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Abstract

The future of physics research with radioactive isotopes is linked to the development of more
accurate and specific experiments which will work with more exotic and energetic nuclei.

Requirements from experiments are getting more and more stringent and represent a big chal-
lenge for the preparation of ion beams, since each one demands different optical specifications to
optimize its setup and improve its results.

This thesis focuses on the new developments achieved in preparation of RIB’s (Radioactive
Ion Beams) at ISOL facilities. Optical beam improvements based on cooling and bunching are the
main points of the work. The design of a new general purpose second generation RFQCB (Radio
Frequency ion Quadrupole Cooler and Buncher) for ISOLDE, the oldest ISOL facility, will be
completely described. Nowadays, RFQCB’s are one of the most important devices in the beam
preparation stage thanks to the capacity to cool and bunch low-intensity ion beams quickly, easily
and with great efficiency. The thesis will detail the improvements afforded by the design of the
new RFQCB and provide a helpful guide for all who need to design new similar devices in the
future.

This thesis also focuses on the problem of cooling and bunching high-intensity ion beams.
This is very important for future ISOL facilities like EURISOL or SPIRAL-2. The last part of this
thesis is devoted to comparing different cooling methods for Penning traps. The results obtained
with rotating wall cooling at REXTRAP, the REX-ISOLDE Penning trap, will be presented.
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Introduction

ISotope On-Line (ISOL) facilities are devoted to providing Radioactive Ion Beams (RIB) for their
use in experiments of a wide variety of topics: nuclear physics, astrophysics, solid state physics,
mass spectrometry, laser spectroscopy, atomic physics or medical investigations.

The huge quantity of applications makes ISOL facilities into one of the most interesting tools
for these exciting research fields. Several facilities around the world are using this technique:
the pioneering ISOLDE (CERN, Switzerland), SPIRAL (France), LNL (Belgium), CIAE (China),
ISAC (Canada) or IGISOL (Finland) among others. New facilities are planned to be constructed
e.g. EURISOL in Europe or RIA in USA. In RIA the two principal techniques to produce and
deliver RIB (ISOL and In-flight) are combined. Both ISOL and In-flight techniques can be used in
a complementary way.

The normal layout of ISOL facilities presents: a target where a high-energy particle beam is
impinging and producing a variety of isotopes, downstream a mass separator where a particular
isotope 1s chosen, and a beam preparation stage before the final transport of the beam to the
different experiments. Independently from the technique used to provide RIB, preparation of the
beam is always needed to match the optics of the RIB with the requirements from the experiments.
The most extended techniques applied at the beam preparation stage are: the cooling -reduction
of the beam transversal and longitudinal emittance-, the bunching -to convert a CW beam into a
pulsed beam and to reduce the time structure of the beam to a few of microseconds- and the charge
breeding -to increase the charge state of the ions-. This thesis focuses on developing a practical
description of the beam preparation at ISOL facilities through cooling and bunching and trying to
give some guidelines about the possible schemes for these facilities.

Within the framework of this thesis two main contributions have been achieved. Firstly, the
design and construction of a new general purpose RadioFrequency Cooler and Buncher (RFQCB)
for all experiments at ISOLDE, the so-called ISolde COOLer (ISCOOL). This device will be able
to convert the quasi-continuous beam of ISOLDE High Resolution Separator (HRS) in a pulsed
and cooled beam which can fit with the different specifications of ISOLDE experiments, e.g. REX-
ISOLDE, MISTRAL or NICOLE. Secondly measurements have been carried out at the Penning
trap of REX-ISOLDE (REXTRAP) to verify the feasibility of using rotating wall cooling instead
of sideband cooling as method for normal use with high intensity beams.

This thesis consists in 11 chapters. A description of ISOL facilities and post-accelerators is
given in Chapter 1, with ISOLDE and REX-ISOLDE as main examples in the framework of CERN
laboratory. Chapter 2 introduces the ion beam motion and related concepts, as the beam emittance,
crucial to understand the topics discussed along this thesis work. Chapter 3 focuses on the beam
preparation stage at ISOL facilities. The main challenges of the beam preparation which motivated
this thesis work are explained. The main devices and instrumentation associated with this stage
are also presented. Ion traps and more particularly RFQCB and Penning traps are introduced in
Chapter 4. The fundamental theory, based on the ion motion theory, is developed.




A presentation of the ISCOOL project, the motivation and requirements, is given in Chapter 5.
The aim of the following chapters is to develop each of the most important systems of ISCOOL in
particular. Chapter 6 gives an overview about the optical system. The dimensions of ISCOOL are
established. A new scheme for the optics of RFQCB’s, with separate axial electrodes, is presented.

Chapter 7 discusses the vacuum system. A model for simple calculation of the pressures inside
the chambers is developed. The model is applied to the calculation of the pressures with the
turbopumps selected. The integration of the system in the ISOLDE vacuum system is presented.

Chapter 8 presents the mechanical system. The guidelines to electrical breakdowns and mis-
alignments are given. Chapter 9 presents the electronics and the control systems. For the elec-
tronics, the scheme of the electrical components and a comparison between a standard broadband
amplifier and a new self-tuned oscillator is discussed. Calculations of the capacitances inside the
RFQCB chamber based on electrostatic simulations are outlined. For the control system, the main
achievement is the integration of industrial and robust Programmable Logic Controllers for the
control of the main components of ISCOOL.

The assembly of the system based on the design presented in previous chapters is given in
Chapter 10. The chapter also introduces possible upgrades and improvements that could be carried
out in the system in the future to optimize the performance.

The last part of the thesis, Chapter 11, is devoted to discussing the results obtained after
measurements with high intensity ion beams at REXTRAP for the verification of new cooling
methods. The technique, from plasma physics, is for first time studied for manipulation of RIB’s.




Chapter 1
ISOL- facilities

The investigation with rare nuclei has attracted many physicist during last decades. The RIB
facilities and in particular the ISOL method were invented in Copenhagen over 50 years ago and
afterwards migrated to CERN for using the old Syncho-Cyclotron as proton driver (see [RA89]).
In the beginning, the work focused on producing a few radioactive elements for analysis in single
experiments. The interest quickly grew world-wide and Radioactive Ion Beam (RIB) facilities
were built to analyze the properties of exotic nuclei. In this chapter the present situation of these
facilities is described. Special emphasis will be given to ISOLDE (the first ISOL facility in the
world), and REX-ISOLDE (a compact linear post-accelerator coupled to ISOLDE), where the
work presented in this thesis was carried out.

1.1 RIB facilities

RIB facilities are devoted to the production of ion beams formed by radioactive isotopes for differ-
ent kind of experiments. The application of RIB comprises several research fields, the main ones
are:

e Nuclear structure.

Astrophysics.

Mass spectroscopy.

Laser spectroscopy.

Solid state physics.
e Medicine and other applications.

At RIB facilities, radioactive isotopes from many elements of the periodic table (see Fig. 1.1 and
1.2) are produced and studied, and new elements have been discovered. Recently, the element
7Z=110, discovered at GSI in 1994, has been named Darmstadtium by the [IUPAC. Other elements
with high Z have been also at GSI (Z=111,112) and Dubna (Z=114,116). The main objective of
the existing and planned facilities is the study of the properties of more unstable and exotic nuclei.
A significant number of rare nuclides has been and is being studied, filling an important part of the
nuclei chart (see Fig. 1.2).
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Figure 1.1: Basic periodic table of the elements

Figure 1.2: The nuclei chart
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ISOL In-flight

High-intensities for long-lived isotopes | Limitation at 77 /5 <10 ps
Advantages High beam quality All elements
Low energy High sensitivity
Limitation at 77, < 10 ms Low intensities
Disadvantages Low or null production Low beam quality
of refractory elements High energy

Table 1.1: Comparison of ISOL and In-flight techniques

In the case of nuclei very far from stability, it is necessary to increase the energy (for their
production) and intensity of the beam in order to carry out high-precision measurements. With this
aim, several are today under study, for example EURISOL and FAIR in Europe, or RIA in USA.

1.1.1 Comparison of ISOL and In-flight methods

The two major methods to produce RIB’s are the ISOL method [Rav92] and the In-flight method
[HGROS5]. This thesis will be focused only to the first one, but a brief introduction of each concept
will follow.

The ISOL method is based on the ionization, acceleration up to low-energies and mass sepa-
ration of products from radioactive reactions produced in thick targets (fragmentation, spallation
and fission) from the collision of a high-energy proton beam. The In-flight method is based on the
fragmentation and separation in-flight of a high-energy primary-heavy ion beam by a thin target.

In Table 1.1, a comparison of the advantages and disadvantages offered by the two methods
is given. As can be seen, both methods provide complementary features. ISOL was the first
method developed and provides high-quality low energy beams suited for nuclear decay spec-
troscopy experiments, solid state physics, hyperfine studies, isotope shifts or high precision mass
measurements. The In-flight technique was pioneered at Berkeley [SVGDW*79], GSI [MFH"79]
and later at GANIL [MA91]. Thanks to this technique, the border lines of the nuclear stability
could be mapped, and closed shell nuclei studied.

1.1.2 Facilities around the world

The first generation of RIB facilities includes: In-flight facilites like NSCL (MSU, USA) in
North America; RIKEN (Japan) and HIRFL (Lanzhou, China) in Asia; or GANIL (France),
GSI (Germany) and DRIBS (Dubna, Russia) in Europe; and ISOL- facilities like Oak Ridge,
ISAC-TRIUMF (Canada) in North America; ARENAS3 (Belgium), IGISOL (Finland), ISOLDE
(Switzerland), SPIRAL (France), EXCYT (Italy) in Europe. The exact location of these facilities
can be consulted in Fig. 1.3.

Nowadays, second generation RIB facilities are being planned:

e EURISOL, in Europe [The03]. A second generation ISOL facility which is in the design
study phase. One of the design study tasks is dedicated to the beam preparation in the new
facility. The main deliverables of the task are the design of a high resolution separator, a high
current Radio Frequency ion Cooler and Buncher (RFQCB) and the design and constructon
of a high frequency Electron Cyclotron Resonance (ECR). The commissioning of the new
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RFQCB for ISOLDE (ISCOOL, see Chapter 5) will contribute to the design study as a step
forward for handling more intense and divergent beams in a permanent installation.

e FAIR, in Europe [Hen04]. An In-flight facility that will be located at the GSI accelerator
complex. RIB’s with energies up to 1.0-1.5 GeV/u will be reached. Research with more
exotic nuclei will be available. ISOL-type beams will be obtained by stopping radioactive
isotopes after the Super-FRS [GWW 03] in a dedicated gas cell and afterwards extracting
them as a low energy beam.

e RIA, in North America. This facility will provide a combination of ISOL and In-flight
techniques. The driver linac will deliver ion from protons to uranium with a beam power of
400 kW or more, and a beam energy of 900 MeV for protons or 400 MeV per nucleon for
primary heavy ions. The production method can be optimized for a given nuclide.

