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Experimentelle Charakterisierung der HITRAP Kühler-Falle mit
hochgeladenen Ionen
Die HITRAP-Anlage (Highly charged Ions TRAP - Falle für hochgeladene
Ionen) wird an der GSI, Darmstadt aufgebaut und in Betrieb genommen.
Sie wird schwere, hochgeladene Ionen bei niedrigen Geschwindigkeiten für
hochpräzise atomphysikalische Experimente zur Verfügung stellen. Ionen bis
zu U92+ , die am GSI-Beschleuniger-Komplex produziert werden, werden erst
im Experimentierspeicherring (ESR) auf 4 MeV/u abgebremst. Dann werden Pakete von bis zu 105 Ionen in den HITRAP Linearabbremser injiziert
und dort bis 6 keV/u verlangsamt. Die abgebremsten Ionen werden in die
HITRAP Penning-Falle (die Kühlerfalle) injiziert, das zentrale Element von
HITRAP. Dort werden die Ionen im Flug gefangen und auf 4 K mit Hilfe
von Elektronen- und Widerstandskühlen abgekühlt, bevor sie zu den Experimenten geschickt werden. In dieser Arbeit wurde die Kühlerfalle getestet,
in der HITRAP-Strahllinie montiert, justiert und in Betrieb genommen mit
Ionen aus off-line Ionenquellen. Bei dieser Inbetriebnahme werden auch die
wichtigen Teile der HITRAP Strahllinie zwischen den off-line Quellen und
der Falle getestet. Durchgeführte kryogene und elektrische Untersuchungen
zeigen die aktuellen Fähigkeiten der Falle. In Experimenten mit Xe+ , Xe2+
und O8+ Ionen werde das in-flight Abfangen und die Speicherung demonstriert. Die im Rahmen dieser Arbeit durchgeführten Tests bilden die Grundlage
für den weiteren Betrieb und Wartung der Kühlerfalle.
Experimental characterization of the HITRAP Cooler trap with
highly charged ions
The HITRAP (Highly charged Ions TRAP) facility is being set up and commissioned at GSI, Darmstadt. It will provide heavy, highly charged ions at
low velocities to high-precision atomic physics experiments. Species up to
U92+ produced at the GSI accelerator complex are, at first, decelerated to 4
MeV/nucleon in the Experimental Storage Ring (ESR). Then, bunches of up
to 105 ions are injected in the HITRAP linear decelerator which slows them
down to 6 keV/nucleon. The decelerated ions are injected into the HITRAP
Cooler Penning trap - the key element of the HITRAP facility. There, the
ions are captured in-flight and cooled down to 4 K by electron and resistive
cooling before being sent to the experimental set-ups. Within this work the
Cooler trap design was tested, the Cooler trap was assembled to the HITRAP
beam line, aligned, and commissioned in trapping experiments with ions from
off-line ion sources. During this commissioning the important parts of the
HITRAP beam line between the off-line sources and the trap were tested.
Performed cryogenic and electrical tests showed the current abilities of the
trap. Experiments with Xe+ , Xe2+ , and O8+ demonstrated in-flight capturing and storage of ions. The work performed within the scope of this thesis
provided the baseline for further operation and maintenance of the Cooler
trap.
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Chapter 1
Introduction
Highly charged ions decelerated to very low energies are valuable objects for
a wide range of experiments in physics. Exclusive effects and very high precision can be accessed in studies on ion-gas and ion-surface interactions, with
precision mass measurements, in investigation of hydrogen-like ions’ hyperfine splitting or measurements of the bound state g-factor. With heavy, highly
charged ions stored at low energy, the measurements of physical quantities such
as the g-factor of a bound electron, or electron binding energies will challenge
the precision of theoretical predictions.
Presently, quantum electrodynamics (QED) is the best confirmed theory
in physics. QED calculations based on a perturbative approach demonstrate
extremely low relative uncertainties and an impressive predictive power. For
example, the free electron g-factor has been calculated with a relative uncertainty of about 10−13 [Kin06]. The calculations were confirmed by an experiment where g/2 was measured with a relative uncertainty of 0.28 ppt which is
of the same order as that of the QED calculations [Han08].
With heavy and highly charged ions the perturbative approach becomes inappropriate. In the perturbative QED interactions between particles are expanded as a function of Zα, where Z is the atomic number and α ≈ 1/137 is
the fine-structure constant. However, for heavy, highly charged ions the term
Zα becomes comparable to 1 and cannot be longer used as a perturbation
term. Therefore, non-perturbative theoretical techniques have been developed
[Moh98, Bei00]. These approaches solve QED problems in the so-called strongfield regime which is applicable in the extremely high electromagnetic fields
of heavy nuclei. As it is shown in fig. 1.1 these fields can reach an order of
1016 V/cm which is close to the threshold of spontaneous production of an
electron-positron pair (Schwinger limit). Predictions of the non-perturbative
theories in this extreme regime can be verified by experiments with heavy,
highly charged ions.
The GSI accelerator complex in Darmstadt, Germany, allows for production
of intense relativistic beams of heavy highly charged ions. Stripping of manyelectron ions on a solid target after acceleration in a synchrotron performs that
1
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Figure 1.1: Electrical field strength for the lowest-lying energy levels in hydrogen-like
ions with atomic numbers in range Z=1÷92 . Picture reproduced from [Bei00].

[Fra87]. In order to reach the precision demanded by theory, the Dopplershift uncertainty has to be eliminated. This can be achieved if the ions are
decelerated to very low energies and stored in a cryogenic environment. For
this purpose the HITRAP facility was built at GSI.
The HITRAP facility receives an ion beam decelerated to 4 MeV/nucleon
from the Experimental Storage Ring (ESR), transforms and decelerates. At
first, the HITRAP linear decelerator reduces the ions energy by about three
orders of magnitude delivering 6-keV/nucleon ion bunches. In the next step,
these bunches are captured in-flight and stored in a Penning trap which cools
them down to sub-eV average energy via electron and resistive cooling. Thus,
well controlled ensembles of up to 105 cold highly charged ions become available for various high-precision experiments built by several research groups
within the HITRAP collaboration. These experiments include:
Laser spectroscopy.
The hyperfine-structure splitting scales with the atomic number Z as Z3 . This
makes high-precision laser spectroscopy possible for heavy highly charged ions
(Z>60). Such measurements may give an insight into the internal structure of
the nucleus and also serve to test corresponding predictions of the QED. SPECTRAP is a trap-assisted setup enabling spectroscopic measurements with the
ions delivered by the HITRAP facility [And12]. It aims for an uncertainty of

3
the measured hyperfine splitting of a few parts in 107 which is three orders of
magnitude better than ever achieved [Vog05].
Mass measurements.
The knowledge of masses provides insights into the nuclear and atomic structure by, for example, determining binding energies and Q-values (energy released in nuclear reactions). Moreover, high-precision mass measurements
make QED tests possible. The desired precision in mass measurements can
be achieved with heavy, highly charged ions stored in a Penning trap. There
an ion mass mi can be determined from the relation
ωref
mi
=
,
mref
ωi

(1.1)

where mref is a well-known reference mass and ωref , ωi are the accurately
measured cyclotron frequencies of a reference ion and the ion of interest, respectively. A dedicated Penning trap built in Heidelberg aims for a precision
δm/m below 10−11 [Her06].
Measurements of magnetic moment of bound electrons.
The precise g-factor determination for the electron bound in a heavy, hydrogenlike ion represents a sensitive test of QED in the strong-field regime. Such
measurements will be conducted within the scope of the ARTEMIS experiment which has being developed by a Mainz-GSI collaboration [Qui08]. The
experiment is dedicated to laser-microwave double-resonance spectroscopy of
cooled HCI. Such spectroscopy enables simultaneous determination of electronic and nuclear magnetic moments with respective relative uncertainties on
the ppb and ppm level.
Collisions studies with solid and gaseous targets.
Heavy, highly charged ions possess huge potential energy concentrated in a
small volume. This property makes them valuable in collisional experiments
with surfaces and neutrals.
When HCI approach a solid surface they may cause various phenomena, such
as the creation of nanohillocks [ES08], hollow atoms [Bri96] or the trampoline
effect [Gia99]. An experiment dedicated to surface interactions will investigate
these phenomena by measuring electron emission in dependence on charge and
energy of the ion impinging upon different surfaces [Lem05].
Collisions of HCIs with neutral matter are investigated in another experiment
within the HITRAP collaboration. There, slow HCIs from the Cooler trap are
targeted to cold neutral atoms contained in a pulsed gas jet [Tie11] or stored
in a magneto-optical trap [Goe11]. The products of the ion-atom collisions
will be investigated by a reaction microscope. This experiment will provide a
possibility to investigate dynamics and electrons’ correlation in neutrals.
The ambitious objectives of these experiments show that HITRAP with the
Cooler trap as its key element will be a valuable source of heavy, highly charged
ions - important research objects in modern science. Presently, HITRAP is in

4
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its commissioning stage. Its decelerator has been commissioned off-line and is
being prepared for on-line tests. The focus of this work was on commissioning
of the Cooler trap. The individual components were tested, assembled and
aligned to the HITRAP beam line. Then, ions from two compact ion sources
were transported to the Cooler trap. Along with this transport important
parts of the HITRAP beam line were commissioned. Finally, the Cooler trap
performance for in-flight capture and ion storage was tested.
This thesis is structured as follows. A brief overview of the basics of ion
storage and cooling in a Penning trap (chapter 2) will be followed by a detailed description of the HITRAP decelerator (chapter 3). Then, the HITRAP
components which have been tested within this work - the Cooler trap, the
transport beam lines, the off-line sources - will be described in detail (chapter
4). After that, the central part of this work - injection, capture and storage of
HCI in the Cooler trap - will be discussed (chapter 5). Finally, the outcome of
the performed work will be summarized, latest activities in the project listed
and an outlook on further commissioning given (chapter 6).

Chapter 2
Penning trap basics
A Penning trap is a device that uses electric and magnetic fields to trap charged
particles. Thanks to its versatility it is used in a wide range of experimental
physics fields, e.g. cooling and storage of charged particles, mass and g-factor
measurements, optical spectroscopy, plasma confinement.
At HITRAP a Penning trap is used for cooling and storage of large amounts
of heavy, highly charged ions before distributing them to a variety of highprecision experiments. This chapter intends to give an overview of the general Penning trap operational principles and the ion cooling techniques implemented in the HITRAP Cooler trap.

2.1

Particle confinement and motion in a Penning trap

Three-dimensional confinement of a charged particle in an electrostatic field
~ =
is not possible as it is restricted by the Laplace equation ∆2 V = −∆E
0 (known also as Earnshaw’s theorem [Ear42]). Such confinement becomes
possible in a Penning trap where an electrostatic field is combined with a
static axial magnetic field [Pie49, Deh58]. One of common realizations of such
a trap is shown in fig. 2.1. The trap consists of three hyperbolic electrodes, one
ring electrode and two endcap electrodes. The entire structure is placed in an
axial magnetic field which can be generated by a solenoid. The electrostatic
potential created in such a trap is a quadrupole potential.
V =

−V0 2
(r − 2z 2 );
4d20

1
d20 = (2z02 + r02 )
4

(2.1)

This potential prevents the escape of a charged particle along the trap axis. Radial confinement is provided by the Lorentz force acting on a moving, charged
particle.
~
F~L = q~v × B.
(2.2)
5
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Figure 2.1: Schematic drawing
of a hyperbolic Penning trap.

Thus, a particle of mass m and charge q moving in crossed electric and magnetic
fields experiences a force:


.
~
~
~
F = m~v = q −∇V + ~v × B
(2.3)
This gives the equations of particle motion in a Penning trap:


q V0
..
.
x=
x + yB
m 2d20


q V0
.
..
y − xB
y=
m 2d20


q
V0
..
z=
− 2z
m
d0

(2.4)
(2.5)
(2.6)

Solving these equations results in three motional modes which are shown in
fig. 2.2. These are the axial oscillation, the reduced cyclotron motion and the
slow magnetron drift around the symmetry axis of the trap. Frequencies of
these motions are decoupled from each other and represented by the following
expressions [Bro86]:
s
qV0
(2.7)
ωz =
md20

p
1
ω± =
ωc ± ωc2 − 2ωz2 ,
(2.8)
2
qB
whith
ωc =
(2.9)
m
Frequencies ωz , ω+ , ω− are known as axial frequency, modified cyclotron frequency and magnetron frequency, respectively.

2.1. Particle confinement and motion in a Penning trap

B

7

Axial motion
ωz

Magnetron drift

ωReduced cyclotron

ω+

Figure 2.2: Ion motions in a Penning trap.

One can see from eqs. 2.7 and 2.8 that real frequency values are only possible when
ωc
qV0 ≥ 0
and
ωz ≤ √
(2.10)
2
These are the stability conditions for an ion stored in a Penning trap. The
second condition can be rewritten as
m
B 2 d2
≤
(2.11)
q
2V0
and can be used to estimate the maximal mass-to-charge ratio of ions which can
be stored in a specific trap. Generally, the fields that make up the Penning trap
are chosen such that ωz  ωc , which means that the eigenmotions’ frequencies
follow the relation:
ω−  ωz  ω+ (≈ ωc )
(2.12)
Although the hyperbolic Penning trap has a harmonic electrical potential
it has two main disadvantages. The first of them is related to the hyperbolic
shape of the electrodes which is very difficult to produce. The second is that
this trap has a hindered access to the trapping volume which makes direct particle injection difficult. These issues can be solved by replacing the hyperbolic
endcaps with cylindrical electrodes. It was shown that the potential in the
center of a cylindrical trap can be made approximately harmonic which allows
for decomposing the ion motion into the three eigenmotions as it was done for
the hyperbolic trap [Gab84].
The HITRAP Cooler trap has to capture and store bunches of 105 U92+
ions and cool them down (via electron and resistive cooling). This requires:

8
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− easy access to the trap for ions and electrons,
− a large trapping volume,
− a possibility to store the ions and the electrons simultaneously (for electron cooling).

These requirements were fulfilled by designing the Cooler trap as a multi-ring
cylindrical trap (MRT) [Bei03]. With cylindrical electrodes, injecting large
number of ions and electrons is easy. An arbitrary number of equal electrodes
allows for flexible shaping of the electric potential. Thus, it can be shaped in
such a way that both electrons and ions are stored simultaneously (nested trap
[Gab96]). In the Cooler trap, the number of electrodes is chosen such that five
(two for electron and three for ions) quasi-harmonic potential regions can be
shaped simultaneously [Mae08].

2.2

Cooling of trapped particles

While deceleration decreases the ion beam velocity, cooling increases the phase
space density of the beam, i.e. simultaneously reduces the size and angular
divergence of the ion beam or ion cloud. Ion cooling is required for most
of the trap-based experiments for several reasons. First, cooled ions remain
longer in the trap. Second, cooling reduces Doppler effects and therefore increases precision of measurements in all spectroscopic experiments. Third,
some phenomena can be observed only at low temperatures (e.g. Coulomb
crystal [Dre03]).
Liouville’s theorem says that for a given energy (velocity) of a system the
emittance (the product of size and angular divergence) must be constant if
there are only conservative forces. This means that cooling is possible only if
the system becomes nonconservative. There are plenty of alternative ways to
cool stored ions. The most widely used techniques are collisional cooling (i.e.
with electrons or buffer-gas atoms), laser cooling and resistive cooling. The
final energy (temperature), the potential well, the initial ion energy and charge
state, and the desired storage time are among the most important criteria for
the right choice of the cooling method.
The HITRAP Cooler trap has to decelerate and cool a 6-keV/nucleon U92+
ion bunch down to energies below1 meV in 10÷40 seconds. Since bare ions have
no electronic structure, laser cooling cannot be used. Since charge exchange
collisions would be very probable in buffer-gas cooling, this method is also
undesirable when storing HCI. Therefore electron cooling and resistive cooling
were envisaged while designing the Cooler trap.

2.2. Cooling of trapped particles
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Figure 2.3: Principle scheme
for resistive cooling. An ion of
charge q and mass m oscillates
at frequency ωz between two
parallel conducting plates connected via resistance R. Due to
oscillations of an image charge
qi there is an image current I
flowing through the resistor. ε
is an energy dissipated per unit
time due to resistors’ heating.

Electron cooling

During electron cooling hot ions lose their energy in Coulomb interactions with
cold electrons. In order to implement this technique in a Penning trap, both,
ions and electrons have to be stored simultaneously. Light electrons colliding
with heavy ions take portions of the ion energy and then easily cool down via
synchrotron radiation in the magnetic field of the trap. Thus, the energy of
the ions constantly reduces with time. This method is relatively fast (a few
seconds), however it has limitations. These are related to the loss of HCI by
recombination, which becomes more probable at lower ion energies [Zwi05]. In
order to prevent this loss, electron cooling should be stopped when the ions
energy approaches the corresponding values. This can be done by fast-pulsed
ejection of electrons from the trap.
In case of the Cooler trap, electron cooling of 105 U92+ ions by 109 electrons
should be stopped at an energy of 10 eV, when the ions survival probability
in the recombination process is still about 90%. Electron cooling from 1.5
keV/nucleon down to 10 eV will take about 1.5 s whereupon resistive cooling
will take over [Mae08].

