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Abstract

We have constructed a compact purely electrostatic ion-beam trap, ConeTrap,
which we have mounted inside a double-walled vacuum chamber. In the inner
vacuum chamber, we can obtain ultra-high vacuum (UHV) conditions and
reach thermal equilibrium at well controlled temperatures down to 10 K. The
chamber was constructed partly with the purpose of making high-precision
measurements in ConeTrap, but also as a test-chamber for testing components
(such as the detector-assembly tested and described in this thesis and paper
III) to be used in the DESIREE (Double ElectroStatic Ion Ring ExpEriment)
facility. The latter is a double electrostatic ion storage-ring being constructed
at Stockholm University, in which the conditions are meant to mimic
the environment in the interstellar medium. The interaction between two
oppositely charged ions at very low relative velocities (controlled collision
energies down to 10 meV) may then be studied in a section of the storage
device where the two ion beams merge.

The lifetime of loosely bound electronic systems, for example He−, is, at
room temperature (and even at much lower temperatures), significantly af-
fected by photons from blackbody radiation from the experimental device
and its surroundings. The cryogenic temperature and low pressure obtained
in the test chamber have made it possible to use ConeTrap to make the first
correction-free lifetime measurement of the long-lived J=5/2 fine-structure
level of the metastable 1s2s2p 4Po state of He−. Under the assumption of a
statistical population of the fine-structure levels, at the time when the ions are
created, we have also deduced the lifetimes of the short-lived J=1/2 and J=3/2
fine-structure levels. Furthermore, we have used ConeTrap to measure the
pressure dependent storage lifetimes of He+ and Ar+ ions over wide ranges
of temperatures and pressures, and we have thus been able to store positive
ions with storage lifetimes of tens of seconds.





Sammanfattning

Vi har konstruerat en kompakt jonfälla, ConeTrap, där jonerna lagras
med hjälp av enbart elektrostatiska fält. Vi har monterat fällan i en
vakuumkammare med dubbla väggar, i vilken vi kan uppnå ultrahögt vakuum
(UHV) och termisk jämvikt av hela uppställningen vid väl kontrollerade
temperaturer ner till 10 K. Vakuumkammaren konstruerades dels för
att möjliggöra högprecisionsmätningar i ConeTrap, men också som en
testkammare för att kunna testa komponenter (som t.ex. detektortestet som
jag beskriver i avhandlingen) som ska användas i DESIREE-projektet
(Double ElectroStatic Ion Ring ExpEriment). Detta är ett projekt som pågår
vid Stockholms universitet och där en dubbel elektrostatisk jonlagringsring
byggs. Meningen är att förhållandena i denna lagringsring ska efterlikna de
förhållanden som råder i det interstellära mediet. Vi får då möjlighet att, t.ex.,
studera växelverkan mellan två motsatt laddade joner med mycket låg relativ
hastighet (väl avstämda kollisionsenergier ned till ungefär 10 meV) i en del
av lagringskammaren där de två jonstrålarna överlappar varandra.

Livstiden hos löst bundna elektroniska system, som t.ex. He− , påverkas
vid rumstemperatur (och även vid betydligt lägre temperaturer) avsevärt av
fotoner från omgivningens (experimentuppställningens) svartkroppsstrålning.
Den låga temperaturen och det låga trycket i testkammaren har gjort det
möjligt för oss att genomföra den första korrektionsfria livstidsmätningen av
den långlivade J=5/2 finstrukturnivån av det metastabila tillståndet 1s2s2p
4Po i He−. Under antagandet att de olika finstrukturnivåerna är statistiskt
populerade vid tidpunkten för jonernas skapande, har vi också indirekt fått
fram livstiderna för de två kortlivade nivåerna, J=1/2 och J=3/2. Vi har också
använt ConeTrap för att mäta de tryckberoende lagringslivstiderna för Ar+-
och He+-joner inom ett stort intervall av tryck och temperaturer, och vi har
lyckats lagra joner med livstider på tiotals sekunder.
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1. Introduction

In the years around 1990 the experimental studies of atomic and molecular
ions was revolutionized when a number of magnetic confinement storage
rings were built [1]. These storage rings have the ability to store light
ions at high energies (MeV) where effective electron cooling [2, 3] can
be achieved to produce the cold and narrow ion beams needed in many
types of collision experiments [4]. For example, these devices provide
excellent conditions for electron-ion merged-beams experiments [5], in
which the interacting particles have well controlled low relative velocities.
Alongside the development of these very advanced experimental devices
there were needs for experiments in which neither high energies nor electron
cooling were required. One such example was the lifetime measurement of
the metastable He− ion [6], in which the only experimental requirements
were the storage of the ion beam and the ability to detect neutrals. Many
other experiments followed, which also only made use of ion-beam storage
capabilities and measurement of the decay [7], in some cases also including
interactions between the ions and a laser beam [8, 9]. It was then realized
by several groups that even though a charged particle at rest cannot be
confined by purely electrostatic fields [10], there is nothing that prevents
the storage of a beam of moving ions by means of electrostatic deflectors
and lenses in a magnetic field-free environment. This led to the construction
of several electrostatic ion storage devices for experiments which did not
require high energy ions or electron cooling. Among the first to construct
just such devices were Møller et al. [11] who in 1997 built the storage ring
ELISA (ELectrostatic Ion Storage ring, Aarhus), and Zajfman et al. [12, 13]
who, in the same year, constructed a purely electrostatic ion-beam trap which
was designed much like an optical resonator. Benner [14] built, also in 1997,
a similar device for high-resolution mass spectroscopy of large molecules.
Following these early projects, a significant number of electrostatic storage
devices has been constructed. In Japan two storage rings based on the ELISA
design have been built [15, 16], and the design of the Zajfman trap [12]
has inspired several groups [17, 18, 19, 20, 21, 22] working with atomic,
molecular, and optical physics. A further step towards smaller and simpler
storage devices was taken with the electrostatic ion-beam trap ConeTrap
[23], which has been used in two of the studies described in this thesis.
The ConeTrap design has been adopted by Martin et al. [24], who have
also constructed a table-top mini-ring based on the conical ion-reflectors

15



[25]. Presently, there are three new electrostatic ion storage rings under
construction. In Frankfurt a 7 by 7 meters large device is close to being
completed [26], and in Heidelberg a storage ring of 35 m circumference in
which cryogenic temperatures may be reached, is presently being built [27].
At Stockholm University, a double electrostatic ion storage ring, DESIREE
(Double ElectroStatic Ion Ring ExpEriment), is under construction. In this
storage device it will be possible to study the interaction between oppositely
charged ions at very low relative velocities, and at very low ambient temper-
atures and pressures, similar to the ones found in, e.g., the interstellar medium.

The work presented in this thesis mostly concerns the operation of and ex-
periments with the electrostatic ion-beam trap, ConeTrap, which may be op-
erated at thermal equilibrium at well controlled temperatures down to 10 K.
The main result is the first correction-free measurement of the lifetime of the
metastable He− (1s2s2p 4Po

5/2) ion, which will be described in more detail
in chapter 3 in this thesis. For this experiment, and for tests needed for the
DESIREE project, a cryogenic experimental test chamber was constructed. In
this chamber the conditions, such as pressure and temperature, are similar to
those in DESIREE. The chamber has been used to perform several tests un-
der cryogenic conditions, which are necessary for the choice of materials and
other equipment to be used in DESIREE. Examples of such tests are stepper
motors, for movable parts inside DESIREE, the performance of detectors, and
other material tests. The ion source, the beam line with a charge exchange cell
(where He+ ions from the ion source were converted to He− in sequential col-
lisions with two different Cs atoms), the ion-beam trap, and the test chamber
are described in chapter 2. The measurement of the pressure-dependent stor-
age lifetimes of Ar+ and He+ ions is described in chapter 4, and in chapter
5 I describe a detector test where the performance of a triple-stack micro-
channel plate/phospor assembly is studied under cryogenic conditions. The
detector used in that test is similar (but not identical) to the micro-channel
plate detector used in the He− measurement. Finally, in chapter 6 I give a
more detailed description of the DESIREE project and what the future plans
are in this project.
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2. The experimental techniques
for trapping and cooling of ions in
ConeTrap

The experiments described in this thesis are performed at the Manne Sieg-
bahn Laboratory (MSL) at Stockholm University. At MSL an ion beam-line
has been built, in which ions with a wide mass range can be produced, accel-
erated, and transported. An electrospray ion source is used for the production
of, for example, biomolecular ions, while lighter atomic ions are produced in
a small plasma ion source. In the experiments described here, we make use
of the smaller ion source, the beam-line, and a cryogenically cooled vacuum
chamber with an ion-beam trap. These parts are described in detail in this
chapter.

Figure 2.1: The beam line with the experimental vacuum chamber in the lower left
corner of the picture. Part of the high voltage platform where the ion source is located
can be seen to the right in the picture.
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Figure 2.2: Schematic of the ion source. The gas is let in from the right hand side in
the figure, and the ions leave to the left.

2.1 The ion source
The ions are produced in a high temperature hollow cathode ion source
(Sidénius type) [28, 29, 30] located on a high voltage platform (range up
to 30 kV). The Sidénius ion source is very compact, only about 5 cm long
and with a diameter of 1 cm. Gas of the desired atoms or molecules enters
through one end of the source (cf. figure 2.2) and fills its inner volume. The
front part of the ion source consists of a cathode, which in turn consists of a
spiral-shaped tungsten filament between two electrodes, and an anode (the
parts are separated by insulators as indicated in figure 2.2). All parts have
central openings in order to allow free movement of the particles inside the
source. When a voltage of about 7 V is applied over the filament, a current
of around 25 A heats it and electrons are emitted. These thermal electrons
are accelerated by the positive voltage (typically 100 V) of the anode and
are then able to knock out more electrons from the gas in electron impact
ionization processes. Thus the gas gets further ionized and a plasma is
formed. The positively charged ions are then accelerated toward the low
potential part of the cathode, which is located at the far end of the source
relative to the gas inlet (to the left in figure 2.2). As the filament also works
as a coil it will create a magnetic field inside the source. In order to obtain
a magnetic field which is optimal for the ionization, a counteracting field is
created by means of another coil wound around the source (and outside the
vacuum system). The end part of the cathode has a small aperture through
which the ions leave the source and after which they are further accelerated
into the beam-line. The ion source may also be operated with solid materials
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instead of a gas. In such cases, the solid is placed in the volume to the right
in figure 2.2. This volume is warmed by a heating coil and thus the material
is evaporated and ionized in the same way as for the gas. Under normal
conditions the ion source produces ion currents of about 5 µA at 2.5 keV.
The ions which we create with this type of ion source are positively charged,
and in order to perform the measurements with negatively charged ions such
as He−, we have to apply a charge exchange method as for example the one
described later in this chapter.

2.2 The beam-line
When the ions leave the source, they are accelerated by the potential difference
between the high voltage platform and a grounded suction electrode a few mm
behind the aperture of the cathode. The velocity, v, of the ions is given by

mv2

2
= qUacc→ v =

√
2qUacc

m
, (2.1)

where Uacc is the acceleration voltage, m is the mass, and q is the charge-state
of the ion. If the ions with velocity v enter a magnetic field perpendicular to
the velocity vector, the force on the ions is,

m
d2r
dt2 = m

v2

r
= qvB→ r =

mv
qB

=
m
√

2qUacc
m

qB
=
√

m
q

√
2Uacc

B
. (2.2)

Thus, for a given acceleration voltage of the ions and a specific bending radius
which is defined by the magnet, an ion with a specific m/q-value can be se-
lected by choosing the right B-field. When the ions in the present experiments
leave the source and enter the beam-line they are first accelerated to about 2.5
keV and then mass-over-charge selected in a 90◦ bending magnet (cf. figures
2.3 and 2.4). This magnet can create a maximum B-field of B = Bmax =1.25
T and has a bending radius of 0.5 m. These properties give an upper limit for
the mass of the ions which may be transported in the beam-line. At the max-
imum acceleration voltage of the high voltage platform of 30 kV, this limit is
628 amu for a singly charged molecule. The mass limit is proportional to the
charge and inversely proportional to the acceleration voltage,

mmax =
qr2B2

max

2Uacc
(2.3)

Thus, an increase of the charge-state, q, and/or a decrease of the acceleration
voltage will give a corresponding increase in the mass limit. All ions which
have the wrong m/q ratio will hit the walls and are lost from the beam.
The selected ion beam, with a specific m/q-value, is guided and focused
by deflector plates and Einzel lenses toward the vacuum chamber in which
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Figure 2.3: Schematic of the beam-line set-up for the experiments with storage of
positive ions.

the measurements take place. A set of deflector plates after the bending
magnet is used (the plate voltages are switched) in order to create very short
ion bunches (typical durations of microseconds, cf. section 2.3.2). Along
the beam line there are several stages of differential pumping in order to
minimize the flow of the gas from the ion source to the experimental chamber.