Figure 1.3: RIB facilities around the world

Other projects, like SPES at Legnaro National Laboratory in Italy, MAFF in Munich, and
E-ARENA are also planned or under study. An overview of the existing and planned facilities can
be found elsewhere [Lin04, Mue00].

1.2 Components of ISOL facilities

The first ISOL beams were created in 1951 at Niels Bohr Institute in Denmark with the production
of a beam of krypton isotopes. As shown in Fig. 1.4, the production of RIB’s with the ISOL method
follows a basic scheme in the majority of the installations. The nuclei of interest are produced in
nuclear reactions, released from the target, ionized and thereafter separated from less exotic nuclei.
Each of the components of the ISOL layout will be presented in the following. Other ISOL layouts
have been developed successfully. The most representative example is the IGISOL method (see
Sec. 1.3.3), based on the ion guide principle.
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Facility Ey Beams Physics
[MeV/u] available research

REX- 3 1.1-1.4 0.8-3 9,11 j 1L,I2Re I7R Condensed matter,

ISOLDE GeV (LINAC) 68,69,70Cy,74,76,78 71 70Ge, astrophysics,

86,92y 108 108,110gy
122,124,126 04 138,140y
&l b

148Pd 1SSSm 156Eu

Coulomb excitation

SPIRAL- 6 100 2-25 "Be,ITIBE YA, Coulomb excitation,
GANIL MeV/u (cyclotron) 67Ga, 7>~ 79Cu,30-87Ge, transfer
(France) 84Se 9251" 118,120,122,124Ag
129G}, 130~ 136G 132,134,136 T
LLN 6 30 10 6He, Be,10-1IC, 13N, Astrophysics
(Belgium) MeV  (cyclotron) 150,18F,18:19Ne, 3% Ar
HRIBF- 1 100 2-10 "Be,! T 1¥F,%%As, Astrophysics,
ORNL MeV (tandem) 67Ga, ™~ "Cu,80-87Ge, Coulomb excitation
(USA) 84Ge 92Gr, 118,120,122,124 A transfer
120G}, 130~ 136G 132,134,136 T
ISACI- 50 500 1.5 8,11j,20,21,26.32Np, Astrophysics
TRIUMF MeV (LINAC) 36-41K 75Ga,

74,79,91,80R1

(Canada) protons

Table 1.2: Comparative of the present ISOL facilities around the world with post-accelerated beams, P is
the beam power, E'p the driver energy and F; the post-accelerated energy (from [The03, But05]).

Figure 1.4: Scheme of the procedure to produce and transport RIB’s at ISOL facilities
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1.2.1 Targets

At ISOL facilities, the high-energy primary-proton beam produces radioactive products after im-
pinging in a thick target. The target development involves multiple fields of research, like ra-
diochemistry, metallurgy, high temperature chemistry or surface physics. Targets could consist
of molten metals kept at temperatures from 700°C and up to about 1400°C. Such targets are
characterized by a relatively long release time of the produced isotopes. A typical time constant
of the release is about 30 s. Faster release times, in the order of 1 s or less, can be obtained, if the
target material in the form of refractory metal powder, metals or carbides is used at temperatures
above 2000°C. When bunched beams impinge on the target container, the shock-waves produced
in the target container decrease the release time. This effect has been studied by Wilfinger [Wil05]
for ISOLDE targets. Time constants down to some tenths of a second can be reached for the fastest
targets.

1.2.2 Ion sources

The ion source together with the target constitutes the most important element of an ISOL facil-
ity. The development of ion sources is a combination of chemistry, mass-transport and material
physics. The function of an ion source is to ionize the radioactive nuclei coming from the target
material and to release them with the maximum efficiency and as fast as possible. In addition, an
ion beam preferably should contain isotopes of only one chemical element. The different types of
ion sources which are used at typical ISOL facilities are explained in the following.

Surface ion sources

The so-called surface ion source is the simplest ionization method. The set-up (see Fig. 1.5)
consists of a line (a metal tube of e.g. tantalum or tungsten) which has a higher work function
than the atom that should be ionized. In surface ionization, atoms of elements with low ionization
potential (/) are converted to singly charged ions after they get into contact with a metal surface
of high work function (f). Once the atoms produced in the target are in the line (see Fig. 1.5),
they capture the electrons released by the metal and they get ionized. In principle, for alkali
elements such as K, Rb and Cs (I = 4.3, 4.2 and 3.9 eV respectively) in contact with Re surfaces
(f =5.1eV), ionization efficiencies of 100% are possible. The line can be heated up to 2400°C.
The maximum temperature depends on the construction material. After the line, an extraction
electrode accelerates the ions up to the desired energy trying to maximize the efficiency. The
surface technique has been demonstrated to be an efficient method used in combination with most
of the different target materials.

Figure 1.5: Scheme of production of ions from a target by the surface method (surface ion source).
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Plasma ion sources

Plasma ion sources are used when the surface ionization method is not practicable due to the high
ionization potential of the element of interest. In this method, a heated cathode (up to 2000°C) acts
as an electron emitter. The cavity is filled with a plasma made typically of a mixture of noble gases
(Ar and Xe). The electrons from the cathode are guided to the anode by applying a drift voltage of
150 V to the anode. In their way to the anode the electrons knock out the atoms from the plasma:
the atoms are ionized. An additional magnetic field can be used to increase the interaction between
the electrons and the plasma. The plasma method has been used in combination with most of
target materials. The maximum efficiency is around a few ten percent for *?Xe (see [CCE*02]
and [Kos02]).

Laser ion sources

Even though the two methods explained before, surface and plasma ionization, are very general and
applied to produce most of the RIB’s, there are some isotopes that cannot be ionized efficiently with
neither of these techniques. In practically all cases the beam obtained with these methods contains
undesirable impurities that decrease the selectivity purity of the source. The laser ion source has
been developed to obtain a purified beam since it works only on the element for which the laser
wavelength is tuned for. Thus, the isobaric contamination is reduced (caused by surface ionization
inside the tube where laser ionization takes place and which needs moderate heating). The global
effect is the release of beams with enhanced optical properties with respect to plasma ion sources.
The laser system consists of copper vapor lasers, tuneable dye lasers and non linear crystals for fre-
quency doubling or tripling, offering the possibility for most efficient two or three step ionization.
More information about this technique can be found in [MFK*93, LCF*98, vD0O0].

1.2.3 Mass separators

The beam produced at the target-ion source normally does not fit the requirements for the experi-
ments in terms of purity or optical quality. Magnetic mass separators are implemented in the beam
line to get the required purity. These devices use a magnetic field perpendicular to the beam axis to
bend the ion trajectories. Since the curvature radius is different for different masses (see Sec. 2.1.2
for further information) a specific isotope can be selected out. The quality of a mass separator is
determined by the resolution (Ra, see Sec. 2.1.2).

1.3 Examples of ISOL facilities

1.3.1 ISOLDE

The ISOLDE facility [Kug00] is located at the CERN particle accelerator complex as one of the
experiments of the largest physics laboratory in the world, see Fig. 1.6. The CERN accelerator
complex consists in a chain of accelerators where the energy of particle beams is progressively
increased. Beams are created in one of the ion sources and accelerated first at linear accelerators
(LINAC 1, 2 or 3). After the LINACs, the beam is transported to the first synchrotron, the PSB
(Proton Synchrotron Booster). Due to the space-charge effects, the LINAC beam is divided in four
separated bunches. The PSB is made of four parallel accelerator rings where each bunch from the
LINAC is accelerated individually. After acceleration, the four bunches join together at the exit




10 Chapter 1. ISOL- facilities

of the PSB. At the PSB, the energy of proton beams is increased up to energies of 1.4 GeV. With
this energy, the beam can either be sent to some experiments, like ISOLDE or AD (antimatter
experiment), or to the next accelerator, the PS (Protron Synchrotron). At the PS, the beam energy
is increased up to 30 GeV. Once again, the beam can either be transported to some experiments or
to the next synchrotron, the SPS (Super Proton Synchrotron). The SPS still pushes further up the
energy of the particles and some experiments can also be performed at this step.

Figure 1.6: Layout of CERN accelerators complex.

From 2007, it is planned that the new accelerator, the LHC (Large Hadron Collider) will be
fully operating. The beam will be injected in the LHC by the SPS. The LHC will be the most
powerful particle accelerator in the world. At the LHC, two proton beams will be simultaneously
accelerated up to an energy of 14 TeV in the center of mass. Within this energy, it is foreseen
that the LHC will provide some outstanding experimental results to prove some of the theoretical
physics developed in the past years, e.g. the existence of Higgs boson will be tested in experiments
like ATLAS or CMS.
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As mentioned above, ISOLDE (see Fig. 1.7) uses the PSB as a driver with a beam energy of 1
or 1.4 GeV. The proton pulses impinge each 1.4 s on one the two ISOLDE targets with an average
intensity of about 2 pA, producing radioactive nuclides. The beam is accelerated at the front-ends
and purified by one of the two mass separators, the GPS (General Purpose Separator) or the HRS
(High Resolution Separator). So far, ISOLDE is providing 950 isotopes of 70 elements between
SHe and 22%Ac. Up to 40 target/ions source units can be used during one year of operation.

Figure 1.7: Layout of the ISOLDE-CERN facility with the extended hall and future REX-ISOLDE exten-
sion.

After the RIB is mass separated, it is delivered to the experiments located in the ISOLDE hall.
In Figure 1.7 the main experiments are indicated. For beams with an isotopic mass difference
minor than 15%, different experiments can be carried out in parallel if their set-up is located at one
of the beam lines emerging from the Central BeamLine (CBL). GLM and GHM can be used for
temporary on-line experiments. The GLM (for low masses 2-15% less than the center of mass) and
the GHM (for high mass, 2-15% more) can operate simultaneously. LA1 and LA2 are dedicated to
decay spectroscopy experiments for nuclear physics or astrophysics. Special beamlines are used
for experiments with complicated set-ups. This is the case of COLLAPS (which produces polar-
ized ion beams by laser polarization for both atomic and nuclear solid state physics), COMPLIS
(atomic physics experiments), NICOLE (nuclear orientation experiments at temperature below 1 K
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for weak interaction studies, nuclear physics or solid-state physics), ISOLTRAP (mass spectrome-
try experiment using a double Penning trap system in combination with an ion cooler), MISTRAL
(mass spectrometry experiment based in a cyclotron technique). In addition one of the beam lines
is capable to host experiments that require ultra-high vacuum like ASPIC (Apparatus for Surface
Physics and Interfaces at CERN).

Physics at ISOLDE follows several paths due to the large variety of available isotopic species.
This feature allows the systematic study of atomic and nuclear properties and exotic decays
far from the line of stability. Results coming from these studies have implications in different
fields: astrophysics, weak-interaction physics, solid-state physics, biomedicine or properties of
the nucleus (mass spectrometry, collinear laser spectroscopy). A graph comparing the numbers of
experiments at ISOLDE in different research fields and their required beam time is described in
[FINO4].

