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Abstract
This thesis presents instrumentation developments and measurements performed at the Double ElectroStatic Ion Ring
ExpEriment, DESIREE, at Stockholm University. DESIREE operates at cryogenic temperatures ~13 K, with very low
background pressures of ~10-14mbar, allowing the observation of stored ions to long times of tens of seconds and longer.

Investigations into improving the count rate capability of the DESIREE detectors are presented. Microchannel plate
(MCP) detectors are used for position sensitive particle counting in the DESIREE detector assemblies. In a cryogenic
environment the operational resistance of MCPs is orders of magnitude higher than at room temperature and this limits the
possible count rates. Novel low-resistance MCP detectors were investigated and resulted in the replacement of the MCPs
in the DESIREE detector assemblies.

DESIREE was used to measure spontaneous decays of hot, small cluster anions. The decays of small silver, copper and
gold cluster anions are presented and compared to statistical model calculations. An experiment that is able to measure
the proportion of spontaneous decay due to fragmentation or electron detachment in dimer anions of silver and copper
is presented and significant, previously overlooked, contributions from electron detachment to the decay is identified.
Furthermore, measurements of the stability and decay of small carbon cluster dianions are presented. These experiments
utilised the aforementioned low-resistance MCPs.
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1. Introduction

The isolation of atoms or molecules in a controlled environment is required for
any precision experimental study of them. Traps have been used for decades
in the field of atomic and molecular physics and many techniques have been
developed to control and confine an ensemble of atoms or molecules, be they
neutral or charged. Apparatus that trap particles have advantages over single
pass experiments. If the particles of interest are difficult to produce or only
available in small quantities then they are not ‘lost’ after a single interaction as
they are in a single pass apparatus and if the particles are produced in hot or
excited states they can be given time to equilibrate with their surrounds.

In the 1980’s storage rings began to be used to conduct experiments with
atomic and molecular ions where the ions are stored in a closed orbit. These
storage rings primarily used magnets to confine and steer the ions. The strength
of the magnetic field used to confine the charged particles is proportional top

mE/q where m is the mass, q the charge and E the energy of the ions - if the
mass of the particle is increased, a stronger magnetic field is needed to bend
the path of a particle with the same energy. This means there is, in practice,
an upper limit to the mass of the ions you can store. In the 1990’s it became
increasingly desired to store larger, heavier ions such as biomolecules and clus-
ters and this led to the development of electrostatic storage rings and traps. The
effect of the electric field on a charged particle’s trajectory is independent of
its mass - there is no upper mass limit. The first electrostatic ion storage ring
ELISA was developed at Aarhus in 1996 and continues to operate [1].

A technical advantage of the use of electrostatic over magnetic ion optics
is the more compact nature of the ion optics making it feasible to cool a storage
ring to cryogenic temperatures. A cold environment reduces the thermal black-
body radiation and vastly improves the pumping capacity reducing the residual
gas density by several orders of magnitude. The significantly improved vac-
uum conditions allow for very long beam storage times making it possible to
perform measurements on time scales that have previously been inaccessible.
Measurements of metastable states of negative and positive ions and sponta-
neous decays of ions, such as those included in this thesis require observations
on time scales from milliseconds to minutes. The long storage times made
available by cryogenic electrostatic rings/traps also allow the trapped ions to
cool (electronically, vibrationally and rotationally) and it is possible to obtain
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an ensemble of internally cooled particles. There are a small number of these
cryogenic, electrostatic ion storage rings and traps around the world. TMU
E-ring at Tokyo Metropolitan University operates at liquid nitrogen tempera-
tures [2], and a small 2.9 m circumference ring, RICE operates at ⇠4K [3].
In Heidelberg a cryogenic EIBT trap (CTF) [4] served as a test-bench for the
recently completed 35 m cryogenic storage ring (CSR) [5] also located at the
Max Plank Institute for Nuclear Physics in Heidelberg.

The work contained within this thesis centres around the unique DESIREE
storage ring at Stockholm University which consists of two storage rings with
a common merged section in a figure of eight configuration [6; 7]. The double
ring structure is unique to DESIREE making it possible to perform studies of
merged anion and cation beams at very low collision energies. However, a
range of experiments are possible utilising only a single ring, such as those
included in this thesis. Experiments conducted using a single ring have been
an important part of building experience in the operation of DESIREE in a
move towards the goal, and intended purpose of the apparatus, to perform
merged beam experiments in a cryogenic environment at near zero centre-of-
mass collision energies. This thesis is divided into two parts.

In the first part, investigations into improving the count rate capabilities
of the DESIREE detectors are presented. The DESIREE detector assemblies
use microchannel plates (MCPs) for position-sensitive particle counting. The
resistance of a MCP increases with decreasing temperature such that at cryo-
genic temperatures their resistance is three orders of magnitude higher than at
room temperature, the temperature at which they are designed to operate. This
very high resistance at cryogenic temperatures leads to extended dead times,
limiting the possible count rates. Two types of novel low-resistance MCPs
were investigated to find a solution to the maximum count rate limitation. A
test chamber that can achieve similar temperatures and pressures conditions to
DESIREE was used to test the novel low-resistance MCPs. Results of the tests
of the two types of novel low-resistance MCPs, atomic layer deposition MCPs
and ultra-low resistance MCPs, are presented.

In the second part, measurements of the spontaneous decay of hot, small
cluster anion systems are described. Spontaneous decay measurements of
clusters of silver (Ag�n , n = 3� 7), copper (Cu�n , n = 3� 6) and gold (Au�n ,
n = 2� 13) are presented. Measurements of the spontaneous decay of these
small, energetic systems allow us to probe their structure and energetics. The
observation of the decay of these systems to long times of tens of seconds and
longer is only possible in a system, such as DESIREE, that allow long storage
times. Previous studies of the decay of small excited metal clusters have been
performed in room temperature storage rings and traps but is typically lim-
ited to tens of milliseconds by the significantly higher background of neutral
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particles formed in residual-gas collisions. The measured spontaneous neutral
decays are compared to statistical model calculations. Investigations into the
spontaneous decay of dimer anions of silver and copper are also presented.
The spontaneous decay of these dimer anions were investigated using an ex-
perimental technique that enables the fragmentation and electron detachment
decay channels to be separated. Furthermore, a method using one of the rings
of DESIREE to probe the production of carbon cluster dianions is presented
and further experiments of the stability and decay of cluster dianions are intro-
duced.
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2. DESIREE

The work contained within this thesis concentrates on experiments conducted
at the Double ElectroStatic Ion Ring ExpEriment (DESIREE) Facility, located
at the Alba Nova University Centre at Stockholm University. The first ion
beam was stored in DESIREE in 2012 and initial experiments are reported in
[7] and [8]. In this chapter DESIREE is described, followed by descriptions of
the ion sources and injection lines, and particle detectors essential for experi-
ments. An overview of a typical measurement procedure is presented.

Figure 2.1: A photograph of DESIREE. The double walled vacuum chamber
and the ion-optics of the two electrostatic rings can be seen. When the vacuum
chamber lids are removed the ion-optics can be accessed for maintenance.

2.1 The Double Electrostatic Ion Storage Rings – A Box

Named DESIREE

Electrostatic focussing and steering elements make up each of the two rings
of DESIREE. These ion-optic elements generate electric fields which control
the orbit of ions with a specific kinetic energy to charge ratio; allowing these
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ions to be stored. A neutral particle’s path will not be affected by the electric
fields. If a singly charged anion loses an electron, the neutral particle produced
will continue its flight path. If the neutral is generated in one of the straight
sections of the ring, it will continue forward exiting the ring, hitting one of
the installed particle detectors. If an ions’ mass-to-charge ratio changes during
its orbit, for example from loss of an electron or atom, it will no longer be
confined by the ring and is either directly lost or in special cases detected by a
movable charged-particle detector.

Fig. 2.2 shows a schematic of the ion-optical elements of the two rings,
which differ slightly in geometry. The upper ring in Fig. 2.2 is referred to as the
symmetric ring due to its four fold symmetry. The lower, asymmetric ring, has
two extra sets of deflectors that are needed in order to be able to store two ion
beams with opposite charges and different energies in the two rings for merged
beam experiments. Each ring is 8.6 m in circumference. All ion-optical ele-
ments that make up the rings and detectors are mounted onto the base plate
of a single large vacuum chamber, with dimensions ⇠ 4.4⇥2.4⇥0.3m. This
chamber is held within a second vacuum chamber creating a double walled
vacuum system, which can be pumped and cooled to achieve an extreme high
vacuum and cryogenic environment. A copper, thermal screen and 30 lay-
ers of super-insulation are placed within the space between the two vacuum
chambers. Fig. 2.1 is a photo of DESIREE when open to air and shows the
inner and outer vacuum chambers, thermal screen, and ion-optics. Since all
ion-optics are mounted to the base of the inner vacuum chamber, upon cooling
the relative distances between the optics will remain the same as the materials
shrink. Cooling to ⇠13K results in a contraction of the base plate, decreas-
ing its length by a little more than a centimetre. The chamber was designed
to have the electrical feedthroughs, pumps and cryocooler contacts mounted
to the base of the inner vacuum chamber with a man-access-space below the
outer vacuum chamber. This allows easy access to electrical connections air-
side during operation and clear access to the ion optics from the top when the
chamber lid is removed.

Several windows allow optical access to the straight sections of the rings
for laser beam interactions with stored ions and optical detection. Windows are
located on the sides, top and bottom of the vacuum chamber to allow access in
both collinear and crossed beam geometries.

Turbo-molecular pumps backed by oil free foreline pumps are used to
pump the whole vacuum system. These provide a vacuum of ⇠ 10�6 mbar
in the outer and ⇠ 10�9 mbar in the inner chamber at room temperature. Cryo-
genic cooling acts to reduce the pressure by several orders of magnitude as
a large amount of the remaining gas particles freeze to the vacuum chamber
walls. When DESIREE is pumped and cooled to ⇠ 13 K an extreme high vac-
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Figure 2.2: A schematic of the two storage rings of DESIREE. The ion optics
of the electrostatic rings are held within a single vacuum chamber. The four
detectors: resistive anode encoder symmetric ring (RAES), resistive anode en-
coder asymmetric ring (RAEA), imaging detector (ID), movable fragment detec-
tor (FD).

uum is achieved with a residual gas pressure of ⇠ 10�14 mbar equivalent to
a few thousand H2 molecules per cubic centimetre. Cryogenic temperatures
are achieved by cooling using four two-stage coldhead cryocoolers. The first
stage of the coldhead is connected to the copper screen and the second stage
to the bottom of the inner chamber. This cooling system is able to achieve an
operational temperature of ⇠ 13 K in the inner chamber. To cool the system
from room temperature to base temperature takes approximately 2 weeks. All
the ion optics and detectors are cooled to the same temperature as they are all
mounted to the base of the inner chamber.

There is currently no pressure gauge available that can directly measure the
pressure within the inner chamber. This means the pressure must be inferred
from the lifetime of a stored ion beam or from the count rates of neutrals from
residual gas collisions. When the only loss mechanism available to an ion is
via residual gas collisions, the decay rate of the stored beam is proportional to
the number density of the residual gas.

2.2 Ion Sources and Injection Lines

The ions are prepared using an ion source and the ion beam is transported along
injection lines of several meters to DESIREE. Fig. 2.3 shows the layout of the
DESIREE laboratory. Two high voltage ion source platforms service the stor-
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Figure 2.3: A schematic of the DESIREE laboratory showing the two high volt-
age ion source platforms and injection lines. Figure adapted from image courtesy
of O. Hole.

age rings so that two types of ions can be produced at the same time. Typically
the 100 kV ‘high energy’ platform is equipped with a electron cyclotron reso-
nance ion source (ECR) which is used to generate singly charged positive ion
beams but also other plasma ion sources are used. The vacuum line connecting
the two 90 � deflectors, indicated in Fig. 2.3, allow an ion beam produced at ei-
ther platform to be guided and injected into either of the two available storage
rings. The 25 kV ‘low energy’ platform holds a SNICS II caesium sputter ion
source for the generation of negative ion beams. The high voltage platforms
are able to be used for a range of other ion sources. The long term planning
of the facility includes use of other ion sources including an electrospray ion-
isation (ESI) source which is planned to be installed during 2020 to allow the
injection of biomolecules into DESIREE.

The caesium sputter ion source (SNICS II), commercially available from
National Electrostatics Corp. [9], was used to produce the cluster anions used
in the experiments presented in Chapters 7, 5 and 6. A schematic of the ion
source is shown in Fig. 2.4. The target material is loaded into the cavity of the
removable copper cathode. Caesium vapour is produced by heating a reservoir
of caesium, the vapour is ionised when it condenses on the surface of the heated
ioniser. The positively charged caesium ions are accelerated towards the cath-
ode and bombard the target material sputtering particles - atoms, molecules
or clusters. A small proportion of the sputtered particles will be negatively
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Figure 2.4: A schematic of the caesium sputter ion source.

charged, others become negatively charged as they pick up an electron from
neutral caesium which has condensed on the cold cathode surface. The neg-
ative ions are extracted using a high positive potential accelerating the ions
away from the source. In this way a negative ion beam composed of a range of
mass species is generated. The negative ions are accelerated (typically to 10
keV) from the ion source platform towards an analysing magnet, a 90 � bending
magnet that is used to select ions of a specific mass, producing a mass-specific
ion beam which is guided and focused using a series of electrostatic elements
along the vacuum injection lines to DESIREE.

A series of Faraday cups, slits and collimators are located along the injec-
tion lines to allow the beam current to be monitored, and reduced if necessary,
prior to injection. Whilst the injection scheme of a negative ion beam from
the low energy platform has been described here the injection scheme from
the high energy platform is similar. The injection ports of DESIREE are not
in line with the straight sections of the storage rings. This is a design feature
which eliminates the thermal input from the room temperature environment to
the stored ion beam.

The internal energy of the clusters produced with the caesium sputter ion
source is of relevance to discussions in Chapters 5 and 6. Sputter ion sources
are known to produce vibrationally and rotationally excited sputtered parti-
cles with typical excitation energies corresponding to temperatures of a few
thousand kelvin. Measurements of sputtered alkali-metal dimers using 1 and 2
photon ionisation spectroscopy to determine the internal energies of the dimers
found vibrational and rotational excitations corresponding to a temperature of
1000�1500 K [10]. Molecular dynamic (MD) simulations of sputtered Ag�2
clusters found vibrational and rotational temperatures of 3100 K and 5900 K
respectively [11]. In that study Ag�2 clusters produced via the fragmentation
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of larger clusters had significantly lower internal temperatures (Trot =2700 K
and Tvib =1900 K). Later MD simulations of Men, Fe+n and Nb+n found vi-
brational and rotational temperatures of several thousand kelvin and found the
internal energy distribution of the sputtered particles was independent of the
bombarding conditions [12].

During a measurement the source conditions change with time as the sput-
ter target erodes; the ion beam current is monitored over the full experimental
period (typically days) to note any significant change. Instability of the ion
source or rapid decrease in current is an indicator that the cathode may need to
be replaced.

2.3 Detectors

The working principle of microchannel plate (MCP) detectors are outlined in
Chapter 3. Here the specifics of the detectors within DESIREE are presented.
Fig. 2.2 shows the location of the four detector assemblies used in DESIREE.
There are detectors in-line with each of the three straight sections of the rings
labelled: resistive anode encoder symmetric ring (RAES), resistive anode en-
coder asymmetric ring (RAEA) and imaging detector (ID). A fourth movable
fragment detector (FD) assembly is located to one side of the asymmetric ring.