2.2.2

Resistive cooling

In this cooling technique axial or radial ion energy is reduced by coupling of the
trap electrodes to an external circuit, containing a resistive element. Fig. 2.3
shows the resistive cooling principle. An ion of mass m and charge q oscillates
at a frequency ωz between two parallel plates separated by a distance 2z0 and
connected via an external resistor. The ion moving with an axial velocity vz
induces an image current
qvz
(2.13)
i=
2z0
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between the plates, which dissipates energy by heating the resistor. Such
energy dissipation results in damping of the ion oscillations and therefore in
ion cooling. The energy dissipated per unit time can be expressed as:
dE(t)
q 2 RE
1
=< i2 R >=
= − E,
2
dt
4mz0
τ

(2.14)

where E = m < vz2 > is the total kinetic energy of the ion. The characteristic
time constant of the cooling process is
τ=

q2R
4mz02

(2.15)

which shows that resistive cooling is more effective for ions with high charge
and low mass-to-charge ratios.
Eq. 2.15 also implies that the cooling process can be accelerated by increasing the resistance. Practically, high resistance is obtained by connecting
an inductance L parallel to the trap. With a parasitic trap capacitance C this
forms an LC-circuit which has a high resistance R = Q/(wLC C) in resonance.
Here Q - is the quality factor of the circuit1 . By tuning the circuit frequency
to the frequency of the ion oscillations (e.g. ωz ), one can maximize the ion
energy dissipation.
A resonant circuit for resistive cooling of axial ion motion in the Cooler
trap was designed and implemented [Kos09]. Since the minimal temperature
achievable via this technique is defined by the circuit temperature, all electronic components will be installed close to the trap in the 4 K cold bore of
the cryogenic magnet. Extensive simulations on resistive cooling showed that
reaching the meV energy range during cooling of U92+ in the Cooler trap is
possible but the process can take up to several tens of seconds [Mae08].

√
LC
The Q-factor of the LC circuit is defined as Q = ω∆ω
, where ωLC = 1/ LC is the
resonance frequency and ∆ω is the bandwidth of the LC-circuit (the resonant peak width
measured 3 dB below the maximum).
1

Chapter 3
The HITRAP facility
The HITRAP project is being developed at GSI, Darmstadt. Its objectives
include decelerating, cooling and storing heavy, highly charged ions supplied
by the GSI accelerator complex. HITRAP is a unique facility which will be
exploited by a variety of high-precision experiments.
This chapter intends to give a general overview of the complete HITRAP
facility within the GSI accelerator complex and a detailed description of the
HITRAP decelerator components. Present commissioning status of each component is discussed within the scope of the respective sections.

3.1

HITRAP within GSI

The GSI accelerator complex enables production of intense relativistic beams
of heavy, highly charged ions. For a number of precision experiments the
ions have to be decelerated to very low energies and stored in a cryogenic
environment. For this, the HITRAP facility has been built [Bei03].

3.1.1

Highly charged ions production

Highly charged ions (HCI) can be produced in two ways: multiple ionization
via collisions with energetic electrons and in-flight stripping of electrons from
swift particles colliding with a fixed target. The first method is implemented in
electron cyclotron resonance ion sources (ECR) and electron beam ion sources
and traps (EBIS/EBIT) [Lev88]. High energy electrons created in these sources
bombard relatively slow ions and remove bound electrons from the ions’ shells.
The systems are compact and provide ion beams of low energy. However,
the achievable charge state is often limited by the required electron energies.
For example, in order to produce bare uranium an electron energy of several
hundred keV is necessary. Such energy is difficult to achieve with the described
machines, hence, only a few U+92 were observed once in a SuperEBIT [Mar94].
The other method of HCI production is in-flight stripping which is implemented in accelerator facilities. There a high-energy ion beam impinges upon
11
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a gaseous or solid target, and its electrons are removed in collisions with the
target atoms [Bey99]. The yield of heavy HCI can be high in this method,
though it depends on material and thickness of the target as well as on energy
and type of the ion beam [Shi82].

3.1.2

GSI accelerator complex

HITRAP
Stripper
target

FRS

Figure 3.1: Overview of the GSI accelerator complex. The ions accelerated and
partially stripped in the UNILAC linear accelerator are injected into the SIS-18
synchrotron for further acceleration. Ejected from the SIS ions are stripped to
bare or few-electrons ions in the stripper target. For radioactive species production
the ions are sent through the FRS fragment separator. The ions are cooled and
decelerated in the ESR storage ring. Then they are sent in the reinjection channel
to HITRAP.

In-flight stripping facilities implemented within the GSI accelerator complex enable efficient production of HCI as heavy as uranium. For example, a
30-% yield of U92+ was achieved from 400 MeV/nucleon U73+ -beam stripped
by a copper foil with thickness of 40 µg/cm2 [Dah04].
An overview of the GSI accelerator complex is shown in fig. 3.1. Ions generated in ion sources are accelerated by the universal linear accelerator (UNILAC) and pre-stripped by a gas-jet target. After that the 11.4-MeV/nucleon
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U28+ ions are sent through a foil stripper where their charge state can be increased up to U73+ . Then the HCI are accelerated in a heavy ion synchrotron
(SIS-18) up to 1 GeV/nucleon (a typical value is 400 MeV/nucleon). Afterwards they are ejected towards another foil stripper which can produce heavy
HCI up to bare uranium. Finally, the HCI are sent to the experimental storage ring (ESR) where they can be decelerated to the minimal energy of 3
MeV/nucleon, cooled, and stored before ejection to various experiments. The
HITRAP facility locates in the SIS reinjection channel, right after the ESR
ejection port.
In order to reduce the emittance of the injected ions, electron cooling as
well as stochastic cooling are used in the ESR [Fra87]. When only electron
cooling is applied the complete ESR-cooling cycle takes 30÷40 s. Herewith
105 highly charged ions with energy of 3÷5 MeV/nucleon can be ejected from
the ESR. However, the HITRAP facility requires a bunch of 105 ions with
energy of 4 MeV/nucleon every 10 s. To accomplish this timing, stochastic
cooling can be used before electron cooling.

3.1.3

HITRAP overview

The HITRAP facility is schematically shown in fig. 3.2. It accepts ions extracted from the ESR, decelerates and cools them down before transporting to
high-precision experiments. Deceleration is performed by the HITRAP linear
decelerator which consists of several machines:
1. DDB: a double-drift buncher shapes the ESR-bunch to match the longitudinal acceptance of the following decelerating machines.
2. IH: an interdigital H-type linear decelerator slows a 4 MeV/nucleon-beam
down to 0.5 MeV/nucleon.
3. RFQ: a radio frequency quadrupole accepts the ion bunches from the IH
and decelerates them down to 6 keV/nucleon.
The HITRAP decelerator is designed to accept and decelerate 4-MeV/nucleon
ion bunches with mass-to-charge ratio A/q ≤ 3, but it does no ion cooling. This
is the objective of the Cooler trap. The 6-keV/nucleon ions are transported
from the RFQ to the Cooler trap via a low-energy beam line (LEBT) which
is equipped with electrostatic ion optics. The Cooler trap captures in-flight
and cools down bunches consisting of 105 heavy, highly charged ions (such as
U92+ ). Cooling down to 10 eV is accomplished via collisions with electrons,
then ion energies below 1 meV are achieved via resistive cooling.
Cooled ions are ejected from the Cooler trap and transported with fewkeV energy to experiments located on the next floor above the reinjection
channel. The transport is done via a vertical beam line (VBL) equipped with
electrostatic and magnetic elements for focusing and steering of the beam.

Chapter 3. The HITRAP facility
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4 MeV/nucleon
Beam from ESR

DDB

Longitudinal
acceptance matching

IH

Deceleration
to 0.5 MeV/nucleon

RFQ

Deceleration
to 6 keV/nucleon

Beam to experiments

Trap

Cooling
to < 1meV

LEBT Cooler

Beam
transport

VBL

B

Beam transport
at few keV/q

Figure 3.2: Overview of the HITRAP facility. The ion beam comes from the ESR at 4 MeV/nucleon and is injected into the HITRAP
beam line. A double-drift buncher (DDB) matches the bunches into an interdigital H-type linac (IH) where the ions are decelerated
to 0.5 MeV/nucleon. Further deceleration down to 6 keV/nucleon takes place in a radio-frequency quadrupole (RFQ), afterwards the
ions are transported to the Cooler trap through a low-energy beam transport line (LEBT). In the Cooler trap the ions are cooled down
to 10 eV via electron cooling and further to 4 K via resistive cooling. The cooled beam is transported with few-keV/q kinetic energy
through a vertical beam line (VBL) to experiments located on the next floor above the reinjection channel.
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Deceleration of HCI at HITRAP.

As it was presented in the HITRAP overview, deceleration of ions from 4
MeV/nucleon down to 6 keV/nucleon is performed by several components:
the DDB, the IH, the RFQ. All of them are radio-frequency (RF) machines
which are designed to work at frequency of the UNILAC Alvarez structure (or
its higher harmonics). The Alvarez frequency is 108.408 MHz which gives a
period of 9.2 ns for HITRAP RF-deceleration. Moreover, phase acceptance
of the IH is only between 10◦ and 15◦ out of the 360◦ of the 9.2-ns period
[Bei03]. This means that 1 µs long ion bunches coming from the ESR can not
be efficiently injected into the IH. In order to enable this, the ESR bunches
are reshaped by the DDB.

3.2.1

The double-drift buncher

The Double-Drift Buncher reshapes 1-µs ion bunches according to the IH acceptance [Bar06]. The machine consist of two RF cavities (see fig. 3.3) . The
first cavity includes 5 drift tubes supported by stems which feed RF to the
tubes. This cavity has 4 deceleration gaps and operates at 108.408-MHz frequency. The second cavity is a 2-gap buncher working at 216.816 MHz which
is the second harmonic of the Alvarez frequency.
The DDB was installed in the reinjection channel and commissioned in
2007. The measured buncher characteristics were found in good agreement
with the design requirements and performed calculations [Kes06, Kes07, Sok10].
80% of well focused beam was measured in the IH entrance. Bunching of the
ESR beam was observed as phase-probes image current at a period of 9.2 ns.
This is exactly the RF-deceleration period of the IH.
Ring-shaped, capacitive pick-ups installed after the DDB serve for monitoring the ion beam ejected from the machine. For ion beams of good intensity
(at least 1 µA peak current) and low energy spread these pick-ups can give information about the bunch length and energy [Wit09]. In 2011, analysis of the
bunch structure from the pick-ups showed the need of the bunchers’ settings
optimization. The optimization was accomplished by adjusting the relative
phase of the 2-gap buncher [Rei11].
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Figure 3.3: The photograph shows the DDB cavities (1, 2) installed in the reinjection
tunnel. Below a schematical drawing of both cavities is shown. The first cavity (1)
is a 4-gap buncher working at 108 MHz. The second cavity (2) is a 2-gap, 216-MHz
buncher.
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IH-linac
drift tube

gap

quadrupole triplet

Figure 3.4: On the left, is a schematical top-view of the IH decelerating structure is
shown. It consists of 25 deceleration gaps between the drift tubes. The quadrupole
triplet lens serves for transverse beam focusing. On the right, the photograph shows
the IH installed in the reinjection tunnel.

Shaped by the DDB the ion bunches are injected in the interdigital Htype linear decelerator (IH) which decelerates them from 4 MeV/nucleon down
to 0.5 MeV/nucleon [Sau05]. The machine is basically a linear accelerator
operated in reverse direction. It consist of a series of drift tubes in a resonant
RF cavity. An oscillating electromagnetic field is applied to the drift tubes in
such a way that it always decelerates an ion bunch when it passes through the
gaps between the drift tubes.
Fig. 3.4 shows a photograph and a schematic view of the IH. The machine
consists of a copper plated steel tank with 25 deceleration gaps. The first 15
gaps are called the IH high-energy section and are followed by a quadrupole
triplet lens which enables transversal focusing. After the lens, another 10 gaps
form the IH low-energy section. The distance between the gaps is decreasing
in beam direction which allows for matching phases of RF-field and beam.
The decelerator is operated with up to 200 kW RF-power and enables 10.5
MV effective voltage (as required for deceleration of ions with A/q ≤ 3 from
4 MeV/u down to 0.5 MeV/u).
The IH was commissioned in the years 2008 - 2011. In first experiments
(2008 - 2009), decelerated ions were separated from the primary beam by
a magnetic steerer installed after the IH. A single crystal diamond detector
(SCDD) was used for beam analysis. This produced a signal proportional to
the number of ions and to the ions energy. 70% of the beam was transmitted
through the IH and 25% of those were decelerated. Besides the necessary IHsettings optimization, these experiments showed the need for a fast scheme for
energy analysis of the IH-beam [Sok10].
In 2010-2011 the IH performance was improved. This was possible thanks
to optimization of RF power and phases for the DDB and the IH. The correc-
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tion of the ESR-beam energy by 1 % brought considerable improvement in the
beam quality as well [Rei11, Her11]. In these experiments and also presently,
ions ejected from the IH are detected according to the scheme shown in fig. 3.5.
This scheme represents an energy analyzer enabling precise energy measurements of the ions (the analyzer resolution is 1% at 500 keV) [Vor11, Her12].
The beam coming out of the IH is divergent and consists of ions with energies
in the range from 4 MeV/nucleon to 0.5 MeV/nucleon [Her11]. The angular spread of the beam becomes considerably reduced after the beam passed
through two subsequent slits (0.1 mm and 0.15 mm wide). Then the beam
is injected into a 0.5 Tesla magnetic dipole which deflects the ions according to their energy. The deflected particles hit an MCP creating an electron
avalanche. Then these electrons are accelerated towards a phosphorous screen,
hit it, and light is emitted. The emitted light intensity is recorded by a CCD
camera.

fixed slits
0.15

variable slits
0.1 - 28

103

mirror

beam axis

445

magnet
0.5 T

MCP
CCD
camera

Figure 3.5: Shematic view of the energy analyser after the IH. The ion beam coming
out of the IH passes through the two slits into the 0.5-T magnet. After the magnet,
the beam splits into different components according to the ions’ energy. The ions
are detected on the MCP by the CCD camera which records a mirror image of light
emitted from the phosphorous screen.

Fig. 3.6 shows a beam profile of 136 Xe50+ ions measured after the energy
analyzer in 2011. Two well separated components were observed. On the
vertical projection of the spectrum (the image on the right), the area of each
peak gives a measure of the ions’ number. For energies identification the
measurements are compared with SIMION simulations. The IH decelerates
about 50% (56% for fig. 3.6) of the injected 4-MeV/nucleon beam down to 495
(±10) keV/nucleon (with FWHM of 45 keV/nucleon). Efficient deceleration
to energies in the range of 475÷515 keV/nucleon can be achieved at various
settings of the ESR, the DDB and the IH itself [Her12].
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Figure 3.6: 136 Xe50+ beam profile measured after the IH. Left: the picture from
the CCD camera shows beam components at different positions, hence, different
energies. Both, the primary 4 MeV/nucleon and the decelerated 0.5 MeV/nucleon
components are observed. Right: vertical projection of the spectrum shown on the
left image.

3.2.3

The radio-frequency quadrupole decelerator

To decelerate ions, ejected from the IH, down to 6 keV/nucleon a radiofrequency quadrupole (RFQ) was designed [Hof08]. Its decelerating structure
consists of four longitudinally modulated rods (see fig. 3.7). The electric RF
field applied to these rods provides a transversely confining potential and a
decelerating field in longitudinal direction [Wan98].
Special RF structures are installed on both sides of the RFQ to improve
the longitudinal quality of injected and ejected beams: a rebuncher and a
debuncher (see fig. 3.7). The rebuncher is a two-gap spiral 108.408 MHz resonator. It reduces the phase spread of the ion beam after the IH from 45◦
down to 20◦ , which is the longitudinal acceptance of the RFQ. After the RFQ,
a single harmonic debuncher lowers the longitudinal energy spread of the beam
from ±7% down to ±4%, which is needed for efficient trapping in the Cooler
trap.
To analyze the ion beam energy spectrum after the RFQ the setup as shown
in fig. 3.8 is used. The operational principle is similar to the one after the IH:
ions of different energies are separated by a magnet and detected on a position
sensitive MCP detector setup. After the RFQ, the energy analyzer consists
of 0.15 mm wide slit, a 0.1-T magnet and two detectors, each containing an
MCP with a phosphorous screen and a CCD camera. The first detector resolves
the 6-keV/nucleon beam while the 500-keV/nucleon and the 4-MeV/nucleon
components can be resolved on the second detector.
Commissioning of the RFQ structure started in 2009 and is still ongoing.
Ions transported through the RFQ have been observed since 2010. However,
deceleration has not been observed yet on-line, which was explained by a prob-
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Figure 3.7: The radio frequency quadrupole. Top: the RFQ in the reinjection tunnel.
Bottom: the rebuncher (a), the decelerating 4-rod structure (b), the debuncher (c).

able mismatch of the IH output energy and the energy range accepted by the
RFQ [Her11]. In order to verify this hypothesis, the RFQ was tested off-line
at the Max Planck Institute for Nuclear Physics in Heidelberg. A Pelletron
accelerator available there provided monochromatic H2 + ion beam variable in
the energy range around 500 keV/nucleon. The off-line tests have shown that
the RFQ can decelerate ions down to the designed energy but its actual energy acceptance of 525 (±5) keV/nucleon mismatches with the energy of the
ions after the IH [Mai13]. This challenge has been solved with a new RFQ
structure designed, manufactured and assembled at GSI [Yar13, Der13]. In
2012/2013 the new RFQ was commissioned off-line with the Pelletron accelerator. The acceptance of the new RFQ structure was found to be 485 (±15)
keV/nucleon, i.e. consistent with the IH output energy [Mai13]. In autumn
2013 the new RFQ will be installed in the HITRAP beam line and in 2014
on-line commissioning will proceed.