An extension of the ISOLDE hall (see Fig. 1.8) has been constructed in the year 2004 to set
up new experiments, to liberate space of the present experiments and to upgrade existing ones.
An example is the post-accelerator REX-ISOLDE and the MINIBALL detector (see following
section).

Figure 1.8: The new building constructed as extension of the ISOLDE hall: external view (left view) and
internal view of the extension (right view).

1.3.2 Post-acceleration of RIB’s: REX-ISOLDE
At ISOLDE, the REX-ISOLDE machine [ACSW035, HDc94, HKS00, KSE*03, VDCJ 98] (see
Fig. 1.9) makes possible to post-accelerate the RIB to energies around 2.2-3.1 MeV/u. This is
nowadays an unique feature world-wide. The main applications of REX-ISOLDE RIB’s are:

e Acceleration of radioactive isotopes to energies close to the Coulomb barrier.

e ~y-spectroscopy of neutron rich light isotopes.

e Investigation of halo nuclei.

e Study of astrophysically relevant reactions.
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Figure 1.9: Picture of the present REX setup at the ISOLDE hall. At the top it is possible to see the high
voltage cage of REXEBIS.




14 Chapter 1. ISOL- facilities

The layout of the machine is shown in Fig. 1.10. The main element is a LINAC which accel-
erates the ions from an initial energy of 60 keV to 2.2-3.1 MeV/u. Before acceleration, the RIB is
charge bred using an EBIS. For an ion of the same mass, increase of the ion charge state implies
a higher acceleration in the same electric field. Thus, the length of the LINAC so as to reach a
certain energy can be diminished after charge breeding. The acceptance of REXEBIS obliges the
normal ISOLDE optical beam properties to be improved. The operation is made in this case using
a Penning trap (see Chapter 2), the so-called REXTRAP.

Figure 1.10: Layout of the REX-ISOLDE facility.

In the near future an upgrade of REX-ISOLDE will increase the beam energy of the post-
accelerated beams from 3.1 MeV/u to 5.5 MeV/u. In a longer perspective, the energy of REX-
ISOLDE is planned to be upgraded to 10 MeV/u in collaboration with the State Research Center
of Russian Federation Institute for High Energy Physics (IHEP) of Moscow.

1.3.3 The ion guide technique: IGISOL at Jyviskyla

IGISOL is based on the so-called ion guide method [Den97]. This technique relies on stopping
energetic primary recoil ions in a gas cell at relatively high pressure. While entering the gas, ions
will end up to 1T charge in ion-atom interactions. Just after the singly charged ions are trans-
ported by the gas flow through a differentially pumped skimmer section for acceleration and mass
purification in a typical ion mass separator. The advantages of this method in front of the typical
target/ion source method are the rapidity (production of very short-life isotopes, less than ms), and
high independency on the chemistry of the ionic species. For IGISOL, the quality of the beam
delivered depends only on the parameters of the ion guide, mainly the skimmer voltage and the gas
pressure inside the gas cell. In addition the optical quality is normally inversely proportional to the
yield of the radioactive ions [Ayst601].

Due to the poor optics quality of the beam, IGISOL was one of the pioneers on commissioning
an RFQCB for the improvement of the accuracy of the mass spectrometry experiment JYFLTRAP.
The experience obtained in the design and operation of this device have been very useful during
the work developed in this dissertation (see Chapter 5).
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Chapter 2

The ion motion at RIB facilities

This chapter will introduce a basic theory of the main topics related to the ion motion of low-energy
beams at ISOL facilities. A detailed description can be found elsewhere [Wol87]. In the following
a further discussion of each topic is given to present the notation. Concepts that will be used along
this work as focusing, steering or beam emittance are explained.

2.1 Optical devices

One of the most important topics at RIB facilities is the transport of the ion beam from the front-
ends, where the ion beam is created, to the experiments. In this step, ion optical devices modify
the beam to assure either transport, purification or improvement of the properties by using electric
and magnetic fields.
In an electromagnetic field, a particle with an elementary charge e moving with velocity v is
subjected to the Lorentz force F:
F =¢(E+v xB). (2.1)

Magnetic fields cannot contribute to change the particle’s energy AFE as can be seen from the
integration between two points r; and r, of the Eq. 2.1:

AE:/ Fdr:e/ (E+ v x B) -dr. (2.2)

1 T1

It is clear that always (v X B) - dr = 0. However the magnetic field can be used to guide and the
focuse the ion beams.

2.1.1 Electrostatic elements

The construction of the devices based on electric fields is in general less complex. Furthermore, the
operation and the maintenance of the magnetic devices is more tedious and complicated. For high
energy beams, as in the synchrotrons, electrostatic elements are not convenient since the required
fields are too high. At relativistic energies, electric and magnetic fields have the same effect on
the particle trajectory if &/ = ¢B (F electric field strength, c speed of light and B magnetic field
strength). A magnetic field of 1 T is thus equivalent to an electric field of 3-10% V/m. Therefore,
for high-energy beams, magnetic dipoles are the sole technical option available to bend the beams.
At low ion beam energies, the use of electric rather than magnetic fields to act on the particles is
more widespread for beam transport.
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Dipoles

It is very usual that the beam lines are not straight but they have either to follow some curvature in
some point or to divide in different sections. In synchrotrons, magnetic dipoles are used to guide
the beam along the circular trajectory of the accelerator. For example, at the future LHC accelerator
superconducting magnets have been developed to create the required 8 T (perpendicular to the
longitudinal axis) to guide the beam along a circular trajectory of 27 km. However, at low energies,
an electric field pointing towards the curvature radii is normally used to bend the ion beam. Figure
2.1 shows this principle. E is an static electric field coplanar with the bending plane, () is the
charge of the ion, m the mass and R the curvature radii. The two arcs represent the shapes of the
cathode and anode electrodes which form the proper electric field.

Figure 2.1: Principle of bending the trajectory of an ion in an electrostatic dipole.

Quadrupole multiplets

The beam consists, as explained in Sec. 2.2, of particles with some transverse motion (either
diverging or converging). The transverse position x and dispersion x’ of the ions along a straight
beam line section, without optical elements, can be formulated as:

) . 1 1 T
EIR RN E] &

Ions are lost when 2o = dpipe /2, with dpipe the diameter of the pipe of the beam line. Searching
for a lens, it would be very useful to look for a system in which the  and y components of the
magnetic flux density or electrostatic field increase linearly with the distance from the straight
optic axis. One such system is the quadrupole lens. This field focuses the ion beam in one of
the transverse planes whilst defocusing in the other one. A quadrupolar electric field E is created
using two pairs of electrodes of different polarities, as for example it is shown in Fig. 2.2. In this
case the strength of the electric field will increase proportionally to the distance from the z-axis of
the quadrupole. The electric field can be expressed as:

E = Ey(A\x+ny +vz), (2.4)
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where Fjy, A\, n and ~y are constants. This field corresponds to hyperbolas in the transverse x — y
plane. In practice, electrodes with hyperbolical shape are difficult to manufacture. For that reason
a good way to create a hyperbolical field is the use of a set of four circular electrodes whose radius
follows the approximation [LWY71]:

£ = 1.14511. (2.5)
To
The expression gives the best relation between the radius of the electrode R and the half-distance
between opposite electrodes r( (see Fig. 2.2).

Figure 2.2: Threedimensional sketch of the quadrupole rods (/eft) and transverse sketch the equipotential
lines of the hyperbolical electric field which is created along the quadrupole (right). The half distance
between opposite rods ry and the radius of the rods R are shown to scale.

At low energies, static electric fields are the most suitable tool to focus and transport the
beam along the vacuum chambers of the beam lines without losses. One way to manipulate the
beam, focusing or defocusing as required, is the use of quadrupole multiplets. They consist of j
quadrupoles and j + 1 drift distances. The position of a beam particle in the z — 2’ phase space
after the quadrupole multiplet would read:

I
2]

2] _ [ (@le) (zla)
Y |

where (x, z)) are the coordinates in the phase space at the starting point, (9, z/) the coordinates

after the multiplet and the matrix transfer for a multiplet with ¢ quadrupoles is:

R R (e | A

(alz) (ala)

where k.; is the proportionality constant in the x coordinate, d; the distance between the quadrupole
7 and 7 + 1 and [, the distance from the end of the last length to the point of measurement. The
constants c,; and s,; can be found directly from k,; as can be seen in [Wol87].

There is freedom to choose the number of quadrupoles, but the most typical is the quadrupole
triplet (¢ = 3). The reason is that it is still not too complex and the overall beam stays rounder
than in doublets. The quadrupole triplets are normally design to focus the beam in a certain point
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after the quadrupole (focusing quadrupole triplets). However, sometimes it is useful to have
the opposite effect than the focusing quadrupole, that means to defocus the beam, to make it
more divergent. The main purpose is to try to transport the beam as parallel as possible. Using
combinations of focusing and defocusing elements can improve the beam transport. The principle
of the defocusing quadrupoles is the same as the focusing quadrupoles but applying different
voltages to the rods to create a net defocusing effect.

Higher multipoles

Electric fields with more than four poles are normally used to correct the distortions on the beam
motion created by non-ideal dipole or quadrupole electric fields. For example, hexapoles correct
aberrations of field errors 2 and octupoles of 3. Higher aberrations are negligible and therefore
devices with more than eigth poles are not used.

Einzel lenses

The device consists of three charged lenses in which the first and the last are held at the same
voltage. The result is a strong focusing of the ions without changing their kinetic energy. The
Einzel lenses have normally a cylindrical geometry and the ion beam travels along the axis.

Steering plates

Steering plates are elements which correct inevitable misalignments of the beam with respect to
the mechanical axis of the beam line. The principle is the creation of an electrostatic field in
the direction in which the misalignment has to be corrected. For example, a correction of a
misalignment in a vertical plane will need a vertical electrostatic field. The principle to create
the field is the same as in the dipoles mentioned before, but in this case the plates are just planar
conducting surfaces which are parallel to eah other. This system of beam correction works well but
has the disadvantage that it can distort the beam profile if the fields applied are too big. Normally
the steering plates are used in couples (one for the vertical and one for the horizontal direction),
or even better in two couples (two vertical and two horizontal plates), so one can control more
precisely the beam alignment.