The beam-line was initially optimized for experiments with positive ions.
In order to optimize the number of ions which survive all the way to the
experimental chamber, the distance from the ion source to the chamber has
to be kept as short as possible. Thus, in the experiments with positive ions,
the beam-line after the bending magnet consists of only a straight section
(cf. figure 2.3), along which two retractable Faraday cups are mounted in
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Figure 2.4: Schematic of the beam-line set-up for the experiments with storage of
negative ions.
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Figure 2.5: Schematic of the cesium cell. A fountain of cesium atoms, from the heated
lower part of the cesium cell, crosses the ion beam. In a series of two collisions some
of the He+ ions are converted to He−.

order to be able to monitor the ion beam. When negative ions are used in the
experiment, however, they are created in a charge exchange cell with Cs vapor
(described below), to give a resulting mixed beam consisting of negative
ions, positive ions, and neutral atoms. Thus, one has to separate the different
charge states from each other. In order to do so the beam-line is modified
with the addition of a charge state analyzer (cf. figure 2.4), consisting of a set
of deflector plates and three outgoing beam tubes. The neutral atoms are not
affected by the electric field between these plates and continue in the forward
direction towards a beam dump. The positive ions are bent by 15◦ to the right,
where they are registered using a Faraday cup, such that the beam intensity
can be monitored during the measurement. The negative ions are bent
by 15◦ to the left and toward the experimental chamber with its ion-beam trap.

In order to produce 4He− ions we begin with a beam of 4He+ ions. The 2.5
keV 4He+ ion beam passes a four-way cross where a cesium cell is mounted
(figure 2.5). The cesium cell has an oven which is kept at about 170◦C and a
hood which is kept at about 90◦C (cf. figure 2.5) during operation. From the
oven, liquid cesium (melting point 28◦C and boiling point 671◦C) evaporates
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Figure 2.6: Schematic energy diagrams of the ground state and the lowest excited state
of 4He and the 1s2s2p 4Po state of 4He− [31, 32, 33].

through a collimating aperture, creating a flow of cesium which crosses the
He+ beam. The hood at 90◦C is made in such a way that any cesium conden-
sating on it is returned to the oven, hence enabling recycling of the cesium.
When the He+ ions pass the cesium cell some of them undergo double colli-
sions leading to double electron transfer (4He++Cs→4He∗, 4He∗+Cs→4He−)
and, thus, the desired He− ion beam is formed. Most likely, it is only the He+

ions which in the first collision end up in the lowest excited state of neutral
He, 1s2s 3Se (cf. figure 2.6), which in the second collision will be able to form
the metastable 1s2s2p 4Po He− state (cf. chapter 3). At a temperature of the
Cs-oven of about 170◦C, approximately 0.1 % of the He+ ions are converted
to He−, giving typical He−-currents of about 50 pA, while around 20 % of the
initial He+ ion beam is converted to neutral He atoms.

2.3 The experimental chamber and the trap
2.3.1 The cryogenic chamber
The experimental chamber is constructed partly as a test chamber for
the DESIREE project. The idea is that the conditions, such as pressure
and temperature, in the test chamber shall resemble the conditions in the
DESIREE vacuum chamber as closely as possible. This makes it possible
to test several components, e.g. detectors and stepper motors for movable
parts, which will be used under the cryogenic conditions maintained in the
DESIREE vacuum chamber.
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The experimental chamber consists of an inner aluminum vacuum
chamber surrounded by a copper heat shield and an outer stainless steel
vacuum chamber. The inner chamber is connected to the second stage of a
cryogenerator, which is cooled down to about 4 K. This thermal connection
is made through a thick copper braid to avoid any vibrations from the
cryogenerator to the inner chamber. The heat shield, which is connected
to the first stage of the cryogenerator at about 34 K, prevents most of the
thermal radiation from the room temperature outer chamber from reaching
the inner chamber. Together with a resistive heater, located on the inner
chamber close to the coldhead, this arrangement allows us to cool down the
inner chamber and any experimental equipment to stable temperatures down
to 10 K, and to maintain the whole inner part of the apparatus (including
the ion-beam trap) at thermal equilibrium at this temperature. The system
is pumped by two turbo molecular pumps backed by a rotary vane fore
pump. Furthermore, a titanium sublimation pump is installed inside the inner
chamber. The titanium sublimation pump consists of a titanium filament and
a metal housing covering the top and the sides of the filament, leaving the
bottom open such that the volume is still the same as the rest of the chamber.
When the filament is heated the titanium evaporates and forms a layer on the
surfaces of the housing facing the filament. The titanium layer reacts with the
residual gas in the chamber and binds the atoms and molecules, thus pumping
the chamber. This pumping continues until the titanium layer is saturated,
and a new evaporation heating cycle has to be made. These pumps should
enable us to reach pressures down to the 10−13 mbar region in the chamber
during cryogenic operation. So far the pressure was only measured in a small
room temperature extension to the cryogenic chamber. The found value of
3.8·10−11 mbar is an upper limit to the room temperature equivalent pressure.

2.3.2 The ion-beam trap ConeTrap
In order to measure ion lifetimes we have installed a purely electrostatic
ion-beam trap [23] inside the cryogenic chamber. This trap is mounted at an
angle of 20◦ with respect to the incident ion beam and a set of electrostatic
deflectors is used to steer the beam into the trap. The deflector set is
surrounded by a grounded box with a 4 mm diameter tube pointing towards
the incident beam. This geometry is chosen in order to isolate the cryogenic
interior of the trap from the thermal radiation of the room temperature
beamline. Such thermal isolation is essential for storage of loosely bound
atomic and molecular systems, such as e.g. He− (cf. chapter 3) which are
extremely sensitive to photodetachment from room-temperature black-body
radiation. The trap is 175 mm long and consists of two cone-shaped
electrodes (hence ConeTrap), with the openings facing each other, and a
grounded, box-shaped, electrode in between (cf. figures 2.7, 2.8, and 2.9).
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Figure 2.7: Schematic of ConeTrap (dimensions are given in mm).

Along the trap axis the ions are confined by setting the potentials of the two
cone-shaped end electrodes to values exceeding the acceleration potential. In
order to load the trap the potential of the entrance electrode is temporarily
lowered to ground, allowing the ions to enter the trap, before it is swiftly
increased (rise time ≈ 100 ns) to the trapping potential. These ions, which
are inside the trap at that moment will thus be trapped in the electric field
created between the two end electrodes and the grounded center electrode.
The transverse confinement is realized by the restoring force towards the
trap axis that acts upon any off-axis charged particle in the field between
a conical end electrode and the central cylindrical electrode. Unlike the
situation in electrodynamic or magnetic traps [34], the ions in ConeTrap are
not at all times subject to transverse restoring forces, as the ions during flight
spend time in the field free center electrode. Charged particle confinement in
ConeTrap is, in this sense, equivalent to the confinement of beam particles
in any magnetic or electrostatic storage ring, where the beam particles are
confined by means of focusing elements that usually are limited spatially
to a rather small fraction of the ring circumference. ConeTrap can thus be
viewed as consisting of two opposing focusing mirrors for charged particles.
As for an optical resonator, the ability to confine a beam is related to the
focal lengths of the two mirrors. In the case of ConeTrap, the focal lengths
are controlled by the end electrode potentials.

Ions in the trap may be neutralized either due to charge transfer processes
in collisions with the residual gas or due to other processes which will be
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Figure 2.8: ConeTrap cut open in order to display the cone-shaped end electrodes
and the box-shaped center electrode. The tilted deflector box with the tube-shaped
entrance prevents any thermal radiation from the warm beam-line from reaching the
trap.

discussed later in this thesis. Neutral particles no longer feel the electric
fields in the trap and will no longer be confined, and some of them will
leave the trap through either one of the cone-shaped end electrodes.
Neutrals leaving the trap through the exit electrode hit a detector and
if they have sufficient kinetic energies they may be counted, registered,
and then sorted according to the time after trap closure. By repeating
the injection and trapping cycles many times we obtain a decay curve
from which we deduce the lifetime of the ions. The lifetime measurement
depends only on the relative number of particles hitting the detector and it
does not matter that we do not detect all the neutrals that are formed in the trap.

ConeTrap can be operated in two different trapping modes, depending
on the voltages chosen for the two end electrodes. In figure 2.10, the
trapping efficiency as a function of trapping voltage is shown, for both
experimental and simulated results, for 1.4 keV N+ ions stored in the trap.
The experimental values are in this case obtained by counting the number of
neutrals hitting the detector in the time interval between 200 and 700 µs
after closing the trap for each value of the trapping voltage. The number of
counted neutrals is a measure of the trapping efficiency. The model values
are obtained by means of the ion-optical simulation program SIMION
[35], in which the ion beam is represented by a large number of ions with
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Figure 2.9: The inside of the vacuum chamber with ConeTrap. The outer chamber and
the copper heat shield are removed in this picture.
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Figure 2.10: Experimental and simulated normalized yields for trapped 1.4 keV N+

ions at different trapping voltages.

slightly varying initial conditions (starting positions, angles, and energies).
By varying the trapping voltage in the simulation and to investigate how
large a fraction of the ions end up in stable orbits, we can determine the
trapping efficiency. In the first mode of operation the trapping efficiency
has a maximum when the potentials are set to values slightly higher than
the acceleration potential, while in the second mode the maximum arises
when the potentials are set to values about 50% higher than the acceleration
potential. The voltage range over which ions are trapped is also much broader
in the second mode. The low potential mode gives trajectories where the ions
are smoothly bent back into the center of the trap, while the high potential
mode gives trajectories where the ions bounce back and forth more like
photons between two concave optical mirrors (cf. figure 2.11). In the lifetime
experiments discussed in this thesis, the trap is operated in the low-potential
mode.

If the ion beam is allowed to continuously reach the trap region, the mea-
surements might be disturbed. Even though the incoming ion beam is blocked
by the entrance electrode voltage, when the trap is closed, a high constant
background rate of scattered particles is recorded by the detector. These are
most likely created from collisions of the approaching beam with residual gas
or from scattering on surfaces close to the trap region. In order to avoid these

28



(a)

(b)

Vtrap = 1.5 kV

Vtrap = 2.2 kV

Figure 2.11: Ion trajectories for the two different trapping modes when 1.4 keV N+

ions are trapped. The upper part of the figure shows the low-potential mode and the
lower part the high-potential mode.

effects, the two deflector plates at the beginning of the beam line (cf. figures
2.3 and 2.4) are used to produce very short ion bunches (down to 0.8 µs).
Another advantage of using short ion bunches is that the length in time of
the ion bunch is shorter than the period of the motion of the ions in the trap
(typically 1.6 µs for 2.5 keV He− or He+), and then the ions may be located
in a region of the trap which is not affected by the changing field, while the
voltage on the entrance electrode is switched (i.e. the ions are in the exit cone
electrode or in the field-free center electrode during switching). This is par-
ticularly important when µs timescales are considered, as ion injection during
changing conditions will yield particles that survive for tens of µs but are not
truly stored.

29





3. Lifetime measurements of the
1s2s2p 4Po

J levels of He− (paper I)

The purely electrostatic, cryogenically cooled ion-beam trap, ConeTrap, can
be operated at precisely controlled temperatures down to 10 K. As the con-
finement of the ions in the trap is due to only electric fields, we avoid any
mixing of quantum states that could be induced by magnetic fields. Further-
more, the possibility of storing the ions at very low temperatures enables us
to make measurements where the very loosely bound He− system is explicitly
unaffected by photons from the black-body radiation. We will also show that
any influence on the He− lifetime from any other instrumental effects is small
enough to be neglected under the present experimental conditions. Thus we
can, for the first time, present a correction-free precision measurement of the
long-lived J=5/2 level of the 1s2s2p 4Po state of He−. Under the assumption
of a statistical population of the J=1/2, J=3/2, and J=5/2 fine-structure com-
ponents, we further indirectly deduce lifetimes for the short-lived J=1/2 and
J=3/2 levels.