3.2. Deceleration of HCI at HITRAP.
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Figure 3.8: Schematic view of the energy analyzer after the RFQ. The ion beam
coming from the RFQ is separated by energy with a retractable 0.1 T permanent
magnet. The first detector resolves the 6-keV/nucleon beam (blue). The second
detector resolves the 500-keV/nucleon component (green) and the 4-MeV/nucleon
primary beam (red).

3.2.4

The low-energy beam-transport line

The low-energy beam transport line (LEBT) serves for transport of the ion
beam from the RFQ to the Cooler trap. The design was led by two major
requirements:
− A large pressure gradient between the RFQ and the trap.
While the HITRAP decelerator works at about 10−8 mbar the Cooler
trap requires a pressure below 10−13 mbar for proper operation [Her05].1
− Efficient transport and maintaining of a very divergent beam.
The low-energy beam coming out of the RFQ will have large angular
divergence (about 100 π mm mrad at 6 keV/nucleon) and an energy
spread of ±4% [Her05].
The LEBT designed to meet the requirements mentioned above is shown in
fig. 3.9. It contains two 8 mm diameter diaphragms acting as differential
pumping barriers. By combination of these diaphragms with two turbopumps
and two ion-getter pumps the pressure of 10−11 mbar can be achieved at the
Cooler trap entrance. Further pressure decrease is accomplished inside the
trap.
To efficiently transport a divergent beam through the diaphragms, the
LEBT has 6 einzel lenses (L1 ÷ L6). The exit electrodes of the lenses L2
to L5 are radially 4-fold split for a beam deflection. This set of lenses enables
1

The required pressure for the Cooler trap was estimated considering electron capture
cross-sections of slow U92+ with residual-gas atoms/molecules [Sch84].
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Figure 3.9: Top: a schematic view of the LEBT. Bottom: a photo taken in the
reinjection tunnel. L1 ÷ L6 - einzel lenses; A - 8-mm diaphragms; V- gate valves;
D - diagnostics chambers each containing an MCP and a Faraday cup. The line is
pumped by two turbopumps (TP) and two ion-getter pumps (not visible).

above 90-% transport of the ion beam from the RFQ through the diaphragms
and into the Cooler trap [Her05].
To measure the beam position and intensity, two diagnostic sets are installed in the line. Each of them contains an MCP with a phosphorous screen,
a CCD camera, and a Faraday cup.

Chapter 4
The Cooler trap and
accompanying setup.
Ions slowed down in the HITRAP decelerating linac from 4 MeV/nucleon to
6 keV/nucleon will be injected into a Penning trap. The HITRAP Cooler
Penning trap will decelerate the ions further and cool them down to energies
below 1 meV. After that bunches of 105 cooled, highly charged ions will be
transported to various experimental setups for high-precision measurements.
There are several prerequisites for this to work.
− The Cooler trap has to enable: capturing of incoming beam of fast ions,
electron and resistive cooling down to energies below 1 meV, and ion
extraction with minimal increase of energy spread.
− A beam line from the Cooler trap to the experimental setups has to
enable transport of cooled ions. Ion transport should be performed with
minimal increase of energy spread and minimal ion losses.
− Control system has to enable remote control for the whole HITRAP
facility and precise timing during HITRAP working cycle.
This chapter is devoted to HITRAP sections shown in fig. 4.1. At first, the
Cooler trap design will be described. Then, results of cryogenic and electrical
tests will be presented and new challenges will be discussed. In section 4.2, the
electron source setup will be covered. In section 4.3 the Vertical Beam Line
(VBL) will be described followed by an overview of the off-line ion sources (an
EBIT and a test ion source), used for commissioning of the VBL and for testing
of the Cooler trap. Section 4.5 will present the most important diagnostics
along the beam line from the LEBT up to the high-precision experiments.
Finally, section 4.6 will discuss purpose, challenges, and current status of the
HITRAP Control system.
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Figure 4.1: HITRAP facility structure after the decelerating linac. Highly charged
ions from the RFQ are transported via LEBT and injected in the Cooler trap.
After cooling down, they are transported via Vertical Beam Line (VBL) to various
experimental setups on an upper floor. An EBIT is used as an off-line source for
commissioning of the VBL and the Cooler trap. The transport sections (LEBT and
VBL) are equipped with electrostatic ion optics for beam focusing and deflection,
with magnets for beam bending, with diagnostics for beam detection, and with
turbomolecular and ion-getter pumps.
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The Cooler trap setup.

The Cooler trap is a crucial part of the HITRAP facility. Here, charged particles are trapped due to a specific combination of electric and magnetic fields.
The electric field is created by charging up an electrode structure and provides
axial confinement of the particles. Radial confinement is provided by the magnetic field of a solenoid surrounding the electrodes.
The key tasks of the Cooler trap are:
− In-flight capturing of heavy, highly charged ions. Incoming bunches
of ions are 1.2 µs long and have an energy of 6 keV/nucleon. They consist
of up to 105 heavy, highly charged ions as, for example, U92+ .
− Electron cooling. In order to perform this cooling, bunches of 109
electrons should be trapped simultaneously with the ions. Expected ion
energy after this cooling step is 10 eV/nucleon.
− Resistive cooling. For realization of this step, the electronic RLCcircuit should be connected to pickups electrodes of the trap. Ions energy
below 1 meV should be achieved after this cooling step.
− Ion losses below 0.1%. In order to achieve this, ultra-high vacuum
below 10−13 mbar in the trap region should be created.
A design based on these requirements was developed and implemented (see
[Mae08]). The system is a multi-ring cylindrical trap placed in a 4 K cold
bore of a 6-T cryogenic superconducting magnet. Such strong magnetic field
provides radial confinement of heavy, highly charged ions, such as U92+ .
The cryogenic temperature plays a crucial role during resistive cooling.
This is because minimum energy achievable by this technique is defined by the
minimum achievable temperature of the trap+circuit system. In the Cooler
trap the energies less than 1 meV should be achievable since the trap and the
electronics are placed in the 4-K bore. Additionally, the ultra low temperature
in the trap region helps to reduce ion losses as it leads to freezing of most
residual gases and therefore the required vacuum can be achieved easier.
The electrodes structure designed to meet the requirements mentioned
above is shown in fig. 4.2. It consists of:
− 21 inner electrodes. All these electrodes are intended to be at the base
potential of up to 11 kV. This slows down the injected ion beam so that
the whole 1.2-µs bunch can be trapped. Applying additionally ± 200 V
the overall trap potential can be shaped in a form of nested traps shown
in fig. 4.3. So, electrons and ions can be simultaneously stored in the
trap.
− 2 endcap electrodes (EC). The endcaps potentials must provide sufficient barriers for incoming 6 keV/nucleon U92+ ion beam. Therefore the
electrodes are intended to be pulsed up to 18 kV.
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− 2 grounded electrodes (GND). These electrodes are electrically grounded
and foreseen for stabilization of the electric field outside of the trapping
region.

− 2 vacuum caps (VC). When the trap is installed in the magnet these
caps are in close contact with the bore; therefore, they play a role of
differential pumping barriers. They also contain feedthroughs for all
electrical connections of the trap.

− Electronics box. The copper box will contain electronics for resistive
cooling and ion frequency measurements. It is placed over the first 8
inner electrodes. Design of the electronics is discussed in [Kos09, Bra12].

GND1

VC1

EC1

EC2

GND2

VC2

Figure 4.2: The Cooler trap electrodes’ structure. It consists of 21 inner electrodes
with an overall length of about 40 cm, two endcaps (EC) and two ground electrodes
(GND). The electronics box (EB) placed over the trap contains the electronic circuit
for resistive cooling. Vacuum caps (VC) allow for differential pumping and carry
feedthroughs for electrical connections to the trap.

Performance of the implemented design can be affected by plenty of different factors. While some of them may have a little impact on the final result,
others can be crucial for success of the whole HITRAP facility. The latter ones
are ultra-low temperature, high voltage and ultra-high vacuum. During this
work the Cooler trap performance was tested for all three of them. Cryogenic
and high-voltage tests will be described in the following two subsections. Ultrahigh vacuum performance will be discussed in chapter 5 devoted to trapping
tests with ions in the Cooler trap.

4.1. The Cooler trap setup.
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Figure 4.3: Electrical potential forming nested traps for simultaneous trapping of
ions and electrons. The electrode stack is shown on the top. The schematic configuration of the electric potential along the longitudinal axis is shown underneath.

4.1.1

Cryogenic magnet and temperature tests.

The magnet is cryogen-free which means that its inserts are cooled by a mechanical cryocooler with no liquid helium. A cold head of the cryocooler has
two refrigeration stages which are in thermal contact with the magnet inserts.
The first stage is connected to the radiation shield of the magnet and has a
cooling power of 35 W at 50 K. The second stage is attached to the solenoidal
coil and has power of 1.5 W at 4.2 K. The magnet manufacturer provided some
nominal achievable temperatures for the magnet; however, the actual minimal
values strongly depend on the heat load of the Cooler trap system.
During the current work plenty of tests were performed in order to investigate conditions at which the Cooler trap can reach the specified minimum of
4.2 K. The tests included cooling down of the magnet alone and with the trap
and corresponding cabling installed in the magnet.
Temperature on the magnet inserts can be monitored with pre-installed
carbon ceramic sensors (CCS). Fig. 4.4 shows the magnet system with the
CCS thermometers positions. They measure temperature on the first and
second stages of the cold head (1, 3), on the magnet radiation shield (2), on
the magnet windings (5, 6) and along the bore (7, 8, 9, 10).
Similar CCS sensors with usable range from 4.2 K up to 375 K were ordered for temperature measurements on the trap surface. Before usage, the
trap sensors were calibrated using the GSI cryogenic facility. The calibration
procedure consisted of simultaneous measurements of the sensors resistances
at different temperatures (and following data approximation). Details around
calibration procedure (e.g. calibration polynomial coefficients and uncertain-
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Figure 4.4: Cooler trap magnet in a cutaway view. Approximate positions of ten
CCS thermometers pre-installed by the manufacturer are shown. They measure
temperature on the first stage of the cold head (1), on the aluminum radiation shield
(2), on the second stage of the cold head (3), on the superconducting persistent-mode
switch of the magnet (4), on the magnet windings (5,6) and along the bore (7, 8, 9,
10).

ties) are described in table A.1 in Appendix.
Fig. 4.5 shows the trap with the calibrated CCS sensors installed on different electrodes. With help of these thermometers one can measure temperature
on the vacuum caps, on the electronics box, on the endcap EC2 and on the
inner trap electrodes 11 and 12. For cooling tests, the trap was installed in
the magnet bore and the magnet was cooled down. Several cooling - warming
cycles were performed.
As a result of these tests the isolation of the radiation shield was improved.
This was necessary since the improperly isolated shield strongly influenced
temperature on the magnet windings. As a consequence, the superconductivity
temperature could not be reached which is critical for magnet operations in
the persistent mode.
These tests also revealed new challenges for cabling of the Cooler trap.
Cables’ plugs attached to the radiation shield were destroyed due to both,
bending tension and low first-stage temperature (50 - 70 K). New plugs were
designed and installed together with high-voltage cables of a different type.
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Figure 4.5: Positions of the CCS thermometers installed on the electrode stack of the
Cooler trap. The thermometers measured temperature on the vacuum caps (sensors
9 on VC1 and
10 on VC2); on the electronics box ( 7); on the endcap EC2
( 8), on the eleventh eight-fold split electrode ( 4 and
5) and on the twelfth
electrode ( 6). As an example, zoomed view of the sensor
6 is shown in the red
frame. Sensors labeling was inherited from the calibration tests.














Old and new cabling can be compared in fig. 4.6.
New 90◦ plugs eliminate the need for the cables bending. On top, they are
made of hard plastic (Trovidur) which is more resistant to mechanical stress
and to the low first-stage temperature. The new cables have shielding which
should improve quality of electronic signals. Even with the shielding, the new
cables contain less copper in comparison to the old ones which have a very thick
inner copper core. This should reduce the heat load during cooling down.

Figure 4.6: Modifications of the Cooler trap cabling. Left: original cables connected
to the radiation shield of the magnet. After several temperature tests, plugs are
destroyed due to both bending tension and low temperature. Middle: comparison
of the old and new-designed plugs. Cable is not bended in the new 90◦ -plug. Right:
new cables connected to the radiation shield. After several temperature tests the
plugs and cables are in good conditions.
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In order to assess possible heat load from the new cables, the Cryocomp
software was used [Cry97]. The software contains an extensive database of
various materials and calculates the heat load via the formula:
Q=

k · ∆T · A
,
x

(4.1)

where Q is heat load, k is material thermal conductivity, ∆T is a temperature
difference, A is the material cross-section, and x is the material length.
Calculations for the temperature difference ”300 K - 70 K” resulted in the
6.5 W heat load for 50 new cables which is 2.5 times less than for the same
amount of old ones. As it was mentioned above, this is driven by difference
in cross-sections of the copper core+shielding of the cables. As a side benefit,
this reduced heat load enabled us to shorten length of the new cables which
simplified their installation.
Table 4.1 contains results of several temperature tests performed with the
magnet: cooling down of the magnet alone and cooling down of the magnet
with two different types of cables described above. One can see how temperatures on the magnet inserts are influenced by heat load of the trap and the
cables.
With the new cabling, temperature values of the first-stage inserts approach
the values achieved without any cables. Temperature of the second-stage inserts (the windings and the bore) is reduced also. Despite that the windings
and the bore temperatures are still higher than the nominal values, the magnet successfully switched into persistent mode at 6 T magnetic field which is
required for the Cooler trap operation.
Table 4.2 contains results of temperature measurements on the trap surface.
The average temperature is about 11 K but it is not homogeneous along the
trap.
The temperature of 11 K is equivalent to an energy of 0.95 meV. This
means that temperature in the trap+electronics system allows for resistive
cooling the trapped ions down to energies below 1 meV. Therefore this meets
the requirements of the Cooler trap.
The temperature inhomogeneity along the trap can be due to the fact that
both, thermal radiation and surfaces contacts, are different along the trap
electrodes. For example, the electronics box surfaces are not influenced by the
thermal radiation flowing inside the electrodes stack. Therefore the electronics
box reaches the lowest temperature which is good for resistive cooling. Thermal links between the electrodes and the bore are provided by sapphire rods.
Imperfections in thermal contact surfaces can impact heat removal and lead
to different temperatures on the electrodes.

4.1. The Cooler trap setup.
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Table 4.1: Minimal temperature of the magnet inserts reached in different cooling
tests. Nominal temperature values are given by the manufacturer. The cooling tests
were made for the magnet alone (unloaded magnet) and for the magnet with the
trap and two different cabling described in the text. Cables of type 1 have heat load
of 16.5 W, cables of type 2 have a heat load of 6.5 W. Sensor labeling is consistent
with fig. 4.4.

Sensor Sensor location

Nominal
value, [K]

Unloaded
magnet,
[K]

1

48.8



2
3
4

5
6
7
8
9
10

First
stage
Radiation
shield
Second
stage
Persistent
mode
switch
Magnet1
Magnet2
Bore1
Bore2
Bore3
Bore4

43.6

Magnet
with cables
of type 1,
[K]
50.4

Magnet
with cables
of type 2,
[K]
45.8

57.0

50.4

60.8

53.5

3.5

3.37

4.1

3.78

3.8

3.73

4.2

4.11

3.7
3.64
4.5
4.5
4.5
21.0

3.59
3.57
4.15
4.15
4.12
19.0

4.2
4.1
6.45
6.34
6.45
25.2

3.99
3.93
6.69
5.62
5.7
22.31

Table 4.2: Minimal temperature reached on the trap surface. Temperature measurement done with seven calibrated CCS thermometers. They are installed on the
trap as it is shown in fig. 4.5.



Sensor
4
5
6
7
8
9
10

Sensor location
Electrode 11, bottom
Electrode 11,top
Electrode 12
Electronics box
End-cap EC2
Vacuum cap VC1
Vacuum cap VC2






Minimal temperature, [K]
11.14
11.65
11.09
9.97
11.12
10.74
12.40
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The temperature measurements were compared with extensive simulations
of the temperature distribution on the trap surface [Ste10]. Those simulations
included a complex 3D-model of the Cooler trap system with precision of 0.1
mm and took into account various properties of used materials. The simulations assumed ideal surfaces contacts and absence of convection. With thermal
radiation flow inside the electrodes structure, temperature simulated on the
vacuum caps was in agreement with the measured values. The simulations also
showed that radiation cannot be the only factor influencing the temperature
measured on the electrodes, and imperfections in thermal contacts have to be
taken into account.
For logistics reasons it was necessary to limit number of sensors in the final
set up. This could be done by measuring temperature on one sensor and approximating temperatures on the others via a model. The model was possible
due to good correlation between temperatures of the sensors. Table A.2 in
Appendix contains correlation functions between the sensor N9 and other sensors in the temperature range from 9 K to 30 K. The sensors N9 and N10 on
the vacuum cups will be used for further temperature measurements. Other
sensors were removed.

4.1.2

A

Electrical connections of the Cooler trap and highvoltage tests.

B

C

Figure 4.7: Main stages of electrical connections inside the Cooler trap magnet.
A: the capton-insulated cables connect the trap electrodes, the electronics box and
the feedthroughs on the vacuum caps. B: the connection system which can be
plugged into the vacuum cap. C: the steel bellow with feedthroughs connecting the
connection system ”B” with the medium-vacuum cables.