All of the detector assemblies use three stacked MCPs for particle detec-
tion, however, the assemblies differ slightly in the size of the MCPs, the anode
used and, if they are registering neutral particles directly or electrons from the
neutral particles hitting an electron emissive surface. For the work contained
within Section 5.2 and 5.3 PHOTONIS Extended Dynamic RangeTM (EDR)
MCPs are used in all detectors. However, Chapter 3 describes recent devel-
opment of the MCP detector assemblies and subsequent replacement of the
MCPs within the RAES, RAEA and FD with ultra-low resistance MCPs de-
veloped in collaboration with PHOTONIS. These special MCPs were in use for
the later work contained in Section 5.4, Chapter 7, Chapter 6 and Chapter 7.

The detectors at the end of the outer straight sections of the rings are simi-
lar and named the Resistive Anode Encoder Symmetric/Asymmetric detectors
(RAES and RAEA). These detectors have a z-configuration, triple stack of 40
mm MCPs and as the name implies a resistive anode. The resistive anode is a
resistive sheet with electrodes at the four corners of the sheet, the position of
the electron cascade can be determined from the read out from the four corner
electrodes but position information is limited to single hits.

To allow a laser to be used collinear to the ion beam path in the symmetric
ring a glass plate coated with a thin layer of titanium and gold is used as sec-
ondary electron emitter. The glass plate allows the laser light to pass through
whilst a neutral particle impinging upon the plate will cause electron emission
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and these electrons are then accelerated by an electric field to the MCPs of the
RAES detector.

The imaging detector (ID) located at the end of the merged-beam section
has a larger detection surface than the other detectors. The ID consists of a
triple stack of 80 mm MCPs in a z-configuration coupled to a phosphor screen.
The output light from the phosphor screen passes, with the aid of a lens sys-
tem, out of DESIREE through one of the windows and continues along two
separate paths after a 50/50 beam splitter. The light passes to a 16 channel
photomultiplier tube (PMT), which is used to record the peaks arrival times
and intensities and to a CMOS camera to image the location of the hits and
can handle multiple hits in coincidence.

The fragment detector (FD) is mounted to a plate which can be moved by
a stepper motor. This allows the detector to be moved to a position so it can
detect reaction fragment products with smaller mass/charge ratios than that
of the beam stored in the asymmetric ring. After a recent modification the
same detector can be moved to a position where it detects products with higher
mass/charge ratios than stored beam particles in the symmetric ring. The FD
assembly in all other ways is similar to the RAES and RAEA.

2.4 Measurement procedure

A typical measurement cycle has three stages. First, a single bunch of mass se-
lected ions are injected into the ring. Second, these ions are stored and neutral
particles are detected (on one or more of the detectors) as a function of time
for the length of the chosen measurement time window. Third, the remaining
ion beam is removed from the ring, ‘dumped’, by switching an electrode to
non-storage mode and the detector dark count background recorded.

Depending on the experiment, as the ions traverse the ring they may be
probed with a laser pulse (as in measurements of excited state lifetimes [13])
or two oppositely charged ion beams may be injected to interact in the merged
section (as for mutual neutralisation studies [6]). These types of experiments
are not presented in this thesis, here we discuss experiments conducted using
a single ring where neutral rates from the spontaneous decay of excited metal
clusters are recorded. The methods are independent of which ring is used, both
the asymmetric and symmetric rings were used in the work contained within
this thesis.

2.4.1 A measurement cycle: inject, store, dump

The ions prepared at the ion source platforms travel ⇠11 m to the injection
port, taking some tens of microseconds. This means we do not begin observing
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Figure 2.5: The neutral counts recorded on a detector at the end of the straight
section of the ring as a function of time after injection when a Ag�5 beam is stored.
The stages of a typical measurement cycle can be seen: injection, store, dump
and detect background. The neutrals that are detected during the measurement
window are shown in red, the spike in counts due to the dump of the beam is
shown in black and the detector background counts are shown in blue. Each
point in the main figure is the sum of the counts for a single revolution around
the ring; one ‘turn’. The inset show raw data for the first 2 ms where the counts
for each turn have not been summed, each turn of the ion bunch (half filled mode)
can be seen. Adapted from Paper I.

the neutral yield at t = 0, the time at which the ions are produced, but when
the bunch first passes around the ring tens or hundreds of microseconds later.
During transport to the injection port the hottest of the ions will already be lost
from the ion beam undergoing spontaneous decay (eg. fragmenting or losing
an electron), and will not be observed.

Typically the ions are injected into the ring in one of two modes - either
half-filling or filling the circumference of the ring. The time it takes for an ion
to travel the length of the ring can be easily calculated from the circumference
of the ring, and the mass and energy of the ions to be stored. The bunch is then
chosen to be the length in time to either half-fill or fill the ring.

The 10° deflector of the injection line which forms part of the ring (see Fig.
2.2) is used to inject the ion bunch. The voltage on the deflector is switched so
the electric field guides the ions into the ring. The voltage of the deflector is
changed to storage mode before the ion bunch traverses the ring, and remains
at this value until the end of the measurement window, when it is switched to
dump the remaining ion beam and allow the next ion injection.
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The injection ion beam current is measured using a Faraday cup located
just before the injection port. Typical ion currents used for the experiments
discussed in this thesis are tens of pA to a few nA. If the beam current is too
high, the detector will become saturated. This is particularly problematic as
MCP detectors have high internal resistances and thus long dead times when
operated in cryogenic conditions, as discussed in Chapter 3. Furthermore,
losses due to intra-beam ion-ion interactions can become significant. Thus, the
ion current is chosen to minimise these effects whilst running with a sufficient
current to allow statistics to be accumulated in a timely fashion. The injection
ion beam current is monitored over the full experimental program for a specific
ion to monitor the ion source conditions. The ion beam current is proportional
to the number of ions and can be used for normalisation and repeatability.

Once injected the ions are stored for a pre-determined period of time, the
measurement time window. Neutral particles are counted by one or more of the
MCP detectors located in-line with the straight sections of the ring, as a func-
tion of time. The fragment detector (FD) may be used to detect fragment ions
as a function of time. Data is accumulated over many measurement cycles. If
observation of the neutral particle yield over long times is desired several time
windows can be used so that appropriate beam currents can be chosen for each
window. A low current is used for the shortest measurement time window; us-
ing a low current prevents detector saturation and ion-ion interactions. Higher
currents can then be used for subsequent longer time windows, the short times
of these measurements will be contaminated by detector saturation but these
time regions are discarded for the final data set. The data sets from different
time windows are combined using uncontaminated, overlapping time regions.

At the end of the measurement cycle the remaining ion beam is dumped, a
spike of the counts registered on the detector due to the scattered particles from
the dumped beam is noticeable in Fig. 2.5. The detector dark count is then
measured; this background is simply subtracted from the measured counts.
There is a second source of background – that from collisions of the ions with
residual gas. This can not so simply be measured and subtracted. An ion beam
storage lifetime measurement is made prior to experiments and allows us to
determine the times at which this effect is negligible and it is appropriate to
ignore it. Ion beam storage measurements are discussed in Section 2.4.2.

Data is accumulated over many measurement cycles and it is binned for
clear presentation. The data is logarithmically binned, i.e. the width of the
time bins are linearly increased such that the data points will be equidistant
when displayed on a logarithmic time scale as in Chapters 5 and 6.
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2.4.2 Ion beam storage measurement

An understanding of the storage conditions of DESIREE is required prior to
beginning an experimental program. It is important to know on what time scale
the residual gas background is negligible. The beam storage lifetime is defined
as the time interval after which the beam has decayed to 1⁄e of its initial value,
ie. time t when N(t = t)⁄N0 = 1⁄e. If electron detachment of the ions via residual
gas collisions is the only decay mechanism present, the number of particles at
time t will be given by N(t) = N0e�GRGt where GRG is the residual gas collision
decay rate. The beam storage lifetime tRG is equal to 1/GRG. As an example,
Fig. 2.6 shows the neutral count rate from a C� ion beam stored in DESIREE
at room temperature where the residual gas density was 5.0⇥ 10�8 mbar [7].
The curve is fit with a single exponential plus a constant. There is a constant
dark count background from the detector. This shows that at room temperature
the lifetime of the C� beam was 4.96 ms.

Figure 2.6: Neutral counts recorded on the imaging detector from a C� beam
stored in DESIREE at room temperature. Figure taken from [7]

For normal operation of DESIREE at cryogenic temperatures the residual
gas collision rate is measured by injecting the singly charged monomer ion for
the atomic cluster series that will be studied and detecting neutrals as a function
of time. A very long measurement window, typically a few thousand seconds,
is used as we expect the storage lifetime to be in the range of hundreds to more
than a thousand seconds.

The residual gas pressure is very low due to the cryogenic cooling of DE-
SIREE and this can mean the residual gas collision induced neutralisation sig-
nal is very small; so small that it would take too long to determine the storage
lifetime as described above. In these cases we use a laser probe method to
determine the storage beam lifetime. As an example a measurement of the
storage lifetime of the silver anion Ag� was made to determine the storage
conditions of DESIREE prior to the silver cluster measurements presented in
Section 5.2. Ag� has only a single bound state (4d105s2 1S0). The elec-
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Figure 2.7: Recorded neutral yield from the photodetachment of Ag� at l =
623 nm as a function of time with a 5% laser duty cycle. The data has been fit
with a single exponential function and a constant. The inset shows the measured
effective decay rate, te f f , as a function of the duty cycle of the probe laser. A
linear fit to the te f f data points is extrapolated to zero duty cycle to obtain t as
outlined in Section 2.4.2. Figure adapted from Paper I.

tron affinity has been measured to be 1.30447(2) eV [14]. A continuous wave
632 nm laser was used to produce neutral Ag atoms via photodetachment (Ag�

+hv ! Ag+e�) and probe the number of stored ions as a function of time af-
ter injection. A mechanical shutter was used to chop the laser beam into pulses
and the laser duty cycle was varied for successive measurements. The laser
beam and ion beam interact in a collinear geometry, with the laser passing
through a window of DESIREE just in front of the RAES detector. The laser
passes through the glass plate of the detector assembly, interacts with the Ag�

ion beam in the straight section of the symmetric ring and the photodetached
neutrals are counted by the RAES detector. The neutral yield recorded with a
5% laser duty cycle is shown in Fig. 2.7. Laser duty cycles of 5, 50 and 100%
were used and the effective decay rates as a function of duty cycle is shown in
the inset of Fig 2.7. The effective decay rate Ge f f , is the rate of neutrals from
laser induced photodetachment and residual gas collisions. For the 5% duty
cycle neutral yield measurement shown in Fig. 2.7 the effective decay rate is
Ge f f = 7.1⇥ 10�4 s. The grey line on the inset plot is a fit to the effective
decay rate data, by extrapolating to the y-intercept we find the decay rate with
zero per cent duty cycle, that is the decay rate due to residual collisions only.
The decay rate G without contribution from photodetachment gives a storage
lifetime of 1/G = 1624±65 s for the stored 10 keV Ag� ion beam.
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Part I

DESIREE Developments
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3. MCP detector development

Microchannel plates (MCPs) are used in all detector assemblies of DESIREE.
The negative temperature coefficient of lead-glass MCPs results in a very high
resistance across the channels of an MCP when operating in a cryogenic envi-
ronment. The operational resistance of a standard MCP is prohibitively high
at cryogenic temperatures as the slow recharge times associated with the high
resistance limits the count rate. Commercially available extended dynamic
range (EDR) MCPs, with lower than typical resistance, have been used in DE-
SIREE since it began operation. Whilst these EDR MCPs allow counting at
the cryogenic operational temperatures of DESIREE count rates are severely
limited. Reducing the dead times of the DESIREE detectors was identified as
an important instrumentation development.

In this chapter investigations of two novel types of MCPs are presented.
These studies lead to the replacement of all MCPs in the RAEA, RAES and
FD detector assemblies of DESIREE in 2017 to ultra-low resistance MCPs
developed with PHOTONIS.

3.1 MCP principles of operation

Microchannel plates (MCPs) are able to detect, with high spatial and temporal
resolution, particles (charged or uncharged) or photons with a typical gain of
⇠104. MCPs are common detectors utilised in a huge range of experimental
settings and commercially available in a variety of sizes and styles [15]. A
typical MCP is made of lead silicate glass and consists of a tightly packed
array of very small capillaries, referred to as channels. Each of these channels,
with typical length of ⇠0.5 mm and diameter of ⇠10 µm operate as a channel
electron multiplier [16]. Fig 3.1 shows a schematic of the structure of a MCP.

MCPs are manufactured using glass fibre drawing methods. A glass rod
made with lead glass cladding and an etchable glass core is drawn to create a
fibre. These fibres are then hexagonally packed to create a rod, which is again
drawn creating a hexagonal multi-fibre. Such hexagonal multi-fibres are in turn
stacked to create a boule; a fibre array with cross sectional area of the desired
MCP. Often an outer structural layer of glass is added at this point. The boule is
sliced to create a thin glass plate. The surfaces are polished and the soluble core
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Figure 3.1: A. Schematic of a microchannel plate (MCP) showing the many
electron multiplying channels. B. single channel of the MCP. Is is the strip current
(also called the bias current). C. stack of three MCPs in z-configuration.

glass is removed by etchant leaving behind the micro-channels. The remaining
lead-glass plate is treated so that the surface layer of the channels becomes
semiconducting 1. exhibiting the required conductive and secondary electron
emissive properties. The two faces of the plate are coated with a thin layer of
metal to allow good electrical contact to the channels [15].

MCPs are operated in vacuum (p < 10�6 mbar) and a bias voltage is ap-
plied across the plate (along the length of the channel) of up to 1000 V [17].
Fig 3.1B. shows a single channel and the electron multiplication. When a par-
ticle hits a channel wall, secondary electrons are released. These electrons are
accelerated along the channel by the applied potential difference and will again
collide with the channel wall releasing more electrons. This cascading effect
result in a cloud of electrons exiting the back side of the plate. The array of
channels over the plate leads to good spatial resolution of incident particles and
2D position information is a significant advantage of MCP detectors. Excellent
timing resolution is another significant advantage of MCPs.

The electron cascade results in removal of charge from the walls of the
channel, which must be replaced for secondary electron emission to occur
when another incident particle hits the same channel. The channels are re-
charged by the strip current flowing through the channel wall (see Fig. 3.1B.).

1Here a semiconductor is defined as a material which has a conductivity between
that of a insulator and a conductor. The materials resistance decreases as its tempera-
ture increases.
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In practice, channels neighbouring the channel which has registered a hit will
be affected and require some amount of re-charging. The time between the
first incident particle and the ability of the channel to detect a second incident
particle is referred to as the dead time. There is a time beyond this where a
second incident particle will be detected but the gain will be suppressed. The
time it takes for the channel to recover such that a second incident particle will
result in a similar gain is called the recovery time. Saturation of the detector
occurs when the count rate is too high to allow the channels to successfully
recover. The dead time/recovery time, is a function of the amount of current
that can flow and thus a function of the resistance of the MCP and these times
can be shortened by using an MCP with a lower resistance. A typical 25 mm
diameter MCP has a resistance of ⇠ 1⇥ 109W when a bias voltage of ⇠ 1 kV
is applied. Extended dynamic range MCPs are commercially available, which
are lower in resistance by a factor of ten.

The gain of an MCP is a function of the secondary emission characteristics
of the walls and the channel length to channel diameter (L/d) ratio. The phys-
ical dimensions of the face of an MCP is often slightly larger than the area
containing channels due to a small outer solid glass border, to differentiate
these two areas the total channel containing area is named the effective area.
The effective area contains the area open to incident particles, the channels,
as well as the solid glass between them where a incident particle will not be
detected. The ratio of the open area (channels) to the effective area is called
the open area ratio and is typically 45� 60%, however, ‘funnel type’ MCPs
with higher open area ratios are available [18].