2.1.2 Magnetic mass separators

The magnetic mass separators are the crucial device at ISOL facilities. They are based on the
bending of the ion trajectory in a magnetic field perpendicular to the direction of the ion motion.
From Eq. 2.1, if no electric field is applied but only a perpendicular magnetic field, the strength of
the force F' perpendicular to the velocity of the ion is:

F =evB. (2.8)
As the trajectory of the ion bends due to the perpendicular magnetic field, the acceleration is
expressed as:

(2.9)

where R is the radius of curvature of the ion. Grouping Eq. 2.8 and Eq. 2.9, the radius of curvature
R can be expressed as:
eB

muv

R= (2.10)
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For different masses, the radius of the trajectory differs. Therefore for a certain mass to be selected,
the magnetic field has to be chosen so the ions fit into the extraction slit of the magnet. Only these
ions will be extracted. The quality in the design of the magnetic field (like absence of distortions
and field uniformity), the mechanical geometry of the separator and the quality of the injected
beam will finally determine the quality of the separation. To express this feature, the so-called
rigidity resolving power R is used (see [Wol87]) and is defined as:

Dn

Ra — 2.11
where D is the rigidity dispersion defined as:
Da = (z]A). (2.12)

The distance (x|A) is the separation in the image plane of the separator between the area of
particles with A = 1, where:

A=PLTRo (2.13)

Do

where p; and p, are the momentum of a certain particle and the reference particle respectively.
The distance in the image plane between two beams of momentum p; and p, will be then AD
or in other terms A(z|A). Figure 2.3 shows an schematic view of a 180° mass separation of a
beam with area 2x1¢% at the injection. Therefore the value 2z1¢(z|z) represents the size of the
particle distribution with momentum p; in the image plane. For non-relativistic energies, which is
the case for ISOL facilities, the rigidity resolving power (R ) and the mass resolving power (12,,,)
are equivalent.

Figure 2.3: Sketch of the focusing and dispersion of a homogeneous 180° sector magnet (from [Wol87]).
The kinetical energy is represented by K. A complete explanation of the different values is given through
the text.

High values of R means a good separation, e.g. the HRS at ISOLDE has a designed value
for the resolution of ~30 000 (~5000 at the moment). At the GPS, also at ISOLDE, used for
experiments with less optical constraints, the resolution is only about 2400. The diminution in the
operating value from the design value is normally due to distortions in the magnetic field that track
the ions to the wrong direction.
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2.2 The concept of beam emittance

The emittance can be defined as the evaluation of the quality of the beam. The importance of this
concept comes from the Liouville’s theorem [Law83]. It states that all the points inside a phase
space volume, V/, at a time ¢ will be transformed in another set of points at a time ¢ + At, with the
same volume V/, if only conservative forces are applied. The phase space volume is represented
by (r, 1), where r is the position vector and 1’ the vector of divergences. Three independent phase
spaces can be identified. The area occupied by the beam is constant in each phase space, although
the shape can change. The are occupied by the beam in these planes is named as the emittance of
the beam. An ideal beam would be the one where all the ions have the same energy, parallel and
close to the longitudinal axis. In addition, if the beam is bunched, all the ions would occupy the
same position on the longitudinal axis (point-like beam).

A good overview about the concept of emittance can be found in references [Lap70, Kim97,
Nie03, Wen0O1]. The aim of this thesis work is to distinguish and clarify the different existing
theoretical approaches and the notations that has been chosen.

2.2.1 Transverse and longitudinal emittance

The concept of emittance can be developed separately for each direction. Hereafter, z is defined as
the longitudinal axis of the beam (or direction of transmission), and x and y the transverse axes. It
is possible to define two different transverse emittance and one longitudinal emittance.

Transverse emittance

The concept of transverse emittance refers to the dispersion of the beam in the transverse axes (x
or y). In one of the transverse coordinates, the dispersion of an ion z’ can be calculated as the
angle formed by its transverse v,, and longitudinal velocity v;,. The area occupied by the beam in
the phase space -(x — z') plane- or in the action diagram -(x, v,) plane- gives the emittance value.
The emittance would have then units of [mm-mrad]. A beam can be classified, according to the
orientation of its transverse phase space ellipse in (see Fig. 2.4):

e Divergent. Particles are moving away from the longitudinal axis as the beam is advancing.
e Convergent. Particles are moving towards the longitudinal axis as the beam is advancing.

e Focus. The beam is narrow as the particles are completely focalized in the reference point.
After the beam will be completely divergent.

e Parallel. The beam is transported along the longitudinal axis with the particles moving
completely parallel to the longitudinal axis.

Longitudinal emittance

The longitudinal emittance is defined as the area of the beam in a (FE, t) plane, where F is the lon-
gitudinal energy and ¢ the time of flight. Therefore, the longitudinal emittance is only considered
for bunched beams. The main parameters used to define the longitudinal emittance are the time
structure and the energy spread. The longitudinal emittance €;,,, is then expressed as,

€long = AEpwan - Atrw . (2.14)
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Figure 2.4: Different types of transverse beam emittance situations. The coordinate x’ represents the
divergence angle expressed in mrad and x the transverse beam size in mm, z is the longitudinal coordinate
and v, vy and v; the total, transversal and longitudinal velocities, respectively.

where AFE is the energy spread of the bunched beam and At the bunch width. Although the
international system (SI) units of this magnitude would be in [J-s], for the purpose of low-energy
beams results a small value. For this reason, the longitudinal emittance is normally expressed as
[eV-us], which is 10?° times smaller than the SI unit and fits better for the RIB’s.

2.2.2 Normalized and non-normalized transverse emittance

As mentioned before, the transverse emittance can be usually represented in the phase space (x, 2)
or in the action diagram (x, v,). Each case represents a different definition:

e Non-normalized transverse emittance. The beam is represented in the so-called phase
space. The non-normalized emittance is the area of the beam in the phase space. The hori-
zontal axis x represents the distance of the particles from the longitudinal axis z. Normally
the unit used is a multiple of the SI unit, the millimeter, due to the small dimensions of the
RIB’s. In the vertical axis of a phase space the unit used is normally the milliradian, and
identifies the dispersion of the beam since represents the angle that forms the particles of the
beam with the longitudinal axis.

e Normalized transverse emittance. If the longitudinal energy of the beam is included, the
emittance is plotted in the so-called action space or action diagram (x—p,,) -p,. the transverse
momentum- or (z — v,). The horizontal axis represents the same that in the phase space
(distance of the particles from the longitudinal axis), but the vertical axis represents the
transversal velocity of the particle. In this way, units of emittance will be now [mm?/s]
instead of [mm/rad], with the transversal velocity of the particles defined in [mm/s].
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The benefits of using the normalized emittance are coming from the Liouville’s theorem.
The theorem asserts that the area enclosed by a beam in the action diagram is constant if non-
conservative forces are not applied. The area in the phase space is constant if the longitudinal
energy of the beam is constant. If the beam modifies its longitudinal energy, the area changes: the

non-normalized emittance changes as:
| Er
= = 2.15
€9 €1 EQ s ( )

where €1,65 are the initial and final non-normalized emittances and F;, E> longitudinal energies,
respectively . The non-normalized transverse emittance is the usual definition when working at the
same energy with different kind of beams and is the value that will be mostly used in this work.
However, for a good use of this value, the longitudinal beam energy to which the emittance refers
to must always be given.

2.2.3 Geometrical emittance vs rms-emittance

Once the beam data is obtained with some instrumentation device (see Sec. 3.5), there are two main
approaches for the calculation of the emittance value. Both of them are defined and explained in
the following.

Geometrical emittance

The geometrical emittance is referred to the emittance value -either in action volume or in phase
space- obtained from the calculation of the area containing a certain percentage of the beam. To
calculate the percentage of the beam two main criterias are followed. They are based on:

e The total current. In this case, the percentage is obtained from the total current captured by
an emittance scanner (see Sec. 3.5.4).

e The signal levels. The data captured by the emittance scanner is in some cases divided in
some levels. The number of levels assigned depend on the resolution of the scanner and the
beam intensity. To each of these signal levels a percentage of the beam can be assigned.
To obtain an exact emittance value for the required percentage, it is normally necessary to
interpolate the value from two signal levels.

The accuracy of the result obtained is constrained by the resolution of the device used for the

measurements.

rms-emittance

The rms-emittance is calculated using the statistical deviation for each coordinate (x, z’, y, vy, E, t)
of the phase space or action volume (see [Lap70]). The rms-emittance is defined as:

€rms = \/<X2> ’ <X,2> - <X ’ X,>27 (2.16)
where: , )
O = O =R o) = RIS 17
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The position and dispersion vectors are represented by x and x’ and p is the distribution of particles.

In other terms: L L
€hrms = % 2.18)

where o, 0, represent the standard deviation of the beam in x and 2’ axes, k a proportionality
constant referred to the proportion of the beam chosen, and /3 is a constant related with the carte-
sian coordinate representation of the ellipse equation (see [RS94]). The standard deviations are
approximated as 0, =~ o0,/ in normal conditions. The rms-emittance (€,,,s) is identified normally
as the €;_,y,s (kK = 1). The €3_,,, 1s called the Lapostolle emittance €;,,,:

€Lap = 4€rms- (219)

Correlation between rms and geometrical emittance

One can establish a relation between the value obtained for a certain percentage of the geometrical
emittance and the statistical emittance for a beam. For simplification, the beam is supposed to have
a gaussian distribution of particles in the spatial and momentum coordinates. For example, in one
of the transverse coordinates, the distribution of particles n(u) can be represented following the
relation:

1 _u?
n(u) = ho e i, (2.20)
1 _ vy

n(py) = e b, (2.21)
\/ﬂapu

where v stands for x and y, p, for the momentum in x and y directions, o, for the standard

deviation of x and y, and 02u for the standard deviation of the momentum.The two dimensional

p
probability distribution of a gaussian action volume is then:

1 o u2+P12L

e 2 . (2.22)

The area of the action volume can normally be represented as an ellipse. For simplification, here
it is presented as a circumference (o, = 0y, ) to simplify the calculations. Thus:

u? + p? = a’. (2.23)

Using Eq. 2.23 in Eq. 2.22, the two dimensional probabality reads:

e 2% (2.24)

The fraction of particles dF' within a given element of the action volume with area dudp,, is:
dF (u, p,) = n(u, p,)dudp,. (2.25)

Changing to polar coordinates (7, 6), u = r - cos 8, p, = r - sin 6, Eq. 2.25 can be written as:
dF(r,0) = n(r,0)rdrdd, (2.26)

where:
e 20% . 2.27)
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Integrating Eq. 2.26 to find the fraction of particles in a certain volume of radius a (assuming
circular area), the expression will be:

2m a 1 a 2
F(r,0) :/0 /0 n(r,0)rdrdd = — | re 2. (2.28)

2
0u Jo

Applying the variable change ( = ﬁ, the expression reads:

F(¢) =2 / VT e (2.29)
0

After the integration and coming back to cartesian coordinates, the fraction of particles contained
in a phase space area of radius a is:

2

F(u,p,) =1-— e 2. (2.30)

It can be more useful to work directly with emittance values (defined as the area contained by the
beam in the phase space, in this case circular). Multiplying every term of the last fraction by 7
yields:

2

Flu,p,) =1—¢ %, 2.31)

where the term 7a? represents the geometrical emittance of the beam, and the term wo? the k-rms-
emittance when k = 1.
Eq. 2.31 could be expressed as a relation between the geometrical and statistical emittance:

k26geom

F(z,p,) =1—€ *krms, (2.32)
For a certain k yielding a certain F, €geom = €x—rms if €geom = €joom» that means, if the fraction
enclosed by the geometrical emittance is the same than by the statistical one. Therefore:

k2

F(z,p,)=1—¢ 7. (2.33)

Figure 2.5 shows the relation in a visual mode. For a fraction of the action volume of the
86.5%, that means a geometrical emittance of 86.5% (~ €”°%), the geometrical emittance equals
the Lapostolle emittance:

€geom — 4€rms = €Lap- (234)

2.2.4 Acceptance

In the design phase of an optics device it is important to define which kind of beam one can accept,
namely the acceptance of the device. The acceptance can be defined as the maximum value of
emittance that a certain device can manage under some specific conditions. The acceptance is
a value related to the device itself and other apparatus like the injection optics system and other
components placed upstream of the device.
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Figure 2.5: Fraction of particles enclosed depending on the relation between geometrical and statistical
emittance or the k-factor

2.3 Brilliance

Another property to measure the density and thus the optical quality of the beam in a certain region
of the beam line is the so-called brilliance B. It is defined as:
N
BLF = (2.35)

)
€€y

where NV is the number of particles and €,,¢, are the non-normalized emittances for a certain
longitudinal beam energy £ in the transverse coordinates x and y, respectively. The units are
then [part -7~2- mm~2 - mrad—2]. The alternative definition with the intensity 7 is:
I
B/r = (2.36)

)
€2€y

with the units [A -7~2- mm~? - mrad—2].