The electrical signal from the room-temperature, air-side of the magnet
has to pass through the magnet shields where vacuum is about 10−6 mbar and
temperature difference is about 210 K (from the room temperature down to
the first-stage temperature). Then the signal has to enter ultra-high vacuum
region of the magnet bore where the temperature changes from 60 K to 4 K,
approximately. Herewith, the voltage applied to the trap inner electrodes and
to the electronics box may be as high as 11 kV, and the endcaps may be pulsed

C
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Figure 4.8: Cabling scheme of the Cooler trap. Cabling inside the magnet can be divided into three stages. They establish electrical
links between 4-K and 60-K temperature regions (stages ”A” and ”B”) and two different vacuum regions (stage ”C”). Connections of
the inner trap electrodes on the stage ”A” go through the electronics box. For this the box has four 25 pin Sub-D feedthroughs (FL,
FR, BL, BR). HV-cables are pulled from the radiation shield of the magnet (stage ”C”) to dedicated magnet flanges (T1, S1, B1, T2,
S2, B2). From there air-side cables accomplish connection to corresponding power supplies which are placed near the magnet (Behlke
switches) or in a special HV-cage.
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EC2

HV cage

GND2
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up to 18 kV. Therefore a composite cabling should be used in order to apply
voltage to the trap electrodes and to the electronics circuits.
Fig. 4.8 shows main stages of the implemented cabling solution. Inside the
magnet, cabling can be divided into three stages (A, B, C). On the stage ”A”,
the trap electrodes and electronics are connected to the feedthroughs on the
vacuum caps by capton-insulated cables. Herewith, connections of the inner
trap electrodes go through the electronics box. For this the electronics box
has four 25-pin Sub-D feedthroughs. A photograph of the stage ”A” is shown
in fig. 4.7A).
On the stage ”B”, the cabling is organized by means of so-called connection
systems. Fig. 4.7B shows a photograph of the stage ”B”. It is a cylindrical
system containing 26 constantan cables enclosed in ceramic tubes. From one
side the system can be easily plugged into the vacuum cap. From the other
side its copper plate is fixed to the radiation shield of the magnet. On this
side, electrical contacts are made as metal strips called ”fingers”. The connection systems provide cabling between 4 K and 60 K temperature regions
of the magnet. A detailed scheme of connections between the trap electrodes,
the electronics box, and the ”fingers” is represented in fig. B.1 in Appendix.
Schemes of the cryogenic electronics which will be placed in the electronics box
are described in works devoted to the Cooler trap electronics [Bra12, Kos09].
The stage ”C” connects two different vacuum regions of the magnet. For
this, ceramic feedthroughs with copper pins are welded to flanges of the steel
bellows. A photograph of the bellows is shown in fig. 4.7C. The bellows are
tightly fixed to the radiation shield of the magnet. Herewith indium sealing is
used to provide reliable vacuum separation. Electrical connection is done by
the copper pins touching the ”fingers” of the stage ”B”.
Fig. 4.9 shows cabling organized in the medium-vacuum interspace of the
magnet (between the magnet shields). The HV-cables are attached to the
bellows’ feedthroughs and pulled to various magnet flanges (left and middle
photos). These cables connect the 70 K and the room temperature regions and
were discussed in the previous subsection in connection with the temperature
tests. The flange S1 is used for the electronics cabling, T1 and T2 - for cabling
of the inner trap electrodes. Two special 20-kV feedthroughs, B1 and B2, are
used for connection of the endcaps. The flange S2 contains feedthroughs for
connection of the GND electrodes and the temperature sensors.
Last cabling component is HV air-side cables transferring the electrical signal from the magnet flanges to dedicated power supplies. The power supplies
for the inner electrodes and electronics are located in a high-voltage cage (HV
cage) which can be under voltage of up to 11 kV. The endcaps are connected
to the fast Behlke HV-switches enabling pulsed voltage of up to 18 kV.
Electrical tests performed in this work are intended to verify whether the
specified high-voltage can be applied to the Cooler trap. In order to test
the connections of the stage ”A”, a power supply was connected directly to
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B2

S1
T1

T2

B1

S2

LEBT

VBL

Figure 4.9: Cabling between the magnet shields. HV-cables are connected to the
feedthroughs of the bellows and distributed on the radiation shield (left). On the
room-temperature side the cables are connected to the feedthroughs of the magnet
flanges (middle). The outer magnet shield has 6 special flanges for cabling. They
are shown in top-view of the magnet (right).

the vacuum-caps feedthroughs. First tests resulted in electrical breakdowns
already at 2 kV. Places of discharges were identified - they were surfaces of
isolating ceramic and sapphire spacers. Fig. 4.10 shows a photograph of the
discharges (left) and places where they appeared (middle).

Figure 4.10: Electrical tests of the electrode stack. Left: discharge observed during
the HV-tests. It developed between the charged endcap (EC) and the grounded vacuum cap (VC) electrodes (middle). As a precaution ceramic and sapphire isolators
(1 and 2) were properly cleaned. In addition, capton foil was laid between charged
and grounded parts (right).

Before further tests, the corresponding parts were properly cleaned in an
ultrasonic bath. Sharp edges of the feedthroughs were smoothed and, in addition, capton foil was placed between high-voltage and grounded surfaces
(fig. 4.10 right). These precautions increased the breakdown voltage up to 4
kV. This time, discharges appeared between the endcaps and the vacuum caps,
in the places where surfaces of the electrodes had sharp edges.
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In order to increase the breakdown voltage further, modifications and following polishing of the endcaps and the vacuum caps are necessary. Inner
surfaces of the endcaps, as well as of the electrodes next to them, should be
ideally polished. Such modifications require serious intervention into the trap
design involving long lead time. However, it has high importance since any
shagginess can lead to strong non-uniform electric field between endcaps and
inner trap electrodes. In turn, this can lead to electron emission and consequent residual gas ionizations in the trapping region. These effects can be
strongly enhanced in presence of magnetic field since emitted electrons can be
trapped as well.
These improvements are already being planned for implementation. In the
meanwhile the trap functionality can be tested at voltages lower than 4 kV.
Trapping experiments with ions having energy up to 2 keV/q will be discussed
in the next chapter. Such tests suit well for testing the trap ability to capture
and store the ions, for estimation of vacuum conditions in the trap region, and
for testing of the control system.

4.2. Electron source
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Figure 4.11: Electron source assembly: side view (left), top view (right). The
electron source is located in the diagnostic chamber (3) between the Cooler trap and
the 90◦ bending magnet (1). The electron gun (7) is mounted on the blind flange
(4). It is irradiated by pulsed UV-light through the view port (6). An ensemble
of magnetic coils (2) guides the electrons towards the Cooler trap. Before injection
into the trap the electron beam can be optimized on the Faraday cup (5)

In order to perform electron cooling of trapped ions, bunches of 109 electrons will be injected in the Cooler trap from a pulsed electron gun based on
a GaAs photocathode. The gun and accompanying setup was developed by
the group of A. Wolf at MPI-K in Heidelberg [Kra09]. Currently the electron
source is installed downstream the beam line after the Cooler trap. The setup
is shown in fig. 4.11. The electron gun is fixed to a side flange of a diagnostic
chamber. Since it shouldn’t interfere with ions trajectory the electron gun
is positioned sideways to the beam line axis and at an angle of 35◦ to the
axis. Assuming desired number of electrons and known characteristics of the
photocathode the UV-light pulses of total energy of 1 mJ are required for the
electron source operations. As it was discussed and experimentally proved in
[Kra09], a xenon flash lamp (Hamamatsu L9455) enables such light pulses.
In the electron source setup, the flash lamp shines onto the cathode through
a view port. Emitted electrons can be guided to the axis and focused on the
entrance of the Cooler trap by means of magnetic coils.
The electron gun construction is shown in details in fig. 4.12 (a). Figures 4.12 (b) and (c) show the electrical feedthrough and connection scheme
which should be used for operations with the electron source.
In order to insure stable work of the electron source, it has to be cleaned
before operations. Below the cleaning procedure is described followed by instructions on injection and trapping tests with electrons.
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Figure 4.12: Electron gun construction and electrical connections. (a) Picture is
reproduced by courtesy of C. Krantz [Kra09]. The gun is mounted on a CF-63 blind
flange (1). The GaAs photocathode is fixed on the main electrode (2). A pierce
shield (3) and an extraction electrode (4) are fixed between the main electrode and
the grounded gun support using ceramic spacers. Cesium dispenser (5) is used for
activation of the cathode GaAs surface. In order to clean the cathode a halogen
lamp (6) is installed near the main electrode. Electrical connections between the
electron gun and air-side power supplies are provided by flange feedthroughes (7).
(b) Feedthroughes pin assignment. Three pins of the Sub-D feedthrough are used
for contacts with the main electrode (2), the extraction electrode (4) and the pierce
shield (3). Two high-current feedthroughs are connected to the Cs- dispenser (5)
and to the halogen lamp (6). (c) Connection scheme of the operated gun. The pierce
shield was biased with the extraction electrode and ground. Negative potential was
applied to the main electrode creating accelerating electric field for electrons. The
signal generated by emitted electrons was measured by an oscilloscope connected in
parallel to a 50 Ω or 500 Ω resistor.

− In order to reduce amount of hydrogen in the residual gas, the setup
should be baked out and pumped before operations.
− Cleaning of the cathode. This is done by radiative heating from the
halogen lamp. The cleaning takes 1-2 hours. The halogen lamp current
should be set in range of 5.0 A - 5.6 A.
− Cleaning of the cesium dispenser. The dispenser current should be slowly
ramped up to 5 A. This takes approximately 20 minutes.
− Cathode cooling down. After the cleaning the halogen lamp current and
the dispenser current should be ramped down to 0 A. The cathode will
cool down in approximately 1 hour.
− Cs-layer activation. Activation is necessary to create a layer of Cs atoms
on a GaAs surface of the cathode. This will reduce electron affinity of
the GaAs surface and therefore will ease electrons emitting. Dispenser
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current during the activation should be at 4.8 A. The procedure takes
up to 1 hour.
− The flash lamp should be connected to a power supply (+11 V ÷ +24
V) and pulsed with frequency of up to 100 Hz.
− Cathode emission measurements. -13 V should be applied to the cathode.
After that the cathode current can be measured with an oscilloscope
connected in parallel to a 50 Ohm resistor (see fig. 4.12 c). As an outcome
of this step, a pulse of electrons emitted from the cathode should be
observed.
− Injection of the electron beam in the trap. A negative power supply
of a few hundred volts can be used for the cathode. Power supplies of
the magnetic coils need to be pulsed. Current-voltage settings should be
adjusted until the electron beam can be observed on a Faraday cup (see
fig. 4.11). Then, the beam should be transported through the trap with
magnetic field.
− Trapping test. One should perform the following steps:
1. Close the 1st trap electrode for electrons.
2. Inject an electron bunch in the trap and close the 21st trap electrode.
The trap should be closed until reflected electron bunch will leave
it. As soon as timing is correct the electrons will be trapped.
3. Extract the trapped electrons by opening the 1st electrode.
4. Detect the extracted electrons on a Faraday cup or an MCP.
In 2011, electron bunches of 500 ns length and consisting of 3·109 electrons were
successfully transported through the trap. Later, in 2012 trapping tests with
the electrons were performed. They resulted in 150 µs of storage time [Bra12].
Such short electrons’ storage time was explained by possible misalignment
of electric and magnetic fields as well as by inharmonicity of the trapping
potential. During the present work special efforts were made towards alignment
of the fields. They will be described in the next chapter.
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VBL and EBIT

A variety of high-precision experiments in GSI require access to cooled, highly
charged ions coming out of the Cooler trap. For this, a beam line called
Vertical Beam Line (VBL) was built. The VBL was designed to transport 4 K
cold ions with kinetic energy of a few keV/q. To be more precise, a maximum
acceptance of the VBL is 10π mm mrad at energy of 5 keV/q.
Scheme of a transport line including LEBT, Cooler trap, VBL and EBIT
sections is shown in fig. 4.13. The VBL consists of a horizontal section downstream the trap, a vertical section ending on an experimental platform, and a
horizontal section on the platform. Overall length of the VBL is about 10 m.
In order to steer the Cooler-trap ions into the vertical section, a 90◦ bending
dipole magnet is used. A turn from the vertical section into the horizontal section on the platform is accomplished with a spherical electrostatic bender. A
multi-passage separating magnet (MPS) [Kle92] in the end of the VBL transports the Cooler-trap ions to the experiments, or EBIT-ions into the VBL. All
other optical elements of the VBL are electrostatic. The whole transport line
shown in fig. 4.13 is equipped with 11 einzel lenses and 7 quadrupole sets doublets and triplets. They provide focusing of an ion beam in vertical and
horizontal dimensions. Steering of the beam is accomplished by 12 steers. A
couple of movable slits in the VBL section reduces angular spread of the beam.
In order to keep ion losses in charge exchange interactions with residual gas
at acceptable level (per design < 0.1%), vacuum better than 10−10 mbar should
be in all VBL chambers. To achieve this all the chambers were made bakeable
up to 200◦ C and some of them were coated with non-evaporable getter (NEG).
Pumping is performed in two steps. First, the chambers are prepumped by
turbo-molecular pumps. Then, they are finally pumped by ion-getter pumps.
For off-line experiment with the Cooler trap a small room temperature
Electron Beam Ion Trap (EBIT) was connected to the VBL. It can produce
highly charged ions up to Ar18+ or Xe46+ with energy up to 15 keV/q [DRE08].
With measured transversal emittance of 4π mm mrad at 5 keV/q [Vor12], this
suits perfectly well for commissioning of the VBL and tests of the Cooler trap.
The VBL was commissioned in 2012 with O8+ ions extracted from EBIT
at energy 5.1 keV/q [Bou12, Fed13]. During the same year trapping tests
with EBIT-ions in the Cooler trap took place. These tests are covered by the
present work and discussed in the next chapter.

4.4

Test ion source.

In order to test the Cooler trap in an off-line regime a test ion source (SPECS
IQE 12/38) was used. Gas injected into the source is ionized by collisions with
electrons emitted from a hot filament and accelerated to the energy of 100
eV. The source provides continuous ion beams with energies from 200 eV up
to 5 keV per charge and allows for steering and focusing of the beam. The
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source was installed downstream the HITRAP beam line after the 90◦ -bending
magnet (see fig. 4.13).
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Figure 4.14: Pumping scheme of the ion source. Working pressure in the ionization
chamber is 10−5 ÷10−4 mbar. The chamber is related to the first pumping stage (1).
The second pumping stage (2) encloses focusing lenses and deflection plates of the
source. It is separated from the first stage by a 1-mm aperture and has a separate
pumping port. Pressure in the analysis chamber (3) is three orders of magnitude
lower than it is in the first stage thanks to differential pumping. The valve (V1)
is a self-regulating valve for pressure control on the first stage. Other valves (V2,
V3, V4) are installed for separation of the ion source volume from the gas supply
bottle, turbopump (TP) and the VBL respectively. Wide-range vacuum gauges (G1,
G2) measure pressure in the ionization and analysis chambers. The gauge G1 also
provides pressure feedback for the valve V1.

The pumping scheme used for the source is shown in fig. 4.14. An ionization chamber of the source is separated from a chamber with focusing lenses by
a 1-mm aperture which acts as a differential pumping barrier. These chambers
(called first and second stages) are pumped through separate ports by a turbopump. A self-regulating valve (V1) placed between the ionization chamber
and a gas supply bottle maintains stable pressure in the ionization chamber.
Therefore it prevents fluctuations of ion current which is very important during
the ion beam transport and optimization.
The lowest pressure achieved in the analysis chamber of the source was
6·10−7 mbar. This resulted in pressure of 9·10−9 mbar in a part of the VBL
next to the trap. It is likely, that at such vacuum conditions, the trapping
experiments will result in increased ion losses (vs. intended 0.1%). Despite
this, the source can be used for commissioning of optical elements and diagnostics (MCP and FC), performing alignment of magnetic and electric fields of
the trap, testing the control system and the trap in the trapping experiments.
The results of these tests are discussed in the next chapter.
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Diagnostics.

MCP

FC

Figure 4.15: Left: the photograph of the diagnostic chamber components: the MCP
with the phosphorous screen and the two-sided Faraday cup. Right: the screenshot
of the BeamView software showing the ion beam detected by the MCP.

The transport line shown in fig. 4.13 is equipped with different types of
diagnostics elements. They allow observing an ion beam transported from the
RFQ up to the experiments, as well as an ion beam transported from the EBIT
up to the end of the LEBT section.
In order to detect ions from the off-line sources (the EBIT and the test ion
source), an MCP with anode plate (anode MCP) was temporarily installed in
the beginning of the LEBT line. It faced the beam extracted from the trap
and enabled precise time-of-flight measurements (see chapter 5 for details of
these measurements).
The line contains 7 diagnostic chambers designed at KVI, Groningen. Each
such chamber contains a two-sided Faraday cup, a multi-channel plate (MCP)
with a phosphorous screen and a CCD camera. Two-sided Faraday cups connected to high-speed current amplifiers (DHPCA-100 [FEM13]) allow for intensity determination of both beams - coming from the RFQ and from the
EBIT. The MCP with accompanying instrumentation enables position sensitive detection and beam shape analysis. The line was primarily designed to
transport beam coming from the RFQ. Therefore initially, all MCP detectors
faced the beam coming from the RFQ/trap and could not detect the beam
coming from the EBIT.
During work with off-line sources the necessity of beam imaging appeared.
Therefore the diagnostic chamber located next to the trap in the LEBT section
was turned 180◦ . In this way, the MCP faced the beam transported through
the trap from the off-line sources. Fig. 4.15(left) shows a photograph of the
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diagnostic chamber where the Faraday cup and the MCP are marked. The
CCD camera placed on the air-side of the chamber flange is not visible on this
photograph.
CCD-cameras’ data are read and visualized by the BeamView software
[Has09]. The software provides a raw image of the screen as well as projections
of the beam in horizontal and vertical directions. Fig. 4.15(right) shows a falsecolor image of a beam transported from the test ion source through the trap.
In the upper part of the image one can see calculated profiles of the beam.
Back plate

1

2

3
Front plate

Figure 4.16: The Faraday cup installed on a flange of the Cooler trap magnet. The
FC is constructed from three copper plates. Its front plate (1) has a 1-mm aperture
(2). When the FC is moved into the beam line the aperture is exactly on the beam
line axis. Ions that pass through the aperture are detected on the back plate. The
FC is fixed to a movable stem with the help of the middle plate (3).