To maximise the probability that an incident particle hits a channel wall
and doesn’t pass straight through the channel the channels are tilted by a small
angle (⇠ 8�) to the face of the MCP. An MCP operating ‘in the dark’, that is
with no incident particles will have a small count rate, which is termed the
dark count rate. Lead silicate glass is composed of SiO2, PbO, K2O with the
presence of other metal oxides likely. Radioactive 40K is present in potassium
with a natural abundance of 0.0118%, the presence of 40K in the MCP glass
is responsible for the vast majority of the dark counts from MCPs [19]. A
small proportion, on the order of a few percent, of the dark count rate is due
to cosmic ray induced events [19]. Residual gas molecules or atoms desorbed
from the walls of the MCP can be ionised by the electron cloud. These cations
can drift back along the channel and initiate a background event, this type of
noise is called ion-feedback and is typically only present during conditioning
of the plates.

For further amplification MCPs can be stacked one on top of the other, so
that the electrons exiting from the backside of the first MCP impinge upon the
front side of second MCP (see Fig. 3.1C.). When two MCPs are stacked they
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are oriented such that the channels of the two plates form a ‘v’, this is called
a chevron stack and minimises ion feedback. Similarly, three MCPs are often
stacked into a z-configuration. By stacking MCPs a gain of 107 � 108 can be
achieved. There is some loss of spatial resolution when stacking MCPs as the
electron output from a single channel will be spread over several channels [17].

A huge variety of electron signal readout methods are available. One of
the simplest is to use an single anode, a metal plate that sits directly behind the
MCP or MCP stack and collects the electron cascade; this method works well
if only counting is desired. If position information is required then multiple
anodes can be used or, as is used in the RAEA, RAES and FD of DESIREE,
an anode with four corner electrodes. The arrival of the electron pulse on the
anode is detected almost simultaneously by its four corners, each electrode
will register a pulse, and the pulse heights are used to determine the position
of the electron avalanche on the anode. A phosphor screen can also be used
to collect spatial information. The phosphor screen is placed directly after the
MCP and the electron output hit the screen converting the electrical signal to
light. The light can then be detected, a common readout will couple a phosphor
screen and CCD camera. A phosphor screen coupled to both a CCD camera
and 16-channel PMT is used in the DESIREE imaging detector.

3.2 Operating MCPs at cryogenic temperatures

MCPs are standard detectors and their function at room temperature is well
understood. In recent years, due to the emergence of a number of cryogenic
apparatus including DESIREE, their use at temperatures below 20 K has be-
come desirable. As described above, the resistance of an MCP is temperature
dependent, increasing with decreasing temperature due to the semi-conductive
layer of the MCP channels. Manufacturers provide specification for operation
of MCPs at or near room temperature but do not provide any information on
operating MCPs at low temperatures. Two studies of the temperature depen-
dence of the resistance of MCPs were performed in the 90’s. A simple study by
Roth et al. measured the resistance of a ‘low resistance’ (R(293 K)= 4.6 MW)
MCP between 293 and 20 K [20] . A dewar partly filled with liquid helium
was used to provide a temperature gradient between the level of the liquid he-
lium (4.2 K) and the neck of the dewar (293 K). The location of the MCP was
varied within the dewar, along the temperature gradient, and the bias current
measured when a very low bias voltage (10–30 V) was applied to the MCP.
Roth et al. reported the resistance of the MCP increased by a factor of 106

between 293 and 20 K. At temperatures below 20 K the resistance of the MCP
was too high for them to measure any bias current. Schecker et al. measured
the bias current of a chevron stack, where a bias voltage of 900 V was applied
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across each plate between room temperature and 18 K [21]. The plates were
placed inside a vacuum chamber (P < 108 mbar) and the chamber was fully
immersed in liquid helium. The MCP assembly was placed just above a ther-
mally isolated stainless steel plate and a heater located between the MCPs and
the stainless steel plate allowed variation of the temperature. The bias current
decreased from 5 µA at room temperature to 1.3 nA at 18 K, corresponding to
a change in resistance from 180 MW to about 900 GW; an increase in resistance
by a factor of 5⇥103 significantly lower than reported by Roth et al..

In 2007, Rosen et al. performed tests on a triple stack of EDR MCPs with
phosphor screen readout in the DESIREE test chamber [22]. Extended dy-
namic range (EDR) MCPs are manufactured to have a lower resistance and
are typically used for high count rates at room temperature. A major concern
at the time was that MCPs may not be operational in the expected cryogenic
operation temperatures of DESIREE. The DESIREE test chamber provided
temperature and pressure conditions similar to those that would be achieved
within DESIREE. The MCP assembly was placed within the test chamber, a
bias voltage of 900 V per plate was applied and the bias current measured as
a function of temperature. The bias current was found to be 60 µA at room
temperature decreasing to 29 nA at 12 K, corresponding to an increase in re-
sistance of 2⇥ 103. An a-source was used to expose the MCP assembly to
a-radiation. A count rate of ⇠6400 s�1 was measured irrespective of the tem-
perature and it was concluded that the EDR MCPs were well suited for oper-
ation in a cryogenic environment. However, it should be noted that there is a
significant difference in operation of an MCP assembly when detecting a beam
where the particles all arrive in an area of a few mm2 compared to these tests
using an a-source where the particles were uniformly distributed over the full
face of the MCP [22]. In further experiments performed using the DESIREE
test chamber and the EDR MCP assembly used in the above tests, where a
beam of particles was incident on the MCP, it was found the count rates possi-
ble before significant saturation effects were observed were far lower than the
count rates possible during the a-source tests [23; 24].

EDR MCPs from PHOTONIS have been used in DESIREE from its initial
operation until they were exchanged for ultra-low resistance MCPs from PHO-
TONIS in 2017. Use of MCPs in DESIREE over a long period of time has
given us additional practical experience of their operation in an extreme high
vacuum cryogenic environment. Different sets of EDR MCPs have slightly
different resistance; a small range of resistances fall within the manufactures
definition of extended dynamic range. We found during our operation of DE-
SIREE, when a set of EDR MCPs were replaced with a set with a factor of two
higher room temperature resistance that the dead times increased roughly by
that same factor. This shows that with EDR MCPs the resistance is only just
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low enough for the MCPs to be useful for the operational conditions of DE-
SIREE and whilst they can be used successfully the count rate must be limited
so they do not enter saturation mode. This limitation lead us to seek MCPs
with a lower resistance at low temperatures. Since DESIREE is exclusively
operated at cryogenic temperatures (13–20 K) it is not required for the MCPs
to be operational at room temperature.

Two paths were explored through collaborations with the companies Arra-
diance and PHOTONIS. Section 3.3 briefly describes the DESIREE test cham-
ber that was used to test novel MCPs supplied by the two companies and the
results are presented in Sections 3.4 and 3.5.

3.3 Test chamber

The test chambers’ basic design elements closely resemble those of DESIREE
and it can be used to test equipment at temperatures and pressures similar to
those found in DESIREE. The test chamber consists of an outer stainless steel
chamber and an inner aluminium chamber. The inner chamber has a diam-
eter of 30 cm and height of 42 cm; an aluminium mounting plate is located
16 cm from the base of the chamber. A copper screen is located between the
two chambers and is thermally connected to the first stage of the cyrogener-
ator; it acts as a thermal screen between the cold inner chamber and room
temperature outer chamber. The colder, second stage of the cryogenerator is
connected to the inner chamber by a thick copper braid cooling the chamber
to a minimum temperature of about 10.5 K. Two turbomolecular pumps and a
single rotary vane backing pump are used to pump the chambers. Ion gauges
are used to monitor the pressure and a vacuum of 10�8 mbar is maintained
in the outer chamber. The inner chamber pressure when pumped and cooled
is lower than the range of the ion gauge but is expected to be in lower than
the 10�10 mbar range. A resistive heater located below the inner chamber al-
lows its temperature to be varied. Lake Shore cryotronics Inc. silicon diodes
are used to monitor the temperature at several locations. Fig. 3.2 shows the
decrease in temperature from the time the cryogenerator was switched on to
the stable base temperature of ⇠ 10 K was reached after a day and a half of
cooling. The temperatures shown here were measured at the base of the inner
chamber, a temperature gradient of a few degrees exists between the base of the
chamber where the cryocooler is attached and the mounting plate. A tempera-
ture sensor attached to the MCP assembly was used to monitor its operational
temperature. It is important to note that an MCP with operational bias current
of 900 V will experience resistive heating, increasing the temperature of the
MCPs and holder assembly.
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Figure 3.2: Measure of the temperature of the inner chamber of the test chamber
as it is cooled by the cryogenerator. It takes about 1.5 days to reach the minimum
temperature of ⇠10.5 K.

3.4 Atomic layer deposition MCPs

Conventional MCPs are fabricated as described in Section 3.1, made from lead
glass the channels’ secondary electron emission and resistive properties stem
from the materials surface layer generated when the glass is heated in the pres-
ence of hydrogen reducing lead oxide present in the glass. The structural mate-
rial of the MCP imparts the operational characteristics: electron amplification,
dark count rate and resistance.

A novel MCP fabrication technique has been developed using atomic layer
deposition (ALD) to add resistive and emissive layers to the surface of a blank
micro-channel substrate. The addition of the resistive and emissive layers func-
tionalises the substrates to produce MCPs. This technique allows the mechan-
ical structure and electron emissive properties of the MCP to be separated.
This opens the door to the use of alternate materials for the micro-channel
substrate [25]. Plastic substrates were used to develop MCPs that are sensi-
tive to fast neutrons through proton recoil reactions in the hydrogen rich plas-
tic [26]. Large area MCPs (20 cm⇥20 cm) using a borosilicate glass substrate
and ALD have been developed and tested for incorporation into a sealed tube
optical photodetector [27].

In 2014 Gorelikov et al. from Arradiance Inc. reported fabricating MCPs
using a borosilicate glass substrate and ALD techniques to produce a low resis-
tance MCP for cryogenic temperatures [28]. Atomic layer deposition (ALD)
allows thickness control and conformity depositing a film in an atomic layer-
by-layer fashion. ALD was used to deposit a resistive layer to the surfaces
and pores of the substrate, followed by deposition of emissive film and this
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resistive/conductive layering is cycled ⇠ 100 times. The advantage of this
technique is that it allows the resistive and conductive layers to be tuned inde-
pendently of the MCP substrate. An additional advantage is the use of borosil-
icate glass, which does not contain 40K, leads to a significant reduction in the
dark count rate [27]. The resistive conductive layers were selected to optimise
operation at cryogenic temperatures between 10-20 K. These devices could not
be characterised at room temperature as their room temperature resistance was
much too low for a measurement of the bias current. Gorelikov et al. [28]
investigated the resistive properties of the ALD plates with bias voltage up to
500V at 10, 15 and 20 K. The 25 mm diameter MCPs with 500 V bias applied
were found to have resistance of ⇠ 1.5 GW at 10 K and ⇠ 0.1 GW at 15 K. At
20 K no resistance measurement could be made as the significant current flow-
ing through the plate led to resistive heating, which in turn made the resistance
drop even further leading to so-called thermal runaway. These resistances are
3 to 4 orders of magnitude lower than the resistance of a similar sized conven-
tional commercial low resistance EDR MCP (eg. Extended Dynamic Range
MCPs provided by PHOTONIS [16]) and are ideal for operation in DESIREE
at ⇠ 13 K. However, one drawback is the very steep change in resistance with
temperature, steeper than for conventional MCPs. This means the temperature
window in which they can be operated is very small, at only 20 K they experi-
enced thermal runaway. Arradiance Inc. did not test the counting capability of
these MCPs as they did not have the appropriate experimental set up.

Arradiance Inc. approached the DESIREE group and a collaboration began
to test the operation of ALD MCPs in a cryogenic environment. In succession,
Arradiance Inc. provided three sets of 25 mm diameter ALD MCPs. The re-
sistance of these MCPs at cryogenic temperatures was investigated with the
use of the test chamber. A chevron stack of the set to be tested was mounted
within the test chamber and the resistance measured at the lowest temperature
the test chamber was able to achieve, 13 K for sets 1 and 3 and 16 K for set
2. To measure the resistance of the individual plates within the chevron stack
a middle electrode was used so that the voltage could be set across a single
plate and the strip current measured. A chevron stack, with middle electrode,
of PHOTONIS 25 mm EDR MCPs was also tested for comparison.

The sets were produced and tested one after another in an attempt to tai-
lor the fabrication process, creating the right method to produce ALD MCPs
ideal for operation at 13 K with a resistance of 1⇥108W at a voltage of 500V
or higher. Previously developed room temperature ALD MCPs were found to
have high gain and so it was suspected that cryogenic ALD MCPs could be op-
erated with significantly lower bias voltage than the typical 900 V operational
bias of lead glass MCPs [29]. Whilst the resistances published by Gorelikov et
al. were ideal for DESIREE, changes to the Arradiance Inc. ALD set up meant
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that the method could not simply be reproduced.
Fig. 3.3 shows our measured resistances of the three sets of ALD MCP

plates as a function of bias voltage measured at 13 K for sets 1 and 2 and at
16 K for set 3. The resistances of the EDR MCPs have been added to the plot
for comparison. For all MCPs there is a decrease in resistance with increas-
ing bias voltage, this is due to resistive heating of the plates. Unfortunately,
the three ALD MCP sets that we tested did not have resistances within the
ideal range for operation at 13 K. It also became clear that further iteration
of the fabrication process was necessary to develop the method of producing
ALD EDR for this cryogenic temperature range. Due to urgent experimental
demands and promising talks that were undergoing concerning the ultra-low
resistance plates (see Section 3.5), the ALD MCP project was not pursued fur-
ther. ALD MCPs remain an interesting and promising method of producing
MCPs for a cryogenic environment.

ALD set 1 (13 K)

EDR (13 K)

ALD set 3 (13 K)

ALD set 2 (16 K)

Figure 3.3: Measured resistance as a function of applied bias voltage for the
three sets of ALD MCPs and a set of EDR MCPs.

As mentioned above, EDR MCPs were installed within the test chamber
and resistance measurements were performed for the purpose of comparison.
The EDR MCPs were purchased as a matched pair, this means that the resis-
tances of the two plates when operated at room temperature as a chevron stack
with 1200 V across each plate match within 10%. However, the measurements
of the EDR MCPs revealed that whilst the MCP pair are matched within spec-
ification at room temperature, their resistances diverge at low temperatures. At
13 K one of the plates has a resistance 30% the value of the other. This is an
important discovery for the application of such detectors in cryogenic environ-
ments as matched MCPs are typically operated with a voltage applied across
the whole stack, since they have the same resistance the voltage will be evenly
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divided. If they are not matched, this will not be the case and the applied
voltages per plate will not be optimal for operation. This means that a cen-
tral electrode should be used for all MCPs operated at cryogenic temperatures
to ensure the appropriate bias voltage is applied across the individual plates.
Since this was discovered we have upgraded all MCP detectors in DESIREE
and each MCP is now biased individually.

3.5 Ultra-low resistance MCPs

MCP
z-stack

stepper motor

α-source

mask

screen

Figure 3.4: A photo looking down into the inner chamber of the test chamber
with MCP assembly and a-source mounted.

A less radical idea for achieving lower resistance MCPs was pursued in
collaboration with the commercial MCP manufacturer PHOTONIS. They would
produce a batch of MCPs for us with a lower resistance than available in their
standard commercial range and we would be responsible for testing their func-
tion at cryogenic temperatures. PHOTONIS has extended dynamic range (EDR)
MCPs available in their standard range of products and these typically have a
room temperature resistance in the 107W range. As described in Section 3.1 the
conductive and emissive properties of a lead glass MCP result from the semi-
conducting surface layer of the channels. The semiconductor surface is pro-
duced by treating the lead glass substrate in a high temperature hydrogen rich
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environment. Glass containing lead becomes electrically conductive after sev-
eral hours reduction in hydrogen at high temperatures ⇠ 335�400� C [30; 31].
The reduction reaction (PbO+H2 ! Pb+H2O) results in an electrically con-
ducting surface layer with lead atoms serving as the centres which provide the
electrons. The conductive layer is dependent on the percentage of reducible
oxide present in the glass (conduction increasing as oxide levels increase) as
well as the reduction temperature and processing time [30]. The resulting vari-
ance is due to the distances between the conducting particles; more widely
spaced Pb particles naturally leads to lower conductance.