2.4 Measurement of cooling efficiency

In order to measure the performance of a device which intends to improve the optical quality of
the beam, two parameters are important:

e The emittance value of the extracted beam: optical quality (see Sec. 2.2).
e The efficiency: transmission quality (see Eq. 4.75).

Emittance and efficiency are related with the brilliance (see Eq. 2.35). The brilliance is a good
measurement but it does not take into account the efficiency of the cooling method used in case of
the ion coolers. Therefore another quantity would be more appropiate for this use.
The injection brilliance for the number of ions is defined as:
Eini Ninj
ij,]N =

(2.37)

)
6inj,x 6inj7y
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and the extraction brilliance as: N
Bl = ——, (2.38)

Eezt,ac €ea:t,y

where Nj,,; is the number of ions injected into the trap and N.,; the number of ions extracted.
Dividing Eq. 2.38 by 2.37 yields:

B Nea:t Nezt
ext, N __ €eat,xz€ext,y Ninj (2 39)

B‘ . N’L’ﬂ] T €ext,z€ext,y
ing,N S E— o e
€inj,x€inj,y mg,x=Ing,y

where Ng,:/N;,; is the typical efficiency or transmission 1 of any device. The ratio
(€catw€esty)/ (€injw€injy) 15 defined as the emittance efficiency 7.. If the injected and extracted
energy are the same (;,; = E,;;) one can define the brilliance or cooling efficiency as:

g = L (2.40)

Te

In this case, high number of ions extracted, low extraction emittance, high efficiency or small ratio
of the emittance efficiency, will bring into high brilliance efficiencies.
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Chapter 3

The beam preparation at ISOL facilities

This chapter is devoted to clarifying and to delimiting the signification of the beam preparation
at RIB and ISOL facilities. The devices used for this purpose will be presented. In addition, the
specific instruments required for the analysis of the quality of the low-energy RIB’s are presented,
for a global understanding of the components used during this work.

3.1 The beam preparation concept

At ISOL facilities, beam preparation can be defined as the process consisting in modifying the
optics properties of the RIB in order to:

e Fulfil the requirements to perform the experiments.
e Accomplish post-acceleration.
This process starts after the ion source and comprises the following steps:

e Mass separation or purification. A separator is used in order to select precisely the isotope
of interest.

e Cooling. Beam cooling of the RIB improves the transmission along the beam lines.

e Bunching. Many experiments require a short time structure of the ion beam to increase the
signal to noise ratio. This is the case for instance of collinear laser spectroscopy or devices
like EBIS.

e Charge breeding. For a compact and efficient postaccelerator, there is the need of increasing
the charge state of singly-charged ions (high @) /Ab ratio).

The different tasks can be done in different steps using separated devices, or some of them can be
often combined in a single device as it will be demonstrated. This work will focus on the cooling
and bunching tasks, which are by their own a major field of research and development.
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Figure 3.1: Typical scheme of an ISOL facility for mass separated RIB’s.

3.2 Layouts

In most of the facilities, the beam preparation section comprises a magnetic mass separator and
optical elements to transport the purified ion beam to the experiments (see Fig. 3.1).

Because of the quest for more energetic beams (energies close to the Coulomb barrier),
as mentioned before, a new scheme appeared recently which uses the post-acceleration (or re-
acceleration) of the low-energy ISOL beams (see Fig. 3.2). To assure a proper post-acceleration,
the beam preparation stage has to be more developed including a cooling and bunching section
(e.g. as done at REX-ISOLDE, see Sec. 1.3.2) and a charge breeding section.

Figure 3.2: Scheme of an ISOL facility with a post-accelerated RIB.

In future facilities, like EURISOL, the proposed scheme for the beam preparation places the
cooling and bunching devices before the magnetic mass separators (see Fig. 3.3). In that way
the purity of the beam from the mass separators is enhanced thanks to the improved ion optical
properties of the incoming beam. For example, cooling the ion beam before the HRS at ISOLDE
could increase its resolution by a factor of 10 (depending on the quality of the incoming beam).
Since the present cooling devices have a constraint in intensity of the beam that they can manage
successfully, a pre-separator is required downstream of the cooling section (between the front-end
and the mass separator). Hence the presence of a pre-separator acts both as a first filter of the
activity of the beam and reducing the intensity to adapt it to the requirements of the cooling device.
Actually, this scheme could also include the post-acceleration concept which will benefit from a
better emittance.

Figure 3.3: Scheme of an ISOL facility cooling the RIB before the mass separation.

3.3 Radioactive ion beam properties

This section is devoted to justifying the necessity to add some devices for beam preparation (ma-
nipulation) at ISOL facilities to the beam line between the mass spectrometers and the experiments.
The properties of the ion beams are outlined as well as how there are affected by the mass spec-
trometers. A comparison between the properties requested by different kind of experiments is
detailed.
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3.3.1 Beam properties after the ion source

In an ISOL facility, the optical properties of the ion beam depends mainly on the ionization method
used. The surface or plasma ion source and the ion guide technique create an RIB with very
poor optical properties. They have strong needs of beam selection and preparation. The laser ion
source delivers very pure and good optical beams with low cooling requirements, but for some
experiments still bunching would be necessary.

The use of magnetic dipoles to filter the undesirable species, by selecting one of the masses,
causes in addition some disturbances to the RIB. The worse the optical properties of the beam are
before the separation, the bigger the disturbances will be. Therefore, surface, plasma or ion guides
sources are not well separated due to a very poor resolution arising from the poor optical properties
of the incoming beam.

3.3.2 Beam properties required by experiments

The ideal beam to perfectly match with the experiments would be a point in the three-dimensional
space. However, in reality the beam has a certain size in the phase space. The best way to
represent these conditions is by the use of the concepts of transverse emittance (transverse size and
divergence). In the case of bunched beams, it is also important the longitudinal emittance (time
width and energy spread). In addition for some of the experiments it is very important to maintain
the intensity released by the ion source to improve the statistics. A diminution of the beam size
and temperature will enhance the global transmission and the efficiency of the experiments.

For some of the experiments it is important to have a precise knowledge of the time structure
of the ion beam (e.g. collinear laser spectroscopy). In this case, a perfect control of the bunch
timing and the reduction of the ion-bunch density will improve drastically the efficiency of the
experiment.

Last but not least, the increasing requests by the experimentalists of more beam time and beam
lines, make the schedule of the facilities really tight. Therefore the improvement of the optical
properties would reduce the required shifts for certain experiments. That gives the chance to either
improve the statistics of the experiments or to fit more experiments in the schedule. Anyway,
it is obvious that the improvement of the beam optics will push the physicists to conceive new
experiments which will benefit from the improved beam.

3.4 Principle and devices for the beam preparation task

3.4.1 Cooling and bunching

The reduction of the beam size which increases the ion density is called beam cooling, since it
is based on a global diminution of the thermal motion of the ions of the beam. The concept of
beam cooling comes then from the fact that the temperature of the ions is decreased. The ions are
cooler than before and therefore they occupy a smaller region of the phase space. One of the main
aims of the beam preparation task is to obtain the smallest possible beam, in both transversal and
longitudinal dimensions. Beam cooling counteracts the degradation of the beam quality due to:
interaction of ions with other ions, with rest-gas, the presence of non-ideal or fringe fields in the
optical elements or instabilities. Furthermore, beam cooling automatically increases the transport
efficiency along the beam lines. A small size avoids losses due to small acceptances of some
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devices (dipoles, quadrupoles,...) or undesirable interactions with other devices inside the vacuum
beam lines (diagnostic devices, cables,...).

In accelerator physics, there are a variety of procedures applied to cool ion beams: stochastic
cooling, electron cooling, radiation cooling generally applied in storage rings. Resistive cooling,
laser cooling and buffer-gas cooling are mostly used in ion trapping applications). Reviews of
cooling applications for ion traps can be found elsewhere [IBBW95, AystoJ03].

For RIB’s, the cooling method should be: universal, to cool the entire range of elements, and
fast since the lifetime of these exotic isotopes are very short life. In this frame, the buffer-gas
technique is the best option because it depends only on the mass of the ions and the cooling times
are quite reasonable, a few miliseconds are normally sufficient.

The buffer-gas cooling technique is based on the reduction of the motion amplitude of the ions
of the beam due to the collisions with the buffer-gas atoms or molecules. Two main types of ion
trap coolers have been developed: 1) Penning traps which combine a magnetic and an electrostatic
field to trap the ions and a Radio Frequency electric field to cool the beam; and 2) Paul traps
which use only an RF field in combination with the buffer gas. Penning traps are mostly used for
purification and mass measurements, thanks to their great accuracy for mass selection. Paul traps
are the most used device around the world for cooling and bunching RIB’s because of their less
complex construction and operation, basically due to the absence of magnetic field. In 1989 the
Royal Swedish Academy of Sciences awarded the Nobel Prize in Physics for the very important
contributions for the development of atomic precision spectroscopy to Hans Dehmelt and Wolfang
Paul, who developed the Penning and the Paul traps, respectively. The first demonstration of
damping of the ion motion using a buffer gas was given by Hugget and Menasian in 1965 for Hg™
ions in a Paul trap into which was introduced a small amount of helium [Deh67]. In Penning traps,
buffer gas cooling was demonstrated by Savard et al. [SBB191].