In addition to the described diagnostic chambers, there are five movable
Faraday cups (FC) along the line. Two of them are located in the EBIT section
and used to measure current of a beam extracted from the EBIT. The FC
next to the test ion source is of similar geometry to the FCs in the diagnostic
chambers but it is made one-sided. It is dedicated for measurements of the
test-ion-source beam.
Two FCs at the ends of the Cooler trap magnet have special construction.
Their photo and schematic drawing are shown in fig. 4.16. These FCs consist
of three electrically isolated plates. The front plate has a big square aperture
and a small 1 mm diameter aperture. A beam transported from the off-line
sources hits this plate first. The second plate serves for fixation of the FC to
a stem of a pneumatic actuator (therefore this plate is grounded). The back
plate is used to measure a part of the beam which passed through the 1-mm
aperture of the front plate. All three plates are isolated from each other by
ceramics spacers. When such a FC is not pushed by the actuator, the beam
goes through the big square aperture. When it is pushed by the actuator, the
1-mm aperture moves exactly to the beam axis. A part of the beam, which
passed through the 1-mm aperture, hits the back plate of the FC. Intensity of
this part of the beam can be measured independently from the intensity of the
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entire beam (measured at the front plate). Thereby these FCs not only enable
detection of the beam at the entrance and at the exit of the magnet, but also
serve for optimization of the beam on the beam axis.
Strong misalignment of the magnetic field in the trap with the beam axis
can lead to the beam deflection and even its loss inside the trap. Therefore
achieving such an alignment is a key step in preparation to the experiment.
The alignment consists of two parts:
1. the beam must be parallel and follow the beam line axis;
2. the magnetic field in the trap must be directed along the beam line axis.
To ensure parallelism of the test beam, 1-mm apertures were drilled in centers
of all FCs between the test ion source and the Cooler trap. Then optical
alignment of the beam transport line was done with special care on the position
of the drilled Faraday cups. The parallel beam directed along the axis can be
detected on the MCP beyond the trap. Once the magnetic field inside the
trap is aligned with the beam line, it does not deflect the beam from its axis.
Alignment procedure of the magnetic field is described in more details in the
next chapter.

4.6

Control system.

Along with effective hardware design, successful operation of the Cooler trap
will depend on proper work of the control system. The HITRAP control system
must meet the following requirements:
− It has to enable remote control for power supplies, optical elements,
magnets, and diagnostics along the entire HITRAP beam line.
− It has to include precise timing system which would control operation
cycles during trapping and cooling experiments with the Cooler trap.
− It has to be modular and adaptable to hardware exchange.
The HITRAP control system (CS) is being developed to meet all these
requirements: new hardware modules are being included, scans and cycles capabilities are being expanded, user interface is being improved. The system
design is based on the CS used in the Isoltrap experiment [Bec04]. The HITRAP CS will manage and monitor HITRAP operations starting from the
LEBT and up to high-precision experiments. Its main tasks will be data acquisition, timing setting and instrument control.
The HITRAP CS is an object-oriented control system mostly implemented
with LabView programming language. It is distributed between five computers, each dedicated to special tasks:

46

Chapter 4. The Cooler trap and accompanying setup.
− Main control for all subsystems is implemented on the CS-Core PC. Here
the subsystems can be added or deleted, the database can be modified.
− User control interface for the whole HITRAP beam line is implemented
on a dedicated GUI-PC.
− Power supplies manufactured by the company FUG are controlled by a
separate PC. Among them are power supplies for the EBIT, einzel lenses
in the LEBT and the Cooler trap sections.
− Another PC is set up to control power supplies manufactured by ISEG.
These power supplies are used for quadruples and steerers along the
whole beam line. This PC is also used for controlling the stepmotors of
the diagnostics.
− An individual PC (HV-cage PC) is dedicated for controlling the trap voltages, timing system and data acquisition during trapping experiments. It
is installed in a high-voltage cage situated near the Cooler trap magnet.

The timing system of the CS plays an important role during operations
with the trap. It has to enable scanning, time resolution shorter than 100
ns, pulse length below 500 ns and needs to have a sufficient number of timing
channels to be able to control all the trap elements. A system meeting all these
requirements was developed and implemented [Kos09]. The timing system will
drive the Cooler trap working cycle. An example of such cycle is shown in
fig. 4.17. The complete cycle time should be lower than ESR cycle time which
can be between 17 s and 46 s. One cycle consist of the following timing steps:
1. 1 ms: shape nested traps for electrons and close the first trap electrode
for electrons.
2. 200 ms: send a trigger to the electron source setup. Capture electrons
in the trap by fast closing of the 21st electrode. Wait for the electrons to
cool down by synchrotron radiation.
3. 300 ms: ramp up the base voltage of the trap preserving the nested traps
structure. Close the endcap EC2 for ions. Wait for a trigger from the
ESR/RFQ.
4. 1.5 s: when the trigger arrives, capture the ions by fast closing the endcap
EC1. Wait while the ions are being cooled by the electrons.
5. 200 ns: sweep the electrons from the trap by pulsed switching the corresponding trap electrodes.
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Figure 4.17: Working cycle of the Cooler trap. At the top a sketch of the Cooler
trap is shown. Underneath, the key steps of the cycle are schematically drawn.
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7. Extract the ions. Ramp down the base voltage. End of the timing sequence.
V
11.1

q+
11

0

Figure 4.17: Working cycle of the Cooler trap. At the top a sketch of the Cooler
trap is shown. Underneath, the key steps of the cycle are schematically drawn.

6. 3 s - 30 s: accumulate the ions in the trap center. Create a harmonic
potential there. Wait while the ions are being cooled down resistively.
7. 200 ms: shift the ions to the trap exit and extract them by lowering the
exit electrode potential. Ramp down the base voltage.
The timing sequence can be defined by the user with a program called
MM6.exe [Kos09]. The program communicates with a FPGA (Field Programmable Gate Array) card for realization of the timing sequence and triggers, it also communicates with high-voltage power supplies in order to change
the voltage in defined steps or/and in certain moments. Moreover, the program takes and represents data taken from the Multi-Channel Analyzer and
enables automatic scanning of the individual timing steps.
The FPGA card is installed in the HV-cage PC. Since the HV-cage (and all
equipment inside it) is at high potential, sending electrical triggers outside of
the cage is not possible. Instead, triggers to the hardware outside of the cage
will be sent optically. Fig. 4.18 shows a scheme of the hardware communication
during a working cycle of the Cooler trap. As one can see from this scheme,
at least 6 optical links are required to build this interface. One of these links
has to transmit the ESR trigger to an input channel of the TTL driver. Other
5 optical links are needed for sending triggers coming from the FPGA card to
the outside hardware.
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Figure 4.18: Hardware communication scheme during a working cycle of the Cooler
trap. Filled circles represent channels of optical links (OL) and the TTL driver.
Solid lines and arrows represent common electrical cabling. Dotted arrows represent
optical wires between the optical links (OL) and network connection between computers. Green color of the optical links and the TTL-driver channels means that the
channels send electrical triggers. Blue color is for the channels receiving electrical
triggers.
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Chapter 5
Experiments with ions in the
Cooler trap.
Commissioning of the Cooler trap is the process of demonstrating that all
systems and components of the setup are designed, installed, tested, and operate according to the requirements set by the entire HITRAP facility design.
It must be done with heavy, highly charged ions coming from the HITRAP
linear decelerator.
Before this final step it is helpful to do pre-commissioning tests, first on each
single component and then on the installation as a whole. Tests of individual
components of the setup such as the magnet and the electrodes stack were
discussed in the previous chapter. This chapter is dedicated to tests of the
Cooler trap and accompanying setup as an integrated system. Objectives of
these tests are:
− to verify proper functioning of the Cooler trap and accompanying setup
during transportation and trapping of the ions.
− to verify that the performance of the Cooler trap meets its design requirements.
− to record performance data of the whole installation as a baseline for
future operation and maintenance.
The available off-line sources (the test ion source and the EBIT) can provide
ions with characteristics meeting the Cooler trap design (A/q < 3, E/q ≤ 6
keV); therefore these sources suit very well for the performance tests mentioned
above.
The necessary preparations for these experiments, such as magnetic field
alignment or energy measurements of the injected ion beam are described in
detail in the dedicated sections of this chapter. The tests were conducted
first with ions of low charge (from the test ion source) and then with ions
of high charge (from the EBIT). Time of flight and storage time of the ions
51
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were measured and characteristics of the trapped ions at different trapping
potentials were investigated.

5.1

Magnetic field alignment.

First tests on injection and trapping of charged particles in the Cooler trap
took place in 2011. They were storage time measurements of the trapped
electrons and injection tests with the He+ ions from the test ion source. Both
experiments demonstrated the need for alignment between magnetic field and
the beam line axis before continuing experiments with charged particles in the
Cooler trap [Bra12, Fed13].
Different techniques can be used for magnetic field alignment. For example,
in order to align the magnetic field in a beam-beam compensation device at the
Tevatron, Batavia, USA, an optical method was used [Cra99]. The method
used a flexible mirror with a magnetic arrow, a diode laser and a position
sensitive detector (PSD). The mirror with the magnetic arrow fixed to it was
placed in the magnet. Then the laser aligned to the beam line axis shone at the
mirror and the position of the reflected light was monitored on the PSD. The
magnetic field was corrected with the help of correction coils until the reflected
beam was parallel to the initial laser beam. The alignment uncertainty of this
technique was determined as 20 µrad.
Another alignment technique was used for high-precision mass-spectrometers
at TRIGA-TRAP in Mainz [Rep09] and at SHIPTRAP, GSI [Rah05]. This
method used an electron gun, a set of coaxial diaphragms and a segmented
PSD. The electron gun was placed in the center of the magnet bore. Emitted
electrons followed the magnetic field lines and were detected on the segments
of the PSD. The magnet tilt was corrected until the electron current on the
central segments of the PSDs was at its maximum. The estimated alignment
uncertainty of this technique at TRIGA-TRAP was 0.9 mrad.
Because of the cold bore of the Cooler-trap magnet the alignment with
the hot electron gun could not be used. The method with the mirror and the
magnetic arrow was also applied to a warm bore. Its applications at cryogenic
temperatures are unknown to us. Therefore another, third method was used in
this work. This method requires an ion source, a set of coaxial apertures and
a PSD - all aligned to the beam line axis. A parallel ion beam is injected into
the trap inside the magnet. The position of the beam after passing through
the trap is monitored on the PSD. Once the magnetic field lines are parallel
to the beam axis, switching the magnetic field on and off does not impact
the beam position on the PSD. The magnetic field direction can be changed
by tilting the magnet. The alignment uncertainty depends on the distances
between the apertures, the magnet and the PSD. The estimated uncertainty
of our alignment is 1 mrad.
Fig. 5.1 shows a scheme of the magnetic field alignment. The test ion source
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Figure 5.1: Scheme of the magnetic field alignment setup. The test ion source, a
set of 1-mm apertures, the Cooler trap and the MCP are optically aligned to the
beam line axis shown by a black dotted line. The set of apertures is represented
by a diaphragm in the source and two Faraday cups FC1 and FC2. An ion beam
(a red arrow) is transported from the source through the apertures, through the
Cooler trap and observed on the MCP. In presence of the magnetic field, the ion
beam may be deflected from the axis which can be corrected by changing the magnet
position. For this the heights (y) and positions (x) of the magnet legs can be changed.
Special rods (red circles) can be used for correction of the magnet bore with the trap
independently from the magnetic field.

described in the previous chapter was used. A set of 1-mm apertures in two
Faraday cups (FC1 and FC2) and an aperture inside the test ion source defined
the optical axis. The position of the ion beam transported through the magnet
is observed on the phosphorous screen of the MCP. An optical alignment of all
the elements to the HITRAP beam line axis was performed with an alignment
telescope. An inclination of the magnetic field from the beam line axis can be
corrected by changing heights and positions of the magnet legs. Afterwards
the position of the cold bore can be corrected by eight special rods.
Fig. 5.2 shows MCP images of the beam which passed through the trap
without magnetic field. On the left - the image of the beam transported
without using the FC1 and FC2 apertures. The size of this image is defined by
the smallest aperture in the trap which has a diameter of 10 mm and is situated
in about 0.8 m from the MCP. On the right - the image of the same beam but
transported through all the 1-mm apertures (the closest one to the MCP is in
≈ 3 m). If the beam would be ideally parallel, the observed spots diameters
would relate as 1÷10 (according to the relation between the apertures). In our
case, the beam possesses some angular distribution which changes (reduces)
after the beam passes the smaller apertures. Thus, the sizes of the observed on
the MCP beams do not relate as 1÷10 but are determined by the beam angular
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(a)

(b)

Figure 5.2: Transport of an ion beam from the test ion source through the Cooler
trap after the optical beam line alignment. (a) - the ion beam transported without
the 1-mm apertures of the Faraday cups. The detected beam is centered and has
a diameter of 14 ± 1 mm. (b) - the ion beam transported through the full set of
1-mm apertures. The beam is centered and has a diameter of 6 ± 1 mm.
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distribution after the last aperture and by the distance between the aperture
and the MCP. The angular distribution of the beam transported through the
1-mm apertures is decreased and the beam does not hit the trap surface (the
detected beam diameter is only 6 mm while the smallest trap aperture has the
10 mm diameter). The position of the beam is centered which means that the
ions follow the beam line axis. The position of the beam center on the image
can be defined with precision of ±1 mm. This, together with the distance
between the magnet and the MCP defines the uncertainty of the magnetic
field alignment with this method. In our case this uncertainty was ± 1 mrad
which was considered satisfactory for further experiments.
After the beam was aligned with the HITRAP beam line axis, the next
step is to align the magnetic field with it. During this work it was done with
a magnetic field up to 3.1 T. The alignment procedure consisted of multiple
iterations each including a small magnetic field increase followed by the respective correction of the magnet position. Fig. 5.3 demonstrates a couple of
such iterations.
In the first step, the magnetic field was increased from 0 T to 1 T. This
led to a visible deflection of the beam from the aligned axis represented by the
center of the image grid. In the second step, the magnet position was changed
so that the spot center was in the grid center. In the next two steps, the field
was increased up to 2.1 T and again corrected. In the fifth step, the magnetic
field was switched off in order to check if the shape or the position of the ion
beam are different from those before the corrections (step 1). If this is the
case, the position of the magnet bore needs to be corrected to provide lossless
transport of the ion beam.
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Figure 5.3: Procedure of the magnetic field alignment. It is an iterative sequence
of two steps: magnetic field increase (steps 1 and 3) and magnet position correction
(steps 2 and 4). The field increase leads to a shift of the beam from the center of an
image grid (red crosses) which represents the beam line axis. The magnet position is
corrected until the beam is back to the grid center. The beam-position check (step
5) is necessary to ensure that the ion beam is transported without losses after the
magnet position was changed.
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Singly and doubly charged ions from the
test ion source.

Since the test ion source was already commissioned as an off-line source for
the Cooler trap during the magnetic field alignment, using it was the fastest
possibility to check performance of the Cooler trap.

5.2.1

Ion beam characteristics.

In order to proceed with trapping tests we have to investigate the ions injected
in the Cooler trap, i.e. we have to establish if the injected bunches are short
enough to be captured as well as to determine their velocity and charge state.
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Figure 5.4: Time-of-flight spectrum of xenon ions created in the test ion source,
transported through the Cooler trap and detected on the anode MCP. Black line
segments are calculated TOFs with uncertainties.

In order to make a pulsed ion beam the continuous beam created in the
source is chopped by one of the source steerers. For this the voltage of the
corresponding steering plate is pulsed by a fast GSI HV-switch. The bunches
of xenon ions with energy of 2 keV/q are transported through the Cooler
trap with magnetic field of 3 T and detected on an anode MCP. The MCP is
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connected to a multi-channel analyzer (MCA) which enables precise time-offlight measurements.
Fig. 5.4 shows the time-of-flight spectrum of the transported ions. It consists of three components having average width of 5.0 (± 0.6) µs and arriving
to the MCP at 102.8 (± 0.3) µs, 73.4 (± 0.3) µs and 60.5 (± 0.3) µs (values
refer to the bunches centers).
In order to capture a complete ion bunch in the Cooler trap the bunch
length (in µs) has to be shorter than the time it takes the ions to make a full
revolution in the trap. Calculations based on the TOF-measurements showed
that 5-µs ion bunch can be completely captured in the Cooler trap in this
experiment.
Difference in velocities of the ions can be explained either by different ion
charge states created in the test ion source or by presence of ions of considerably different masses. Xenon gas used in this experiment had purity of
99.99%, therefore probability of appearance of other ions than xenon is negligible. From the other side, the test ion source electrons bombarding the neutral
gas atoms have energy of approximately 100 eV. In case of xenon, such energy
is theoretically high enough to create ions Xe+ , Xe2+ , Xe3+ having ionization
potential of 12.1 (± 0.1) eV, 32.7 (± 0.7) eV, 64.5 (± 1.5) eV, respectively
[Tat34, Wet87, Win66].
There are plenty of works, devoted to measurements and calculations of
impact-ionization cross-sections for xenon. They showed that at the electrons
energy of 100 eV the partial cross-sections for production multiply charged Xe
are relatively high. Some of these results are presented in table 5.1. One can
see that at electron energy of 100 eV, amount of Xe2+ and Xe3+ ions can be as
high as 28% and 5% from a number of Xe+ ions respectively. This proves also
in practice that Xe2+ and Xe3+ ions formation was possible in this experiment.
Table 5.1: Ratios of partial ionization cross-sections for production of ions by 100-eV
electron impact on neutral Xe.