PHOTONIS’ standard MCPs can be purchased with two different dynamic
range grades: standard and extended dynamic range (EDR). The dynamic
range is limited by the bias current which is a function of the resistance of
the MCP. PHOTONIS advertises the EDR manufacturing option increase the
detection limit by typically a factor of ten [16] ie. an order of magnitude lower
resistance. The difference in manufacture between the standard and EDR op-
tions is the time the MCPs are processed in the hydrogen environment.

To obtain ultra-low resistance MCPs PHOTONIS planned to extend the hy-
drogen reduction processing time. A single batch would be processed in this
way. To limit the risk of ending up with unusable plates due to producing too
low a resistance or unexpected negative traits, it was agreed to aim to produce
MCPs with a resistance an order of magnitude lower than EDR MCPs (two
orders of magnitude lower than standard MCPs). This was a resistance target
PHOTONIS was confident could be achieved and such MCPs would result in
a significant improvement to deadtimes experienced in DESIREE. Due to the
ultra-low resistance of the plates they can not be operated at room temperature
and PHOTONIS could therefore not test them in operation.

PHOTONIS delivered twelve 40 mm active area MCPs for testing (MCP
40/12/10/8 I 46:1), and – if they proved functional – instalment into the FD,
RAES and RAEA detector assemblies of DESIREE. Since these MCPs were
exposed to the hydrogen processing as a single batch, we could expect them to
all have very similar resistances. Rimless plates, that have pores all the way to
the edge and do not have an outer solid glass rim, are used for cryogenic tem-
peratures as they are less vulnerable to the stresses put on them when cooled
and are less likely to crack.

Nine of the ultra-low resistance MCPs were tested using the test chamber.
Assemblies with the same MCP stacking configuration, signal readout and sig-
nal processing as used in DESIREE were used in for these tests. This means
the only difference between the DESIREE detector assemblies and the assem-
blies tested here are the MCPs. A MCP holder was used to stack three MCPs in
a z-configuration (independent voltage biasing) with resistive anode encoder.
A temperature sensor was mounted to the MCP holder with a piece of indium
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foil used to make good thermal contact between the sensor and the MCP holder
surface. The MCP holder was mounted to the aluminium mounting plate of the
inner chamber. A photo of the MCP stack mounted within the inner chamber
of the test chamber is shown in Fig. 3.4. An 241Am a-source was located a
distance of ⇠ 2.5 cm in front of the MCP assembly. The a-source emits parti-
cles at a rate of 37 kBq randomly in all directions. The a-source was mounted
to a stepper motor allowing it to be moved horizontally behind a screen which
could be used to block all emitted a-particles. To test the 9 MCPs, 3⇥ MCP
assemblies containing 3 MCPs in a triple stack were tested one at a time in
the test chamber. The test chamber was cooled-down/warmed-up to swap the
MCP assembly mounted in the test chamber.

During the cool-down to test the first MCP assembly the bias voltage across
each plate was slowly increased to a maximum of 700V and the bias current
was recorded, in this way a measure of the resistance as a function of tem-
perature was made. Fig. 3.5 shows the resistance of one of the MCPs within
the triple stack as a function of temperature where the temperature was mea-
sured at the MCP holder. At room temperature, with a bias voltage of only
4 V applied, the MCP has a resistance of 4 MW, the resistance increases with
decreasing temperature, increasing very quickly as the temperature drops be-
low 100 K and at the lowest temperature of 18 K a resistance of 2.0±0.4 GW
is recorded. There are some small bumps in the data curve, this occurs when
the voltage was increased by a large step (100 or 200 V) and the bias current
flowing through the MCP takes some time to stabilise.

Figure 3.5: The resistance of a ultra-low resistance MCP as a function of tem-
perature. The temperature (at the MCP holder) and bias current were measured
during a cool-down of the test chamber. The small bumps in the data are due
some short term instability when the bias voltage is increased, the voltage in-
creased are indicated by the grey lines.
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The resistances of the 9 ultra-low resistance MCPs were measured at room
temperature with a very small applied voltage and were found to range between
3.9±0.1MW and 5.5±0.1MW. The ultra-low resistance MCPs were found to
successfully count particles at cryogenic temperatures; with the a-source fully
exposed a count rate of ⇠1500 counts/sec was recorded and the dark count rate
was found to be 14 counts/sec.

When the last MCP assembly was installed for testing we wanted to in-
vestigate the readout system of the assembly and check that these MCPs were
able to provide position information. An aluminium plate with holes made in a
distinctive geometrical pattern (see Fig. 3.6) was placed directly in front of the
MCP assembly, this provided a mask for the MCP and allowed us to investigate
the position information from the detector assembly. The right hand image in
Fig 3.6 shows the image generated from the four corner readout of the anode.
The positions are determined by comparing the amount of charge arriving at
the four corners of the anode. The photo of the mask shown in the left hand
side of Fig 3.6 has a blue square marking the region of the mask corresponding
to spots of the MCP read out image. An MCP of this assembly was measured
to have a resistance of 5.5±0.1 MW at room temperature and 8.0±0.1 GW at
21 K.

These tests allowed us to conclude that the ultra-low resistance MCPs
were operational in a cryogenic environment with a resistance in the giga-ohm
range, they are able to count particles and provide position information with a
four corner resistive anode readout. At the conclusion of these tests the MCPs
in the FD, RAES and RAEA detector assemblies were exchanged for the ultra-
low resistance MCPs. With a resistance a factor of ten (or more) lower than
the extended dynamic range MCPs they provide a significant improvement to
the maximum count rate of the DESIREE detector assemblies.

The 70 mm MCPs of the ID have, for now, not been exchanged for ultra-
low resistance MCPs - this may be considered at a later date. If MCPs with
even a lower resistance are sought for DESIREE in the future the established
collaboration with PHOTONIS would enable a further batch of MCPs to be
produced with resistance targeting at a resistance another order of magnitude
lower.
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Figure 3.6: LHS: The mask used to provide defined geometric input to the MCP
assembly. RHS: image generated form the four corner anode readout.

32



Part II

Clusters
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4. Clusters

4.1 Introduction

A cluster can be broadly defined as an aggregate of atoms or molecules with
the number of constituents being less than the number required for the matter
to behave as bulk material. The properties of a cluster are dependent on its
size, that is the number of constituents, often not varying smoothly with size.
Clusters may be held together by ionic, covalent, metallic or hydrogen bonds,
or van der Waals forces. There is an overlap in definition of a cluster and a
molecule, choosing which of the two terms to use can at times be arbitrary and
in some cases are used interchangeably, such as for fullerenes. A cluster of a
specific size may have many stable structures.

Cluster research and applications are hugely varied. Clusters are used in
nanotechnology as building blocks for assembling nanostructured materials
[32]. There is interest in using a single C60 as a transistor, and in organic solar
cells [33]. Clusters are of interest to nanotechnology as properties expected
from the corresponding bulk material do not necessarily apply. A cluster com-
posed of non-magnetic elements may be magnetic, a semiconducting material
at some cluster size may exhibit metallic properties [34]. The size dependence
of the properties of clusters makes their study interesting to try to better under-
stand the transition between atomic systems and bulk matter. Cluster studies
involving defined numbers of solvent molecules are used to better understand
condensed phase chemistry [35]. Metal clusters have been used extensively
for several decades as catalysts due to their high surface areas [36; 37]. Due to
differing electronic structures, bulk gold is inert as a catalyst whilst gold clus-
ters have been found to be good catalysts [38]. Clusters play an important role
in the atmosphere, charged clusters in the atmosphere are condensation points
for aerosol formation, which in turn control cloud formation. It is of interest to
understand how they are formed and destroyed when heated and how they sur-
vive interactions with photons [39; 40]. Molecular clusters of the noble metals
show promise in their use as ultrabright, biocompatible labels for imaging and
detection [41]. Often experimental studies make no distinction between cluster
isomers although isomerisation effects can be important, particularly for small
systems [42].
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In this and the following chapters we will discuss the decays of small, hot
atomic metal clusters; aggregates of two to thirteen atoms of silver, copper
or gold. These small, highly excited metallic cluster systems are of partic-
ular interest as their properties are size dependent. Due to their small size,
they do not possess continuous densities of states but have discrete electronic
energy levels. Excited small metal cluster anions can spontaneously decay
via a number of pathways, including fragmentation, electron detachment and
photon emission. The observation of the spontaneous decay of these systems
allows us to probe their structure and energetics. Measurements of the rate
of unimolecular decay, either spontaneous or photo-induced, have been made
in previous studies of metal clusters. Much of this previous work has been
performed in electrostatic storage rings or traps that operate at room tempera-
ture. The residual gas pressure of room temperature storage rings is typically
⇠ 10�10 � 10�11 mbar. In these vacuum conditions the count rate of neutrals
formed from residual gas collisions limits the time the spontaneous neutral
decay can be followed to some tens of milliseconds. The development of cryo-
genic electrostatic ion storage, where residual gas densities are reduced by
orders of magnitude (⇠ 10�14 mbar or lower) has extended the times sponta-
neous decay processes can be followed by many orders of magnitude.

This chapter begins with a theoretical description of the decay processes
and introduces models which can be used to characterise these decays.

4.2 The physics of stored hot metal cluster anions

Let us consider a bunch of hot ions confined by electric fields to transverse
a circular path. These highly excited ions will, with sufficient time, cool by
emitting their excess internal energy to equilibrate with their surroundings, in
this case the ⇠ 13 K ambient temperature of DESIREE. The ions can emit
excess energy through relaxation processes where a photon is emitted or an
electron, atom or fragment is lost from the ion. Sufficiently excited ions may
undergo multiple processes, for instance a cluster anion may evaporatively cool
by emitting an atom and the resulting cluster may be sufficiently energetic to
undergo subsequent fragmentation or electron loss. The loss of an electron,
atom or small cluster from a cluster anion will result in either a change in the
charge or mass of the cluster and as a result it will not be confined by the elec-
tric field. These processes are relatively easy to detect experimentally as they
result in neutral particles and these neutral particles can be detected. The emis-
sion of a photon changes very little other than the internal energy of the cluster
and it is therefore a greater experimental challenge to detect the occurrence
of this process directly [43]. However, observed exponential reductions of the
neutral rates may often be ascribed to radiative cooling processes.
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In the experiments described here the cluster ions are created ‘hot’, in
highly excited states. At this stage we can expect the ions to have a large
amount of energy in electronic modes. This energy is redistributed, partially
or entirely, to the ro-vibrational degrees of freedom typically within tens of
picoseconds [44]. For the scales of our experiment detection time window
(fractions of a ms onwards) we may safely assume all excitation energy has
been completely transferred and redistributed to the vibrational degrees of free-
dom [44].

The vibrationally excited metal cluster anion, (X�
n )⇤, can decay via the

following channels,

(X�
n )

⇤ !

8
><

>:

Xn + e� electron detachment
X�

n�m +Xm, m = 1, ...,n�1 fragmentation
X�

n +hv radiative cooling

Electron detachment and fragmentation require the ions to have an internal
energy greater than the thresholds for these processes, the electron affinity
and dissociation energy. The electron affinity (EA) is the difference in energy
between the ground state of the neutral molecule and the ground state of its
anion. The dissociation energy is the minimum energy required to overcome
the attractive forces holding a fragment to the parent cluster, and is unique to
the loss fragment.

In the experiments presented, the injected X�
n ions may spontaneously de-

cay via any of the energetically available pathways shown above. Decay via
fragmentation and/or electron emission produces a neutral particle which may
be detected as it leaves the ring. The X�

n ions may also decay via electronic,
vibrational and/or rotational transitions. These processes lead to a lowering of
the internal energy of the stored ion while the charge, mass and kinetic energy
remain the same - or very nearly the same. This type of lowering of the internal
energy is always associated with photon emission and is referred to as radiative
cooling. Lowering the internal energy of the ions also lowers the probability
to produce neutrals and thus reduces the rate of neutrals. Typically infrared
photons are emitted on millisecond time scales due to vibrational transitions,
however electronic transitions through a recurrent fluorescence process where
vibrational energy is internally converted to an electronic excitation followed
by photon emission in the visible or near infrared range is also possible [43].

Anions which are sufficiently vibrationally excited, can undergo electron
detachment via vibrational auto-detachment (VAD) in which energy stored in
the vibrational states of the anion is transferred to an electron which can then
detach [45]. On the time scales we observe in our measurements electron
detachment will proceed via vibrational auto-detachment (VAD). The energy
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transferred to the electron must exceed the EA, the binding energy of the elec-
tron. The time required for re-organisation of the energy from the vibrational
modes to a single electronic mode is typically long.

In the following section a qualitative description of neutralisation decay
rate behaviour is presented, this qualitative mathematical description leads to
a 1/t power law. A statistical method, employed to calculate the neutralisation
rate constants and provide a quantitative model description of the decay rate,
is outlined. A brief review of the literature on the decay of cluster anions is
presented.

4.2.1 Quantitative analysis - power law decays

For an ensemble of complex molecules or cluster ions with a broad energy
distribution many initial excited states are populated. A power law results
from the addition of the many different independent exponential decays from
these states, each with a different decay constant. This is true independent of
the neutral particle decay channel, be it electron detachment or fragmentation.

To derive the 1/t power law, let us consider an ensemble of N ions with an
energy distribution g(E, t) of excitation energies E. The total neutral emission
rate is then given by

R(t) = N0

Z
g(E, t)kneutral(E)dE. (4.1)

lf the cluster ions are isolated and their energy is conserved, that is they do not
interact with each other or their surrounds including the absorption or emission
of photons, then the initial distribution, g(E,0) is at time t depleted due to the
loss of the hot clusters from the distribution as they decay via an available neu-
tral producing decay channel. This decay can be described by an exponential
decay with rate constant kneutral(E) and g(E,0) is depleted by e�kneutral(E)t . The
rate is then given by,

R(t) = N0

Z
g(E,0)kneutral(E)e�kneutral(E)tdE. (4.2)

If the initial energy distribution, g(E,0) is broad compare to kneutral(E)e�kneutral(E)t

and changes very slowly then it can be considered constant and pulled out of
the integral. Such that we have a rate,

R(t) µ g
Z

kneutral(E)e�kneutral(E)tdE. (4.3)

This can be re-written to include t in the integrand,

R(t) µ g/t
Z

kneutral(E)te�kneutral(E)tdE. (4.4)
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If kneutral(E)te�kneutral(E)t is strongly peaked at its maximum where kneutral(E)t =
1 it can be replaced by a delta function. Then the rate can be expressed as

R(t) µ 1/t. (4.5)

This is the simplest form of the power law and was first presented and com-
pared to cluster experiments in [46]. In further work it was found necessary to
include a second term to the exponent and the neutralisation rate is written as

R(t) µ t�1+d (4.6)

where d can be positive or negative.
In the above derivation we have considered the cluster ions to be undergo-

ing fragmentation or electron detachment processes only - we need to include
radiative cooling processes. Radiative cooling processes deplete the popula-
tion of hot ions, without the production of a neutral particle, quenching the
power law behaviour. For sufficiently high energy emitted photons the ions no
longer have sufficient energy to decay by the neutral producing process. Given
the small heat capacities of the cluster anions considered in this work, we can
assume all photon emission processes result in the ions having less energy than
these reaction barriers. The neutral particle production rate including radiative
cooling processes is then described by

R(t) µ t�1+d e�t/t (4.7)

where t gives the characteristic photon emission time.
A typical decay curve indicative of power law behaviour quenched by ra-

diative cooling, when plotted on a log-log scale, will follow a straight line at
early times as it exhibits power law dependence, falling off from this linear
trend due to the exponential term describing the quenching by radiative cool-
ing. Power law decays have been reported in a range of cluster studies includ-
ing those of fullerenes and Polycyclic Aromatic Hydrocarbons (PAHs) [47–
49], biomolecules [50–52], SF�

6 [45], small carbon molecules and hydrocar-
bons [53–55], as a few examples. A range of studies of small metal cluster
ions have been made, including [46; 56–59].

