In addition, in Ref. [29] a correlation between
the magnetic moment and the heat capacity was found
for positive cobalt clusters with 200–240 atoms at 400–
800K temperature. For Co+11 a strong temperature vari-
ation of the magnetic moment was found [30]. Hence,
even a considerable magnetic contribution to the heat
capacity seems possible.

In summary, we have introduced a method to monitor
the internal energy distribution of stored clusters as a
function of time and demonstrated it for Co−4 . Clusters
from hot and cold ion sources show cooling and heat-
ing, respectively, closely following a Stefan-Boltzmann
law, and approach similar mean internal energies, which
likely corresponds to the ambient trap temperature of
presently ∼300K. This equilibrium internal energy sig-
nificantly exceeds the estimation from a simple harmonic
cluster vibration model. For future studies, the equili-
bration to lower trap temperatures will be of particular
interest at the CTF [13] and the newly developed cryo-
genic storage rings [31, 32] in order to monitor the cooling
processes of astrophysical relevant species.
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Previous studies [1–4] have analyzed the delayed electron emission by vibrational autode-
tachment as the inverse process of electron capture on a polyatomic neutral target, using a
statistical description. We apply this method to predict the decay rate constant k(E ′). More-
over, we present the detailed procedure used to define the energy bins and the distribution
function.

1 Determination of the decay rate constant

The anionic cluster can detach its excess electron after photon absorption if the internal
energy exceeds the adiabatic electron affinity (EEA). The decay constant depends on the
internal energy and can be calculated by detailed balance [1, 5]:

k(E ′) =
∫ 2m

π2h̄3σa(ǫ)ǫ
ρn(E

′ − EEA − ǫ)

ρa(E ′)
dǫ, (S1)

with E ′ being the internal energy, ǫ the kinetic energy of the detached electron, σa the cross
section for attachment of an electron to the neutral cluster, and ρn and ρa the vibrational
densities of states of the neutral and anionic system, respectively. The capture cross section
σa can be approximated by the Langevin term

σL = π

√
2αe2

ǫ
, (S2)

(with α being the polarizability of the neutral cluster) multiplied by an energy-independent
sticking coefficient ps:

σa = psσL. (S3)

The sticking probability ps takes into account that for electron attachment, energy has to be
transferred from the electron to the vibrational modes of the cluster. Thus, ps can be as low
as 0.001 [1]. As ps is unknown we express the decay constant, up to an energy-independent
factor, by

w(E ′) =
∫ E′−EEA

0

√
ǫ
ρn(E

′ − EEA − ǫ)

ρa(E ′)
dǫ. (S4)

The overall size of the decay rate constant we specify by its value k0 at an anionic cluster
internal energy of E ′

0 = EEA + 1meV. We make this choice of E ′
0 as 1meV is the energy

resolution of the calculations and, thus, E ′
0 = EEA + 1meV the lowest energy for which k is

non-zero. The decay constant is then described by

k(E ′) = k0 ·
w(E ′)

w(E ′
0)
. (S5)



Table i: ωn and ωa are the vibrational frequencies of the neutral and the anionic cluster derived
by DFT.

ωn / cm
−1 78, 171, 187, 203, 283, 322

ωa / cm
−1 85, 138, 210, 217, 296, 304

The vibrational densities of states are required for the evaluation. They were derived within
the harmonic-oscillator approach using a method developed by Beyer et al. [6]. The vibra-
tional frequencies required for this step were calculated by density-functional theory (DFT)
and are listed in table i.
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Figure S1: Top panel: Recorded initial decay curve (blue dots) and fitted line (red) with
T=1500K, kr = 70 s−1, EEA=1.73 eV and k0 = 240 s−1. Bottom panel: χ2

red of the fit of the
initial decay after production with the MISS for EEA=1.73 eV and Ti =1500K. The dashed
blue line is the quadratic fit to the correlation between kr and k0.

The parameters k0, EEA and kr were extracted from measured delayed electron emission
rates of the Co−4 clusters. A fraction of the ions created by the MISS is produced in such
highly excited ro-vibrational states that, directly after the injection into the ion trap, they
can detach their excess electron without further excitation. We assume a canonical energy
distribution Ni(E) at a temperature Ti for this initial excitation. Similar to a previous work
on SF−

6 molecules [2], this decay pattern was measured with high precision [see Fig. S1(a)]
under almost background free conditions achived by operating the EIBT at 15K (for this
particular measurement). The neutral event rate as a function of time t is given by

R(t) = C1

∫ ∞

0
Ni(E)k(E) exp (−(k(E) + kr)tl)dE + C2, (S6)

where Ni(E) = ρa exp (−E/kBTi). C1 and C2 are constants adjusting the total scale of the
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decay as well as the collisional background. We take care to define t as the sum of the storage
time and the time of flight from the ion source to the trap (∼ 90µs).

For various parameter combinations of EEA (1.65–1.78 eV), Ti (1300–2500K), k0 (10–
340 s−1), and kr (0–340 s−1) Eq. (S6) was fitted to the measured data, where C1 and C2 are
left as free parameters. The quality of the fit was almost independent of Ti and EEA, therefore
these parameters could not be determined. But the fit quality is sensitive to k0 and kr. In
Fig. S1(bottom panel) the fit results are shown for Ti = 1500K and EEA=1.73 eV. There is a
clear correlation between k0 and kr, which can be quantified by a quadratic expression (dashed
blue line), while the individual values of k0 and kr cannot be constricted by these data alone.