References
[Tat34]
[Fox60]
[Mat87]
[Ste84]
[Wet87]

100 · σi (Xe2+ )/σi (Xe+ )
17
28
11.6 ± 0.3
11
10.5 ± 0.4

100 · σi (Xe3+ )/σi (Xe+ )
2.6
5
2.2 ± 0.1
1.5
-

2+
3+
Simulations in SIMION were performed for 2 keV/q Xe+
136 , Xe136 , Xe136
ions transported through the Cooler trap with 3 T magnetic field. Results of
the time-of-flight simulations are presented in table 5.2. The uncertainties of
the results are caused by the 1.8 % uncertainty of the distance measurements.
The simulated TOFs are also added to fig. 5.4 as black line segments and show
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a good agreement with the measurements. This is another argument for the
theory of different ion charge states as an explanation of the different ions
velocities observed in this experiment.
Table 5.2: Time-of-flight calculations for xenon ions created in the test ion source,
transported through the Cooler trap and detected on the anode MCP.

t(Xe+
136 ) [µs]

t(Xe2+
136 ) [µs]

t(Xe3+
136 ) [µs]

102.9 ± 1.9

73.2 ± 1.3

60.0 ± 1.1

Thereby, we can conclude that the ions transported from the test ion source
through the Cooler trap are Xe+ , Xe2+ , and Xe3+ ion bunches with energy of
2 keV/q, each of those can be completely captured in the trap.

5.2.2

Trapping

The trapping procedure in these first tests consists of the following steps:
1. Closing the endcap farthest from the ion source (EC2) and pulsing the
ion source steerer.
2. Injection of the ions in the trap and closing the other endcap (EC1)
before the ions leave the trap.
3. Opening the EC2 and extraction of stored ions.
In order to trap 2 keV/q ions, the endcap voltages were pulsed to 2.5 kV. To
find the optimal time for closing of the endcap EC2, i.e. the optimal capture
time, a scanning feature of the timing system was used. For different capture
times ions were stored for 100 µs and then ejected towards an MCP to record
flight time and intensity. Successful capture yields the highest intensity, and
the flight time indicates the caught ion species.
Results of the capture time scan can be seen in fig. 5.5. At two times the
ion count has prominent maxima. They are 39 (± 1) µs and 29 (± 1) µs and
refer to optimal capture time settings for trapping of singly and doubly charged
xenon ions. Optimal trapping conditions for Xe3+ can not be identified with
confidence due to low statistics.

5.2.3

Storage time measurements.

The number of stored in the trap ions is not constant, but it drops continuously
due to different ion loss mechanisms. There is a large variety of those and the
most important are:
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Figure 5.5: Count of trapped ions versus capture time. The capture time is a delay
between the pulsing of the ions source and closing of the endcap EC2. This time is
scanned in 1-µs steps and for each step the ions are stored in the trap. After 100-µs
storage time the ions are ejected from the trap and detected on the anod MCP.

1. Charge exchange.
In this process, stored ions capture electrons from residual gas atoms or
molecules. A particular ion will leave the trap in two cases:
(a) An ion becomes neutralized through subsequent charge-exchanges
and therefore leaves the trap.
(b) After an ion of energy E captured an electron, the ion energy per
charge will increase from E/q to E/(q-1). If the trapping potential
is not high enough the ion will leave the trap even if it’s not yet
fully neutralized.
Due to this process number of stored ions in the desired charge state
will exponentially decrease. The characteristic ion-life time is inversely
to the residual gas pressure in the trap.
2. Elastic collisions with neutral or charged particles.
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As a results of this process a trapped ion can gain enough energy to be
scattered into an unstable motion orbit and leave the trap. This process also depends on the trap vacuum and, in case of collisions between
charged particles, from their amount and charge states.
3. Unstable trapping conditions and trap imperfections.
Stable motion √
in an ideal Penning trap requires fulfillment of the inequality ωc > 2 · ωz between a cyclotron and axial frequencies of a
trapped ion. Violation of this requirement will lead to fast exponential
increase of the ion radial orbit and the ion loss. This trapping condition
puts constraints on maximal mass-to-charge ratio of ions which can be
trapped at certain voltage and magnetic field values.
Stability conditions for a realistic trap can be estimated from the same
inequality between ion frequencies. In addition, it has to be taken into
account that in a realistic device three eigenmotions of an ion are coupled to each other. This leads to energy exchange between different
oscillations and ion loss under certain conditions [Hüb97, Sch95].
The storage time measurements show how fast the ions are lost inside
the trap. With this information one can guess which ion loss mechanism is
dominant in a given experiment. To perform such measurements, we injected
Xe+ and Xe2+ ion bunches in the trap, stored them for different amounts of
time and then ejected towards the MCP to record their intensity.
Figures 5.6 and 5.7 show results of the storage measurements for Xe+
and Xe2+ ions, respectively. In order to define characteristic life-times τ , the
experimental data were fitted by the function y(x) = y0 + A · e−x/τ . Data
points for very short trapping times (up to 90 - 120 µs) were excluded from
the fitting sessions since they brought unknown systematic errors to the measurements (fluctuations of the ion count observed in these points are related
to a rotational ion motion and will be discussed later, in connection with O8+ experiments). According to the fits’ results, the characteristic life-time of Xe+
ions is 22(±1) µs and that of Xe2+ ions is 112(±2) µs.
To understand the obtained results we roughly estimated characteristic lifetimes due to each of ion-loss mechanisms described above (in respect to our
experimental conditions):
1. Charge exchange.
Pressure achieved with the test ion source along the beam line is in order
of 10−9 mbar. Due to differential pumping and cryogenic environment
pressure in order of 10−12 mbar can be expected in the trap region.
Characteristic xenon life time, calculated for this pressure and with use
of cross-sections for electron-capture by Xe2+ from H2 [Kus83, Kus86]
is in magnitude of 100 s. Since, electron capture cross-section increases
with charge [Sch84], characteristic time constant for Xe+ is expected to
be higher than that of for Xe2+ .
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Figure 5.6: Xe+ storage time measurements in the Cooler trap. Ions ejected from the
trap were counted. The red line is function y(x) = y0 + Ae−x/τ with a characteristic
time constant τ = 22 (± 1)µs, obtained by a fit.
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Figure 5.7: Xe2+ storage time measurements in the Cooler trap. Ions ejected from
the trap were counted. The red line is function y(x) = y0 + Ae−x/τ with a characteristic time constant τ = 112 (± 2)µs, obtained by a fit.
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2. Elastic collisions.
Ion losses due to elastic collisions of xenon ions with residual gas atoms/molecules
(i.e. He or H2 ) are expected to be very low in comparison to the losses
due to the charge exchange collisions. This is due to the fact that the
elastic-scattering cross-section of xenon ions with light atoms is an order
of magnitude lower than that of for the electron capture process [Ino82].
Moreover, in order to leave the trap, heavy xenon ions have to gain
enough energy in the collisions with slow light residual gas molecules.
This is unlikely due to huge difference in their masses. Therefore, the
characteristic storage time estimated for this process is well above tens
of minutes.
3. Stability conditions.
The simulations of Xe+ and Xe2+ trapping were done with SIMION.
They showed that under conditions similar to the experiment most of the
xenon ions were becoming unstable in the trap and lost within several
hundreds of microseconds. The ions loss probability was increasing with
distance from the beam axis so that only the ions injected very close to
the beam axis could be trapped. Simulation also showed that trapping
of the Xe+ ions was more sensitive to this distance increase than for the
the Xe2+ ions.
By comparing these estimates with the experiment, we can conclude that
the observed loss of the xenon ions is due to instabilities of the ion motion in
the trap. Indeed, the ion life time of both ion species is in order of hundred
microseconds, herewith the life time of the Xe2+ is significantly longer. Both
these observations were confirmed by the simulations. The different life time
of the Xe+ and Xe2+ is explained by difference in A/q values: for the Xe2+
cyclotron radius is less than that of the Xe+ which makes the Xe2+ ions more
stable in the trap (since they are closer to the trap axis).
The performed experiments with the xenon ions showed that ions’ trapping
is possible in the Cooler trap. The short ion-storage times observed in these
experiments are explained by instabilities of the ion motion which were due
to use of the ions with A/q =136 (and 68) which is much higher than A/q =
2.6 which is the design parameter of the Cooler trap. Therefore, it is expected
that characteristic life-time of ions having A/q close to the design value will
be much longer than for the used xenon ions, and ion losses will be dictated
by residual gas pressure in the Cooler trap. Such experiments with O8+ ions
from the EBIT are conducted and they will be discussed in the next sections.
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Highly charged ions from EBIT.

Another ion source intended for off-line commissioning of the Cooler trap is
the EBIT, situated on the experimental platform. In the EBIT, electrons
are emitted from a heated cathode and guided through a set of drift tubes
along the central axis. A magnetic field compresses the electron beam radially.
Ions are produced by subsequent electron impact ionization of neutral gas.
The ions are confined axially by the electrostatic potential on the drift tubes
and radially by the space charge of the electron beam. Since recombination,
charge exchange collisions and ion losses counteract the ionization process, the
maximal achievable charge state is limited and defined by the confinement time
of the ions (for a given electron current density). A more detailed description
of our EBIT system can be found in [Sok10, Tho10].
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Figure 5.8: Scheme of the experimental beam line near the Cooler trap. MCP 1 - a
multi-channel plate with a phosphorous screen for position sensitive detection; MCP
2 - a multi-channel plate for precise TOF measurements; FC1÷FC5 - Faraday cups;
V1÷V4 - vacuum valves; SL - slits; L1÷L7 - einzel lenses; S1÷S6 - steerers; QD quadrupole doublet; B90◦ - bending magnet; EC1, EC2 - endcap electrodes. Energy
analyzer was temporarily installed before MCP 2.

Objectives of the present experiments were to create HCI with A/q = 2 in
the EBIT, transport them through the VBL for injection into the Cooler trap,
then store them in the Cooler trap and analyze the ejected ions.
Fig. 5.8 shows a detailed scheme of the instrumentation around the Cooler
trap. The 90◦ - bending magnet transports desirable ion species from the VBL
towards the Cooler trap. The electrostatic optical elements such as einzel
lenses, steerers and quadrupoles enable effective transport of an ion beam
through the Cooler trap. The ensemble of various diagnostics (Faraday cups,
multi-channel plates) allows for precise time-of-flight measurements (TOF) and
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position sensitive detection of ions. For energy measurements, a hemispherical
electrostatic analyzer was temporarily installed before MCP2.

5.3.1

Ion beam energy.

Energy of ions created by the EBIT is defined by potential distribution in the
EBIT. Due to presence of a very intense electron beam a potential seen by
trapped ions can be expressed as V = Vsp + Vtr , where Vsp is the electron space
charge potential and Vtr is the potential on the trap electrodes [Gil01]. If all
the charge in the electron beam is confined inside a region of radius re , the
electron space charge potential can be written as

ρ 2

if ρ < re ,
V0 ( re )
(5.1)
Vsp (ρ) =


V0 (2ln( rρe ) + 1) if ρ > re .
V0 is the potential of the total charge per unit length of the electron beam and
can be calculated as
I
qe
V0 =
,
(5.2)
2eVgun
4π0
m
where Vgun is the accelerating potential of the electron gun, Ie is the electron
current, m is the electron mass, and 0 is the vacuum permittivity.
The parameters of the EBIT used in this work and the calculated electron
space charge potential are listed in table 5.3. Axial confinement of ions is
provided by endcap electrodes at voltages VEC , VECpulsed (one of the endcaps is
pulsed to allow for extraction of the ions). Radius of the electron beam re was
measured in [Gey10]. A value of ρ was taken as the inner radius Rwall of the
EBIT drift tubes. From these calculations, the electron space charge potential
is -38 (±3) V which gives the accelerating potential of 1962 (±5) V for ions in
the EBIT. In turn, this potential defines the ion kinetic energy per charge of
1962 (±5) eV.
Table 5.3: Working parameters of the EBIT.

re
[mm]
0.1

ρ = Rwall
[mm]
2 ± 0.5

Vgun
[V ]
-2100

Ie
[mA]
16.6

VEC
[V ]
2100

Vtr
[V ]
2000 ± 2

VECpulsed
[V ]
2080/1650

Vsp
[V ]
-38 ± 3

In order to measure the energy of the ion beam, a 180◦ hemispherical
electrostatic spectrometer was used. The device is shown in fig. 5.9. An ion
beam enters the spectrometer through a set of variable slits and it is detected
behind another set of slits on a multi-channel-plate (MCP). The beam can be
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Figure 5.9: Cutaway view of the spectrometer [Zip92]. 1 - entrance slits, 2 - exit
slits, 3 - planetary gear, 4 - inner spherical-cap electrode, 5 - outer spherical-cap
electrode.

transported through the spectrometer to the detector if its energy per charge
Ekin /q equals the voltage Vcaps on the spherical electrodes.
Ions from the EBIT were transported through the Cooler trap and then
injected into the spectrometer. The spectrometer slits were set to 2 mm in
order to cut very divergent parts of the beam. The spectrometer resolution is
given by the formula:
d
∆EF W HM ∼
2
,
= 0.43 + 0.25αmax
E0
r0

(5.3)

where d is the width of the slits, r0 is the radius of the ideal ion trajectory
inside the spectrometer, and αmax is the maximal angular spread of the ion
beam at the entrance slits which is estimated as:
r
αmax
d
≤2
with α0 =
[Zip92, Imh76]
(5.4)
α0
4r0
The spectrometer resolution calculated with the formula 5.3 for our experiment is ∆EFEW0 HM ≤ 1.8% and gives the uncertainty for experimental data.
The results of our measurements are presented in fig. 5.10. The data are
fitted by a Gaussian function which gives a voltage Vcaps = 1958 (±2) V for the
maximal ion current detected and the value of 109 (±5) V for the full width at
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Figure 5.10: Current of ions transported through the hemispherical spectrometer.
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half maximum (FWHM) of the transported ion beam. This allows to conclude
that the transported EBIT-ions have the energy of 1958 (±57) eV.
The measurement results are in good agreement with the performed calculations. Therefore in future experiments with ions from the EBIT, one can
use eqs. 5.1 and 5.2 to estimate ions’ energy.

5.3.2

Ion beam charge state.

An ion beam extracted from the EBIT may contain ion species with different
mass-to-charge ratios. Desired ion species are selected using a magnetic dipole
called the multi-passage separator (MPS) [Ern06], situated after the EBIT (see
fig. 4.13). The magnetic field of the dipole and the ion characteristics depend
on each other like:
s
1 2M Ekin /q
B=
(5.5)
R
eQ
where R is a bending radius, M is an ion mass, Q is an ion charge, e is the
electron charge, and Ekin /q is the ion kinetic energy per charge expressed in
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eV.
In our experiments, ions in the EBIT were created from residual gas. Under
ultra-high vacuum conditions in the EBIT (3 · 10−10 mbar achieved with a
turbomolecular pump) the residual gas can be considered consisting of water
vapors and carbon oxides [Pfe03]. For those components the highest achievable
charge states will be O8+ and C 6+ , which both have a mass-to-charge ratio 2.
This value is close to the design value of the Cooler trap (i.e., 2.6) and therefore
we intend to transport these ions.
Measurements of the ion current behind the MPS for different magnetic
field values are summarized in fig. 5.11. The measurements were performed
for different charge breeding times in the EBIT. Increasing charge breeding
time shifts the ion intensity towards higher charge states. This is because the
longer ions are being kept in the EBIT, the more electrons can be stripped
from them. Consequently, the more ions with lower mass-to-charge ratio can
be extracted.
Fig. 5.11 shows that increasing the charge breeding time above 200 ms
does not create new peaks in the region of lower magnetic field, which means
that the maximal charge state is achieved. Therefore, within our experimental
conditions, we can assign the current maximum at the magnetic field of 61.7
(± 0.5) mT to the ions with mass-to-charge ratio 2 (i.e., O8+ and C 6+ ).
Knowing the dipole magnetic field for ions with A/q = 2 one can estimate
it for the ions with higher A/q ratios. In order to do this, one should rewrite
the eq. 5.5 as:
s
r
1 2mu [Ekin /q] A
,
(5.6)
B=
R
e2
q
where mu is the atomic mass unit in kg; A and q are the ion mass and charge
numbers, respectively. Since all ions extracted from the EBIT have the same
energy per charge the magnetic field values for lower charge states can be
estimated from:
q
q
A2
A1
−
q2
q1
∆B
q
=
,
(5.7)
A1
B1
q1

where B1 is a known value of the magnetic field corresponding to the ions
with mass-to-charge ratio A1 /q1 , B2 is an unknown value of the magnetic field
corresponding to A2 /q2 , and ∆B = B2 − B1 is a magnetic field difference
corresponding to the difference in mass-to-charge ratios A1 /q1 and A2 /q2 .
The results of calculations have been added to fig. 5.11 represented by green
hatched areas. The calculated values correspond to the maxima which allows
to assign certain ion species to the peaks.
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Figure 5.11: Ion current on the Faraday cup after the MPS magnet in dependence
on the magnetic field and for different charge breeding times between 100 ms and
1 s (red lines). Peaks correspond to different mass-to-charge values. Green areas
correspond to calculated values of the magnetic field with the uncertainties.