3.1 Theoretical background
It is well known that the neutral He atom in its ground state cannot bind an
additional electron to form a stable bound state. Nevertheless, reports on
measurements of negative He ions have been published since 1925, when
Döpel [36] reported measurements indicating the existence of He−. In 1939
Hiby [37] conducted a similar experiment on the He− ion. Hiby, however,
strongly questioned the results of Döpel [36], and argued that it was due
to an experimental artefact. In 1955 Holøien and Midtdal [38] reported on
calculations indicating that the doubly excited metastable 1s2s2p 4Po state of
He− is bound relative to the lowest excited state of neutral He, 1s2s 3Se, by
at least 75 meV. The most recent measurements and calculations report this
value to be 77.5 meV [32, 33] (figure 3.1). Since then much effort has been
spent on investigating the properties, such as energetics and metastabilities,
of this ion both experimentally [39, 40, 41, 42, 31, 43, 32, 6, 33, 44, 45]
and theoretically [33, 46, 47, 48, 49, 50, 51, 52, 53, 54]. Doubly excited
three-electron systems have, in general, attracted much attention since
precise measurements of their various properties are particularly well suited
to test theoretical descriptions of electron-electron interactions. He− is in
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Figure 3.1: Schematic energy diagrams of the ground state and the lowest excited state
of 4He and the 1s2s2p 4Po state of 4He− [31, 32, 33].

this context particularly interesting, as the doubly charged nucleus is fairly
well screened from the two excited electrons by the 1s core electron. Thus
the interaction between the two excited electrons is rather well separated
from the central part of the interaction potential and is, on a relative scale,
more important than for the corresponding positively charged and neutral
atomic three-electron systems. The weak interaction between the nucleus and
the two excited electrons in He− leads to a spatially extended ionic system,
and thus the wavefunctions describing the system extend to large distances
from the nucleus. Theoretical calculations on, e.g., decay rates rely critically
on accurate descriptions of the wavefunctions for the initial and final states,
and small deviations in these wavefunctions may result in rather large
discrepancies. Thus it is a demanding task and of utmost importance that
precise descriptions of these wavefunctions can be made in order to make
accurate calculations of, e.g., the relaxation of excited states in He− possible.

An atom consists of a nucleus, which has the intrinsic property of nuclear
spin, described by the quantum number I, and electrons, which always
have spin, s=1/2, and in addition also orbital angular momentum, l. The
interaction between the spin magnetic moments of two electrons is denoted
spin-spin interaction, the interaction between the spin magnetic moment
and the orbital magnetic moment of the same electron is denoted spin-orbit
interaction, and the interaction between the spin magnetic moment of one
electron and the orbital magnetic moment of another electron is referred to
as spin-other-orbit interaction. In the absence of these relativistic effects,
the atomic wavefunctions can be described exactly by the total spin, S,
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and the total orbital angular momentum, L, of the atom, which then would
be good quantum numbers. Including the relativistic effects, S and L are
only approximately good quantum numbers, but the total electronic angular
momentum J (which ranges from |L+S| to |L-S|) is a good quantum number,
and may thus be used to describe the wavefunctions. In principle it is the total
angular momentum, including nuclear spin, which is a conserved quantity,
but as the nuclear spin of 4He is zero no weak hyperfine effects are present.

In the autodetachment processes responsible for the decay of He− to neutral
He, the total angular momentum, J, the parity (which is odd for ∑ l=odd and
even for ∑ l=even), and the total energy of the system are conserved. The only
state lower in energy than the 1s2s2p 4Po

J state (where J can have the values
1/2, 3/2, and 5/2) is the ground state of He, 1s2 1Se (cf. figure 3.1), which is
therefore the only available state to which He− can decay. Hence, the He−

ion is metastable against autodetachment due to the spin conservation rule.
The He ground state has total orbital angular momentum L=0 and total spin
S=0, and the ejected electron, obviously, has spin s=1/2. The total spin in the
continua into which He− decays thus has to be S=1/2. As the spin is fixed and
the only available orbital angular momentum comes from the free electron,
the total angular momentum has to be given by J=l±1/2 and the parity has
to be (-1)l. Thus, the only available continua are 1s2εl 2L. Neglecting weak
radiative processes, the 1s2s2p 4Po

1/2 level can thus only decay to the 1s2εp
2Po

1/2 continuum, 1s2s2p 4Po
3/2 only to the 1s2εp 2Po

3/2 continuum, and 1s2s2p
4Po

5/2 only to the 1s2εf 2Fo
5/2 continuum. In the wavefunctions describing the

1s2s2p 4Po
1/2 and the 1s2s2p 4Po

3/2 levels there are small admixtures of 1s2s2p
2Po

1/2 and 1s2s2p 2Po
3/2. Even though the admixtures are small, they provide the

main contribution to the decay of the 4Po
1/2 and the 4Po

3/2 levels, as Coulomb
autodetachments from the 2Po

1/2 and the 2Po
3/2 levels are allowed and will oc-

cur rapidly. The process in which the decay arises from metastable states with
admixtures of Coulomb autodetaching states is often referred to as relativis-
tically induced Coulomb autodetachment. The wavefunction describing the
1s2s2p 4Po

5/2 level has very small admixtures of the autodetaching 1s2p(1P)3d
2Fo

5/2 and the 1s2s(1S)4f 2Fo
5/2 [52] levels, and also has a small contribution

to the decay rate from relativistically induced Coulomb autodetachment. This
contribution, however, is much smaller than in the cases with the 4Po

1/2 and the
4Po

3/2 levels, and the main contribution to the decay of the 1s2s2p 4Po
5/2 level

comes from the two-body, spin-spin and spin-other-orbit, couplings between
the 4Po

5/2 level and the 2Fo
5/2 continuum (here J and parity are conserved but

neither L nor S are). These types of interactions are often referred to as di-
rect relativistic interactions. In the decay of the 4Po

1/2 and the 4Po
3/2 levels only

the spin conservation rule is broken, and the lifetimes of these levels are - as
has been known for quite some time - on the order of 10 µs. In the decay
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of the 4Po
5/2 level, however, both the spin conservation and the orbital angu-

lar momentum conservation rules are broken, leading to a 30-40 times longer
lifetime. All experimental studies of He− which have been conducted until
now, have been performed under conditions where the measurements have
been strongly influenced by limitations in the experimental conditions. Even
though the effects of these limitations have been corrected for to different ex-
tents (and with different degrees of success), it definitely adds uncertainties to
the results. Here we present the first direct high-precision result for the 1s2s2p
4Po

5/2 lifetime. This result has been obtained under conditions for which no
corrections are needed.

3.2 Measurements
The change, dN, in any population of decaying particles, where the individ-
ual particles decay independently of each other but at a specific average rate,
during the infinitesimal time interval, dt, can be described by the differential
equation,

dN =−NΓdt (3.1)

where N is the number of particles at any given time, t, and Γ is the decay rate.
The analytical solution to this equation is,

N(t) = N0e−Γt (3.2)

where N0 is the number of particles at time t=0. Equation (3.2) thus describes
the number of particles in a population at any given time. The lifetime, τ , of
the particles is defined as the inverse of the decay rate. We can thus re-write
equation (3.2) in the following way:

N(t) = N0e−t/τ . (3.3)

In our lifetime measurements the function s(t), describing the accumulated
signal on the detector at time t, will thus consist of a sum of the constant
detector background signal, y0, and an exponential function with the charac-
teristic lifetime, τ:

s(t) = Ae−t/τ + y0. (3.4)

The 1s2s2p 4Po
J state of He− is bound by only 77.5 meV relative to the 1s2s

3Se state of He [32, 33] (figure 3.1). This loosely bound system may decay, by
losing its extra electron, in a number of ways, and thus the measured decay
rate for a population of a given J-level in the 4Po state, in general, consists of
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several contributions and can be written1:

Γmeasured = Γ(4Po
J )+ΓBB +Γcoll +Γion−ion +Γ f ields +Γinstr. (3.5)

Here Γ(4Po
J ) is the true autodetachment rate, from which the true intrinsic

lifetime of the level can be deduced. ΓBB is the rate due to photodetachment
by black-body (BB) radiation. At room temperature, ΓBB contributes
significantly to the measured rate, Γmeasured , and any measurements made in
this temperature region - and even down to about 100 K - has to be corrected.
Γcoll , Γ f ields, and Γinstr refer to depletions of the number of ions in the trap
due to collisions with the residual gas, electric and magnetic fields, and any
other instrumental effects, respectively. Γion−ion refers to the depletion due
to ion-ion scattering effects, and differs from the others as it depends on
the number of ions in the trap. Thus it is not a constant, and will lead to a
deviation from exponential behavior (cf. chapter 4). Here we will argue that
all the terms on the right hand side of equation (3.5), except for Γ(4Po

J ),
are small enough to be neglected in our measurements using ConeTrap at
temperatures below 100 K.

3.2.1 The lifetime of the J=5/2 level
In order to deduce the lifetime of the long-lived 1s2s2p 4Po

5/2 level we
disregard the first part of the decay curve (cf. figure 3.2), where the
short-lived 4Po

1/2 and 4Po
3/2 levels dominate the decay. Several single

exponential fits, with three free parameters (A, τ , and the background signal
on the detector, y0), are made, in which we vary the starting times for the fits
(t0 is however fixed and is defined as the time of creation of the He− ions in
the Cs-cell). This procedure is iterated until we reach a stable result over a
wide range of starting times. We have made measurements at 10, 50, and
296 K, and obtain lifetimes for the 4Po

5/2 level of 358.8±0.7 µs, 362±2 µs,
and 296±4 µs, respectively (figure 3.3). As will be explained later in the
text, the contribution to the measured decay rate from black-body radiation is
negligible at temperatures below 100 K. Thus we combine our 10 and 50 K
results by taking the weighted average and obtain a low-temperature lifetime
for the 4Po

5/2 level of 359.0±0.7 µs.

The contribution to the decay rate from photons from black-body radiation
can, at a given temperature, be calculated from

ΓBB =
∫

∞

BE
h̄

σ(ν)Φ(ν)dν , (3.6)

1As I will argue below Γion−ion is not of significant importance for the experiment discussed in
this chapter. When significant, this term does not represent a constant loss rate and will therefore
lead to a deviation from exponential behavior (cf. chapter 4).
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Figure 3.2: The decay curve of 4He− measured at 10 K. The solid curve is a fit to the
data.

where BE is the binding energy, σ(ν) is the photodetachment cross section as
a function of photon frequency, and Φ(ν) denotes the distribution of thermal
photons according to the Planck radiation law,

Φ(ν)dν =
1

π2c2
ν2dν

eh̄ν/kT −1
. (3.7)

We have used the photodetachment cross sections calculated by Liu and
Starace [54] to calculate ΓBB as a function of temperature, at temperatures
from 0 to 400 K, and obtain the result shown in figure 3.4. When we
add the calculated black-body radiation induced decay rate, ΓBB, to our
low-temperature weighted average decay rate (which refers to 0 K), we
arrive at a result for the lifetimes which gives the curve shown in figure 3.5.
For T=296 K, this curve gives an expected lifetime of 297.3 µs, which
is in good agreement with our independently measured 296 K result of
296±4 µs. From analysis of the data plotted in figures 3.4 and 3.5, we can
definitely conclude that any contribution to the decay rate from absorption
of photons from the black-body radiation is negligibly small at temperatures
below about 100 K. ΓBB is, in fact, only 0.33 s−1 at 100 K, which should be
compared with a measured decay rate at 10 K of Γmeasured=2786±5 s−1. In
figure 3.5 we also show our results from the lifetime measurements for the
J=5/2 level at 10, 50, and 296 K, together with results from Wolf et al. [44]
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T=10 K, τ=358.8±0.7 μs
T=50 K, τ=362±2 μs

T=296 K, τ=296±4 μs

Figure 3.3: Decay curves of 4He−, where the first parts of the curves have been cut
off, measured at 10, 50, and 296 K. The solid curves are single exponential fits to the
data and give corresponding lifetimes of 358.8±0.7 µs, 362±2 µs, and 296±4 µs,
respectively.
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Figure 3.5: Temperature dependence of the measured lifetime of the 1s2s2p 4Po
5/2 level

of 4He−. The effect on the decay rate from photodetachment by black-body radiation
can readily be seen as a decrease in the measured lifetime above 100 K.

at room temperature, and from Pedersen et al. [45] at intermediate and high
temperatures. The most recent theoretical result of 345±10 µs, calculated by
means of the multiconfiguration Hartree Fock approximation, by Miecznik et
al. [52], is shown at 0 K.