Some systems have been found to follow the simplest 1/t power law 4.5
these include, Al�7 and a number of fullerenes C�

n (n = 44,50,76,84) [46].
However, many systems deviate from this simplest form of the power law and
are better described by Eq. 4.6. Small absolute value d ’s of less than 0.1 were
found for a range of amino acids [50] and a relatively small d = 0.2 was found
in studies of the decay of anthracene [49]. Many studies of small cluster sys-
tems, on the other hand, show substantial deviation from 1/t with |d | values up
to 1.
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The power law decay model in its simplest form (Eq. 4.5) makes several as-
sumptions such that it describes an idealised case. Two assumptions about the
system are necessary in the derivation of the simple power law, that the internal
energy distribution of the ions can be considered a uniform energy distribution
and the function kneutral(E)te�kneutral(E)t can be treated mathematically as a delta
function.

The assumption that the energy distribution, g(E), is slowly varying com-
pared to k(E) such that it can be considered to be constant is invalid for some
methods of ion production and for some energy ranges and/or some ions.
In [60] the decay of anthracene as a function of the internal energy distribu-
tion of the ion bunch is explored. A laser is used to excite the ions some time
t into the storage time and the decay rate followed. It is seen that the decay
rate changes for different laser excitation times as the internal energy distribu-
tion of the stored ions is changed on a time scale relevant to the experiment.
A similar conclusion is reached in studies of C�

5 [53]. Studies of ion source
conditions on the decay of SF�

6 [61] show a strong influence on the observed
d and t (Eq. 4.7) as the ions are prepared with different rotational excitation
energies.

Experimental data for many systems show large deviations from the sim-
ple description of Eq. 4.5 and are discussed in terms of Eq. 4.7. When this
equation is used to describe the experimental data the exponential drop off is
typically ascribed to quenching of the decay due to radiative cooling and the
value t is referred to as the characteristic photon emission time. However,
there are examples where there is little evidence to support this explanation
and the drop off may be explained by other factors. The measured decay rates
of Al�4 and Al�5 in [62] could be reproduced by a power law with quenching
model but the exponential quenching behaviour is not attributed to radiative
cooling. It is discussed that the quenching behaviour may be due to the ab-
sence, or significant reduction of the population of the lower energy states. In
that study it is also found the d is dependent on the ambient temperature and
it is suggested the blackbody radiation may assist one or more of the decay
processes. Studies of SF�

6 , which show a power law at t < 5 ms followed by
exponential drop off, reach a similar conclusion supported by calculations of
the rate constant for VAD processes. These calculations show distinct steps as
a function of energy due to the individual vibrational excitations of SF�

6 .

Importantly, a power law description does not allow for any differentiation
between neutral particle producing channels. An understanding of which reac-
tion path dominates would provide greater insight into the structural dynamics
of the cluster anions.
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4.2.2 Method for model calculations

Unimolecular dissociation refers to a dissociation reaction, either electron de-
tachment or fragmentation, in which only a single molecule/cluster is involved
in instigation of the reaction. That means the reaction isn’t prompted by, for
example, a collision with a second particle but rather occurs spontaneously.
There are several theories of unimolecular dissociation, the focus of all theo-
ries is the long time evaporation kinetics. Therefore, it is assumed all excitation
energy of the cluster has been completely transferred and redistributed to all
the nuclear-motion degrees of freedom. This is a reasonable assumption due
to the long time scales we consider for the dissociation process [44].

Here we introduce a method based on a detailed balance approach, also
known as the reversibility principle method. In this method the reverse process
to the evaporation of a particle is considered, that is the attachment of the
evaporated particle to form the parent cluster. The rate of the forward process
is related to that of the reverse process through statistical arguments.

Unimolecular dissociation processes are not only expected to occur on long
time scales but it is expected that they depend strongly on the size of the cluster.
The degrees of freedom of the cluster, a size effect, over which the excitation
energy is distributed will affect the statistical frequency. This is because for a
dissociation event to occur sufficient energy from the vibrational modes needs
to be redistributed to a single mode.

To calculate the total neutralisation rate the rate constants for vibrational
electron auto-detachment and fragmentation processes must be calculated.

The rate constant for vibrational autodetachment is

kVAD (E,e) = 2me

p2h̄3 esL(e)
r(0) (E �Ea � e)

r(�)(E)
, (4.8)

where E is the excitation energy of the anion and e is the kinetic energy of the
departing electron. me is the mass of the electron and a factor of 2 is included
to account for the spin degeneracy of the emitted electron. sL is the Langevin
capture cross section for the attachment of an electron to the neutral cluster (the
reverse process). r0 and r� are the level densities of the Xn neutral product
and initial X�

n anion respectively. The internal energy of the X�
n anion is E, so

the internal energy of the Xn product is this internal energy, minus the electron
affinity (Ea) and kinetic energy of the emitted electron (E �Ea � e).

The Langevin cross section is given by the following formula (in atomic
units),

sL = p
r

2a
e

(4.9)
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where a is the polarisability of the cluster anion and e is the energy of the
electron.

The density of states can be determined using the Beyer-Swinehart algo-
rithm [63]. The algorithm calculates the number of ways a given amount of vi-
brational energy can be distributed among the quantised modes of a polyatomic
molecule, assuming a harmonic approximation for each mode. The algorithm
requires the vibrational energy levels and reaction barriers as input. The vi-
brational frequencies and electron affinities and dissociation thresholds were
calculated using Density Functional Theory (DFT) at the B3LYP/LANL2DZ
level of theory.

The rate constant for a fragmentation process, in which a parent (p) anion
generates a daughter (d) anion when it loses a fragment, can be expressed
analogously to Eq. 4.8 as

kfrag (E,e) =
gµ

p2h̄3 esc
r(d) (E �ED � e)

r(p)(E)
, (4.10)

where E is the excitation energy of the parent, e is the sum of the kinetic
energy release and the internal energy of the emitted fragment. sc is the cross
section for the attachment of the fragment to the daughter anion to give the
parent cluster and µ is the reduced mass of the daughter and the fragment.
r(p) and r(d) are the level densities of the parent (with internal energy E) and
daughter (with internal energy E �ED�e) anion clusters respectively. g is the
degeneracy of the emitted fragment.

The total neutralization rate constant for a single channel, kchannel(E), is
calculated by integrating over the energy, e , of the emitted particle (electron or
fragment)

kchannel (E) =
Z

kchannel (E,e)de.

= Â
i

kchannel (E,ei)de.
(4.11)

where the integral is performed in practice as a numerical sum.
The total neutralization rate constant is the sum of the rate constants for

all relevant channels, i.e. kneutral = kVAD + kfrag where kfrag is the sum of the
rate constants for all possible fragmentation channels, and used in Eq. 4.3 to
calculate the total neutralisation decay rate. These calculations do not include
rotational excitations.

The unimolecular dissociation model presented here uses detailed balance
arguments to provide a mathematical description of the rate constants for elec-
tron detachment and fragmentation processes. This is a simple model where
several assumptions are made. The calculated results are for J = 0 only. This
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approximation is reasonable for the electron detachment process as the leav-
ing electron can only take negligible rotational energy and angular momen-
tum. However, the approximation is crude for the fragmentation processes. A
Langevin cross section is used for the VAD process, which assumes full stick-
ing probability, this approximation overestimates the attachment cross section
so the calculated rate for VAD serves as an upper limit. A geometric cross sec-
tion was used for the monomer/dimer attachment process. This is essentially
an educated guess of the true value. When calculating the vibrational states
anharmonicities were not included and this may lead to an underestimation of
the density of states.
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5. Decay of excited coinage metal
cluster anions

In this chapter experimental studies of the spontaneous decay of internally hot,
small coinage metal cluster anions as a function of their storage time in one
of the DESIREE ion beam storage rings are presented. Cluster systems Ag�n ,
n = 3�7, Cu�n n = 3�6 and Au�n n = 2�13 are presented in Sections 5.2, 5.3
and 5.4 respectively. The spontaneous decay of Ag�n and Cu�n are presented
in Papers I and II respectively. The Au�n experimental studies were performed
recently and are currently being prepared for publication.

5.1 Experimental methods

e-Ion injection
RAES

Neutrals

Glass
plate

Figure 5.1: A schematic of the symmetric ring of DESIREE.

A detailed description of DESIREE is provided in Chapter 2. Here ex-
perimental details specific to the spontaneous neutral decay experiments with
metal cluster anions presented in this chapter are outlined. For further exper-
imental details specific to the metal system see Paper I and II. The SNICS II
caesium sputter ion source was used with a cathode containing the relevant
metal to sputter small metal anions of silver, copper or gold. This ion source is
known to produce ions with a broad range of energies in highly excited rota-
tional and vibrational states. This technique produces anions of many masses.
These anions are accelerated to 10 keV and a 90� bending magnet is used to
select ions of a specific mass. A size specific X�

n (X=Ag, Cu, Au) ion beam
was injected into the symmetric ring of DESIREE. Neutral particles produced
in the outer straight section of the ring were counted using the RAES detec-
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tor assembly. The neutral yields were recorded by accumulating over many
(hundreds/thousands) of measurement cycles.

The neutral yield for clusters were measured using time windows from
100 ms up to 1000 s. For measurements that cover many tens of seconds sev-
eral time windows were used. A low current of a few pA was used for the
shortest measurement windows of 100 ms. Using a low current prevents satu-
ration of the detector and minimises loses due to ion-ion interactions. A higher
current of a few nA was used for longer time windows where the signal rates
per molecule were much lower, the early time data for these measurement win-
dows is affected by saturation and these time regions are not included in the
final data set. The data sets where different ion currents and measurement
windows were used were combined as described in Section 2.4. The first few
data points of the measurement yields are the sum of the counts from an ion
bunch making a single pass of the ring, data for all later times is binned to
give equidistant data points on a logarithmic scale (i.e. the bin widths increase
linearly with time). The neutral particle yields presented are shown as a func-
tion of time after the ions are formed in the source (time-zero). While the
true time-zero is of no consequence for the well-known case of an exponential
decay, this is not the case for power-law decays. The recorded time of a hit
on the neutral detector is corrected for the time-of-flight of the ion from the
ion source to the middle of the straight section. That is, the time for an ion to
travel from the ion source to the straight section of the ring, where a neutral
particle from a decay event may be produced, is calculated and added to the
times neutrals are detected.
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5.2 Ag�n n = 3�7 Results

5.2.1 Experimental results

Ag�6 and Ag�7

Figure 5.2: Neutral particle yield from stored beams of silver clusters Ag�6 and
Ag�7 as a function of time. A power law with an exponential cut off is fit to the
data. Figure adapted from Paper I.
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The Ag�6 and Ag�7 neutral particle yields are shown in Fig. 5.2 for up to 100 ms.
The decay curves for both these anions show similar behaviour, a power law
at early times is followed by an exponential drop-off at later times. This type
of behaviour is typical of a ensemble of cluster anions with a broad internal
energy distribution decaying by electron detachment or fragmentation as dis-
cussed in Chapter 4. The quenching of the neutral particle emission is likely
to be due to radiative cooling processes. Eq. 4.6 describes this behaviour and
fits to the data are shown on Fig. 5.2 with the d and t values indicated. The
|d | values are moderate in magnitude. Exponential drop-off times of 23±4 ms
and 110±60 ms were found for Ag�6 and Ag�7 respectively. Previous studies
of small silver clusters [46], performed in the room temperature ring ELISA,
report characteristic cooling of times of ⇠5 ms and ⇠100 ms for the Ag�6 and
Ag�7 anions respectively.

The characteristic cooling time reported here for Ag�6 is significantly longer
than the previously reported value. We are, however, confident that our result
is correct and it is very hard to imagine any systematic effect that could make
the measured exponential decay rate 4 – 5 times slower than the real intrinsic
decay. In ref. [46] no data is shown for the Ag�6 decay. It is only stated that
Ag�6 and Ag�4 cool with a characteristic time of about 5 ms, which is not what
we find in these anions.
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Ag�4 and Ag�5

Figure 5.3: Neutral particle yield from stored beams of silver clusters Ag�4 and
Ag�5 as a function of time. Fits to the data are shown. Figure adapted from Paper
I.

The neutral particle yields from stored Ag�4 and Ag�5 ion beams are shown in
Fig. 5.3. The decay curves for these anion clusters show similarities. They
are steep at early times, changing to a less steep slope over the time range
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of a few hundred milliseconds, then bending downwards reaching an almost
constant level. The almost constant tail at long times is due to the cool, stored
ions colliding with residual gas and shows the upper time limit to which the
decay can be followed for these ions at the current operational conditions of
DESIREE.
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Figure 5.4: Yrast plot for Ag�4 . Shown are the calculated relative excitation
energies (blue lines) and corresponding electron detachment limits (black lines)
as a function of angular momentum J. The fragmentation limits are shown as red-
dashed lines. The excited vibrational states, which will extend from the lowest
state for each structure are not indicated. Figure adapted from Paper I.

The steep part of the curves, at short times, follow power laws of the t�1+d

kind (Eq. 4.6) with large |d | values. The slope then changes and the decay is
quenched, this part of the curve follows a quenched power law (Eq. 4.7). A
function of the form

R(t) = at�1+d1 +bt�1+d2e�t/t +C (5.1)

is used to fit the data and shown on Fig. 5.3. The values of the fit parameters,
d1, d2, t are indicated on the figure. The slow decrease of the beam at long
times due to residual gas collisions is fit with the constant C. This type of two
component power law suggests there are two populations of ions in the cluster
ion beam. A similar two component power law decay is seen in the measured
decay of small copper cluster ions presented in Section 5.3.

In previous measurements of small silver clusters the decay of Ag�5 was
followed to 50 ms and a single power law with no deviation was observed over
this time range. Qualitatively the present and previous measurements agree
well, however, the |d1| found in the previous measurements was found to be
less than 0.1. In these studies conducted in 2001 by Hansen et al. it was
reported that the decay of Ag�4 followed a power law with an exponential cut-
off time of t = 5 ms, this exponential cut-off was ascribed to radiative cooling.
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This is inconsistent with the present measurements, where we do not observe
a exponential cut-off until much later in time with a time constant of t = 1.1 s.

To better understand the link between the observed decay and the structural
properties of Ag�4 the energy barriers for fragmentation and electron detach-
ment were calculated as a function of the rotational angular momentum. Due
to the nature of the ion source production we can expect the anions to be in
highly excited rotational and vibrational states. The electron detachment and
fragmentation limits were calculated for the stable structures of Ag�4 using
DFT. The relative excitation energies, fragmentation and electron detachment
limits as functions of J(J + 1), where J is the rotational angular momentum
quantum number for Ag�4 were calculated and are shown in Fig. 5.4. The lin-
ear, Y-shaped and rhombic isomer structures of the Ag�4 anion are shown in
Fig. 5.4. The lowest electronic and vibrational states as a function of J are
shown in blue in Fig. 5.4. The excited vibrational states are not shown but
extend upwards in energy from the lowest state for each structure. The frag-
mentation limits for loss of a neutral Agn, n = 1� 3 are shown as red dashed
lines. The black lines indicate the lowest two electron detachment limits. The
monomer and dimer loss fragmentation limits are lower than the electron de-
tachment limits for all J values shown in Fig. 5.4. This suggests that the frag-
mentation channel is important. The unusual shape of the decay curve and the
calculation of the reaction barriers prompted calculations of the fragmentation
and electron detachment reaction rates. These calculations and their results are
discussed below in Section 5.2.2.
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Ag�3

Figure 5.5: Neutral particle yield from stored beams of silver clusters Ag�3 as
a function of time to 1 s. The two lines are power laws where d1 = 0.40 and
d2 =�0.07.