During the following experiments we used the field of 61.8 mT and therefore
transported ions of mass-to-charge ratio equal to 2 through the VBL. Since the
amount of oxygen atoms in the residual gas of the EBIT prevails over that of
carbon atoms we will consider that the transported ion beam consists mostly
of O8+ ions.
On its way to the Cooler trap, the ion beam has to pass one more magnetic dipole (90◦ -bending magnet) located at the bottom of the VBL (see
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Figure 5.12: Magnetic field of the 90◦ bending magnet versus ion energy. Calculated
fields for O7+ and O8+ are represented by blue and black lines respectively. The
green area covers the energy region 1958 (± 57) eV as found during the energy
measurements. The magnetic field value used during the experiment is depicted by
a red dotted line.

fig. 5.8). The magnetic field of this magnet was measured by a teslameter with
a transversal probe placed between the magnet poles. As it can be seen in
fig. 5.12, the experimentally found magnetic field value for transported ions
(Bexp , red dotted line) is in agreement with calculations made for O8+ ions
(black line in green area).
Summarizing, we can conclude that the ions which we transported from
the EBIT, through the VBL and the Cooler trap is O8+ ions with energy of
1958 (±57) eV/q. This ion beam will be the object of following experiments
with the Cooler trap.

5.4

Trapping of HCI.

Objectives of the experiment at this stage are the capture and subsequent
storage of ions in the trap. In order to capture a whole ion bunch in the trap,
the bunch width should be shorter than the time which the ions need to pass
twice the trapping region. With the measured ion energy 1958 (± 57) eV/q
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the ions pass 40 cm (the trap length) in approximately 1 µs.
To verify that the ion bunch from the EBIT can be captured efficiently, we
measured the TOF to the MCP detector behind the trap. Fig. 5.13 shows the
TOF recorded by the multi-channel-analyzer (MCA) on MCP2. During 1.3 µs
all the ions hit the MCP and most of them are detected during a time span
of 0.39 µs. This means that the full bunch from the EBIT can be successfully
captured in the Cooler trap.
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Figure 5.13: Time-of-flight spectrum of the ion beam transported from the EBIT,
through the Cooler trap, and measured on MCP2 (see fig. 5.8).

The trapping procedure is similar to that of with Xe ions from the test ion
source and consists of the following steps:
1. Charge breeding of the ions in the EBIT; both endcap electrodes of the
Cooler trap are open (i.e., at ground potential).
2. Ions extraction from the EBIT and closing the endcap electrode EC2
(i.e., set voltage of 2.5 kV).
3. Ions injection in the Cooler trap and closing the other endcap (EC1)
before the ions leave the trap.
4. Storage of the ions in the trap.
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5

Figure 5.14: Sequence of triggers for the trapping cycle. The cycle steps (1÷6) are
described in the text.

5. Opening EC2, extraction of the ions
6. Ions detection on the multi-channel plates MCP1 or MCP2 by a camera,
an oscilloscope or an electrometer.
The trapping cycle is controlled by the timing sequence shown in fig. 5.14.
For efficient ion capture, the delay between extraction of the ions from the
EBIT and closing of the endcap EC1 (step 3 of the cycle) has to be optimized.
In order to achieve this, the delay was scanned while measuring the current of
the ejected ions after 100 ms storage time. Results of the measurements can
be seen in fig. 5.15. A maximal ion current refers to an optimal time delay of
26.8 µs at which the ions from the EBIT are captured efficiently.
During the performed tests we optimized the timing cycle for the Cooler
trap and showed that the ion bunches from the EBIT can be efficiently captured
and stored at least for 100 ms. The next sections will be devoted to extended
storage time measurements and analysis of stored ions.

5.5

Storage time measurements.

The Cooler trap efficiency for cooling and storage of highly charged ions will
depend on residual gas pressure in the trap region. Simulations performed
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Figure 5.15: Ion current versus capture time. The signal from ions trapped for
100 ms is represented by black dots. The data are connected by a black line for
visualization. The time tinj is optimal time for efficient trapping.

in the work of G.Maero [Mae08] showed that efficient cooling of an ion cloud
in the Cooler trap will take longer than 10 s which impose constraints on
the vacuum conditions resulting in a required pressure below 10−13 mbar in
the trap region. In the same work, calculations were performed showing that a
pressure below 10−13 mbar can be achieved in the trap region when the pressure
in the neighboring beam line volumes (LEBT and VBL) is 10−11 mbar.
During the present experiments the pressure (measured by ion gauges Pfeiffer PBR 260) in LEBT and VBL volumes was around 10−9 mbar. Therefore,
it is expected that the pressure in the trap region will also be higher than the
aimed for 10−13 mbar.
Residual gas pressure can be calculated from:
p = nkB T,

(5.8)

where n is the residual gas density, kB is the Boltzmann constant, and T is the
trap temperature. The residual gas density n can be estimated from life time
measurements of trapped ions according to
N (t) = N0 exp −(t/τ ),

τ=

1
,
σnv

(5.9)
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where v is the ion beam velocity, σ is the total cross-section of mechanisms
leading to the ion loss.
In section 5.2.2 dedicated to trapping of xenon ions we discussed various
mechanisms which can lead to ion loss in a Penning trap: charge exchange,
elastic collisions and trap instabilities and imperfections. Now contribution of
those mechanisms have to be estimated for the case of stored O8+ ions.
− Unstable trapping conditions and trap imperfections.
It was shown that Xe+ , Xe2+ are instable in the Cooler trap and quickly
lost (within 1 ms). This was explained by their mass-to-charge ratios
which are much higher than the design value of the Cooler trap (i.e.
2.6). The O8+ ions have A/q =2 which is in 68 and 34 times less than
that of the xenon ions.With such A/q value the cyclotron radius of the
oxygen ions will be much smaller than that of the xenon ions. This means
that O8+ will rotate closer to the magnetic field axis (and the trap) and
therefore will be more stable.
The performed trapping experiments (see fig. 5.15) demonstrated the
storage time of at least 100 ms which is longer than it would be under
violated stability conditions. In addition, the stability of the EBIT O8+
ions in the Cooler trap was confirmed by SIMION simulations performed
for our experimental conditions (B = 3 T and box electrostatic potential
with 2.5 kV on both endcaps).
− Charge exchange.
In the cold environment of the Cooler trap (10 K), the partial pressure
of H2 is more than 4 orders of magnitude higher than for other typical
residual gas components [Ben99]. At ion velocities as used in our experiment, the electron capture (EC) cross-section for O6+ ions with H2 is
σO6+ = (42 ± 6)·10−16 cm2 [Pha82]. Then the EC cross-section for O8+
can be found by scaling σO6+ with factor (8/6)1.17 as follows from the
Schlachter formula.1 This gives the value σO8+ = (59 ± 8)·10−16 cm2 .
− Elastic collisions.
Elastic scattering cross-section of 1.5-keV oxygen atoms from H2 is 6·10−16
(±20%) cm2 [Smi96]. Taking into account that in our experiment O8+
ions have a total energy about 16 keV the corresponding elastic scattering cross-section will be in oder of 10−18 (the cross-section is scaled as
1/E 2 as follows from the Rutherford formula).
1

The semi-empirical Schlachter formula for electron capture cross-section by multiply
charged ions is σ = 1.43 · 10−12 q 1.17 I −2.76 cm2 . Here, q is the projectile charge state and I
is the first ionization potential of the target in eV. The formula is valid for ion velocities up
to 25 keV/u [Sch84].
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Figure 5.16: Storage time measurements. Current induced by ions hitting the MCP
detector was measured versus trapping time.

Thus, the estimations showed that the most probable ion loss mechanism
in our experiment is charge exchange. Therefore its cross-section will be used
in pressure estimations according to eqs. 5.8 - 5.9.
Results of the storage time measurements are plotted in fig. 5.16. Ions were
detected for storage times of several tens of seconds. The measured dependency
consists of three parts: until 1.5 seconds the ion intensity decreases; then it
starts to increase until about 10 s storage time; after this the ion current
decreases again.
Assuming that the charge-exchange interactions are the most probable process in this experiment, we can suggest a following explanation for the experimental results.
− First decrease of the ion current can be explained by a loss of oxygen
ions due to electron capture from the residual gas. The applied potential
confines only O8+ and O7+ , other oxygen charge states will escape from
the trap.
− Current increase can be due to residual gas ions (H+
2 ) which were created
in charge-exchange with the oxygen ions and subsequently trapped.
− Final current decrease is explained by a loss of trapped residual gas ions
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due to collisions with neutrals. Various H2+ + H2 processes are described
in [Tab00, Phe90]. Charge exchange is the most probable among them
and has a cross-section of (8 ± 2) · 10−16 cm2 .
The characteristic ion life time can be estimated from the parts of the measurements where ion loss took place. Figures 5.17 and 5.18 show the results
of these estimates. The experimental data are fitted by the function in eq. 5.9.
The time constants of the fitting function are τshort = 4(±1) s for ions trapped
less than 1.5 s, and τlong = 21(±1) s for ions trapped longer than 10 s.
The residual gas pressure calculated using eqs. 5.8 and 5.9 is (1.7 ± 0.6) ·
−12
10
mbar and (3.4 ± 2.3) · 10−12 mbar for short and long storage times (i.e.,
8+
for O , O7+ and for H+
2 ), respectively. Both results are in agreement with
each other and with our expectations about the pressure level in the Cooler
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trap.
Summarizing the results of the estimates, measurements and calculations,
we can conclude that the storage efficiency of the Cooler trap is dictated by
charge exchange reactions at a pressure level of about 10−12 mbar. In order to
improve the vacuum in the trapping region and subsequently increase the ion
storage time, the vacuum in LEBT and VBL has to be improved.

5.6

Analysis of trapped ions.

During the trapping experiments discussed above we suggested several interpretations to the observed results:
− We suggested that the oxigen ions (O8+ , O7+ ) and H+
2 ions are stored
for different storage times in order to explain the current dependency
observed in the storage time measurement with O8+ .
− We observed fluctuations of the ejected ion current at short storage time
in the experiments with xenon ions, and we related them to a rotational
ion motion.
The analysis of ejected ions might be helpful for verification of these hypotheses. In the next sections we will discuss time-of-flight spectrum of the ejected
ions and investigate influence of trapping potential on them (i.e. on their
amount, TOF and motional frequency).

5.6.1

Time-of-flight measurements.

The interpretation given above to understand the ion storage time measurements can be supported by time-of-flight spectra measured for different storage
times. TOF measurements can provide information about energy and composition of the ensemble of trapped particles ejected at a certain moment from
the trap. They may also help to understand processes taking place in the trap.
Ions ejected from the trap were detected on MCP1 which is situated 1.4 m
away from the trap center. The electron signal created by the ions impinging on
the MCP was amplified and recorded by an oscilloscope. The oscilloscope was
triggered simultaneously with the trap opening to ensure that the measured
signal refers to the stored ions. The measurements were performed for different
storage times in range from 100 µs to 20 s.
Fig. 5.19 shows the results of these measurements for 100 ms and 3 s storage
time. Only one peak (M1 around 3.3 µs) is observed on the TOF spectrum
recorded after 100 ms storage time. Two peaks (M2 around 3 µs and M3
around 2.2 µs) are observed after 3 s storage time.
These observations can be understood within the following interpretation:
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Figure 5.19: Time of flight spectra of trapped ions taken after trapping times of
100 ms (top) and 3 s (bottom) on MCP1. The colored boxes enclose time-of-flight
ranges for which the ion current was integrated for fig. 5.20.

− An O7+ ion produced by an electron capture from an O8+ has same total
energy as the O8+ . This means that its maximal energy per charge can
be E/q = 1958·8
≈ 2238 eV which is low enough to be trapped in our
7
experiment. Oxygen ions with q<7 will have E/q > 2.5 keV (trapping
voltage) and will escape from the trap. Due to the equal total energies
of both O7+ and O8+ they will be indistinguishable on the TOF spectra.
− at 100 ms storage time the trap is filled with O8+ and O7+ ions.
− the stored O8+ and O7+ ions are lost due to charge exchange and residual
+
gas ions (H+
2 and H ) are created due to the same process.
+
− at 3 s storage time the trap is filled mainly with H+
2 and H ions which
have different A/q values and, therefore, different velocities.

In following discussions of TOF measurements we will call the stored oxygen
ions as O8+ meaning actually both, O8+ and O7+ . This does not affect the
results (since TOF is the same for these ion species) but simplifies text.
In order to support this interpretation, we investigated evolution of the
observed peaks with increase of the storage time. For this we calculated the
peaks’ areas and plotted them versus storage time in fig. 5.20. The areas were
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calculated with help of the Origin integrating tool, within the TOF ranges
shown in fig. 5.19 (enclosed in colored boxes).
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Figure 5.20: Time evolution of the peak areas from fig. 5.19. Line colors and designations (M1, M2, M3) correspond to those of the colored boxes in fig. 5.19. The
black line represents the ion current integrated over complete TOF range from 1.5
s to 5 s.

The results shown in fig. 5.20 also can be understood within the earlier
given interpretation:
− Observation. The amounts of ions within the TOF ranges M2 and M3
(red and green lines M2 and M3) increase with time, reach a maximum
and then slowly decrease.
+
Interpretation. If those ions are H+
2 and H then their amount might
increase due to charge exchange with the oxygen ions. This process
continues until all the ionizing oxygen ions are lost. Then the residual
gas ions are slowly lost due to charge exchange with neutrals.
− Observation. The amount of ions within the TOF range M1 decreases
with time and reaches a minimum around 1.5 s. Then it increases again
followed by slow decrease.
Interpretation. The fast decrease can be explained by loss of O8+
ions due to charge exchange with the residual gas. The increase can be
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referred to a growing amount of H+
2 ions of the same energy as the stored
oxygen ions. When all the oxygen ions are lost, the amount of H+
2 ions
starts to decrease which we observe in the graph.
− Observation. The complete amount of ejected ions versus storage time
is plotted as a black line. The dependency consists of three parts: a fast
decrease until 1.5 s, an increase up to 10 s, and a final slow decrease.
Interpretation. On the basis of the given interpretations, the first
decreasing part of the dependency can be assigned to the loss of oxygen
ions and the rest of it to the secondary ions created from the residual
gas.

By these measurements we reproduced the results obtained earlier in the
storage time measurements and supported the given interpretation which in+
volves presence of several stored ion species (O8+ , H+
2 and H ) in the trap.
In the following experiment we will perform precise TOF analysis which will
give information about energies of the ejected ions. Such analysis is enabled
by the combination of MCP2 and a multi-channel-analyzer (MCA). MCP2 is
situated 2.7 m away from the trap center and its anode is connected to the
MCA. When an ion impinges on MCP2, the MCA counts an event and records
its time. In our experiment, the MCA was triggered simultaneously with an
ion ejection pulse and its time resolution was set to 40 ns.
Time-of-flight spectra recorded by the MCA at storage times of 100 ms and
3 s are shown in fig. 5.21. As in the previous measurements, one component
was observed after 100 ms storage time and two other after 3 s. Ions ejected
after 100 ms arrive at the MCP as a (1.3 ± 0.2) µs wide bunch with its center
at a TOF of (7.10 ± 0.04) µs. Ions ejected after 3 s arrive as two bunches
centered at (6.41 ± 0.06) µs and (4.64 ± 0.06) µs . Their widths are (1.4 ±
0.2) µs and (0.8 ± 0.3) µs, respectively.
The signals’ widths are considerably larger than the injected 0.4 µs pulse
(see fig. 5.13). This can be explained by dispersion of the injected bunch after
many oscillations in the trap and energy spread of the ions. Moreover, the
coupling of different ion eigenmotions in the trap might lead to the longitudinal
energy decrease and as a consequence to broadening of the observed ion bunch.
Such coupling is relevant in our experiment since the used trapping potential
is not harmonic (we use a box potential).
In order to define energies of ejected ion species, we performed SIMION
simulations. TOF from the trap center to MCP2 was calculated for ions with
mass-to-charge ratios A/q = 2 and A/q = 1 and different kinetic energies. In
order to make the calculations more relevant to our experimental conditions,
magnetic field in the trap and einzel lenses between the magnet and the MCP
were included in the simulations. Results of the simulations are plotted as black
squares in fig. 5.22 and 5.23 for ions with A/q equal 2 and 1, respectively. By
adding the measurements results (TOF of the bunches centers) on the same
graphs (colored hatched boxes) we can define ion energies in our experiment.
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The ions around TOF of 7.1 µs and 6.4 µs were interpreted as ions with A/q
= 2 (O8+ and H+
2 ). Their TOFs are added to fig. 5.22. The ions with TOF
around 4.6 µs were interpreted as H+ and have A/q = 1. Their TOF is shown
in fig. 5.23.
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Figure 5.21: Time-of-flight spectra of trapped ions taken at trapping times of 100
ms (top) and 3 s (bottom) on MCP2. Ion count is averaged over 97 measurements
for storage time of 100 ms and it is averaged over 16 measurements for storage time
of 3 s.