The pressure in the experimental chamber was measured in a room
temperature volume in direct connection with the cryogenically cooled
region, and was determined to be 1.5·10−10 mbar during the 10 K
measurement, 1.7·10−10 mbar during the 50 K measurement, and 4.0·10−10

mbar during the 296 K measurement. In order to investigate the effect on
the decay rate from collisions between the He− ions and residual gas atoms
and molecules, we made a room temperature measurement of the decay
rate at 4.0·10−8 mbar. This measurement was performed at 298 K and
yielded a J=5/2 lifetime of 290±10 µs, which should be compared with the
296±4 µs result from the measurement at a hundred times lower pressure.
The He− lifetimes at 4.0·10−8 mbar and at 4.0·10−10 mbar correspond to
decay rates of 3429.9±118.9 s−1 and 3378.4±45.7 s−1, respectively, after
correcting the 298 K value for the slightly higher black-body induced decay
rate. Ascribing this difference to collisions with the residual gas, we arrive
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at an upper limit for the collision induced decay rate at 4.0·10−8 mbar of
Γcoll=51.5±127.4 s−1. As the number of residual gas molecules decreases in
proportion to the pressure, Γcoll for the low-pressure measurements have to
be corrected for accordingly. Taking this into account we conclude that the
upper limit for the collision induced decay rates are Γ10K

coll =0.19±0.48 s−1,
Γ50K

coll =0.22±0.54 s−1, and Γ296K
coll =0.52±1.27 s−1, for the measurements at 10,

50, and 296 K, respectively. These decay rates are negligible compared to the
measured decay rates of Γ10K

measured=2786±5 s−1, Γ50K
measured=2763±13 s−1, and

Γ296K
measured=3378±46 s−1, respectively.

If a large number of ions are stored at the same time in the trap, there is
a risk that some of them come close enough to affect each other. They will,
in that case, be subject to a Coulomb force disturbing the ion trajectories
such that they are lost from the trap. This contribution to the decay rate,
Γion−ion, would obviously affect the measured decay rate, Γmeasured . However,
a pressure of 1.5·10−10 mbar corresponds to a residual gas density of 1.1·108

cm−3, and as we have just shown, this rather large number of particles does
not significantly affect the lifetime of He−. As we on the average only
store 3-4 ions in the trap for every injection cycle, we infer that Γion−ion

is negligibly small. Furthermore, in chapter 4 and paper II we investigate
Γion−ion explicitly and find that several thousand positive ions stored lead to
an initial loss rate due to ion-ion interactions of about 1 s−1. A comparison
with the measured decay rate at 10 K of Γ10K

measured=2786±5 s−1 strengthen
our statement that Γion−ion is indeed negligible.

Γ f ields can be divided into depletion of the He− population due to magnetic
field effects (Zeeman splitting) and depletion due to electric field effects by
both quantum tunneling and the Stark effect,

Γ f ields = ΓZeeman +Γtunneling +ΓStark. (3.8)

In a magnetic field the J levels split into 2J+1 MJ sub-levels, where the MJ

quantum number range from -J to +J in integer steps. Hence J=1/2 may split
into MJ=±1/2, J=3/2 into MJ=±1/2 and ±3/2, and J=5/2 into MJ=±1/2,
±3/2, and ±5/2. Sublevels with the same MJ quantum number, but from
different J levels, will mix in a magnetic field and thus alter the properties
of the atom or ion with respect to the situation without any magnetic field.
The degree of mixing, and hence the influence on the lifetime, depends on
the strength of the magnetic field. In magnetic storage devices, the magnetic
mixing may contribute substantially to the decay rate, and must be corrected
for [6]. In ConeTrap, however, which is purely electrostatic, no magnetic
fields are present and we can safely assume that ΓZeeman effectively is zero
(Earth’s magnetic field is far too weak to have a noticeable effect).
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An electric field may induce decay of He− in two ways. First, the field may
alter the potential well for the electron such that quantum tunneling becomes
appreciable. The stronger the electric field, the thinner and lower the potential
barrier becomes, and thus the probability for tunneling increases. A quasiclas-
sical approach to the field ionization of He− [55, 56], yields the following
formula (in atomic units) for the field induced decay rate,

Γtunneling = A2 (2l +1)(l + |m|)!
2|m|+1κ |m||m|!(l−|m|)!

(
2κ2

F

)−|m|−1

exp
(
−2κ3

3F

)
(3.9)

where l and m are the quantum numbers for the orbital angular momentum
and its component in the field direction for the tunneling electron, A is the
amplitude of the asymptotic part of the electronic wavefunction at a large
distance from the nucleus, and F the electric field strength. κ is defined as√

2|EB|, where EB is the binding energy in the absence of the electric field.
Inserting a field strength of F=2.1 kV/cm (which is slightly higher than
the maximum field strength in ConeTrap during the He− measurement), a
binding energy of 77.5 meV, l=1, m=0 or 1, and a value of 0.1 for A [57] into
equation 3.9, we determine decay rates of 5·10−295 s−1 and 2·10−298 s−1,
respectively. These decay rates are clearly completely negligible. Riviere
et al. [58] investigated this effect experimentally by injecting 1 MeV He−

ions through a 1 mm long region in which field strengths between 0 and
540 kV/cm were applied. They found that at field strengths below 100
kV/cm, field ionization of He− is negligible. In ConeTrap the electric field
never exceeds 1.7 kV/cm, so in the present experiment Γtunneling can be also
neglected.

The second way in which an electric field may induce decay is through the
Stark effect. This is the electric equivalent to the magnetic Zeeman mixing,
and may also induce splitting of the J-levels. The energy shift as a function of
the quantum number J, and its component in the field direction, MJ , due to an
applied electric field, F, can be calculated using the formula (in atomic units)
[59],

∆E(J,±MJ) =
(
−1

2
α0(J)− 1

2
α2(J)

3M2
J − J(J +1)
J(2J−1)

)
F2 (3.10)

where α0(J) and α2(J) are the scalar and tensor polarizabilities for the
fine-structure levels, respectively. The LS-coupled scalar and tensor
polarizabilities for the 4Po state of He− have been calculated by Chung [60]
to be α0(LS)=8169.1 a3

0 and α2(LS)=-4463.5 a3
0, respectively. For a weakly

interacting system such as He− the relation between the polarizabilities in the
different coupling schemes is given by [61],

α0(J) = α0(LS) (3.11)
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and

α2(J) = α2(LS)(−1)S+L+J

√
J(2J−1)(2J +1)(2L+3)

(2J +3)(J +1)
×√

(2L+1)(L+1)
L(2L−1)

{
J L S

L J 2

}
.

(3.12)

Inserting a field strength of 1.7 kV/cm and using the relations 3.11 and 3.12
in equation 3.10, yields a maximum Stark shift in the 4Po state of -17.5 neV.
This should be compared to the fine-structure splittings of at least 3.4 µeV
(cf. figure 3.1) in the absence of a field. The smaller the relative distance
between the sublevels, with the correct quantum number, the stronger the
mixing of the sublevels becomes. As the difference between the fine-structure
splittings and the Stark-induced splittings is about 3 orders of magnitude, we
conclude that ΓStark can be also neglected, and thus the total contribution of
Γ f ields is negligibly small.

In order to investigate if there are any other effects that might limit the
lifetime of the stored ions, we also stored 2.5 keV He+ ions in ConeTrap (cf.
chapter 4). At a pressure of 4.0·10−10 mbar we obtained a storage lifetime of
6±2 s, corresponding to a decay rate of 0.17±0.06 s−1. The storage lifetime
of He+ in ConeTrap is, as we have seen from other experiments, mainly
limited by collisions with the residual gas. If we, however, make the rather
bold assumption that this lifetime is limited not by residual gas collisions
or other known effects but solely by unknown instrumental effects, we
obtain a definite, and probably substantially overestimated, upper limit of
Γinstr=0.17±0.06 s−1 for the contribution to the decay rate from other instru-
mental effects. Comparing this with the measured decay rate, Γmeasured , at 10
K of 2786±5 s−1, we conclude that Γinstr is small enough to be also neglected.

We have now showed that all the terms on the right hand side of equation
3.5 except for the true autodetachment rate, Γ(4Po

J ), are negligibly small, and
we thus conclude that our low-temperature result for the 1s2s2p 4Po J=5/2
level of He− represents the true intrinsic lifetime, τ5/2=359.0±0.7µs.

Wolf et al. [44] used an electrostatic ion-beam trap quite similar in function
to our ConeTrap. One difference is that the electric field responsible for the
confinement of the ions in ConeTrap is obtained by means of the potential
difference between two conical end electrodes and the center electrode,
while in the trap used by Wolf et al. [44, 12] the corresponding potential
difference is created between two sets of ring electrodes and a center
electrode. Furthermore, Wolf et al. did not cool down the apparatus, but
had to perform their measurement at room temperature. In order to correct
for the contribution from black-body radiation to the decay rate, they used
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the photodetachment cross sections calculated by Saha and Compton [50]
and indirectly deduced a 0 K result for the 4Po

5/2 level of 343±10 µs. The
only previous measurement (before the present one) of the He− lifetime
below room temperature was made by Pedersen et al. [45], who used the
electrostatic heavy-ion storage ring ELISA to make lifetime measurements
at eight different temperatures between about -50◦C and room temperature.
They used the photodetachment cross sections calculated by Xi and Froese
Fischer [53] and Liu and Starace [54] and corrected each measured decay
rate for the contribution from black-body radiation. By taking the weighted
average of the eight corrected values, they indirectly arrived at a 0 K lifetime
of 365±3 µs for the 4Po

5/2 level. Their indirect result is somewhat longer than
the result from our high precision, direct, low-temperature measurement.
The temperature was, in their experiment, estimated by taking the average
of ten individual temperature measurements at different positions in the
relatively large storage device ELISA (circumference 7.62 m). In figure
3.5 their individual, uncorrected, results fluctuate strongly around our
expected lifetime curve in view of their claimed precisions in the individual
temperature measurements. This may suggest that the precision of their result
was affected by difficulties in correctly gauging the temperature or, rather,
the temperature distribution (thermal equilibrium could not be established in
their measurement). In table 3.1 the results from several experiments and
theoretical calculations are shown together with our present work.

3.2.2 The lifetimes of the J=1/2 and J=3/2 levels
Even though the statistical quality of our data is high, we are not able to
directly extract independent results for the two short-lived components,
4Po

1/2 and 4Po
3/2, and the long-lived component 4Po

5/2 in a triple exponential
fit (with seven free parameters including background). When we make a
double exponential fit (with five free parameters including background) to
the data in figure 3.6, however, we are able to extract an average lifetime for
the J=1/2 and J=3/2 levels. The flight-time from the Cs-cell to the trap is, for
2.5 keV He− ions, about 8 µs. This obviously affects the relative population
of the two short-lived fine-structure components which presumably have
different lifetimes, and could also affect our determination of the average
lifetime. Simulations have shown, however, that the fitting start time, if
chosen anywhere within the first 25 µs of the lifetime of the ions, does not
significantly affect the average lifetime of the two fine-structure levels.

In the inset of figure 3.6, where we show a time region in which the
decay of the two short-lived components dominates, one can see that the
first data points fluctuate around the fitted curve more than what one would
expect. This is due to the fact that the ion-beam pulse length of 0.8 µs and
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Figure 3.6: The decay curve of 4He− measured at 10 K. The solid curve is a double
exponential fit to the data. The inset shows a time region in which the decay of the
short lived J=1/2 and J=3/2 levels dominate the intensity.
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the oscillation time of the ions in the trap of about 1.6 µs are comparable
to the 1 µs time steps of the data acquisition system. The major part of the
beam pulse may, e.g., in the first channel be heading towards the detector,
while in the second channel it may be heading away from the detector,
creating fluctuations in the number of neutrals hitting the detector. This
effect, however, disappears after some time as the ions spread out and fill
the whole trap. We have taken these fluctuations into account by making
several fits with varying starting times. With the uncertainty determined by
the fluctuations in the results for the different starting times, we arrive at an
average lifetime for the 4Po

1/2 and 4Po
3/2 levels of 10.8±0.8 µs. It should be

noted that this result is consistent with a statistical population of the three
fine-structure levels at the time of creation of the ions, provided that we make
the plausible assumption that the He− ions are equally likely to be formed in
all available MJ sublevels. The J-levels have 2J+1 MJ sublevels, and hence
the expected statistical population is 1:2:3 for the J=1/2, 3/2, and 5/2 levels.
We thus assume that 50% of the initial population consists of He− ions in the
J=1/2 and J=3/2 levels together, and the remaining 50% consists of He−

ions in the J=5/2 level. In a new fit we then fix these statistical weights to
the fine-structure levels and repeat the procedure using double exponential
fits with varying starting points. Under this assumption of 50% statistical
weights, we obtain an average lifetime for the 4Po

1/2 and 4Po
3/2 levels of

10.8±0.1 µs.