During the 90s the theory of the ion motion for these devices together with cooling and bunch-
ing was developed for beam preparation purposes [RBM88, LBM92, Kim97]. In the 90s (1998)
an European network, under the Fifth Framework of the European Commission (EU FP5) contract
called EXOTRAPS, started a collaboration to develop the cooling and bunching technique in order
to trap exotic nuclei. The main goal was to commission and test the principle in new designs of
Paul or Penning traps. Due to the importance for this thesis work, both are widely discussed in
Chapter 4.

3.4.2 Charge breeding

Nowadays, some experiments benefit more from beams with ions with charge states higher. The
process when an ion beam increases its charge state is called charge breeding process. In REX-
ISOLDE, for example, charge breeding is used to decrease the length of the post-accelerator. A
higher charge state means a higher acceleration for an ion of the same mass in the same electric
field. Hence, the main application of the charge breeding is as preparation device for the facilities
devoted to accelerating the beams to increase the energy of the ions above the Coulomb barrier.
In the near future, post-accelerated beams will serve new purposes as injection for the so-called
beta beams (GeV range). The RIB will be injected in a decay ring where the ions will decay and
the accompanying neutrinos will be directed to a detector for study [Lin0O4]. A good overview and
comparison of charge breeding devices is given in [WenO1, Wen04]. A brief description is given
in the following.
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Stripper foils

Foils of Al, Al;O3 or gas (mainly noble gases) are used to create highly charged ions. The only
requirement is that the ions must be pre-accelerated up to 150 keV/u when using foils or 5 to
25 keV/u in the case of gas [Wen0O4]. The ions are slowed down by the dense cloud of slow
electrons created. For example, the planned RIA facility will use the multiple stripping technique
in combination with multi-charge state. With stripper foils, the ions are not selected after the
charge breeding and, therefore, a broad band of charges (6Q/Q~10%) will be accelerated. That
implies the beam emittance will increase much more than in the case of the single-charge state
acceleration.

EBIS

The use of an electron beam to increase the charge state of an ion beam is one of the basic concepts
in the charge breeding field. The best example of the success of this application is the REXEBIS
which charge breeds the RIB coming for the Penning trap REXTRAP for the REX-ISOLDE post-
accelerator [WenO1] (see Fig. 3.4). The EBIS combines a strong magnetic field with an electric
field to trap the ion beam, and an electron beam which interacts with the ion beam and increases
the charge state of the ions.

Figure 3.4: (Top view) Picture of REXEBIS. The injection of the radioactive beam from REXTRAP shares
the beam line with the extraction to the mass separator. (Bottom view) EBIS set-up.
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ECRIS

The Electron Cyclotron Resonance Ion Source (ECRIS), or Trap (ECRIT), charge breeds singly
charged ions which are slowly injected into a plasma with hot electrons. The free electrons are
heated by an RF power of several 100 W. They are confined inside a magnetic structure with a
so-called minimum magnetic field configuration of ~0.5 T. More detailed information about the
ECRIS as charge breeder can be found in the references [Gel00, Sor00, Jeo03].

3.5 Instrumentation for the measurement of the RIB proper-
ties

The quality of the beam and the operation of the devices installed in the beam line require the use
of diagnostics instrumentation to verify and monitor the properties of the beam. In the accelerator
field, the diagnostics system constitutes a key task that needs the development of specific devices.
These devices can be divided into various groups depending on the property to be checked. A very
extensive overview of the existing instrumentation can be found in [ForO3]. At RIB facilities, the
diagnostics devices are more specific due to the low energy of those beams and differ quite a lot
from those ones used in high energy accelerator physics. In the following, the main devices are
presented divided according to the properties they measure.

3.5.1 Faraday cups

Faraday Cups (FC) are devices devoted to measuring the electrical current of an ion beam. Nor-
mally the FC’s work for low beam energies, e.g. at ISOLDE (see Fig. 3.5) and are destructive
beam stoppers, like e.g. the beam transformers for high energy beams. The principle consists of
an insulated metal cup. The ion beam impinges a metal cup which is connected to a sensitive
current pre-amplifier (a low impedance input and a conversion to a voltage). The signal read-out
is generated by the ion beam and proportional to its intensity.

Figure 3.5: Picture of an standard ISOLDE faraday cup (left) and scheme of the main components of
a Faraday cup (right). Copper wall where the beam impinges and secondary electrons suppressors are
detailed.
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Faraday Cups are very sensitive devices and beam currents as low as 10 pA, even for a
DC-beam, are possible to be detected with a low noise current-to-voltage amplifier and careful
mechanical design. In the field of RIB’s, the measurement of really low currents is very important
since the available quantity of exotic ions is very small and losses have big consequences on the
experiments.

One of the drawbacks of the FCs is the liberation of secondary electrons with an average energy
of 10 eV. The flux of these electrons is proportional to cos 6, where 6 is the angle of the electron
trajectory with respect to the surface. To avoid wrong read-outs of the beam current, an electron
suppression system is normally added, except for very long cups where the contribution of lost
electrons is small. The system consists of a HV suppression close to the entrance of the cup which
creates a potential well above the mean energy of the secondary electrons so that they are pushed
back to the cup surface.

3.5.2 Microchannel Plate detector

The MicroChannel Plate detector (MCP’s) is used for the measurement of very low-intensity beams
and time of flight measurements. It consists of an array of glass capillaries 10-12 ym diameter. The
capillaries are biased at a high voltage. The ions impinging on the walls of the capillaries produce
secondary electron emission. The electrons produced are accelerated by the voltage applied to the
capillaries and hit again the walls. Finally, an avalanche effect is produced and the initial signal
is amplified. Usual gain values of 10* are obtained for one MCP. Several MCP’s can be placed in
series if more amplification is required.

3.5.3 Beam scanners

Beam scanners (BO) are used to measure the beam profile in the transverse plane (x —y). ISOLDE
standard beam scanners consist of a two needle system placed at 90° with respect to each other.
They move along a guide to scan the x and y directions at the same time. For this reason, the guide
that is supporting the needles is entering at 45° of the ground, otherwise the axes scanned would
not correspond to the horizontal and vertical axes of the ground.

3.5.4 Measurement of the transverse emittance

Emittance meters (scanners) are instruments devoted to the analysis of the emittance (see Sec. 2.2
for the theoretical explanation). They give a picture of the transverse phase space of a beam.
Different types of devices are used for this purpose, such as the slit-grid method, the pepper-pot
device, and the quadrupole variation or the ’three grid’ method [For03]. An emittance meter used
during the development of this thesis work based on the three grid method is pictured in Fig. 3.6
and described in [Bac00, Huc02]. The meter scans the values V; and V5 to read intensities for
different positions and dispersions of the ions of the beam. The resolution and time consumption
depends on the steps chosen for the scan.

A new emittance meter is being developed at ISOLDE. It is based on the two slits principle
presented in [ASH83]. The new device will stand out from the existing ones for a very small and
compact size, that will make possible place it along the ISOLDE beam lines, in the same way as
the diagnostic boxes including the faraday cups and the beam-position scanners. ISCOOL will
benefit from this device since it could be installed before and after the injection and acceleration
(see details of the layout of the project in Chapter 5). This will give very valuable figures for the
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Figure 3.6: Picture of the vacuum chamber containing the meter of the transverse beam emittance (fop) and
scheme of the ion motion along the meter (bottom, see [Bac00, Huc02]). The potentials applied to the grids
V7 and V5 are shown.

transverse emittance on-line. In that way it will be possible to monitor the performance of the
device with each RIB from the HRS front-end and afterwards mass-separated.

Unlike FC’s or beam scanners, with instantaneous response, the problem of this kind of the
devices is the time consumption for a measurement. For a single measurement of a phase space,
the time required increases for low intensity beams, since the collection time has to be higher, or
with measurements with high resolution, small steps in the space or angle coordinates.

3.5.5 Measurement of longitudinal emittance

At low energy devices as the RFQCB’s, the calculation of the longitudinal emittance for the ex-
tracted bunched beam can be done by an independent measure of the bunch width (time spread, At)
and the energy spread (AF). The beam profile could be measured by the combination of a Multi
Channel Plate and a CCD camera, as in REXTRAP at REX-ISOLDE. The readout of this device
would provide the bunch width of the beam. To measure the energy spread in an RFQCB, the
simplest method is to vary smoothly the voltage applied to trap the beam, from the total trapping
to the total transmission. In that way, only the ions with more energy than the trap potential can
escape and be detected by the diagnostic device. The energy spread of the beam is the FWHM of
the derivative of the signal [Nie02, Rod03].

3.6 Beam quality requirements of ISOLDE experiments

3.6.1 REX-ISOLDE

The injection into the LINAC of REX-ISOLDE for acceleration of the RIB from 60 keV to 2.2 or
3.1 MeV/u makes some specific requirements of the quality of the beam that must be provided by
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ISOLDE:
e Cooling.

e Bunching. REXEBIS needs a bunched beam for a good operation. The Penning trap REX-
TRAP fulfils these requirements.

e Charge breeding. The limited length of the REX-ISOLDE LINAC obliges the charge state
of the singly-charged ions from the ISOLDE beam to be increased.

A further upgrade of REX-ISOLDE is expected soon with a longer LINAC using the space of
the extension of the ISOLDE hall. The new upgrade will provide an energy of 4.2 MeV/u and a
complete integration of the experiment into the ISOLDE control system.

The charge breeding before the LINAC is carried out inside an EBIS (see Sec. 3.4.2), the
REXEBIS. For a good efficiency, the ion beam coming into REXEBIS should fulfill certain re-
quirements (see [Wen04]):

e The time width of the ion bunch should be below 50 us.
e The maximum energy spread should not exceed 50 eV.

e The acceptance of 95% of the beam at 60 keV (see Sec. 2.2.4) must be 10 7-mm-mrad
maximum, usually smaller than the emittance from a radioactive ion source.

These requirements oblige to use certain devices for beam preparation before the REXEBIS. The
decision was the use of the Penning trap REXTRAP for cooling and bunching the RIB from
ISOLDE, which is quasi-continuous (CW) and with usually worse transverse emittance than re-
quired from REXEBIS. This layout works fine and has been already used in REX-ISOLDE for a
high number of experiments providing successful results. A highlight is the use the combination of
REXTRAP and REXEBIS for the separation of the molecule of SeCO (from the ISOLDE beam)
to yield Se-70, to inject it into the LINAC, and to finally analyze it into the MINIBALL detector.
Although the combination of REXTRAP and REXEBIS has shown fruitful results, it is a very
complex system, very delicate to operate, to set up and to maintain. In addition, the Penning trap
seems to have some limitations for the cooling of high intensity beams (see Chapter 11). Therefore
some alternative solutions have been proposed and some of them tested during this dissertation:

e The use of an ECRIS as direct injector for the REX-LINAC.

e The use of an RFQCB as injector for REXEBIS. The RFQCB is supposed to deliver the
beam with better conditions compared to REXTRAP (see Chapters 5 and 11).

e The development of new cooling methods for high intensity beams in Penning traps (see
Chapter 11).