In the data from the EIBT at room temperature (295K), using the LVAP, the amount of
laser-induced delayed electron detachment events was found not to change significantly with
storage time after 3.8 s as can be seen in Fig. 2 of the main article. This indicates almost
full thermal equilibration of the ions’ internal energy with the trap environment. The yield of
events in this time interval was found largest for a photon energy of 1.65 eV, but the number of
events arising from an excitation with a photon energy of 1.77 eV is considerably lower. Thus,
the EEA should lie between 1.65 eV and 1.77 eV and at a photon energy of 1.77 eV only the
lowest states of the energy distribution (roughly within the lowest energy bin of Fig. 4) can lead
to a measured signal in the applied time window in τ . Hence, we consider the τ dependence of
the decay curve for 1.77 eV to be particularly suited for analyzing the size of the low-energy
decay rate constant k0 and the detachment energy EEA. For this purpose, we sum the data
in the storage time interval of 3.8–4.7 s and fit them with the calculated time dependence
by adjusting C1 and C2 while varying EEA from 1.66 eV to 1.76 eV and k0 from 30 s−1 to
315 s−1 (see bottom panel of Fig. S2). We assume again a canonical energy distribution and
set the temperature to 295K. For kr the values are derived from k0 by applying the correlation
derived by the measured autodetachment. An absolute minimum of χ2

red within the remaining
parameters EEA and k0 can be found as demonstrated in Fig. S2. The extracted values are
EEA = 1.73(1) eV and k0 = 240(70) s−1; with the quadratic correlation established earlier
this also yields kr = 70(70) s−1. The change of the temperature of the fitted canonical energy
distribution becoming apparent in Fig. 5 of the main article affects the values derived for kr and
k0 only, but for a temperature range of 265 to 295K such changes are within the errors given
for these parameters. The DFT calculations resulted in a polarizability of α = 29 Å. Using
this value to calculate the sticking probability results in ps = 3(1)%, which is a reasonable
value.

For both, the initial decay as well as the decay after excitation with hν = 1.77 eV canonical
energy distributions based on the calculated vibrational densities in harmonic approximation
were adopted. Our measurement described in the main article indicates deviations from this
assumption. Nevertheless, we believe that these deviations do not strongly influence our
determination of the parameters k0, kr, and EEA. Thus, for the initial decay, the quality of
the fit of Eq. (S6) depends only little on the temperature Ti and, hence, the assumed initial
energy distribution. Moreover, for the laser-induced detachment with photons of 1.77 eV, only
excitation energies up to ∼ 60meV are probed. The likelihood of increasing the density of
states by anharmonicities, additional electronic levels, or isomeric shapes should grow with
excitation energy, and therefore is minimized by choosing the conditions of Fig. S2 with the
given low excitation energy.

2 Reconstructing the energy distribution

To derive the energy intervals IE′,1 and IE′,2, their limits are first chosen such that, with
reference to p(E ′, Iτ ) of Fig. 3 in the main paper, 5% of the decaying ions with highest as well
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Figure S2: Top panel: Measured decay curve after excitation with photons with hν = 1.77 eV.
The ions were produced with the LVAP. All data between 3.8 and 4.7 s storage time are
summed up. Bottom panel: χ2

red of the fitted laser induced delayed electron detachment curve
for various combinations of the remaining free parameters EEA and kr is shown. The dashed
blue lines mark k0 = 240 s−1 and EEA = 1.73 eV.

as with lowest energy are excluded. However, by this definition IE′,1 and IE′,2 are overlapping.
To avoid this the inner boundaries were adjusted. Both intervals were reduced such that the
boundaries coincide and the relative exclusions of decaying ions are identical for IE′,1 and
IE′,2. This leads to the limits given in the main article (Fig. 3) and for both intervals 13% of
decaying ions are excluded at the inner boundary.

The used photon energies were non-equidistant. Thus, considering the energy bins IE from
Eq. (1), some parts of the energy distribution are not probed, while others are probed by two
different wavelengths. For reconstructing the energy distribution continuously and uniquely,
the following adjustments were made. When the upper edge of the previous bin lies above the
lower edge of the next one, Fig. S3(a), a new boundary where the two bins are touching each
other is placed half way within the overlap region, reducing the width of each bin by the same
amount. Conversely, when the upper edge of the previous bin lies below the lower edge of the
next one, Fig. S3(b), a new boundary where the two bins are touching each other is placed
half way within the gap, increasing the width of each bin by the same amount. In both cases,
the value of the distribution function within the bin is left unchanged.

In a next step the energy distributions where normalized by setting the signal calibration
constant C0 such that ∑

ĨE

N(ĨE)∆E(ĨE) = 1 (S7)

with the adjusted bins ĨE.
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Figure S3: Redefinition of the energy bins to avoid overlaps (a) and gaps (b) in the en-
ergy distribution. The left and right diagrams show the bin boundaries before and after the
adjustment, respectively. See text for details.
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Hiermit erkläre ich, dass diese Arbeit bisher von mir weder an der Mathematisch-
Naturwissenschaftlichen Fakultät der Ernst-Moritz-Arndt-Universität Greifswald noch
einer anderen wissenschaftlichen Einrichtung zum Zwecke der Promotion eingereicht
wurde.
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