In order to indirectly determine separate lifetimes for the two short-lived
J=1/2 and J=3/2 levels we now assume that all three fine-structure levels are
populated according to their statistical weights; 1:2:3 for the J=1/2, 3/2, and
5/2 levels, at the time of creation of the ions. By locking the statistical weights
to the respective J-levels we are able to keep track of which lifetime belongs
to which level in these restricted triple exponential fits. We follow the same
procedure as for the determination of the averaged lifetime, and also vary
the starting time for these fits. A stable result for the lifetime of the J=3/2
component of 12.3±0.5 µs is achieved for a wide range of starting times (cf.
figure 3.7), while the lifetime of the J=1/2 component always remains shorter.
The difficulty in extracting the shortest (J=1/2) lifetime in this way is linked
to the fact that as the starting time of the fit moves further away from t = 0,
fewer and fewer ions in the J=1/2 level will remain. For the shortest-lived
component there are just not enough ions left to achieve a stable result for
the later fit starting times. In fact, most of the short-lived ions have decayed
already before they reach the trap, as the flight time from the cesium cell,
where the ions are created, is about 8 µs. However, even though the lifetime
of the J=1/2 component cannot be determined directly from the fits, we can
use the knowledge of the J=3/2 lifetime, the average lifetime of the J=1/2 and
J=3/2 levels, and the assumed statistical weights of the initial populations to
indirectly deduce a lifetime. The weighted average lifetime of the J=1/2 and
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Figure 3.7: Lifetimes of the 4Po
1/2 and 4Po

3/2 levels of He− as a function of fitting start
time. The J=3/2 level reaches a plateau at a lifetime of 12.3±0.5 µs, while the J=1/2
level cannot be fitted reliably (cf. text).

J=3/2 levels can then be expressed in terms of the two levels as to,

τ
wav
1/2,3/2 =

1
3 τ1/2 + 2

3 τ3/2
1
3 + 2

3

=
τ1/2 +2τ3/2

3
. (3.13)

Solving for τ1/2 yields,

τ1/2 = 3τ
wav
1/2,3/2−2τ3/2. (3.14)

When we insert our extracted J=3/2 lifetime of 12.3±0.5 µs and the average
lifetime of the J=1/2 and J=3/2 levels of 10.8±0.1 µs we get a lifetime for
the 1s2s2p 4Po

1/2 level of He− of 7.8±1.0 µs.

Our J=3/2 result is in agreement with Andersen et al. [6], who used the
magnetic storage ring ASTRID to indirectly determine the lifetime of this
level to be 12±2 µs. When they determined the lifetime of the J=5/2 level,
they had to correct their result for the magnetic field induced decay rate. This
was done by performing lifetime measurements at several different beam ener-
gies, and thus at several different magnetic field strengths. These results were
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then extrapolated down to zero magnetic field to yield a lifetime, which then
also had to be corrected for contributions from black-body radiation. As a side
effect of these magnetic field measurements, they could deduce the degree of
mixing of the sublevels and thus also the J=3/2 lifetime. Brage et al. [51] used
the multiconfiguration Hartree-Fock approximation to calculate a theoretical
value for the J=3/2 lifetime of 11.8 µs, which also is in agreement with our
result. The same group reported a lifetime of 10.7 µs for the J=1/2 level [51]
which, on the other hand, is significantly longer than our result. Novick and
Weinflash [40] used a combination of the time-of-flight technique and mag-
netic Zeeman quenching to deduce values for all three J-levels of the 4Po state
of He− (cf. table 3.1). A notable fact is that also they, like us, made the as-
sumption of a statistical population of the three fine-structure levels to deduce
lifetimes of the two short-lived J=1/2 and J=3/2 levels. They arrived at results
for the lifetimes of 16±4 µs for the J=1/2 level and 10±2 µs for the J=3/2
level. Their J=1/2 result is significantly longer than both our result of 7.8±1.0
µs and the result of Brage [51] of 10.7 µs, while their result for the J=3/2
level is in agreement with our result and with the results of Andersen et al. [6]
and Brage et al. [51]. Table 3.1 displays a more comprehensive list of deduced
lifetimes for all three fine-structure levels. The existing theoretical work into
the lifetime of He− are all performed more than 15 years ago, where the most
recent calculations are reported by Miecznik et al. [52] 1993. It would indeed
be very interesting to see what results modern advanced quantum calculations
would yield, using modern computational strategies.
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Lifetime (µs)
Reference J=1/2 Average J=3/2 J=5/2

Experiment
Nicholas 1968 [39] 18.2±2.7

Novick 1970 [40] 16±4 10±2 500±200

Blau 1970 [41] 11±5 345±90

Simpson 1971 [42] 9±5
3

Alton 1983 [43] 16.7±2.5

Andersen 1993 [6] 12±2 350±15

Wolf 1999 [44] 8.9±0.2 343±10

Pedersen 2001 [45] 11.1±0.3 365±3

This work 10.8±0.8 359.0±0.7

This work∗ 7.8±1.0 10.8±0.1 12.3±0.5

Theory
Estberg 1968 [46] 266

Laughlin 1968 [47] 550

Estberg 1970 [48] 455

Davis 1987 [49] 497

Brage 1991 [51] 10.7 11.8 405

Miecznik 1993 [52] 345±10
∗Result when the relative initial populations of the J=1/2, J=3/2, and J=5/2
levels are assumed to be 1/6, 1/3, and 1/2, respectively (cf. section 3.2.2).

Table 3.1: Experimental and theoretical lifetimes of the 1s2s2p 4Po
J levels of 4He−.

The errors given for "This work" and "This work∗" are one standard deviation.
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4. Long-time storage of stable
positive ions (paper II)

We have in separate studies stored 2.8 keV Ar+ ions and 2.5 keV He+ ions
in the purely electrostatic, cryogenically cooled ion-beam trap ConeTrap (cf.
chapter 2). The neutralization of these ions is mainly through collisions with
the residual gas in the vacuum chamber, and we have determined the cor-
responding storage lifetimes at various pressures and temperatures. These
measurements have yielded lifetimes as long as 21.5±3.8 s at a pressure of
1.3·10−10 mbar (room temperature equivalent). For lower pressures, we ex-
pect substantially longer storage lifetimes.

4.1 Storage lifetime measurements with stable ions
When a positive ion stored in ConeTrap collides with a residual-gas particle,
a charge transfer process may occur. In this process an electron is transferred
from the particle to the ion, making it neutral. If this is the only neutralization
channel, the number of trapped ions at any given time can be described by
equation 3.2 with Γ = Γcoll . In figure 4.1 we show a decay curve for Ar+ ions
stored at a pressure of 6.0·10−8 mbar at room temperature. In order to deduce
a storage lifetime for the trapped Ar+ ions we fit the data in figure 4.1 to the
function,

s(t) = Ae−t/τ + y0. (4.1)

This fit yields a corresponding lifetime of τ=82.5±0.5 ms. In this measure-
ment the experimental data is well represented by a single exponential fit. At
lower residual gas pressures, however, we find that a single exponential curve
no longer fits the data. We explain this with the fact that as the pressure de-
creases the collision induced neutralization of the ions also goes down. Thus,
the lifetime increases and the ions have more time to interact with each other.
This means that in cases where there are many ions stored in the trap, the ions
may interact and scatter out of their stable trajectories such that they are lost
from the trap. Thus, when the lifetimes are short and/or when there are few
ions stored in the trap, the data are well represented by single exponential fits,
but when the number of stored ions are large, corrections have to be made for
ion-ion interactions. We make this correction by adding a loss term, which
is proportional to the number of ions in the trap, N, to the collision induced
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Figure 4.1: Decay curve for Ar+ ions stored at 6.0·10−8 mbar and room temperature.
The solid curve is a single exponential fit to the data and gives a corresponding lifetime
of 82.5±0.5 ms.

decay rate and obtain:

Γ = Γcoll +Γion−ion = Γcoll +Γ
0
ion−ion

N
N0

, (4.2)

where the time-dependent loss rate due to ion-ion collisions, Γion−ion, is
expressed in terms of its initial value, Γ0

ion−ion, and the number of initially
trapped ions, N0. With this assumption the rate equation becomes:

dN
dt

=−ΓcollN−Γ
0
ion−ion

N2

N0
. (4.3)

The analytical solution to this equation is

N(t) =
N0

(1+Γ0
ion−ionτ0)et/τ0−Γ0

ion−ionτ0
, (4.4)

where we have introduced the lifetime τ0 = 1/Γcoll , which is the lifetime
found at long storage times when the number of ions in the trap is sufficiently
small that collisions among the ions can be neglected (when the exponen-
tially increasing term in the denominator of equation (4.4) dominates over the
constant term). The function describing our accumulated detector signal as a
function of time is thus given by a sum of a term proportional to N(t) and a
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Figure 4.2: Decay curve for He+ ions stored at a pressure of 1.7·10−9 mbar and a
temperature of 292 K. The solid curve is a fit to the data when ion-ion interaction
effects are taken into account and gives a corresponding storage lifetime of 1.53±0.04
s. The dashed curve show the shape of the single exponential fit expected if no ion-ion
interactions would occur.

constant background:

s(t) =
A

(1+Γ0
ion−ionτ0)et/τ0−Γ0

ion−ionτ0
+ y0. (4.5)

In figure 4.2, we show the decay curve for He+ ions stored at a residual gas
pressure of 1.7·10−9 mbar and a temperature of 292 K. The solid curve is a fit
(with four free parameters: A,Γ0

ion−ion,τ0, and y0) to the data, when we have
taken the ion-ion interaction effects into account, and gives a corresponding
residual-gas collision limited storage lifetime of τ0=1.53±0.04 s. Clearly
equation (4.5) gives a very good representation of data sets where ion-ion
scattering effects are present. The dashed line shows the shape of the single
exponential decay curve obtained if ion-ion effects are excluded.

In figure 4.3 we show the decay curve, and corresponding fit, for Ar+ ions
stored at 1.3·10−10 mbar and 28 K. This measurement yielded the longest
lifetime, 21.5±3.8 s, recorded with ConeTrap this far. Measurements of
ions with long lifetimes are very time-consuming, as the repetition rate for
injection of ions in the trap has to be kept low. In order to keep the time
needed for the measurement in figure 4.3 at a reasonable level, we thus
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Figure 4.3: Decay curve for Ar+ ions stored at 1.3·10−10 mbar and 28 K. The solid
curve is a fit to the data and gives a corresponding storage lifetime of 21.5±3.8 s,
which is the longest lifetime we so far have been able to measure. In this measurement
the trap was emptied after 10 seconds (cf. text).

emptied the trap after ten seconds, and then measured only background
signals for two seconds. The fit is made to the first ten seconds of the
data, with the background level, y0, fixed at the value determined from the
average of the background measurement after the trap had been emptied.
The ion-ion interaction effect is clearly seen at short times as a deviation
from a single exponential function (which would otherwise be a straight line
in a semi-logarithmic plot). The initial loss rate due to ion-ion collisions is
in this case Γion−ion=0.70±0.03 s−1, which is clearly dominating over Γcoll
(Γcoll=1/τ0=0.047±0.008 s−1).