The measured neutral particle yield from stored Ag�3 cluster ions as a function
of storage time to 1 s is shown in Fig. 5.5. The neutral yield changes shape
at around 10 ms. At early times the decay approximately follows a power
law with an exponent of �0.60, while later it still follows a power law, but
now with an exponent of �1.07. We are able to follow the signal up to one
second after injection without being dominated by neutrals from residual-gas
collisions and we can establish that the decay curve at longer times is really a
second power-law and not of the, often observed, power law with exponential
cut-off form.

The electron detachment and fragmentation limits were calculated for the
stable structures of Ag�3 using DFT, and the relative excitation energies, frag-
mentation and electron detachment limits as functions of J(J +1), where J is
the rotational angular momentum quantum number for Ag�3 were calculated
and are shown in Fig. 5.6. The energies of the two silver trimer anion isomers
in their vibrational ground states as a function of J(J + 1) are shown as solid
blue lines. The lower line is for the linear structure and the upper line for the
triangular Ag�3 form. Corresponding electron detachment limits (solid black
lines) are shown. The lower of the electron detachment limits corresponds to
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Figure 5.6: Yrast plot Ag�3 . The calculated excitation energies (blue lines) of the
stable structures of the trimer anion at the lowest vibrational level as a function of
rotational angular momentum J. The corresponding electron detachment limits
(black lines) and fragmentation limits (red dashed lines) are indicated. The ex-
cited vibrational states, which will extend from the lowest state for each structure
are not indicated.

the linear anion; upon loss of the electron the molecule’s shape changes bend-
ing to a 145� angle. The upper electron detachment limit corresponds to loss of
an electron from the triangular anion but it should be noted that this structure
is not stable. The fragmentation limits are shown as red dashed lines and these
limits lie below the lowest electron detachment limit for the full range of J
shown here. The energy difference between the fragmentation and detachment
limits increase with J. In view of these calculations it is likely that fragmen-
tation is an important channel in the decay of excited silver trimer anions and
possibly the change in shape observed in the Ag�3 decay is due to competition
between the fragmentation and electron detachment processes.

Whilst we propose electron detachment and fragmentation dominate in dif-
ferent time ranges of the experiment explaining the unusual shape of the ob-
served decay curve, we can not rule out other explanations. Ag�3 , with only
three atoms will have a small number of vibrational degrees of freedom. From
studies of SF�

6 [45] we know the shape of the decay curve may change when a
number of degrees of freedom become energetically unavailable and are frozen
out. A possible explanation for the shape-change in the observed decay rate
could thus be the low density of states in Ag3 available close to the electron
detachment threshold. As the ion ensemble looses the hottest ions, some of the
vibrational degrees of freedom will become unavailable. It is possible that a
single degree of freedom becomes unavailable slowing the neutral rate in such
a way that the decay follows a different decay shape after this time.
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5.2.2 Calculations

Calculation specifics

The rate constants for vibrational autodetachment and fragmentation of the
Ag�4 and Ag�5 clusters were calculated using the detailed balance method out-
lined in Chapter 4. To calculate the rate constant for VAD using Eq. 4.8 the
Langevin capture cross section was calculated for both cluster sizes using a
polarisability of 15.8 Å3. This value is the polarisability of Cu�4 taken from
reference [57] where it was extrapolated from experimental data for larger
copper clusters. This value was used in preference to a calculated value as
there has been discrepancies between calculated and experimental values for
the larger cluster sizes and currently no experimental values are available for
the smaller clusters. This value was used as we can expect the value to be sim-
ilar for similarly sized metal clusters. The Langevin cross section assumes full
sticking probability so is the upper limit of the true cross section value. For
the fragmentation calculations a geometric cross section, sc =1 Å2, was used
in Eq. 4.10.

The harmonic vibrational frequencies, electron affinities and dissociation
thresholds were calculated using DFT at the B3LYP/LANL2DZ level of the-
ory. The electron affinity and dissociation thresholds for monomer and dimer
loss for Ag�4 were calculated to be 1.72, 1.08 and 1.43 eV respectively and
2.01, 1.66 and 1.20 eV for Ag�5 respectively. These values were used to calcu-
late the level densities using the Beyer-Swinehart algorithm[63].

In Eq. 4.10 g is the degeneracy of the emitted fragment. A value of 2 was
used for the fragmentation of monomer/dimer calculations. As the ground state
of atomic silver is a spin-1/2 state so the degeneracy is 2. For dimer emission
the spin degeneracy could be 1 or 3 depending on whether the dimer is in a
singlet or triplet state. Here we used a rough average value of 2, remembering
that other crude approximations have already been made.

Furthermore, it should be noted that for all of the decay processes, the
lowest-energy-isomer anion to the lowest-energy-isomer neutral was the only
route considered. For example when calculating electron detachment from
Ag�4 , the linear Ag�4 and rhombic Ag4 structures were used, see Fig. 5.4. This
is not likely to be a realistic representation as the ions are excited and likely to
be free to interconvert between different isomers.
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Calculations results and discussion

Figure 5.7: The calculated rate constants for Ag�4 and Ag�5 for vibrational au-
todetachment (VAD) and fragmentation processes as a function of the internal
vibration energy of the anion. The grey shaded area indicates the rate constants
that correspond to the experimental time window. Rotational excitations are ne-
glected in these calculations. Figure from Paper I.

The calculated rate constants for electron detachment and fragmentation re-
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sulting in the loss of a monomer or dimer fragment as a function of vibrational
energy of the parent cluster are shown in Fig. 5.7. In these calculations rota-
tional excitations are neglected. The grey shaded area of Fig. 5.7 indicates the
rates that correspond to the time window of the experiment. It should be noted
that in this grey shaded area the curves are very, very steep ie. the rate constant
changes four or more orders of magnitude with a very small change in initial
vibrational energy.

This means for Ag �
4 the calculated rate constants indicate that monomer

loss is the dominant process at all experimentally observed times and the neu-
trals detected in the measurement are silver atoms from this dissociation pro-
cess. Similarly, the calculated rate constants for Ag�5 indicate a single frag-
mentation channel dominates in the experiment time window, however, in this
case it is loss of the dimer that dominates.

The neutral rates are calculated using the rate constants shown in Fig. 5.7
and Eq. 4.3. Fig. 5.8 shows a comparison of the calculated neutral rates to the
experimental data. The upper panel of Fig. 5.8 shows the calculated neutral
rate for Ag�4 reproduces the slope of the data at early times, but then decreases
much faster than the measured rate. As for Ag�4 , the calculated neutral rate for
Ag�5 reproduces the first steep part of the measured neutral particle emission
rate (lower panel Fig. 5.8). The ‘knee’ observed in the data is reproduced,
at least approximately, in the calculations but there are significant differences
between the experimental data and calculations at the long times, even though
this deviation is far less dramatic than in the case of Ag�4 .

The neutral yield of particles from Ag�4 and Ag�5 both follow a t�1+d de-
cay with steep slopes (large negative |d | values). Large |d | values have been
reported in the literature for other small systems and is often attributed to the
initial energy distribution of the cluster ions being insufficiently broad. Here,
the calculated neutral rates assume a constant value for the initial energy dis-
tribution and reproduce the early steep parts of the curves. This allows us to
conclude that the large d values are not due to the initial energy distribution of
the ions but some intrinsic property of the cluster anions.
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Figure 5.8: Comparison of the experimental neutral yields from the stored Ag�4
and Ag�5 anions with the calculated neutral yields (blue lines) with no radiative
cooling included and where rotational excitations have been neglected.
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5.3 Cu�n n = 3�6 Results

Figure 5.9: Neutral particle yield from stored beams of copper clusters Cu�n
n = 3�6 as a function of time. Fits to the experimental data are shown as black
dash-dot lines. Calculated rates of the neutral particle yield from VAD processes
for Cu�3 and Cu�4 are shown as blue lines.

Fig. 5.9 shows log-log plots of the neutral particle yields for Cu�n n = 3� 6.
The decays of anions are followed to different times, with the Cu�6 neutralisa-
tion rate followed to 1 s and the Cu�4 neutralisation rate followed to 100 s. The
rate constant for the VAD channel was calculated for Cu�4 as per the method
described in Section 4.2.2 and the neutral decay rate due to this decay channel
(R(t)VAD) is compared to the experimental data in Fig. 5.9. The same value for
the Langevin capture cross section value used for the silver clusters was used
in the calculation of the VAD rate for copper clusters. The harmonic vibra-
tional frequencies and electron affinity for Cu�4 were calculated using DFT at
the B3LYP/LANL2DZ level of theory. The electron affinity of Cu�4 was found
to be 1.37 eV.

Fig. 5.10 shows the neutral yield from stored Cu�3 ions to 1000 s. This fig-
ure illustrates two important aspects of the experiments. Firstly, the need for a
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Figure 5.10: The observed neutral counts up to 1000 s from stored Cu�3 . The
dash-dot line is a fit to the long time exponential decay - this is the ion beam
storage lifetime.

low residual gas density. The long times to which the spontaneous decay can
be observed is only possible due to the low residual gas density of DESIREE.
Secondly, that the observational time window is much shorter than the beam
storage lifetime. Here, we observe the neutrals produced as the ions cool. At
⇠ 1 s we hit the limit for observation as the neutral counts from residual gas
collisions drown out the signal from spontaneous decays which we are inter-
ested in. The neutral counts due to residual gas collisions follow an exponential
decay and Fig. 5.10 shows a fit made to this decay. It can be seen that the beam
storage lifetime is a few hundred seconds. The fit also illustrates that the neu-
trals produced due to residual gas collisions is orders of magnitude lower than
the neutral rate at earlier times and therefore its contribution is negligible at
these earlier times.

The shape of the decay curve at early times is seen more clearly in Fig. 5.9
which shows the neutral yield from the stored Cu�3 ions to 1 s only. The mea-
sured particle yield from stored Cu�3 clusters shows a similar shape to that of
Ag�3 . The decay follows a power law at early times, changing shape to follow
a power law with a steeper slope at later times.

The change from a power law with one slope to a power law with a different
slope could be explained by the small number of degrees of freedom of the
trimer which leads to a low density of states close to the electron detachment
threshold. As the ions cool, the excitation energies are reduced and vibrational
degrees of freedom will no longer be accessible. It is possible that a single
degree of freedom becomes unavailable, slowing the neutral rate in such a way
that the decay changes shape at this time. The decay will still follow a power
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law, but with a different slope, as not all vibrational states are frozen out at the
same excitation energy within the observable measurement window. A similar
explanation is proposed in studies of SF�

6 [45].
In Paper II the experimental data was compared to a calculated VAD de-

cay rate. Since the publication of Paper II, we have gained further experience
with the calculation method as we performed detailed balance calculations for
VAD and fragmentation for the small silver clusters. We found the calculation
method broke down for Ag�3 , probably due to the small size of the system.
The fragmentation rate calculations for Ag�4 and Ag�5 have also taught us the
importance of the fragmentation channel. There is significant qualitative simi-
larity between the Cu�3 and Ag�3 (and Au�3 as we shall see below) decays and
we now think it is likely that the fragmentation and electron detachment chan-
nels may dominate at different storage times. Planned further experimental
studies which are able to differentiate the decay channels will allow us to de-
termine if the change from one power law to another seen in the trimer systems
is due to change in the dominating decay channel.

The neutralisation yield from the stored Cu�4 anion beam shows a distinct
two component shape. A sum of two power laws each with an exponential
cut off was fit to the data and is shown in Fig. 5.9. Here the two-component
shape is a clear quenching of the early time power law. The calculated rate of
neutrals produced through electron detachment is shown in Fig. 5.9 and there
is fair agreement between the experimental data and calculations at early times.
As previously discussed, the ion source used in this work is known to produce
anions in highly excited vibrational and rotational states. A yrast plot for Cu�4
is shown in Fig. 5.11 where the calculated excitation energies for the stable
structural isomers are shown as a function of the rotational angular momentum
J. The electron detachment and fragmentation limits are indicated. The stable
structures and their electron/fragmentation limits were determined using DFT.
The energies are given relative to the most stable (lowest energy) structure of
the anion at J = 0. The blue and black lines correspond to the vibrational
ground state - the higher vibrational states would extend upwards from these
lines.

If we consider the electron detachment limits for the three structures, the
detachment limit for the linear structure is highest for all J shown here, the
rhombic structure is lowest at low J and then there is a crossing such that the
y-structure is lowest at about J > 400. At around J > 400 the fragmentation
channel is lowest in energy, whereas at lower J values electron detachment is
energetically more favourable and is the lowest channel and at J < 300. If the
rates for fragmentation are non-negligible (in the experimental time window)
then we could expect to see fragmentation dominating at high-J and electron
detachment at low-J. If the fragmentation rates are negligible, then electron
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detachment from the rhombic structure will dominate at low J and electron
detachment from the y-structure will dominate at high-J. In either case the en-
ergetics results in two classes of ions one low-J, the other high-J and these two
classes of ions give the two-component power law behaviour. The exponential
quenching is attributed to radiative cooling.

Cu3
– + Cu

Cu2
– + Cu2

+ e-
+ e-

+ e-

Figure 5.11: Yrast for Cu�4 . Calculated excitation energies (blue lines), electron
detachment limits (black lines) and fragmentation limits (red dashed lines) as a
function of J the rotational angular momentum.

It should be noted that, as we are considering clusters that are so hot that
they are able to fragment, they are not locked in a specific isomeric form.
Rather, they are better described as being liquid. Nevertheless, it is likely
correct that cluster anions with high angular momentum will take the most
extended (linear) form, while low-J cluster anions will be more compact.

A 2016 publication [57] presents the decay of small anionic copper clusters
where the measurements were performed with the cryogenic trap for fast ion
beams (CTF) at the Max-Planck Institute for Nuclear Physics in Heidelberg
with similar ion beam storage conditions as those of DESIREE. The decays
of the Cu�n , n = 4� 7 anions were followed to 1 s and the experimental data
presented agrees with the present DESIREE measurements for all cluster sizes.
Our measured neutralisation decay curves for Cu�5 and Cu�6 with fits are shown
in Fig. 5.9. The two-component behaviour of the Cu�5 is less apparent than the
other cluster sizes and the second component in the Cu�6 case occurs after the
early time power law is quenched significantly. The short time component of
Cu�6 was found to be relatively steep with a d value of �0.28. A large |d |
is often attributed to ion source conditions and the initial energy distribution
of the ions. Further experiments of stored Cu�6 were performed to investigate
if the observed d value was an effect of the initial energy distribution, g(E).
A Cu�6 ion beam was stored for some time, allowing the ions to cool then
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photoexcited with a laser pulse and the immediate decay after this excitation
was followed. Both 850 and 1100 nm wavelengths were used to excite the
ions. It was found the decay after photoexcitation followed a power law with
d = �0.28. Thus it can be concluded that the early time d values are due to
a property of the cluster ions and thus should not be attributed to the specific
production method.
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5.4 Au�n n = 2�13 Results

Figure 5.12: Neutral particle yield from stored beams of gold clusters Au�n n =
2� 7 as a function of time. Fits to the experimental data are shown as black
dash-dot lines.
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Figure 5.13: Neutral particle yield from stored beams of gold clusters Au�n n =
8�13 as a function of time with fits to the experimental data shown.