3.6.2 Collinear laser spectroscopy with bunched beams

Presently, one of the experiments that has known how to benefit the best from the improved beam
using cooling and bunching devices is probably the collinear laser spectroscopy.

Collinear laser spectroscopy experiments have been widely used for over twenty years in on-
line facilities for the measurements of optical isotope shifts and hyperfine structures. Most of the
basic ground state properties of radioactive nuclei (e.g. spins, moments, or radii) can be deduced
from these measurements [Bil01, NCB102].
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The limitation of these measurements come only from the background counting levels in the
signal. It has been demonstrated (see [Bil01]) that the use of a bunched beam (less than 10 us of
time width and less than 10 eV) energy spread reduces the effective background levels at least four
orders of magnitude. That means laser spectroscopy can be performed on very exotic nuclei.

In ISOLDE, the installation of the new ISCOOL (see Chapter 5), to produce cooled and
bunched beams, will make possible the applicability of collinear laser spectroscopy to light el-
ements as Mn (A=49-65), Ni (56-69), Cu (57-78), Zn (60-74) and Ga (lower bound of A=63).
Heavier isotopes could be also studied with the only limitation of the life-time. ISCOOL will
mean an improvement of the sensitivity, the minimum number of particles necessary to carry out
the experiments will decrease from the present 10° ion/s to 10? ion/s.

3.6.3 Other experiments

Not only the new laser experiment and REX will benefit from an improvement of the optical
properties of the ISOLDE beam. The efficiency of the beam transport through all the beam lines
of the ISOLDE hall will be highly increased. That will benefit specially the experiments located
further downstream from the mass separators, e.g. NICOLE. In addition, a better beam optics will
enhance the performance of the mass spectrometry experiments like ISOLTRAP or MISTRAL.
Although they already have a RFQCB for use in their setups, a much better injection efficiency
into these coolers is expected, improving globally the efficiency of the experiment.

3.7 New requirements in beam preparation

In future facilities, like EURISOL, the intensity and the energy of the ion beam will be much
higher. The preparation of these kind of beams will require some developments like:

o RFQCB with bigger capacity . The success of the second generation RFQCB which combine
the manipulation of bigger beam emittances, cryogenic capabilities or RF-funnel ideas, will
determine the use in the future EURISOL facility.

e New layout for mass separators .
e Charge breeding techniques.
e Pre-separators.

All these ideas have to be tested to assure the success of the future facilities. The ISCOOL RFQCB
(see Chapter 5) designed in the frame of this work, represents the first test of an RFQCB used
on-line continuously in a complex facility as ISOLDE to deliver high quality beam to a huge
number of experiments. Still at ISOLDE, the development of a new layout for the ISOLDE HRS
[GCF03] will serve to test this idea for EURISOL. In the future, the location of ISCOOL could
be changed, and be placed together with a pre-separator between the HRS front-end and the new
HRS magnet. It is expected that such a combination would provide the best results in terms of
purity, intensity and optical properties.
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Chapter 4

The ion traps as ion coolers and bunchers

After the introduction of the main concepts used in this thesis, it is time to focalize on the Paul
[PS53, PR55] and Penning traps [KBK*95]. These devices, used to prepare (manipulate) the
low-energy RIB’s, form the main body of this thesis work. Their theory is summarized in this
chapter, giving an special emphasis to the applications improving the quality of the beam.

4.1 Paul traps and RFQCB’s

Paul traps were developed by W. Paul in the 50s [PS53]. In this kind of devices, the ions are
trapped using RF electric fields. The Paul trap evolved later from the hyperbolical electrodes,
as shown in Fig. 4.1, to the linear Radio Frequency Quadrupoles (RFQ’s or called as well ion
guides). Although the use of ion guides instead of ideal Paul traps brings imperfections, the easy
construction and operation makes the ion guides the best solution.

Figure 4.1: Classical hyperbolic configuration of a Paul trap. A medium RF frequency is applied between
the ring electrode and the end caps to confine the ion cloud in the center of the trap.

After the EXOTRAPS collaboration, the first Radio Frequency Quadrupole ion Coolers and
Bunchers (RFQCB’s) were designed and commissioned. RFQCB’s are ion guides (RFQ’s) which
combine a Radio Frequency electric field to confine the ions around the longitudinal axis, a buffer
gas to cool the ions, and an electrostatic axial field, to trap the ions in the three-dimensional
space and release the beam as bunches. The experiments ISOLTRAP in ISOLDE and IGISOL
in Jyviskyld were the first to succeed in proving the utility of these devices [NCBT02, FHKB*01].
After these fruitful experiences, new RFQ coolers have appeared around the world: in ANL for
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the CPT experiment [MBB*01], in GSI for SHIPTRAP [Rod03], in LPC [BDD*04, RMD"05],
in MSU for LEBIT [BSD"04, SBL*03] and in ISOLDE again for the MISTRAL experiment
[Lun04, Bac0O4]. The characteristics of all these devices are listed in Tab. 4.1. Figure 4.2 shows
pictures comparing the structure of some of these RFQCB’s.

Figure 4.2: Picture of different first generation RFQCB designed: 1) the RFQCB at IGISOL Jyviskyld, 2)
the RFQCB for ISOLTRAP at ISOLDE, 3) the buncher at SHIPTRAP-GSI and 4) the RFQCB at LPC-Caen.

As an evolution of the same concept, the RF ring electrode cooler of LMU has efficiently
transmitted high intensity beams, applying only RF electric field to a stack of ring electrodes of
different diameters, electrically isolated among them (see [HIH'04]).

For a correct comprehension of the operation of the RFQCB’s, it is essential to explain the
theoretical processes involved. The main points are:

e The optics of an ion beam in presence of a quadrupolar RF electric field.
e The collisions between buffer gas atoms or molecules and ions.

e The presence of the buffer gas of an axial electric field.

e The combination of all the effects above.

In the following the theory of each item presented before will be described, to end up with a
complete representation of the physics process acting the ion beam inside the device.
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€omt Buffer n At AFE
Facility [ mm-mrad] gas [%] [us] [eV]
JYFLTRAPY 40 3 He 60-70 10 0.7
ISOLTRAP? 2.5 10 He 2040 | 10eV-us
NSCL?) 2 1.55 He - 2.4 4
SHIPTRAP?Y 0.07 20 @ 2.5 keV He >58 0252 24
LPC? 10-20 10 (@12keV) HeH, 5-10 0.15 3
MISTRALY 60 2 He 60 | No buncher
KVI No re-accelerated - 80 0.2 -

Table 4.1: Comparative of some of the present ion guides working as coolers and/or bunchers in different
ISOL-facilities around the world: E.,; -extraction energy-, €.,; -emittance at the extraction-, ) -efficiency-,
AFE -energy spread of the bunches- and At -time width of the bunches-. 1) from [NCB*02], 2) from
[FHKB*01], 3) from [BSDT04], 4) from [Rod03], 5) from [BDD*04, RMD*05], 6) from [Lun04]. The
extraction beam parameters are at the extracted energy except at LPC.

4.1.1 Radio Frequency Quadrupole electric field

Use of RFQ electric fields is a widespread tool in accelerator physics where they are used as optical
devices to focus and confine the beam, see [Wol87]. This section will be centered in developing
the theory of the specific RFQ’s which are devoted to the beam manipulation. Inside an RFQ, the
RF electric field is perpendicular (x and y directions) to the longitudinal motion of the beam (axis
z), see Fig. 2.2).

The three-dimensional quadrupole electric field E is governed by Eq. 2.4. In the RFQ, the
quadrupole field is zero in the longitudinal direction z. As the electric field has to fulfill V- E = 0
(no space charge in the system, p, = 0), and is zero in the axial direction (7 = 0), the following
relation between the electric field can then be represented as:

E = Ey(Ax — \y). 4.1)
From last expression, the electric potential can be obtained by integrating E = —V ®. The expres-
sion obtained is:
1
o = §E0)\(a;2 — 7). 4.2)

The equipotential lines are hyperbolas as can be seen in Fig. 2.2. In this case the potential is
generated by four rods. Opposite rods have the same potential and the potential of both pair of
electrodes is phase-shifted 180°. Taking 7( as half of the distance between two opposite rods, the
transverse electric potential ¢ inside the quadrupole can be expressed as:

®
= — (a2 — ), (4.3)
7o

where @ is the potential of one of the rods.

On the other hand, for an ion moving in a potential field, the equations of motion are governed
by:
mr = —eV o, 4.4)
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where m is the mass of the ion and r the position vector. Taking Eq. 4.3 and Eq. 4.4, the equations
of motion of the ions in such a field will be:

2
§+ — Do = 0, (4.5)
mrg
. 2e
ij — ——®oy =0, (4.6)
mrg
5= 0. 4.7)

The motion of an ion in a quadrupolar electric field is independent in each spatial coordinate. If an
RF electric field is considered to be applied to the rods, with a magnitude &y = Ugp cos wgpt, the
equations found are:

2eUpp coswprpt

x=0 (4.8)

2
mry

. 2eUgpp coswgrt
y —_

y=0 (4.9)

2
mrg

The normalized time 7 and the dimensionless quantities ¢, and g,:

t
7= R (4.10)
2
4eU
(=Gu=0e=—Gy=—5 (4.11)
MW ey
are to be substituted in Eq. 4.8 and 4.9 to give:
d2
d_TZ — (2qy cos2T)u =0 4.12)

where u represents either x or y [Daw95]. Equation 4.12 represents a particular case of the Mathieu
equation [Ars64]. The general expression of the equation applied to a spatial coordinate u is:
d*u

=] + (ay — 2q, cos27)u =0 (4.13)

where a,, is a constant. It can be defined as,

8€Uf
2 2
MWEET)

4.14)

(y = Qg = —Qy =

where Uy is the amplitude of a DC quadrupole field. For the purpose of this work, a,, = 0 (Uy = 0).
The solutions of the Mathieu equations are studied in [McL51, Cam55, Ars64] and corre-
spond to the following general solution [Daw95]:

u(t) = o'e” Z Con€®™™ + a'e™H7 Z Cype~ 27 4.15)

where o/ and o are constants depending on the initial conditions: %(0), %(0) and 7(0). Constants
(s, and p depend on the so called mathieu parameters a and q.
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For stable solutions (x4 = i) the expression becomes [WSL59, Deh67, MD68, Daw95]:

U(T) — o Z C2ne(2n+5)i7' +Oé” Z CQnef(QnJrﬁ)iT (416)

n=—oo n=—oo

Using ¢ = cosw + i sinw, Eq. 4.16 results in:

u(t)=A Z Copcos[(2n+ B)7] + B Z Copsin [(2n + 5)7] (4.17)

n=—oo n=—oo

where A = o/ + o” and B = i(¢/ — o). The stable solution is a superposition of the frequencies:
WRF
wn = 20+ B)5F, (4.18)

for n = 0,1,2,... The lowest angular frequency wy (n = 0) is the macromotion or natural
angular frequency. The constant (3 is for stable solutions only related with the a and ¢ parameters
by the expression [MH89, Cam55, McL47]:
2 2
d : + d ' (4.19)
(6+2)?—a- <