For He+, our longest storage lifetime so far is 6.4±2.0 s, which was
measured at 4.0·10−10 mbar and 212 K (figure 4.4). The initial loss rate due
to ion-ion collisions was in this case found to be 1.04±0.19 s−1. The time
it takes for stored 2.5 keV He+ ions to make one revolution in the trap is
about 1.6 µs, and as only ions that are not affected by the switching field
during the closing of the trap are stored, we estimate that the maximum
duration of an ion bunch that can be stored in the trap in this case is about
0.8 µs. At a typical ion current into the trap of 2 nA this corresponds to
about 10000 ions stored for each injection. This implies that Γion−ion is of
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Figure 4.4: Decay curve for He+ ions stored at 4.0·10−10 mbar and 212 K. The solid
curve is a fit to the data and yields a longest storage lifetime for He+ of 6.4±2.0 s.

no significant concern for lifetimes on the µs scale (where the decay rate is
more than 1000 s−1), for ion currents on the order of 1 nA. This is of great
importance for our lifetime measurements of He− (cf. chapter 3). When
producing the He− beam, only about 0.1 % of the He+ ions were converted
to He−, hence resulting in significantly fewer ions in the trap, compared to
the experiment with positive ions. Thus Γion−ion must in the He− case indeed
be much smaller than the 1.04±0.19 s−1 reported here for He+. Comparing
this with the measured decay rate for the long-lived component of He− of
2786±5 s−1 we can see that Γion−ion is negligibly small in the case of He−.
The lifetimes of 21.5 s for the 2.8 keV Ar+ ions and 6.4 s for the 2.5 keV
He+ both correspond to about 4·106 turns in the trap.

The ability to record even longer storage times in the present measurements
was not limited by imperfections in the trapping, but rather by limitations in
the detectors used. In order to reach the low pressures needed for long storage
times, strong cooling of the chamber is necessary. In the Ar+ experiment
we used a channeltron detector, which is a one-channel electron multiplier.
The electron emitting wall of the channeltron is semiconducting, and thus
the resistance increases with decreasing temperature. As the channeltron
cannot be triggered by a second particle until the emitted electrons have been
replaced, the dead time of the detector increases as the temperature decreases.
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In a measurement of Ar+ ions stored at 6.3·10−9 mbar and 33 K (cf. figure
4.5), where we used long ion-beam pulses, this effect can clearly be seen. In
the time region between 0 and 0.5 s, the detector is sufficiently bombarded
with neutrals which have been created in collisions between the ions and the
residual gas such that the detector becomes saturated, and only a few counts
are registered. After 0.5 s the trap is closed and the ion-beam is deflected
away, and the detector slowly (a few tenths of a second) recovers and begins
counting the impinging particles again. At 33 K we found a maximum count
rate on the detector of about 1.5 kHz. This can be compared to a count rate
of 12 kHz at 74 K, in a measurement with the same channeltron, where no
saturation was observed. Before performing the He+ experiment we changed
the channeltron to a micro-channel plate (MCP) detector (cf. chapter 5).
The resistance of the semiconducting electron emitting layer of the MCP
is also temperature dependent. The MCP, however, consists of thousands
of tiny channels which individually work as electron multipliers, and one
depleted channel does not affect the neighboring channels. As the probability
of having two or more particles hitting the same channel close in time is
very small, the performance of the MCP should be much less sensitive
to low temperatures than the channeltron, as indeed will be shown in chapter 5.

In figure 4.6 we show the He+ storage lifetimes as deduced from the decay
curves as a function of the pressure. As the property we are measuring is
the collision-induced decay rate, one would expect that a 50% decrease in
the pressure would result in a doubled lifetime. This inverse proportionality
between the pressure and the lifetime is also well represented by the fitted line
in figure 4.6. In principle, one could use this fit to determine the pressure in
the vacuum chamber in a range where no conventional vacuum gauges work
just by measuring the lifetime. However, in order to do so, one has to measure
considerably longer lifetimes than those we have measured until now.
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Figure 4.5: Decay curve, for Ar+ ions stored at 6.3·10−9 mbar and 33 K, which cor-
responds to a lifetime of 340.6±3.1 µs. Due to the low temperature the channeltron
detector is first saturated by neutrals created from collisions between a long ion-beam
pulse and the residual gas. After closing the trap and deflecting the ion beam, the
detector regains some of its ability to count particles (cf. text).
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Figure 4.6: The storage lifetime of He+ ions as a function of the pressure in the vac-
uum chamber. The solid line is a linear fit to the data points and shows good agreement
with the expected relation of inverse proportionality between the lifetime and the pres-
sure.
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5. Cryogenic operation of a micro-
channel plate/phosphor assembly
(paper III)

Micro-channel plate (MCP) and phosphor screen assemblies are commonly
used detectors for position-sensitive, single-particle counting purposes, but
so far these types of detectors have mainly been used at room temperature.
For the He− experiment reported in this thesis (chapter 3, paper I) successful
MCP operation down to 10 K was indeed absolutely necessary. Further, in
the near future there will be additional needs for such detection under ultra-
high vacuum (UHV) cryogenic conditions, when new storage rings such as
DESIREE [62] in Stockholm and CSR [27] in Heidelberg begin operation. At
room temperature, the operational performance of these detector assemblies
is quite well known, but until recently no studies had been reported under
cryogenic conditions. The temperature dependence of the MCP itself has been
investigated by Schecker et al. [63] and Roth et al. [64]. These investigations,
however, did not include a phosphor screen, and were performed under very
different conditions. On top of this, these two studies yielded significantly
different results. It is therefore crucial to make this cryogenic test of the whole
MCP-phosphor assembly.

5.1 The experimental set-up for the cryogenic detector
test
The tests were performed in the DESIREE test chamber described in chapter
2. During these tests, however, the chamber was disconnected from the
beam-line, as no ions were needed, and ConeTrap was removed. Instead,
windows were mounted on the inner chamber, the heat shield, and the outer
chamber, in order to monitor the light signals from the phosphor screen of
the MCP-phosphor assembly.

An MCP-detector is a thin disc consisting of an array of thousands of glass
tubes fused together (today available with tube diameters down to 2 µm) and
which works as an electron multiplier (cf. figure 5.1). The two faces of the
disc are metallised in order to allow the creation of an electric field along
the channels (tubes), when a potential difference is applied. An impinging
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Figure 5.1: Schematic of the MCP. Particles or radiation hitting the channel walls
knock out secondary electrons, which will create an avalanche of electrons through
the channel (Figure adapted from Photonis’ homepage [65]).
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particle (ion, electron, photon, ...) hitting a channel in the detector knocks out
secondary electrons from the channel wall. These electrons are accelerated
by the electric field deeper into the channel, thus hitting the wall again and
creating an avalanche of electrons which exit through the back of the MCP.
This avalanche results in a gain up to 103 - 104 for a single plate, and by
mounting two or three MCPs together one can increase this gain to 107 or
more. In order to enable replacement of the lost electrons, the walls of the
channels are treated in such a way that they become semiconducting. The
channels are slightly tilted relative to the normal of the faces of the disc. This
is in order to avoid having particles passing through the detector without
hitting any wall, and to prevent ions traveling in the opposite direction
through the channel to gain enough energy to create a reflection signal.
The emitted electrons can be recorded electronically and, as in this test,
accelerated so that they hit a phosphor screen in which the atoms in the
phosphorescent material will be excited and emit light that can be observed
visually. One important feature with the MCP-detector is that it is position
sensitive. Only particles or radiation which strike actual channels will give
rise to a signal in the detector. Anything hitting the face of the disc in between
the channels (cf. figure 5.1) will not be detected. This limiting factor of the
detection efficiency is called the open area ratio, and is normally around 50%.
Another important parameter for the performance of an MCP-detector is the
length over diameter (L:D) ratio of the MCP channels. This affects the gain,
the spatial resolution, and the response time of the detector. A smaller channel
diameter gives better resolution and also a shorter dead time, as it will
replenish the lost electrons faster, but also because a second impinging parti-
cle is less likely to hit the same channel. Typical L:D values are 40:1 and 60:1.

The MCP-phosphor assembly tested here is commercially available (Burle,
APD 9040PS 12/10/8 I EDR 60:1 P24) and consists of a stack of three
MCPs in a Z-configuration - i.e. the individual detector plates are positioned
such that the channels form a Z from a side view (cf. figure 5.2) - and a
P24 phosphor screen as an anode. The active area of the detector (not to be
confused with the open area ratio), which is the area where the channels are
located - i.e. the whole detector except the edges - has a diameter of 40 mm.
The whole MCP-phosphor assembly was mounted on an aluminum holder
kept in thermal contact with the cold inner chamber through an aluminum
floor anchored to the chamber wall. In order to monitor the temperature of
the detector assembly and the chamber throughout the test, silicon diode
temperature sensors (LakeShore DT-470-SD) were mounted on the holder
and on the inner chamber. During this test a lowest temperature of 8 K was
reached on the inner chamber, while the temperature on the holder and the
detector assembly then was 12 K. The difference in temperature between the
two is probably due to heat transport in the detector wiring and radiation
through the windows. In order to create the desired electric field, for the
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Figure 5.2: Schematic of the MCP-phosphor assembly on its holder inside the cham-
ber, and the photomultiplier tube, the PC, the counter, and the oscilloscope, outside
(not to scale).
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acceleration of the electrons, a bias voltage was applied over the assembly.
The front of the first MCP was set to a voltage of -2.7 kV, the back of the
third MCP was on ground, and the phosphor screen was set to +2.8 kV (cf.
figure 5.2).

In order to test the performance of the detector assembly, an 241Am
α-source was mounted about 6 cm in front of the detector (figure 5.2). This
source emitted α-particles (He nuclei) at 185 kBq randomly in all directions.
At room temperature this resulted in a count rate of about 6.4 kHz on the
4 cm diameter detector. For every α-particle hitting a channel wall of the
detector a light pulse was emitted from the phosphor screen. This light pulse
was detected by a photo-multiplier tube (PMT, Hamamutsu R928) outside the
chamber. The temperature dependency of the following parameters measured
in this test were:

i) The bias current, i.e. the current measured through the stack of MCPs
when it was not exposed to any radiation from α-particles (or any other
particles or radiation except the cosmic radiation). This current, which was
measured on the back side of the third MCP, is determined by the applied
voltage and the total resistance of the stack of detectors. As the resistance of
the semiconducting channel walls increases with decreasing temperature, the
bias current will change with changing temperature.

ii) The count rate on the detector assembly when it is exposed to
α-particles. Due to the electron avalanches created in the detector when it is
exposed to radiation, the current through the MCP-stack increases when it is
exposed to α-particles. At low temperatures, the particle-induced current can
be even larger than the bias current.

iii) The shape and the amplitude of the light pulses emitted from the
phosphor screen, which emits light at a wavelength of 510 nm, monitored by
a digital oscilloscope (LeCroy 9362).

iv) The pulse height distribution from the PMT, i.e., the relative number of
signals as a function of the amplitude of the light pulses. This was registered
by a personal computer (PC) equipped with a multi-channel analyzer (MCA,
Tukan version 1.4).
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Figure 5.3: The temperature of the detector-assembly holder (left vertical axis) and
the bias current (right vertical axis) as a function of the time. A stable equilibrium
temperature between the detector and the holder was reached after about 4 days.

5.2 Results and discussion
5.2.1 Micro-channel plates
In figure 5.3 we show the temperature (left vertical axis), as measured on the
MCP-phosphor assembly holder, together with the bias current (right vertical
axis) as a function of time during the cooling-down phase. After one day of
cooling the temperature of the holder was measured to be 18 K, while after
two days its lowest temperature of 12 K was reached. Due to the limited
thermal conductivity between the holder and the detector assembly, however,
it took four days until thermal equilibrium was obtained. Thermal equilibrium
was then assumed to be reached when we had achieved a stable bias current.
The temperature of the detector can actually be determined, even before
thermal equilibrium between the holder and the detector has been obtained,
by this bias current (this will be discussed below). The limited thermal
conductivity between the holder and the detector, together with the heat load
from the detector wiring and radiation through the viewing windows, give a
lower limit to the temperature which can be reached for the detector assembly.
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As has been already mentioned, the resistance of the MCP is
temperature-dependent. As the temperature decreases, the resistance
increases. This property is very important for the performance of the detector,
as a significant number of electrons exit the back side of the MCP every time
it is triggered. These electrons have to be replaced before the channel is
ready to be triggered again. Thus, with higher resistance, the dead time of the
detector increases. In manufacturers specifications the change in resistance is
normally given to be about 1%/K. This value, however, is only valid over a
certain temperature range. None of the manufacturers produce values useful
for cryogenic operation. To our knowledge only two previous tests have been
reported which determine the change in resistance at such temperatures.
Roth et al. [64] measured the bias current of a single low-resistance MCP
(1 MΩ at room temperature compared to about 100-1000 MΩ for standard
plates) over the temperature range 20 to 293 K. They immersed the MCP in
a Dewar partly filled with liquid helium and achieved a stable temperature
gradient between the surface of the liquid helium and the neck of the Dewar.
By moving the MCP up and down in the Dewar they could measure at any
desired temperature between 4.2 K and room temperature (at the lowest
temperatures, however, the resistance was so high that they were unable to
measure a bias current). To avoid any electron avalanches triggered by the
impinging helium gas atoms they could not apply normal bias voltage over
the MCP, but had to measure at 10-30 V (compared to a normal operation
voltage of about 1000 V per plate). They reported a decrease in the bias
current, and inferred a corresponding increase in the resistance, on decreasing
the temperature from 293 to 20 K of a factor of 106 (cf. table 5.1). Schecker
et al. [63] measured the bias current through a Chevron configuration MCP
set (two MCPs stacked together with the channels as a V), operated at a bias
voltage of 1800 V over the two plates, between 14 K and room temperature.
They placed the detector assembly in a vacuum chamber (< 10−8 Torr),
which was totally immersed in liquid helium. To obtain stable temperatures a
heating coil was placed between the MCPs and a thermally isolated stainless
steel plate, on which the temperature was monitored. When the bias current
through the detector plates was stable, the detector temperature was assumed
to be the same as that of the steel plate. They arrived at a decrease in the bias
current, on decreasing the temperature from room temperature to 14 K, of a
factor of only 5000, 200 times less than the result of Roth et al..