Fig. 5.12 and 5.13 show log-log plots of the neutral particle yields for Au�n n =
2�13. This data was recorded during a recent experiment week at DESIREE
using the same overall procedure as described above for the copper and silver
cluster anions. At this point no supporting calculations have been performed.
The main aspect, which we want to call attention to, is the striking similarity
of the decay curves to those of the clusters of silver and copper of the same
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number of constituents. The decay from stored Au�2 follows a power law with
exponent very close to �1 for the first ⇠50 ms after which a deviation is ob-
served. The Au�3 neutral decay follows a power law at early times, changing
shape to a less steep power law after ⇠100ms. We have come to expect this
unusual shape for small metal trimer systems and while no fully satisfactory
explanation for this behaviour is offered, it is an interesting observation that
this is a common feature of all three systems considered so far.

The measured neutral decays from stored Au�4 and Au�5 have been fit with
a two component fit of the form of Eq. 5.1, as shown by the dot-dashed line.
The two terms of Eq 5.1 are shown by the dotted lines to clearly show their
contributions to the sum. The early power law behaviour is very steep for both
of these systems. Also here we note the qualitative similarity to the tetramer
and pentamer of copper and silver with the very strong contributions of a sec-
ond contribution dominating the count rate from a few ms after injection and
onwards.

The neutral decays from Au�n n = 6� 13 have all been fit with a single
power law with exponential cut-off (Eq. 4.6). They all have a steeper power
law decay behaviour than a simple 1/t with negative d values ranging from
�0.76 to �0.21. With increasing cluster size the initial power law behaviour
becomes less steep. The Au�6 decay rate shows clear deviation from the dis-
played fit after ⇠20 ms, it is likely that this is the beginning of a second com-
ponent to the decay that is observed in the Cu�6 decay.

To our knowledge, these are the first measurements of the spontaneous
decay of excited gold clusters.

5.5 Conclusions and outlook

Measurements of the spontaneous decay of small silver (Ag�n , n = 3�7), cop-
per (Cu�n , n = 3� 6) and gold (Au�n , n = 2� 13) cluster anions have been
presented. Due to operation at cryogenic temperatures a very low residual gas
density of ⇠ 10�14 mbar is achieved in DESIREE enabling measurements to
long times of seconds and minutes. The spontaneous decay of Ag�n , n = 3�7
were measured to up to 10 s. Previous measurements follow the decay to at
most 50 ms only; the present measurements extend the time range the decay is
followed by several orders of magnitude. The presented decays of hot Au�n ,
n = 2� 13 clusters are the only measurements of the decay of gold cluster
anions known to date and span a large range of cluster sizes.

The similarity of the Ag�n , Cu�n and Au�n decays indicate that there is a
structural effect specific to the size but not the metal composition of the cluster.
The decays from stored tetramer and pentamer anions of the metals are quali-
tatively similar. All of these systems show a two component decay behaviour
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with large negative d values for the early time component (d is a measure of
the deviation from 1/t of the found power law t�1+d ). Large |d | values have
consistently been attributed in the literature to ion source conditions which
produce an ion beam without a broad distribution of initial internal energies.
Here we do not attribute the large d values to ion source conditions but to an
intrinsic property of the anions. This conclusion is reached with the support
of calculations of the neutralisation rate which reproduce the early time slope
of the experimental decay curves for Ag�4 and Ag�5 . Further support for this
conclusion is provided from experiments with Cu�6 in which a laser was used
to re-excite the Cu�6 anions and it was found the d values for the initial and
re-excited anions were the same.

The shared shape of the trimer cluster decays, where the decay changes
from a power law to a second power law with steeper slope, has lead us to
believe that electron detachment and fragmentation dominate in different time
ranges for these trimer systems. In addition, calculations of the rate constants
for the fragmentation and electron detachment channels for Ag�4 and Ag�5 pre-
dict that fragmentation is dominating in the DESIREE experimental time win-
dow. We believe further experimental investigations of the decay of hot metal
clusters with 3, 4 or 5 constituents are necessary to allow us to conclude the
dominant decay channel in these systems. In Chapter 6 we present an exper-
imental method that allows direct measurement of fragmentation processes.
A further experimental program is planned using this method to investigate
the decay of hot metal clusters with n = 3� 5. These studies will allow us to
determine if monomer loss, dimer loss or electron detachment are the dominat-
ing process for these systems improve our understanding of the link between
structural properties and neutralisation decay pathways.

In summary, here we have presented studies of small, hot silver, copper and
gold clusters in extreme vacuum conditions. The present measurements repro-
duce general features of earlier measurements performed on Ag�n and Cu�n as
well as other small clusters. In addition, these new measurements provide sev-
eral new pieces to the puzzle – to fully understand the relationship between the
structure and energetics of a hot cluster and its spontaneous decay. The quan-
titative features of the decays of the metals of the same size are remarkably
similar, indicating a structural effect independent of the metal. In prior litera-
ture a 1/t decay behaviour has been seen as the norm and deviation from this
has been attributed to experimental conditions but here we present examples
of substantial deviations from a 1/t behaviour which are intrinsic properties of
the cluster. Further studies will provide greater insight into the link between
structure and decay pathway.
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6. Fragmentation and detachment
of Ag�

2 and Cu�
2

6.1 Initial neutral decay measurements

The spontaneous neutral decay of Ag�2 and Cu�2 were initially measured as
part of the experimental series presented in Chapter 5. These initial measure-
ments are presented here and compared to literature measurements. These
measurements in combination with questions raised from the measurements of
the neutral spontaneous decay of the larger cluster anions of silver and copper
prompted a further experimental project to investigate the decay of the dimer
anions of copper and silver with channel specificity, presented below in Sec-
tions 6.2 and 6.3.

Figure 6.1: Neutral particle yield from stored beams of silver clusters Ag�2 as
a function of time to 100 s. The inset shows the first 100 ms of the measurement.

The Ag�2 neutralisation rate is shown as a function of time on a log-log plot in
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Fig. 6.1 and was observed to 100 s. Over this long time window we observe a
slow decay of the Ag�2 anion beam. A ‘knee’ is observed at ⇠ 100 ms where
the shape of the decay changes. The inset of Fig. 6.1 shows the data for the
first 100 ms where the time bins used are smaller than those used in the main
figure; a 1/t power law is shown.
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Figure 6.2: Comparison of the present Ag�2 measurements and those presented
by Fedor et al. in 2005 [58] show clear agreement. Figure adapted from [58].

Decay of excited silver dimers were previously measured in 2005 by Fe-
dor et al. [58] using the room-temperature storage ring ELISA. The decay of
Ag�2 was followed to 80 ms only. Fig. 6.2 is extracted from Fedor et al. [58]
and adapted to show a comparison of the data from the 2005 study (open black
circles) and the DESIREE data (red circles). In this figure the y-axis is 1/counts
so that the data would follow a straight line if it follows the expected 1/t de-
pendence. The two sets of data show very good agreement. The turn down of
the Fedor et al. data, as plotted on Fig. 6.2, was ascribed to contributions to
the decay from residual gas collisions in ELISA. We can conclusively rule out
residual gas collision effects on the DESIREE data shown in red on Fig. 6.2
as the decay curve is followed significantly further in time to 100 s, as shown
in Fig.6.1. It is likely the ELISA data was not affected by residual gas col-
lisions in the 80 ms time window either and in these early measurements the
very beginning of the ‘knee’ seen in Fig.6.1 is observed.

A power law indicates a continuum of decay constants in the cluster en-
semble. In clusters of greater size it is typically explained by the many degrees
of freedom of the cluster, and energy is thermalised across these degrees of
freedom. Slow unimolecular decays occur as enough energy becomes concen-
trated on a specific degree of freedom. On the other hand, a diatomic cluster
has only a single vibrational degree of freedom, therefore diatomic clusters are
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not expected to undergo thermally induced unimolecular decay on long (µs or
ms) time scales.

In Fedor et al. the measured experimental decay is described to be charac-
terised by a simple 1/t power law. Fedor et al. propose the power law decay
is due to a quasi-continuum of decay constants in the ensemble, which is due
to the population of many levels with very high angular momenta. Such ions
can decay by tunnelling through the rotational barrier of Ag�2 resulting in the
fragmentation process Ag�2 ! Ag� + Ag.

The black line shown in Fig. 6.2 is a time dependence of the neutralisation
decay calculated by Fedor et al. [58] where a decay expression was used which
includes the sum of decays for quasi-bound rotational and vibrational quantum
numbers. This straight line on Fig. 6.2 implies a temporal decay of 1/t type.

Figure 6.3: Neutral particle yield from stored Cu�2 clusters as a function of time
to 1000 s.

If we consider the Ag�2 100 s measurement performed in DESIREE and
shown in Fig.6.1 there is a 1/t decay at early times followed by a change in
shape to a slower power law decay, this could perhaps be seen as evidence of
two types of decay processes. The Cu�2 neutralisation rate, shown in Fig 6.3,
is qualitatively very similar to that of Ag�2 . The data follows a 1/t power
law for the first ⇠ 30 ms changing shape and a similar ‘knee’ is observed at
⇠ 100 ms. The neutralisation rate was followed over a very long time window
of up to 1000 s. The 2005 work of Fedor et al. included decay measurements of
Cu�2 performed using the room temperature storage ring ELISA; the decay was
followed for 15 ms a very short time compared to the present measurement. In
the 2005 measurements the Cu�2 decay follows a 1/t behaviour deviating after
⇠10 ms and this deviation was ascribed to residual gas collisions. As we find
the decay to follow 1/t behaviour substantially longer than 10 ms, it is likely
that the observed deviation from 1/t in the 2005 copper measurements was
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indeed due to residual-gas interactions. Our data shows, however, that there
is an actual deviation from 1/t setting in at t ⇠30 ms not due to residual-gas
collisions and not visible in the former experiment. The very low residual-gas
density allows us to follow the signal for twenty minutes after injection - this
is an extreme time scale.

In both the Ag�2 and Cu�2 (and Au�2 , see Section 5.4) the early time data
follows a 1/t power law, changing shape at ⇠100 ms from these observations
we speculated that the early time decay is due to fragmentation processes and
the second decay shape that begins at ⇠100 ms is due to electron detachment.
However, the neutral measurement presented here do not allow us to discrimi-
nate between the fragmentation and electron detachment channels. These mea-
surements prompted us to perform experiments using a coincidence technique,
where both products of a fragmentation event are detected, to conclusively de-
termine the competition between electron detachment and fragmentation pro-
cesses in Ag�2 and Cu�2 .

6.2 Experimental methods

ID Neutrals

Neutrals
Ions

FD

RAEA

Fragment
ions

Figure 6.4: Schematic of the asymmetric ring of DESIREE with the locations of
the detectors used in these series of measurements. Figure adapted from Paper
III.

The dimer anion production, injection and storage was performed in a sim-
ilar manner to the experiments presented in Chapter 5 so will not be reviewed
here. The experiments presented here differ to those previously presented in
that the asymmetric ring and three detector assemblies (RAEA, ID and FD)
were utilised. Fig. 6.4 shows the DESIREE asymmetric ring; the detectors and
the particles they detect are indicated. Individual hits as a function of time are
recorded on these three detectors.

If we consider the example of an excited Cu�2 anion, it can decay via elec-
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tron detachment or fragmentation. These two destructive processes,

(Cu�2 )
⇤ !

(
Cu2 + e� electron detachment
Cu�+Cu, fragmentation,

result in decay products which can be detected in our experiment: Cu2, Cu and
Cu�. When an electron detachment or fragmentation event occurs in either of
the straight sections of the ring, the neutral particles, which are no longer con-
fined by the electric fields, continue in straight line paths and may be detected
by the neutral detectors at the end of these straight sections (RAEA or ID).
When a fragmentation event occurs in the straight section before the ID, then
the atomic copper will continue to travel towards the ID and the Cu� will travel
at an angle to the stored beam and may be detected by the FD. By measuring
in coincidence these two products we can directly measure the fragmentation
rate. In this way we measured the neutral and coincidence yields from the
spontaneous decay of stored Ag�2 and Cu�2 for up to 10 s. Experimental stud-
ies which directly measure the competition between the decay pathways in
small metal clusters are very limited. We are aware of only a single such study
where the decay of Al�4 was studied using an electrostatic ion beam trap [64].

6.3 Results and discussion

Figure 6.5: Neutral yield (�), neutral yield where the measured dark count rate
has been been subtracted (•) and coincidence yield (•) of stored Ag�2 for up to
10 s. The blue line is a t�1.05 power law. Figure from Paper III.

Fig. 6.5 and 6.6 show the neutral particle and coincidence yields from stored
Ag�2 and Cu�2 ion beams. The data has been binned into linearly increasing
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Figure 6.6: Neutral yield where the dark count rate has been been subtracted (•)
and coincidence yield (•) of stored Cu�2 for up to 10 s. The blue line is a t�1

power law. Figure from Paper III.

time bins for clearer display on the log-log plots. The neutral yield shown here
is as measured using the RAEA detector. One would expect that the counts
on the ID and RAEA would agree with each other, once open area detector
efficiencies have been accounted for. We found this not to be the case in these
measurements at longer storage times. We believe this is due to a systematic
error associated with the ID efficiency when detecting particles close to the
centre of the detector 1. For this reason the RAEA detector counts were used
for the neutral count rate. The RAEA detector dark count rate, measured prior
to ion injection and found to be ⇠ 6 counts per second were subtracted from the
neutral rate. The effect of this background subtraction can be seen on Fig. 6.5
where a comparison of data before and after background subtraction is shown.

A time gate was used to select the counts on the ID and FD due to the
same fragmentation event. Fig. 6.7 shows a histogram of the difference in
arrival times of Ag and Ag� from fragmentation of Ag�2 . A significant advan-
tage of the coincidence measurement and signal time gate is that the resulting
coincidence rate is essentially free from a dark-count rate background. This
dark-count rate background was measured and found to be insignificant for all
storage times considered here at less than 2⇥10�3 counts per second.

The only further background effect that needs to be considered is collisions
of the stored dimer anions with the residual gas background. Fig. 6.3 shows
the measured spontaneous neutral decay of Cu�2 to 1000 s. In this very long

1The imaging detector (ID) is the only detector assembly that was not upgraded to
have ultra-low resistance MCPs.
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Figure 6.7: A histogram of the difference of arrival times of Ag and Ag� from
fragmentation events of Ag�2 . Figure from Paper III.

measurement window we can see the beginning of the effect of residual gas
collisions after several hundred seconds; the deviation from a straight line at
⇠400 s due to the exponential decay from residual gas collisions. This shows
us that for the shorter measurement window data here of 10 s residual gas col-
lisions are negligible.

To directly compare the neutral yield and coincidence yield, which are
recorded using different detectors with different efficiencies, the data sets were
divided by the relevant detector open-area ratios of the microchannel plates.
For the fragment (FD) and resistive anode (RAED) detectors the open-area
ratio is 0.45 whilst for the imaging detector (ID) 0.55. The y-axis shows the
counts per second of storage time, that is the total counts recorded have been
divided by the number of storage cycles. This makes it easier to compare the
later stated background rates to Fig. 6.5 and 6.6.

In Fig. 6.5 and 6.6 the neutral yield where the detector dark count back-
ground has been subtracted (•) and the coincidence yield (•) up to 10s are
shown for silver and copper respectively. A simple power law is shown by the
blue line. The figures show the curves are very similar for both metal dimers.
For the first ⇠ 20 ms the neutral and coincidence count rates agree; in this time
range the neutral count rate is dominated by fragmentation events. The curves
then separate and the neutral count rate is higher than the coincidence rate for
further times up to 10 s; in this time range electron detachment events domi-
nate. The early time data, substantiates the explanation of the observed power
law behaviour proposed by Fedor et al. [58]. However importantly, our abil-
ity to follow the rates to long times and experimentally separate the electron
detachment processes shows the presence, and in fact dominance, of electron
detachment events at longer times.