Thus, an energy found for O8+ ejected ions is 1440 (± 20) eV; energy of
+
H+
2 is 1770 (± 40) eV; and energy for H is 1690 (± 50) eV. These values and
their uncertainties refer to the centers of the respective energy distributions
(which are wider). Below we will discuss these results.
− Our measurements showed presence of large amounts of fast residual
gas ions. Such a fast ion can be produced if a residual gas molecule
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Figure 5.22: TOF from the trap center to MCP2 versus ion energy per charge for ions
with A/q of 2. Simulations are presented as black squares. The data are interpolated
by a parabola for better visualization. The green and blue boxes represent measured
TOF with uncertainties for O8+ and H+
2 ions, respectively.

or an atom is ionized close to the endcap electrodes. In this case the
+
newborn H+
2 or H ion will be accelerated by the electric field between
the endcap and the neighboring trap electrode. Measurements of total
electron capture (EC) cross section of bare and H-like oxygen ions from
H and H2 show that these cross-sections stay considerable at low ion
velocities [Hav89, Mey85]. Moreover, those experiments showed very
high EC cross-section for O7+ from H (∼ 5 · 10−15 cm2 ).
Taking those measurements into account, we can conclude that fast residual gas ions observed in our experiments, indeed can be created due to
the charge exchange with the oxygen ions near the endcap electrodes.
We also can consider that most of the observed H+ ions are created by
the charge exchange with O7+ ions.
− The reason for the large amounts of undesirable residual gas ions could
be discharges near the endcaps. Such an effect occurred in the ion trapping tests on HiPAT, NASA [Mar01]. The experimentalists observed a
bluish glow in trapping regions close to the endcaps. This glow impacted
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Figure 5.23: TOF from the trap center to MCP2 versus ion energy per charge for
ions with A/q of 1. Simulations are presented as black squares. The data are
interpolated by a parabola for better visualization. The light blue box represents
the measured TOF with the uncertainty for H+ ions.

vacuum pressure and led to residual gas CO+ ions continuously supplied
to the trapping region while the amount of useful H+ ions decreased. To
prevent this glow effect it was proposed to improve the vacuum quality,
to modify electrodes structure and to perform cleaning of the system by
sustained glow discharge at high voltage. This actions allowed to increase
hydrogen ions storage time [Mar02].
The HV tests of the Cooler trap showed that discharges happen near the
endcaps at voltages higher than 4 kV (see chapter 4). Though during
all performed experiments such voltages were not applied, preventive
actions which were applied to the HiPAT should be performed for the
Cooler trap as well, in order to insure the proper trap functioning in
further experiments.
− The energy of the ejected oxygen ions is lower than that of the injected
bunch. This confirms the suggestion that energy mixing took place in
the trap. In our experiment the part of the longitudinal kinetic energy
(i.e. 520 eV) was converted into transversal energy due to coupling of ion
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eigenmotions. The same effect was observed during trapping experiments
on SpecTrap, GSI. There, 150-eV ions were ejected after 50 ms storage
of injected 200-eV ions [And12].
At the energy of 1440 eV the O8+ ion bunch ejected from the trap would
have a width of 1 µs. Considering that the initial energy spread was ±57
eV its width would increase up to 1.4 µs. This estimates are in good
agreement with the observed bunch width of (1.3 ± 0.2) µs.

We can summarize now the performed TOF measurements. The ejected
stored O8+ and O7+ ions have the average energy of 1440 (± 20 eV). They are
lost inside the trap within a few seconds due to charge exchange with H2 and
+
H. Ions ejected after longer storage time are fast residual gas ions H+
2 and H
which are created close to the endcap electrodes in charge exchange with the
oxygen ions.

5.6.2

Influence of trapping potential on stored ions.

In this section we investigate how a choice of the trapping potential influences
the amount, energy and eigenmotions of stored ions. Such measurements may
help to find optimal trapping conditions and provide a baseline for future
experiments with the Cooler trap.
Amount of stored ions.
In this experiment we measured amount of ejected ions stored at different trapping potential. In order to change the trapping potential we decreased/increased
the endcap voltages symmetrically, keeping all other electrodes at ground potentials. The ejected ions hit MCP1 and the MCP current was measured by
an electrometer (Keithley 6514). In order to investigate both stored oxygen
ions and stored residual gas ions, the experiment was performed for storage
times of 100 ms and 3 s.
Results of the measurements are shown in fig. 5.24. The amount of oxygen
ions stored for 100 ms grows with increasing voltage and saturates at 2.45 kV
(black dots) while the amount of residual gas ions stored for 3 s continues
to grow (red dots) within the studied range of voltages. Both curves have
minimums at the endcaps voltage VEC = 2.2 kV.
The amount of oxygen ions (stored for 100 ms) can increase as ions of lower
charge become trapped at higher VEC . The current saturates at VEC = 2.45
kV which is high enough to trap O7+ created via electron capture. This means
that during 100 ms only O7+ ions are created.
The amount of stored residual gas ions depends on that of the ionizing
oxygen ions. Therefore, as long as lower charge states of oxygen are created
and trapped the amount of residual gas ions can grow. The maximal VEC
probed in this experiment was 3.2 kV which theoretically enabled trapping of
O5+ .
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Figure 5.24: Current of ejected stored ions versus endcaps voltage (VEC ). Black
dots correspond to ions ejected after 100 ms storage time. Red dots correspond
to ions ejected after 3 s storage time. The data are connected by lines for better
visualization of the dependencies.

The ion current minima around VEC = 2.2 kV can be related to nonoptimal
trapping conditions. It was experimentally proven that at certain operational
conditions (certain magnetic fields, trapping voltages) the trap storage capability can be significantly reduced [Hüb97] [Paa03].
Energy of stored ions.
In this experiment we measured TOF of ejected ions versus trapping voltage.
The ion signal was recorded by an oscilloscope (Tektronix TDS 2024B) connected to MCP1. From these records, TOF of ions was estimated. Again, the
measurements were done for two different storage times (100 ms and 4 s).
Fig. 5.25 shows results of this experiment. The TOF of the oxygen ions
stored for 100 ms (black dots) does not depend on the endcaps voltage VEC
+
while the TOFs of the H+
ions stored for 4 s (red and green dots)
2 and H
decrease with increasing VEC .
The TOF of the oxygen ions does not change with VEC since the energy
of these ions is defined by the injected O8+ ions energy and does not depend
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Figure 5.25: Influence of the blocking voltage on time of flight of trapped ions for
two different trapping times. Time of flight of 100-ms trapped ions (black line) stays
unchanged. Time of flight of 4-s trapped particles (red and green lines) decreases
when endcaps voltage increases.

on the trap potential. The fast residual gas ions are created inside the trap
and therefore their energy is defined by the trap potential at the place of the
ionization. This means that energy of the residual gas ions can increase with
increasing VEC .
Rotation frequency of stored ions.
In the storage time measurements with xenon ions we observed fluctuations of
ejected ion current detected by MCP2 after short storage times (see section
5.2.2). The same effect we have observed in the storage time experiments
with O8+ . In these experiments we used an MCP with a phosphorous screen
(MCP1) and obtained images of the ejected ions while measuring the ejected
ion current. The measurements showed that the current fluctuations were
caused by periodical deflection of the ejected ions away from the MCP.
Fig. 5.26 shows results of these measurements for the endcaps voltages of
2.3 kV (black dots) and 3 kV (red dots). Periodical ion current oscillations
occur in both cases and their amplitudes decrease with time. The oscillations
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Figure 5.26: Detected on MCP1 ejected ion current versus storage time. Shown on
the graph are the measurements results at VEC = 2.3 kV (black dots) and at VEC
= 3 kV (red dots). The data are connected by lines for a better visualization of the
oscillations.

Such periodical motion of the ejected ions can originate from the periodical ion motions in a Penning trap. These motions are axial oscillations, fast
rotation with modified cyclotron frequency, and slow rotation around the magnetic field axis (E × B drift). An ion traveling in the trap can be periodically
found at a certain place and with a certain transversal velocity component.
Therefore if we eject this ion after different storage times its trajectory will be
periodically reproduced. When we inject a bunch of equal ions in the trap they
will travel together as one ion, in the beginning. With time, the bunch structure will disperse and finally, the ions will be distributed along the complete
trap. If we now eject them, we will find a distribution of trajectories which
does not depend on the ejection time. In this case the ejected ion current will
not oscillate.
That interpretation explains the periodicity of the observed oscillations
as well as their damping with time. In order to find out which of the three
eigenmotions lead to the observed oscillations, simulations in SIMION were
performed. In the simulations, one O8+ ion of 1958 eV/q energy was trapped in
the SIMION Cooler trap model at the magnetic field of 3 T. The ion trajectories
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in the trap were recorded. Then the frequencies of the ion eigenmotions were
calculated by a FFT routine in Origin. It was found that the E × B-drift
frequency is of the same order of magnitude as the frequencies observed in the
experiment.
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Figure 5.27: Ion E×B-drift frequency versus the endcaps voltage. The experimental
data are plotted as red open squares. The simulations for one O8+ ion are plotted
as enumerated squares. In the simulations, the ion was injected parallel to the trap
axis and at different distances to it: r= 0.01 mm (1); r= 0.1 mm (2); r= 0.2 mm
(3); r= 0.3 mm (4); r= 0.5 mm (5). The simulated data are connected by lines for
a better visualization

In order to investigate how the E × B-drift frequency depends on the trapping voltage, we performed both the experiment and the simulations at different VEC . For frequency estimations, both measured and simulated data were
processed by the FFT routine in Origin. In the simulations, an O8+ ion of
1958 eV/q energy was created in 28 cm from the trap center (in front of the
endcap electrode), injected in the trap and captured at different VEC . The
simulations were performed with an ion created at different angles and distances to the magnetic field axis (and to the trap axis). The injection angles
were changed between 0◦ and 1◦ , and the distances to the axis were r = 0.01
mm, r = 0.1 mm, r = 0.2 mm, r = 0.3 mm, and r = 0.5 mm. Simulations
showed that changing the injection angle did not influence the ion frequency
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while changing the distance to the trap axis did. The results are shown in
fig. 5.27, where the experimental data are plotted by red open squares and the
simulated data are plotted by black enumerated squares.
The experimental dependency is in between the modeled ones for 0.01 ÷
0.2 mm and its minimum coincides with the models minima. This allows us
to conclude that the observed oscillations were indeed caused by E × B-drift
of the ions in the trap and that the ion bunch in our experiment was ejected
to the trap at a distance from the symmetry axis between 0 and 0.2 mm.
Summarizing this section, we found that increasing trapping potential led
to increase of number and energy of the residual gas ions; it also lead to
trapping of the oxygen ions of lower charge. We have showed that the observed
MCP-current oscillations were caused by E × B-drift of the ions in the trap.
We investigated the oscillations frequency versus the trapping potential (by
the experiment and by the simulations) and concluded that the ion bunch was
injected in the trap as close as 0.2 mm to the trap axis.
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Chapter 6
Summary and outlook.
This thesis describes important steps towards the startup of the HITRAP
facility and therefore towards high-precision experiments intended to push the
limits of atomic structure knowledge. The installation and commissioning of
the HITRAP Cooler Penning trap are crucial steps on this way.
The Cooler trap has to capture in-flight bunches of up to 105 heavy, highly
charged ions (such as U92+ ) received at an energy of 6 keV/nucleon, store
them, and cool them down to energies below 1 meV via electron and resistive
cooling without considerable ion losses. To perform this task the trap is required to operate at strong magnetic field (6 T), at high voltage (up to 18 kV),
at cryogenic temperature (about 4 K), and at ultra-high vacuum (below 10−13
mbar). Within this work proper functioning of individual trap components
(the magnet and the electrode stack) as well as the performance of the trap as
an integrated system were tested.
The cryogenic tests showed that the temperature achievable for the windings of the cryogenic magnet enables persistent mode operations at 6 T. The
temperature achieved on the trap surface was about 11 K. This is below the
energy equivalent 1 meV and therefore meets the requirements for ion cooling (via the resistive cooling technique). These tests set new challenges to
the originally installed cabling of the trap which happened not to be reliable
under cryogenic temperatures. A new cabling solution was developed and implemented. It is resistant to low temperature, mechanical stress, creates less
heat load, and provides noise shielding for transmitted electrical signals.
The electrical tests demonstrated a need for improvement of the electrodes’
surface and the electrical isolation. Places of discharges were identified and the
issues were solved by ultrasonic cleaning of the metallic and isolating parts,
by adding capton foil as isolation layer, and by removing sharp edges on some
metallic parts. These actions allowed to double the threshold of the breakdown
voltage (from 2 kV to 4 kV) and to continue testing of the trap with ions.
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A test ion source was installed and commissioned in the HITRAP beam
line. The pumping scheme of the source was developed to enable production of
stable ion beam which was important during ion transport and magnetic field
alignment. The electrical connections of the source were modified to enable its
operation in pulsed mode required for trapping tests.
The Cooler trap was installed into the HITRAP beam line and the magnetic field was aligned. For this, a set of 1-mm apertures between the test
ion source and the magnet was prepared and aligned providing an optical axis
for the ion beam. Then the magnetic field was aligned to the same axis with
1 mrad accuracy. This alignment enabled effective ion transport through the
Cooler trap. In-flight ion capture was demonstrated with 2 keV/q singly and
doubly charged xenon ions from the test ion source. Storage time measurements showed that these ions are unstable in the trap due to their very high
A/q values and additional experiments with ions of A/q < 3 were triggered.
Another off-line ion source, an EBIT, was set to produce 2 keV/q O8+
ions (A/q = 2). These ions were transported from the EBIT into the Cooler
trap via the VBL testing its ion optics and diagnostics. Then the ions were
captured in-flight and stored in the trap for about 1.5 s. The storage time
measurements showed that the ion loss was driven by charge exchange with
residual gas ions. The pressure in the trap estimated from these measurements
was in order of 10−12 mbar. These tests demonstrated the need of vacuum and
electrodes surface improvement. Throughout all the trapping experiments the
Control system was extensively tested.
The tests performed and described in this work provide the baseline for
further maintenance and commissioning of the Cooler trap. Presently, the
setup has been warmed up and disassembled in order to polish the electrodes
surfaces and make the necessary improvements of the cabling. The electrodes’
polishing has to prevent discharges on the trap surface or at least considerably increase the breakdown voltage. Some modifications will be done to the
connection systems in order to make them more resistant to mechanical stress.
These modifications are planned to be finished in a few months.
After the required improvements are implemented the trap will be electrically tested and a coil for detection of the ions’ axial motion will be installed
in the electronics box. Then the trap will be reassembled into the HITRAP
beam line. Meanwhile the VBL and the LEBT should be baked and pumped
to improve the vacuum conditions for the trap. The alignment of the magnetic
field will be checked and then trapping tests with ions and electrons will be
advanced.
These tests should demonstrate the ability to capture ions of higher energy
(E/q > 2 keV), and longer storage times for both ions and electrons. With the
installed coil and the newly shielded cabling, it should be possible to detect
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the particles inductively, thus excluding losses during the particle extraction.
Finally, the ions shall be trapped together with electrons and cooled. With
ions from the EBIT, these experiments can be done for medium-heavy HCI
up to Ar18+ , Kr32+ or Xe46+ . Presently, a new ion source is being installed,
the high voltage S-EBIT, which will produce heavy HCI up to U92+ . This
source is planned to be operational in spring 2014. The commissioning of the
HITRAP linear decelerator will continue with the on-line test of the new RFQ
structure. This is scheduled for spring 2014 also.
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Appendix A
Supplementary data for Cooler
trap temperature
measurements.
Table A.1: Calibration parameters of the CCS thermometers which are used for
measurements of the trap temperature. Data approximation is done using a polynomial function provided by the manufacturer: T = a0 + a1(1000/R) + a2(1000/R)2 +
...+a7(1000/R)7 , where T - sensor temperature, R - sensor resistance, a0...a7 - polynomial coefficients. The calibration is performed for seven sensors labeled as 4, 5,
6, 7, 8, 9, 10. The last row of the table contains uncertainties of the approximations
for each corresponding sensor.
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Chapter A. Supplementary data for Cooler trap temperature
measurements.

Table A.2: Correlation functions for temperature measurements on the trap surface.
Temperature is measured by the CCS thermometer 9 (see also table A.1). With
help of the correlation functions for other sensors temperatures along the trap can be
calculated. The functions with corresponding uncertainties are valid for temperature
region from 9 K up to 30 K. The given temperature uncertainty is calculated as
∂Ti
∆Ti = ∆T9 ∂T
, where ∆T9 is an uncertainty in calibration of the sensor 9 (see
9
table A.1).





Position on the trap
el.N11, bottom
el.N11, top
el.N12
el. box
EC2
VC2

Corr. function Ti (T9 ) [K]
T4 = 1.23 + 0.92T9
T5 = −2.43 + 1.31T9
T6 = −0.76 + 1.1T9
T7 = 14.63 − 2.1T9 +
0.18T92 − 0.0023T93
T8 = −0.9 + 1.12T9
T10 = −0.47 + 1.2T9

∆Ti [K]
0.92∆T9
1.31∆T9
1.1∆T9
(−2.1 + 0.36T9 −
0.0069T92 )∆T9
1.12∆T9
1.2∆T9

Appendix B
Supplementary sheme of the
Cooler trap electrical
connections.
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Figure B.1: Scheme of connections between the trap electrodes and the connection
systems (between the sections A and B in fig. 4.8). The connections from the inner
trap electrodes go through four Sub-D feedthroughs of the electronics box (FR, FL,
BR, BL). The feedthoughs FL and FR will be also used for connection of electronics.
The designations ”VBL” and ”LEBT” on the connection systems indicate on which
side of the trap/the magnet the corresponding system is installed.
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O. Kester. Characterization of the SPARC-EBIT at GSI. Journal
of Instrumentation 5(10) (2010).

[Gia99]

G. Giardino. Hollow atoms and interactions of highly charged ions
with surfaces. In Physics of Atoms and Molecules, 209–216 (1999).

[Gil01]

J. Gillaspy. Trapping Highly Charged Ions: Fundamentals and
Applications. Nova Science Pub Inc. (2001).

[Goe11]
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