In the present study, we applied an operation bias voltage of 900 V per
plate (i.e. 2700 V over the whole MCP triple-stack) and measured the bias
current through the detector over the temperature range 300 to 12 K (cf figure
5.3). The bias current at room temperature and 12 K was measured to be 60
µA and 29 nA, respectively. Thus the decrease in bias current corresponds to
a factor of 2100, much closer to the result of Schecker et al. [63] than to those
of Roth et al. [64]. There is, however, important differencies between all
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Reference MCP Total Diameter Ratio Bias voltage
L:D (mm) (V)

This work Burle 180 40 I293K
I12K

=2.1·103 2700

(Z-stack)
Schecker Hamamutsu 80 20 I293K

I14K
=5.0·103 1800

1992 [63] (chevron)
Roth Nova Scientific 40 18 I293K

I20K
=1.0·106 10-30

2000 [64] (single)

Table 5.1: Summary of the measured MCP bias currents from the present work, re-
sults from Shecker et al. [63], and results from Roth et al. [64]. The columns show:
References, the MCP configuration and manufacturer, the total length over diameter
(L:D) ratio of the MCP channels, the active area diameter of the MCP, the temperature
interval and the bias current ratios, and the bias voltage over the detectors.

three results. This can at least partly be explained by the different geometries
and materials of the plates.

We measured the dark counts of the detector - i.e. the counts triggered by
cosmic rays, thermal electrons, and unstable isotopes within the detector
assembly - to be about 15 Hz, and this was found to be approximately
independent of the temperature (cf. figure 5.4). Assuming a gain of 107 of
the MCP stack (assuming again that the dark counts are triggered in the front
part of the stack), this 15 Hz corresponds to 1.5·108 ejected electrons which,
in turn, corresponds to about 24 pA. This is negligible in comparison to the
lowest measured bias current of 29 nA.

When the detector was exposed to α-particles at a count rate of about
6.4 kHz, the ratio between the bias current measurements at 300 and 12 K
was only 590, compared to 2100 without the α-source. This reduction of
the ratio arises from the increased current through the detector stack due
to all the electrons which are released when it is hit by the impinging particles.

In order to reach stable temperatures and equilibrium between the detector
and the holder the system was heated and cooled simultaneously. This had
to be done as the cryogenerator can only be operated at full effect or not
at all. As has been already mentioned, equilibrium was assumed when the
detector bias current had stabilized. In figure 5.5 we show our measured bias
currents as a function of temperature over the range range from 12 to 40
K, together with results from Schecker et al. [63]. Their results are on an
absolute scale, while our results have been normalized to their 41 K result for
ease of comparison. These measurements can, in principle, also be performed
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Figure 5.4: The count rate on the detector as a function of temperature with (left scale)
and without (right scale) the α-source present (cf. text).

at higher temperatures than 40 K, but the time to reach equilibrium becomes
prohibitively long. When the measurements are completed, one can make a
fit to the data and use this fit to determine the temperature on the detector, by
reading off the bias current, even before equilibrium has been reached.

In figure 5.4 we show the count rate, when the detector was exposed to
the α-source, as a function of the temperature (left vertical axis), together
with the dark count rate - i.e. no α-particle exposure - as a function of the
temperature (right vertical axis). The analysis of the data indicates that, at
least for count rates up to 6.4 kHz, the count rate of the tested MCP-phosphor
assembly is approximately independent of the temperature. The small
variations which are observed in the count rate are due to the temperature
dependence of the phosphor screen performance, as will be discussed in
the next section. One should note, however, that this count rate of 6.4 kHz
is measured over the whole active area of the detector, as the α-source
emits particles randomly in all directions. In the lifetime measurements that
we conducted later (cf. chapters 3 and 4), the particles hitting a Chevron
configuration MCP-set arrived at a much more limited area on the detector
surface. We estimate that they then hit the detector on an area of only a few
mm2. Under these circumstances we actually saw a temperature dependence
of the performance of the MCP detector. At 10 K we found a maximum count
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rate on the detector of about 2 kHz. Thus one has to carefully consider the
type of experiment one wants to conduct when using MCPs in cryogenic
environments.

5.2.2 Phosphor screen
The detector assembly in the present test was equipped with an anode which
is coated with a phosphorescent material. This phosphor is of type P24,
which has a chemical composition of ZnO:Zn. When the phosphor is excited
by the shower of electrons from the MCP-stack, it emits light at a wavelength
of about 510 nm. The emitted photons were detected by the photo-multiplier
tube (PMT) and analyzed. The signal shape and the pulse-height distribution
were recorded by a digital oscilloscope and a multi-channel analyzer (MCA),
respectively. These signals were monitored at several temperatures during the
cooling down phase of the detector assembly. An average of several hundred
light pulses were then recorded for every temperature while the detector was
exposed to impinging α-particles at a rate of 6.4 kHz.

In the left panel of figure 5.6 we show the shape of the PMT signal
(normalized to the peak maximum) as a function of time for a set of
temperatures between 297 and 12 K. The temperatures were determined from
the measured bias current, which gave uncertainties ranging from about ±2
K to ±5 K. The decay time of the light pulses is defined as the time it takes
for the pulse to decrease to 10% of its maximum value, and was measured
to be 12 µs at room temperature. In figure 5.6, however, the decay times
are indicated by triangles at a value of 20% of the maximum. The shape of
the pulse signals is divided into two parts, one fast and one slowly decaying
component. These two decay modes can be explained by different excited
electronic states, with different lifetimes, in the phosphor material. The fast
decaying component has a decay time of about 1 µs, and is approximately
independent of the temperature, whereas the slowly decaying component has
a decay time of about 17 µs at room temperature, but is strongly temperature
dependent. This temperature dependency is probably due to the fact that some
of the more long-lived excited states in the phosphor have higher energies. At
higher temperatures these states may be populated through thermally assisted
processes, but are not populated at lower temperatures. The data in the left
panel of figure 5.6 indicates that there is a large change in which long-lived
states are reached at temperatures below about 50 K.

In the right panel of figure 5.6 we show the pulse height distributions for
the same data set as in the left panel. At temperatures above about 100 K,
the amplitude of the light pulses decreases as the temperature decreases. If
no measurements below that temperature would be performed, the obvious
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Figure 5.6: The left panel shows the measured PMT signals as a function of time,
and, indicated by triangles, the decay times to 20% of the peak values. The right panel
shows the pulse height spectra. The temperatures at which the measurements were
performed are indicated at respective curve.
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Figure 5.7: The decay time of the light pulses from the phosphor screen. The solid
line is a guide to the eye.

conclusion would be that the gain of the MCP-detector would have decreased
most likely as a result of the increased resistance and the high count rate of
6.4 kHz. In the right panel of figure 5.6, however, we show that below about
100 K, the amplitude increases again, to reach a similar value at 12 K as was
at room temperature. We conclude that, as the decay time and the shape of
the pulse signal also change substantially over this temperature region, the
reduction in pulse height in the intermediate temperature range is due to the
temperature dependence of the phosphor screen, rather than to a reduced gain
in the MCP-stack. This would also explain the small variation of the count
rate in figure 5.4.

The decay times as a function of temperature are shown in figure
5.7. An increase of the decay time is observed when the temperature
is decreased from room temperature, where the decay time is 12 µs,
to 100 K, where it reaches its maximum value of 45 µs. This result
is consistent with the result of Bertrand et al. [66], who investi-
gated a similar phosphorescent material. Below about 90 K, we find
a rapid decrease of the decay time again, and at 12 K we reach a value of 5 µs.
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5.2.3 Summary of detector test results
We conclude that a position-sensitive detector assembly consisting of a stack
of three micro-channel plates and a phosphor screen works well at both room
temperature and at cryogenic temperatures. At intermediate temperatures,
however, the performance is degraded due to a temperature dependence
of the phosphor screen. Over the temperature range between 300 and 12
K, the detector assembly is capable of counting at rates up to at least 6.4
kHz, assuming the whole active area of the MCP is used. Thus, this type of
detector assembly is a good choice for studies of molecular fragmentation
processes in cryogenic environments, such as the ones planned for the ion
storage rings DESIREE [62] in Stockholm and CSR [27] in Heidelberg.
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6. Outlook: The DESIREE project
(paper IV)

At Stockholm University, a double electrostatic ion storage ring, DESIREE
(Double ElectroStatic Ion Ring ExpEriment) (figure 6.1), is under
construction, in which, e.g., the mutual neutralization of oppositely charged
ions will be studied. The experimental conditions in DESIREE are aimed,
in part, to mimic the conditions in the interstellar medium. Thus we aim at
low pressures, low relative velocities between the interacting particles, and
very low background temperatures. DESIREE will consist of two ion-storage
rings with a straight merging section in the middle (cf. figure 6.1), in which
cations and anions which are stored simultaneously in the two storage rings,
will interact. The steering and the focusing of the ion beams will be achieved
exclusively by means of electrostatic deflectors and lenses. The ions will
be created on high voltage platforms, and will be accelerated to energies
between 5 and 100 keV times their charge state. By precise adjustment of
the potentials in the merging section, such that a molecule of one charge
state is slightly accelerated and a molecule with the opposite charge state
slightly decelerated, it will be possible to obtain very low, well controlled,
relative velocities. The storage rings will be located inside an inner vacuum
chamber made of aluminum, and an outer iron vacuum chamber. In between
these two chambers there will be a thermal shield made of copper to prevent
thermal radiation from the room temperature outer chamber from reaching
the cold inner chamber. In addition, there will also be multilayers of super
insulation between the thermal shield and the outer chamber. The cryogenic
temperatures are achieved by means of four cryogenerators (coldhead
model RDK-415D 4K, with a cooling capacity of 1.5 W at 4.2 K and 10
W at 10 K, produced by Sumitomo Heavy Industries, Ltd.) with the second
(coldest) stages connected to the inner chamber, giving it a temperature of
10-20 K, and with the first stages connected to the thermal screen, giving
it a temperature of about 60 K. Experiments where interactions between
oppositely charged ions are studied in a merged-beam configuration have
been performed before [67], but the combination of ultra-high vacuum and
cryogenic conditions will make DESIREE truly unique.