The electron vertical detachment energies (VDE) are smaller than the frag-

73



mentation energies (D�) for Ag�2 and Cu�2 . W ith V DE = 0 .8 8 ± 0 .0 2 eV and
D� = 1 .6 2 ± 0 .0 2 eV for Cu2 and V DE = 1 .0 6 ± 0 .0 2 eV and D� = 1 .3 7 ±
0 .0 2 eV for Ag2 [ 6 5 ] . This means that highly vibrationally excited dimers, in
low rotational states, are able to decay via vibrational autodetachment (V AD),
while they are stable against fragmentation. The observation of the neutral
count rate being higher than the fragmentation rate at longer times must be
due to V AD processes occurring by such dimers that do not have enough en-
ergy to fragment by the tunnelling process but enough energy to overcome
the vertical detachment energy barrier. Here it is important to note that angular
momentum conservation prevents the dimers from exchanging energy between
their vibrational and rotational degrees of freedom. The ions in high rotational
levels that can fragment through tunneling and those in high vibrational lev-
els but with lower angular momenta that contribute the V AD signal are two
separate classes of ions. A third class of ions exist that cannot decay by either
mechanism, but will remain stored in DESIREE until eventually colliding with
a residual-gas molecule.

!"#$%&'()*+&+,-*

Figure 6.8: U pper panel: Neutral yield (•) and Ag� yield (+) from a stored
1 0 keV Ag�2 ion beam as a function of time after inj ection up to 1 0 s. Lower
panel: Ratio of the neutral and fragment count rates (left y-axis). The branching
ratio for fragmentation (right y-axis).

The upper panels of Fig. 6 .8 and 6 .9 show the count rates from the neu-
tral (RAEA) and anion (FD) detectors. As described in Section 2 .3 , these two
detector assemblies are equivalent and as such no detector efficiency normali-
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Figure 6.9: U pper panel: Neutral yield (•) and Cu� yield (+) from a stored
1 0 keV Cu�2 ion beam as a function of time after inj ection up to 1 0 s. Lower
panel: Ratio of the neutral and fragment count rates (left y-axis). The branching
ratio for fragmentation (right y-axis).

sation is made. Only the dark count background rate has been subtracted. The
lower panels of Fig. 6 .8 and 6 .9 show the ratio of the counts from the neutral
and anion detector and show the branching ratios of the fragmentation to V AD
process. The y-axes to the right of both lower panels are the fraction of decays
due to fragmentation when we assume that the constant ratio of 0 .9 found be-
tween the count rates for both systems for t < 1 0 ms is the ratio of the detection
efficiencies of these two detectors.

Experiment of this style, that allows direct measurement of the competition
between available reaction channels are critical to further developing statisti-
cal models which typically are poor at predicting the decay behaviour of these
small cluster systems. W e are proposing new experiments in DESIREE apply-
ing this method to trimers, tetramers and pentamers as well.
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7. Decay and stability of carbon
dianions

Carbon containing molecules are abundant in space and believed to be inte-
gral to the chemistry within interstellar media. Both positively and negatively
charged ions exist within space and are likely to be important instigators in re-
actions. Carbon containing anions such as C4H�, C6H�, C8H�, CN�, C3N�

and C3N� have been detected [66–71]. Pure carbon cluster anions are also
expected to be important to processes in space but have not yet been detected.
This means there is astrophysical interest in studying carbon cluster anions,
however they can be difficult to study due to inherent instabilities. Previous
mass spectrometry studies show that small carbon cluster dianions survive on
microsecond time scales [72–74]. DESIREE provides an ideal environment
to study these systems with low blackbody radiation and very low residual
gas pressures. Here a method to produce and detect carbon dianions (C2�

n ,
n= 7�24) using the DESIREE is presented, followed by studies of the spon-
taneous decay of small cluster dianions (C2�

n , n= 7� 11) and their inherent
stabilities to longer time scales. The work contained within this chapter on
the production and detection of the dianions is included in Paper IV, whilst the
results of storage of dianions in DESIREE are yet to be published.

7.1 Detection of carbon dianions from a sputter ion source

The SNICS caesium sputter ion source was used with a copper cathode with
a solid graphite core to produce carbon cluster anions. This source produces
singly and double charged anions with a range of masses. The ions are pro-
duced ‘hot’ in highly energetic rotational and vibrational states. The produced
carbon anions were accelerated away from the source to 10 keV per unit charge
and the 90� analysing magnet used to select mass-to-charge ratios of the car-
bon cluster anions. Ions with the chosen mass-to-charge ratio are transported
and injected into DESIREE. This means that a mixed beam is injected con-
taining singly charged carbon clusters and doubly charged carbon cluster with
twice the mass. The ions have the same velocity but the singly charged ions
have kinetic energy of 10 keV, whilst the dianions a kinetic energy of 20 keV.
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Figure 7.1: A schematic of the symmetric ring of DESIREE showing only the
electrodes used to generate the dianion mass spectrum. The first 180� bend was
set to allow only 20 keV C�

n anions to pass.

The ions travel approximately 10 m between the low energy platform where
they are produced and the symmetric ring ion injection port of DESIREE. The
time to travel this distance is a few hundred microseconds. Ions which decay
on a time scale shorter than this will not survive to be injected into the ring.
Anions that decay on similar, or longer time scales or are stable are injected
into the ring. For further experimental details see Paper IV.

Unlike the measurements presented in Chapters 5 and 6 of the thesis here
the symmetric ring was not set to store the ion beam but the deflectors were
used in a single pass mode. Fig. 7.1 shows the electrodes of the symmetric
ring used. The voltages of the electrodes that make up the 180� bend between
the two straight sections of the ring were set to allow only ions with kinetic
energy of 20 keV per unit charge. The voltages of the second 180� were set
to zero (the second 180� bend is not shown in Fig. 7.1). With these settings,
only a C�

n (20 keV) from the decay of a dianion (C2�
n (20 keV) ! C�

n (20 keV) +e�)
in the first straight section of the ring will follow the first 180� bend. After
they pass through the 180� bend they will continue straight and be counted
by the imaging detector (ID). By scanning the 90� analysing magnet to se-
lect different mass-to-charge ratios a mass spectrum of dianions was recorded,
which strongly favours dianion species with characteristic times for decay by
electron emission of the order of magnitude comparable to the µs flight times.
While this means that the quantitative spectra recorded should be applied with
caution, this technique allow the detection of minority dianion species in a
stronger anion beam.

The recorded C2�
n mass spectrum is shown in Fig. 7.2. The counts as

detected by the imaging detector are shown as a function of mass-to-charge
ratio. The peaks in the spectrum are assigned to the dianions C2�

n , n = 7�
24. Double the collection time was used for the m/q = 106 u�150 u segment
of the scan. With the ion source and cathode used non-pure carbon clusters
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Figure 7.2: C2�
n mass spectrum. Figure from Paper IV.

will be formed; atoms present other than carbon are limited to Cs, Cu, O and
H. Dianions of mixed atomic constituents are expected at low levels in the
spectrum. As an example, careful examination of the mass spectrum in the
region between C2�

11 to C2�
15 allows us to identify the presence (and decay) of

mixed dianionic species 12C10
16O2�, 12C12

16O2� and 12C8
63Cu2�.

The peaks in Fig. 7.2 are clearly defined and easily assigned to carbon di-
anions between C2�

7 and C2�
17 . At higher m/q the peaks are less well defined

even though the data collection time was doubled for this region of the scan.
This makes it harder to determine if there are mixed dianion species contam-
inating these peaks. A very small peak is observed at the position expected
for 12C2�

6 (labelled with a question mark in the spectrum), however, through
further investigation it was concluded that the recorded signal at m/q = 36 u
was most likely not due to the decay of 12C2�

6 .

It should be noted that the relative peak intensities of the C2�
n mass spec-

trum does not tell us the efficiency by which the dianions are produced in the
source. We are detecting the C�

n produced when C2�
n undergoes electron de-

tachment in the first straight section of the ring. This means the relative peak
intensities are a function of both the electron detachment rate and the sources
production efficiency. The lack of a clear C2�

6 peak does not prove that C2�
6

does not exist as a stable/metastable ion but that with the present ion produc-
tion method we do not detect a signal from its decay; it may be produced but
at insufficient quantities or its lifetime may be too short for our experiment.
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Figure 7.3: A schematic of the symmetric ring of DESIREE showing the frag-
ment detector (FD) used to detect the C�

n from the decay of C2�
n .

7.2 Carbon dianion decay storage ring measurements

Recently investigations of the stability of carbon dianions were performed us-
ing the symmetric ring to store carbon dianions C2�

n , n = 7� 11 and observe
their spontaneous decay. Through these measurements we could investigate
the lifetimes of these dianions. The short range attractive nuclear force and
long range electron-electron repulsion result in a repulsive Coulomb potential.
The additional electron is trapped behind the Coulomb barrier and detachment
may proceed through a tunnelling mechanism.

The symmetric ring of DESIREE was used to observe the spontaneous de-
cay of highly ro-vibrationally excited C2�

n , n = 7� 11. The symmetric ring
was set to store ions with energy of 10 keV per charge. Monoanions from
detachment of an electron from dianions (C2�

n ! C�
n + e�) are detected as a

function of time. Fig. 7.3 shows the fragment detector positioned to detect the
C�

n ions from detachment events that occur in the straight section immediately
before the detector. Fig 7.4 shows the measured decay of C2�

8 . We observe
power law decay behaviour until ⇠50 ms where the curve becomes constant.
The power law decay is due to the dianions that have undergone electron de-
tachment in a time frame that is detectable in our experiment. This means
they have been stable for milliseconds before they decay. The constant level
seen after ⇠50 ms is due to stable, stored C2�

8 that occasionally collides with a
residual gas molecule. We have observed similar power law decay behaviour,
slowing to a constant decay due to residual gas collisions for the dianions of
C2�

n , n = 7�11. This means these systems are stable or at least metastable on
time scales of hundreds of milliseconds.

We performed calculations of the vibrational autodetachment using a de-
tailed balance method (see Sec. 4.2.2). Fig. 7.4 shows comparison of the cal-
culated rate to the experimental data. The calculation was performed using
an effective barrier height of 1.85 eV, this is slightly lower than the expected
Coulomb barrier (2.2 eV) and is used to reflect the occurrence of tunnelling
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processes. A constant cross section value of 0.03 Å2 was used. A constant was
added to the calculated rate to mimic the decay of the stored dianions due to
collisions with the residual gas. Further work is currently under way to im-
prove the inclusion of the tunnelling probability in the calculations. This work
will be prepared for publication imminently.

Figure 7.4: Measured yield of C�
8 from the electron detachment of C2�

8 as a
function of time to 100 ms. A calculated rate is shown in blue.
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8. Summary

Investigations into novel low-resistance microchannel plates (MCPs) were made
to improve the counting capability of the DESIREE particle detector assem-
blies. Due to the high resistance of MCPs at cryogenic temperatures, count
rates are severely limited. This limitation on the maximum count rate stems
from the long dead times of MCPs with high resistance at cryogenic temper-
atures. MCPs with a lower than typical resistance were sought to increase
the count rates possible at cryogenic temperatures. Ultra-low resistance MCPs
were developed in collaboration with PHOTONIS. These ultra-low resistance
MCPs were found to have a resistance at room temperature of 3.9 – 5.5 MW
and at cryogenic temperatures 2–8 GW. This is a resistance, at least an order of
magnitude, up to two orders of magnitude lower, than commercially available
extended dynamic range (EDR) MCPs that have been used in the DESRIEE
detector assemblies until this work was performed. The significantly lower
resistance of the ultra-low resistance MCPs at cryogenic temperatures led us
to replace the MCPs within the resistive anode (RAEA, RAES) and fragment
detector (FD) DESIREE detector assemblies with these MCPs. At present the
only particle detector assembly to not have received the upgrade to ultra-low
resistance MCPs is the imaging detector (ID). This assembly may be simi-
larly be upgraded in the future. During the work on low-resistance MCPs, it
was discovered that ‘matched pairs’ of EDR MCPs became poorly matched
when operated at low temperatures. This led to an immediate change in the
way we stack MCPs within DESIREE detector assemblies. From the time of
this discovery onwards, all MCP stacks used at cryogenic temperature were
configured so that the bias voltage is applied independently across each plate.

Measurements of the spontaneous decay from stored ion beams of clusters
of silver (Ag�n , n = 3�7), copper (Cu�n , n = 3�6) and gold (Au�n , n = 2�13)
were made. The spontaneous decay for these systems were followed to long
times of up to 10 s. Two component decay behaviour is observed in many
of the cluster anion systems here studied, indicating two classes of ions are
present. Qualitative similarities in the shapes of the neutral decay rates of the
metal cluster anions of a similar size indicate a size effect; a effect due to the
number of constituents of the cluster rather than the specific metal constituent.
However, it should be noted that whilst there are striking similarities in the
shape of decays for the the similar sized metal clusters the qualitative shape
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similarities do not necessarily occur on similar time scales.
Further investigations, by way of statistical model calculations, were per-

formed for the tetramer and pentamer anions of silver. These calculations in-
dicate that fragmentation is the dominant neutral producing decay pathway
for these ions in the experiment measurement time window. However, these
calculations leave some open questions due to the poor agreement between the
calculated and measured neutral decay rates at loner times. Experiments which
are able to directly determine the fragmentation pathway may be performed in
the future, these would be able to conclusively determine the dominant reac-
tion pathway for these cluster ions.

Measurements of the spontaneous decay of highly excited stored beams
of dimer anions of silver and copper have been detailed. A coincidence mea-
surement was performed to directly measure the two products from fragmen-
tation events. This investigation of the decay with channel specificity allows
us to conclude that the fragmentation events dominate at early times up to
⇠20 ms. Ions with high rotational energy can fragment via a tunnelling mech-
anism. Ions which do not have enough energy to fragment but are highly vi-
brationally excited may decay via vibrational electron detachment (VAD). At
storage times greater than ⇠20 ms we see the total neutral yield deviating from
the fragmentation yield indicating the presence of the VAD processes, with this
process dominating at later times. The VAD process is driven by breakdown
of the Born-Oppenheimer approximation, and can only be identified due to the
very low residual gas density environment of DESIREE.

Experiments that investigate the stability and decay of small carbon clus-
ter anions have been outlined. A method using a caesium sputter ion source
and one of the storage rings of DESIREE, in non-storage mode, to measure a
carbon dianion cluster mass spectrum is described. Recent experiments mea-
suring the storage and decay of small carbon dianions are presented.
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Sammanfattning

Denna avhandling redogör för utvecklingar av och mätningar med DESIREE
(Double ElectroStatic Ion Ring ExpEriment) vid Stockholms universitet. DE-
SIREE arbetar vid kryogeniska temperaturer ⇠13 K med det väldigt låga bak-
grundstrycket ⇠ 10�14 mbar som gör att observation av lagrade joner är möjligt
under tiotals sekunder eller ännu längre. Undersökningar om hur den maxi-
mala räknehastigheten kan förbättras hos DESIREE:s detektorer presenteras.
Mikrokanalplattor (MCP) används för lägeskänslig partikeldetektion i DE-
SIREE:s detektorer. I en kryogenisk omgivning är resistansen hos MCP:er av-
sevärt högre än vid rumstemperatur, och det förminskar den maximala räkne-
hastigheten. Nya MCP-detektorer med låg resistans undersöktes, och detta
resulterade i att MCP:erna i DESIREE:s detektorer ersattes. DESIREE använ-
des för att mäta spontana sönderfallet av små varma klusteranjoner. Sönder-
fallet av små silver-, koppar-, och guldklusteranjoner presenteras och jämförs
med statistiska modellberäkningar. Ett experiment som kan mäta andelarna av
spontana sönderfall som orsakas av fragmentering eller elektronförlust i neg-
ativa silver- och koppar dimerer presenteras, och viktiga, tidigare förbisedda,
elektronförlustsbidrag identifieras. Utöver detta presenteras mätningar av sta-
biliteten och sönderfallet hos små kolkluster di-anjoner. I dessa experiment har
de ovan nämnda lågresistans-MCP:er använts.
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