In the interstellar medium, complex molecules are believed to be formed
when positively charged molecular ions react with neutral molecules. In this
process a larger ion and one or more neutral fragments are formed [68]. The
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Figure 6.1: Schematic of the DESIREE storage chamber.

formation of the positive ions is, according to this model, driven mainly by
stellar ultraviolet radiation and/or cosmic rays [68, 69]. In order to understand
interstellar ion chemistry it is thus important to experimentally study not only
the ionization of the molecules, but also the recombination processes. One
such recombination process is when the positive molecular ion reacts with a
free electron, thus forming a neutral molecule. In this process the energetically
most favorable way to get rid of the excess energy is to break up the molecule,
and hence the process is called dissociative recombination (DR),

AB+ + e−→ A+B. (6.1)

The DR process has been successfully studied in heavy-ion storage rings since
1993 [70, 71, 72]. For DR processes in interstellar clouds it is assumed that
the free electrons are in thermodynamic equilibrium with the cold environ-
ment. In order to reach such an equilibrium, however, they must undergo sev-
eral low-energy collisions with neutral molecules. In these collisions there is a
probability for the formation of negatively charged ions. If a situation appears,
where the negative charge in the cloud is dominated by anions, the relevant re-
combination mechanism is no longer DR, but rather the mutual neutralization
of a positive-negative ion pair,

X+ +Y−→ X +Y. (6.2)
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In diffuse clouds, where the density of particles is low, the occurrence of
anions is assumed to be low, as the weakly bound negative systems are likely
to be neutralized by photodetachment from visible and ultraviolet radiation.
In dense clouds, however, an abundance of anions has been believed to exist
[73, 74], and this has also been confirmed during the last years when CnH−

(n=4,6,8) and CnN− (n=3,5) ions have been identified [75, 76, 77, 78, 79, 80]
in such clouds. In one of the cases (C6H−), it was found that the abundance
of the anions was at 10% of that of the neutral parent molecule. Such a high
anion abundance suggests that the negative charge in the cloud is dominated
by negative ions rather than free electrons, and thus studies of mutual
neutralization processes are crucial to understand the dynamics of interstellar
clouds.

In DESIREE we plan to investigate reaction rates and, in the case of molec-
ular ions, branching ratios for the processes,

AB+ +CD−→ AB+CD

→ AC +BD

→ A+B+CD

→ AB+C +D

→ A+B+C +D

(6.3)

Among the first experiments which will be performed in DESIREE when it
comes on-line, is the mutual neutralization between simple systems such
as, e.g., H+ and H−, but also between the recently detected CnH− ions and
positive ions of known high abundance in the interstellar medium. Such
cations are, e.g., H+

3 , N2H+, and C+.

Experiments are also planned in which only one of the storage rings
will be used. Such experiments are, e.g., cryogenic temperature lifetime
measurements of C2−

60 [81] and of metastable states in atomic ions by a laser
probing technique [82].
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7. Summary

In this thesis, I describe lifetime measurements performed in a purely
electrostatic ion-beam trap, ConeTrap, which we have constructed.
Furthermore, I describe the DESIREE (Double ElectroStatic Ion Ring
ExpEriment) project and a detector test. ConeTrap was mounted inside a
double-walled cryogenically cooled vacuum chamber. This arrangement
enables us to obtain ultra-high vacuum (UHV) conditions and to cool down
the whole apparatus, and to keep it in thermal equilibrium, at well controlled
temperatures down to 10 K. The vacuum chamber was constructed partly for
the purpose of the lifetime measurements mentioned above. Furthermore,
it was constructed as a test chamber for the DESIREE storage ring, which
is a storage device presently under construction at Stockholm University.
The detector test described in the thesis is one of the tests performed in
connection to the DESIREE project

The DESIREE chamber consists of two electrostatic ion-beam rings, in
which it will be possible to store oppositely charged ions simultaneously
and to study interactions between these ions at low relative velocities (down
to 10 meV relative energies) in a merging section. The rings are located
inside an inner vacuum chamber which is surrounded by a thermal shield and
an outer vacuum chamber. The inner chamber and the heat shield will be
connected to the second (coldest) and the first stages of four cryogenerators,
respectively. This will make it possible to reach temperatures of 10-20 K
of the inner chamber. The expected UHV conditions together with the low
relative velocities and the low temperature in the inner chamber make the
conditions experienced by the interacting ions very similar to the conditions
in the interstellar medium. This will make DESIREE a powerful tool for
investigating processes important in such environments.

Even though a number of electrostatic cryogenically cooled storage
devices are presently being built, very few successful experiments performed
under cryogenic and UHV conditions have been reported [83]. This makes
our result for the lifetime of the J=5/2 level of the 1s2s2p 4Po state of He−

an important proof-of-principle for electrostatic cryogenic operation. The
He− ion is a very loosely bound system, which is extremely sensitive to
black-body radiation at room temperature. It is therefore crucial to perform
the measurement at a temperature at which the number of black-body
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photons with high enough energy to break the system is negligibly small. We
have made this measurement at 10 K and obtained the first correction-free
high-precision result for the lifetime of the J=5/2 level of the 1s2s2p 4Po

state of He− of τ5/2=359.0±0.7 µs. Under the assumption of a statistical
population of the fine-structure levels at the time when the ions are created
we have also deduced the lifetimes of the J=3/2 and J=1/2 levels to be
τ3/2=12.3±0.5 µs and τ1/2=7.8±1.0 µs, respectively.

Furthermore, we have measured the pressure-dependent lifetimes of the
stable He+ and Ar+ ions in ConeTrap. This was done over a wide range of
pressures and temperatures and resulted in a longest lifetime for the Ar+ ion
of 21.5±3.8 seconds at a pressure of 1.3·10−10 mbar and a temperature of 28
K.

The detector tested was a position sensitive MCP/phosphor assembly,
consisting of a triple-stack of micro-channel plates and a phosphor
screen. The assembly worked well at room temperature and at cryogenic
temperatures, but the performance was degraded at intermediate
temperatures. This degradation is due to a temperature dependence of the
phosphor screen. During this experiment, however, when the whole area of
the detector was used for detection, it was capable of counting at a rate of 6.4
kHz over a temperature range between 300 and 12 K.

Long-time storage, cryogenic operation, and UHV conditions in the new
storage devices opens up for a wide range of experiments in which properties
of atoms and molecules may be studied, which have formerly not been pos-
sible to investigate. For example loosely bound systems, such as He−, may
be studied at a temperature at which they are not affected by thermal photons
from the black-body radiation. Furthermore, the long storage times and the
cold environment allows for internally hot systems to cool down to the ground
state (or very close) before the desired properties are investigated. One inter-
esting potential subject for such studies would be the C60 dianion, for which a
long-lived component has been reported [81].
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8. The author’s contribution

My contribution to the work reported in papers I and II is extensive. I have
built part of the beam line and assembled the apparatus, I have run and
taken care of the maintenance of the ion source and the whole set-up (I even
made my own filaments for the ion source), and I made the measurements.
Furthermore, I analyzed the data and wrote the papers. My contribution to
paper III is that I have been part of the planning of the construction of the
DESIREE storage ring, and my contribution to paper IV is that I participated
during the measurements and the production of the paper.

During the first years of my PhD studies I worked mainly with fullerenes.
This work, however, is not included in this thesis, but was included in my
licentiat thesis "Ionization of fullerene monomers, dimers, and larger clusters
by highly-charged-ion impact". Alongside the experiments described in this
thesis and in my licentiat thesis, I have also participated in several other
experiments. Most of these experiments were performed at the ion storage
ring CRYRING at the Manne Siegbahn Laboratory, Stockholm University,
but I have also had the opportunity to work in laboratories in Caen, France, in
Århus, Denmark, and in Louvain la Neuve, Belgium. The following articles
are not included in the thesis:

Electron-Capture-Induced Dissociation of Microsolvated Di- and
Tripeptide Monocations: Elucidation of Fragmentation Channels from
Measurements of Negative Ions
Henning Zettergren, Lamri Adoui, Virgile Bernigaud, Henrik Cederquist,
Nicole Haag, Anne I. S. Holm, Bernd A. Huber, Preben Hvelplund, Henrik
Johansson, Umesh Kadhane, Mikkel Koefoed Larsen, Bo Liu, Bruno Manil,
Steen Brøndsted Nielsen, Subhasis Panja, Jimmy Rangama, Peter Reinhed,
Henning T. Schmidt and Kristian Støchkel
ChemPhysChem 10, 1619 (2009)

Two-Center Double-Capture Interference in Fast He2++H2 Collisions
Deepankar Misra, H. T. Schmidt, M. Gudmundsson, D. Fischer, N. Haag,
H. A. B. Johansson, A. Källberg, B. Najjari, P. Reinhed, R. Schuch, M.
Schöffler, A. Simonsson, A. B. Voitkiv, and H. Cederquist
Phys. Rev. Lett. 102, 153201 (2009)
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Evidence of the wave-particle duality for single fast hydrogen atoms
H. T. Schmidt, M. Gudmundsson, D. Fischer, Z. Berenyi, N. Haag, H. A.
B. Johansson, P. Reinhed, U. Sassenberg, R. Schuch, H. Cederquist, A.
Källberg, A. Simonsson, K. Støchkel, S. B. Levin, and C. L. Cocke
Phys. Rev. Lett. 101, 083201 (2008)

Electron capture-induced dissociation of AK dipeptide dications:
Influence of ion velocity, crown-ether complexation and collision gas
Virgile Bernigaud, Henrik Cederquist, Nicole Haag, Anne I.S. Holm, Bernd
A. Huber, Preben Hvelplund, Umesh Kadhane, Mikkel Koefoed Larsen,
Bruno Manil, Steen Brøndsted Nielsen, Subhasis Panja, Sylwia Ptasi?ska,
Jimmy Rangama, Peter Reinhed, Henning T. Schmidt, Alexey V. Streletskii,
Kristian Støchkel, Esben S. Worm and Henning Zettergren
Int. J. Mass Spectrom. 276, 77 (2008)

Kinetic-energy-release distributions and barrier heights for C+
2

emission from multiply charged C60 and C70 fullerenes
N. Haag, Z. Berenyi, P. Reinhed, D. Fischer, M. Gudmundsson, H. A. B.
Johansson, H. T. Schmidt, H. Cederquist, and H. Zettergren
Phys. Rev. A 78, 043201 (2008)

Even-odd effects in the ionization cross sections of (C60)2 and C60C70
dimers
H. Zettergren, H. T. Schmidt, P. Reinhed, H. Cederquist, J. Jensen, P.
Hvelplund, S. Tomita, B. Manil, J. Rangama, and B. A. Huber
Phys. Rev. A 75, 051201 (2007)

Stabilities of multiply charged dimers and clusters of fullerenes
Henning Zettergren, Henning T. Schmidt, Peter Reinhed, Henrik Cederquist,
Jens Jensen, Preben Hvelplund, Shigeo Tomita, Bruno Manil, Jimmy
Rangama, and Bernd A. Huber
J. Chem. Phys. 126, 224303 (2007)

Fragmentation and ionization of C70 and C60 by slow ions of
intermediate charge
H. Zettergren, P. Reinhed, K. Støchkel, H. T. Schmidt, H. Cederquist, J.
Jensen, S. Tomita, S. B. Nielsen, P. Hvelplund, B. Manil, J. Rangama, and B.
A. Huber
The European physical journal D Atomic, molecular and optical physics 38,
299 (2006)

Experimental separation of the Thomas charge transfer process in
high velocity p-He collisions D. Fischer, K. Støchkel, H. Cederquist, H.
Zettergren, P. Reinhed, R. Schuch, A. Källberg, and H. T. Schmidt
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Phys. Rev. A 73, 052713 (2006)

Recoil-ion momentum distribution for Transfer Ionization in fast
proton-He collisions
H. T. Schmidt, J. Jensen, P. Reinhed, R. Schuch, K. Støchkel, H. Zettergren,
H. Cederquist, L. Bagge, H. Danared, A. Källberg, H. Schmidt Böcking, and
C. L. Cocke
Phys. Rev. A 72, 012713 (2005)

Observation of two-center interference effects in proton-H2 collisions
K. Støchkel, O. Eidem, H. Cederquist, H. Zettergren, P. Reinhed, R. Schuch,
C. L. Cocke, S. B. Levin, V. N. Ostrovsky, A. Källberg, A. Simonsson, J.
Jensen, and H. T. Schmidt
Phys. Rev. A 72, 050703(R) (2005)

Transfer ionization in p+He collisions H. T. Schmidt, A. Fardi, J. Jensen,
P. Reinhed, R. Schuch, K. Støchkel, H. Zettergren, H. Cederquist and C.L.
Cocke
Nucl. Instrum. Methods B 233, 43 (2005)

Multiple ionization and fragmentation of fullerene H Zettergren, H T
Schmidt, P Reinhed, N Haag, D Fisher, Z Berenyi, H Cederquist, J Jensen, P
Hvelplund, S Tomita, B Manil, J Rangama, and B A Huber
Journal of Physics Conference Series 88 (2007) 012039

Two-center interference in p-H2 electron-transfer D Fischer, M Gud-
mundsson, K Støchkel, Z Berenyi, H Cederquist, N Haag, H Johansson, S
B Levin, P Reinhed, R Schuch, H T Schmidt
Journal of Physics Conference Series 88 (2007) 012021
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