B—2)2—q— q
(B+4)2—a— (,@+6)q227a7... ( ) (6-4)*~a~ (ﬁfﬁ)%iaf.“

#=a+

The process of calculation of 3 is thus iterative. However, for low values of a and ¢, the expression
can be simplified as [Car72]:

(a —1)qg? (5a — 7)q* (9a2 + 58a + 29)¢°
— _ — — 4.20
& \/a 2@—1)2—-¢*> 32a—-13a—-4) 64(a—1)>%a—4)(a—9) (4:20)
If |¢| < 1and |a| ~ 0, (3 is described by:
e
Gerfatr 4.21)

2

There are always two different solutions for u(t), the even u; () and the odd u»(t) solution. There-
fore the general solution can be expressed as the lineal combination of both solutions with A and
B constants,

u(t) = Auq(t) + Bus(t) (4.22)

The constants A and B depend on the initial conditions of the ions, and the following expressions
are obtained [MHS89, LTB75]:

U(To)ug (’7'0) — foUg(Tg)

A= 4.23
i (4.23)
B— —U(’Tg)ﬂl (7'0) + 7:0U1 (7’0) (424)
w
where u(7y) and (7o) are the initial displacement and velocity, respectively and where
ur(ro) = Y Capcos((2n+ B)(7 — 70)) (4.25)

n=—oo
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us(7o) = Y Copsin((2n+ B)(T — 7)) (4.26)
(o) = Y Con(2n 4 B)sin ((2n + B)(7 — 70)) (4.27)
ia(10) = Y Con(2n + B) cos ((2n + B)(7 — 70)) (4.28)

W = uy(10)t2(10) — ua(70)t: (10) (4.29)

In the solution of the equation several stability regions appear depending on the value of ¢, and a,,
(see Fig. 4.1.2). But for RFQCB’s, the interesting region is when a,, = 0, since no DC field for
mass filtering is supplied, that implies 0 < g, < 0.91 to reach the stability in the ion motion.

Figure 4.3: Stability plot for one of the transverse coordinates depending on the value of parameters a and
q. The stable areas appears shaded.

For one coordinate, the nature of the stability of the solution only depends on the value of u
and not on the other parameters. The constant ¢ may get different values:

e Real.
e Imaginary. If © = i and (3 is not an integer, the solutions are periodic and stable.

o Complex.

In the experimental case, the stable region is placed in the region created in the a,, — ¢, diagram
by the isolines 3, = 1 and 3, = 1 of the even and the odd solutions.
In this region, if |¢| << 1 and |a| ~ 0, the solutions can be approximated by [Rod03]:

u(t) ~ ug cos (wot)(1 + gcos (wWrrt)) (4.30)

where wy is the macromotion angular frequency. Therefore it is a particular solution of Eq. 4.18,

forn = 0: ]
Wy = EWRFﬁ (431)
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Figure 4.4: Combination of stability plot for both transverse coordinates x and y (center). The shaded area
shows the region of parameters a and g used experimentally where both transverse coordinates x and y are
stable. In addition, two ion motions for different stable a — ¢ pair of values are presented: (@ = 0, ¢ = 0.1)
(top) and (a = 0, ¢ = 0.6) (bottom).




44 Chapter 4. The ion traps as ion coolers and bunchers

and [ is defined by:
2

B=1fat+T (4.32)

As a simplified model, the ion motion inside the RFQ electric field can be assumed as a superpo-
sition of a high frequency motion derived directly from the RF electric field (micromotion), and a
low frequency motion, the macromotion. In RFQCB’s, the micromotion is usually much smaller
than the macromotion in normal experimental conditions (for ¢ < 0.4). For a = 0 the equation of

motion for an ion reads:

2eU ¢
jj 4 SCURECOSWRET, (4.33)

2
mrg

The amplitude of the motion w is the sum of the amplitude of the micromotion (,,;.) and that of
the macromotion (;,q.):
U = Umic T Umac; (434)

In this particular case: ;e << Umae AN Uypic >> Umae, and Eq. 4.33 transforms into:

2eUgp cos wt

Umic = — 2 Umae = 0, (4.35)
mrg
which yields:
1
Umic = — 5 Umac COS (wWrrt) (4.36)
The amplitude of the motion is then:
1
u(t) = Umae (1 — 54cos (wRFt)) (4.37)

Substituting then in Eq. 4.33, one can find the relation between the frequency of the macromotion
fo and the micromotion frp:

q
=1 4.38
Jo 9 \/§f RF ( )
Another theoretical approach to the ion motion inside the RFQCB is to calculate the value of

the pseudopotential applied D to the ion. It can be obtained using the relations e = mui or
av -

qURF 2 2 qURF 2
— — 1Zar 4.39
4o (=" +y7) 4o " (4.39)
where r is the radial component from the axis of the device. Figure 4.5 represents an example of a
pseudopotential created in an RFQ.
The maximum allowable transverse energy of the confined ions is thus determined by the
maximum value of the pseudopotential well D,,,,;:
U
Diaw = LEE. (4.40)
4
It can also be expressed in terms of the RF electric field applied (Urr and wgrpr) and the ion
properties (e and m) using Eq. 4.11:

U2
D,y = —RF (4.41)

2 4-
MmwWerrTy

For a fixed RF (wgr and Ugr), the confining capacity is decreasing for higher masses of the ions.
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Figure 4.5: Example of the pseudopotential well D created in an RFQCB by the RF electric field for the
transverse motion of the ions in the x — y plane.

4.1.2 Buffer gas

The inlet of a buffer gas to fill the quadrupole modifies the motion of the ions inside the device.
To characterize the interaction of the ions and the gas atoms/molecules, there are two main ap-
proaches:

e Macroscopic. The net effect of the gas on the ion motion is considered to be similar to that
in a linear damping device:
F,= —cvy, (4.42)

where F; is the damping force applied to the ion, ¢ the damping constant and v, the drift
velocity of the ion in the gas.

e Microscopic. The effect of each collision between the ion and the molecules of the gas is
considered. The type of collision and the probability of such collisions have to be taken into
account. The typical solution to manage this kind of approach is the use of a Monte Carlo
code to simulate the evolution of the ion in the buffer gas [Pet02b].

In the frame of this thesis, only the macroscopic approach will be developed in the theory, although
the microscopic approach has been chosen for the simulations of ISCOOL (see Chapter 5 and
[Pet02b]). The macroscopic approach can be considered good enough to explain and discuss the
physical reasons for adding a gas into the chamber.

As previously stated, the gas behaves as a damping (pneumatic) device. The new expression
for the equation of the ion motion is:

mr = —eV® —Fy, (4.43)

or in other terms: . .
r+—vg+ —Vo=0. (4.44)
m m
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Using Eq. 4.2, Eq. 4.44 can be rewritten for the different coordinates as follows:

2

i+ — i+ ——Dgu = 0, (4.45)
m mrg

. C .

Z4+ —y =0, (4.46)
m

where u = x,y. The expression = can be substituted as in [Kim97] for a constant b defined as
b = —<-, where K is the mobility of the ions in a certain gas. The mobility is related with the

motion of an ion in a gas due to a weak electric field (around 0.1 V/cm in the RFQCB’s) by the
expression v, = K E. The mobilities on standard conditions K (1'=273 K and P=101.325 kPa)
are listed in [EAMS8]. To apply the constants to the experimental conditions of the buffer gas, the

following expression can be used:
P Ty
Ky=——K 4.47
2 P2 T1 1, ( )
where K; and K, are the constants in the initial and final conditions respectively, 77 and P; the
initial conditions, and 75 and P, the final conditions. Figure 4.6 shows the fit mobility for cesium

ions in helium gas at 0.1 mbar and 293 K, calculated from the data in [EAMSS].

Figure 4.6: Plot of the fitted mobility for cesium ions in helium gas at a pressure of 0.1 mbar and a
temperature of 293 K. The mobility is calculated from the data of K from [EAMSS].

Eqgs. 4.48,4.49,and 4.50 are transformed into,

2
§+ bit + —— oz = 0, (4.48)
mro
. . 2e
§+ by — —5Pox = 0, (4.49)
mrg
54 by = 0. (4.50)

Taking into account the mathieu parameters a and ¢, and the dimensionless parameter 7 = “’RTFt
the equations transform into:

Z+ bt + (ay — 2¢, cos27)z =0, 4.51)

i+ by — (ay, — 2q, cos27)y = 0, (4.52)
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Z+by =0. (4.53)
Using a, = a, = —a, and q, = ¢, = —qy, Eqs. 4.51 and 4.52 converts to a single expression,
which is a Mathieu equation including a damping term:
d? d
d_TIQL + 204% + (ay — 2q, cos 27)u = 0, (4.54)
where ov = b/2. Making the substitution (see [Kim97]), u(7) = u;(7)e 7 the equation becomes:
d2
il + (@, — 2qy, cos2T)u; = 0, (4.55)
dr?

where @, = a, — (b/2)?. In the case of the RFQCB where a,, = 0, the expression will become:

d2u1

dr?
As shown in Fig. 4.4, the amplitude of the macromotion is normally much larger than the one from
micromotion (direct excitation by the RF electric field). Hence, if the micromotion is neglected,
the motion of an ion might be aproximated to a damped free single oscillation, although it has to be
noticed that the real oscillation is caused by the RF electric field which is erased from the equation.
In a damped single-harmonic system, the equation of the motion reads:

+ (=b* — 2¢, cos 27)u; = 0. (4.56)

d*>v  du
— t+c—+ku=0 4.57
m 72 +c 7 + Ku , ( )
where c is the damping constant, k the spring constant and m the mass (of the ion in this case). In
a normal simple harmonic movement (SHM), the equation can be transformed into:

d*u du
with the solution:
u(t) = upe™ " cos (Wt + @), (4.59)

where wy = 4/ % is the natural angular frequency of oscillation of the system (if there were no
v
related with the natural angular frequency wy of the system: w = wy+/1 — &2. In the absence of a
damping term £ = 0, and then w = wy. The natural angular frequency and the damping ratio can

be expressed with general parameters (see [Kim97]):

damping), and £ =

is the damping ratio. The real angular frequency of the oscillations w is

q
~ 4 e, 4.60
wWo 2\/§pr ( )
V2e
S S 4.61
§ gKmwpr’ (4.61)
or: X )
wRFTO
_ | 4.62
$ = VA KUns (+:62)

where K is the mobility of the ion in the gas. The critical damping condition £ = 1 yields
[Kim97]:

K=v2—° (4.63)
gqMWRFE
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An important figure when talking about cooling is the temperature of the beam. Several
expressions have been given to evaluate the ion temperature in traps [LBM92, Fon01, Pet02b].
The cooling mechanisms which influences the final temperature of the cooled ion beam inside the
RFQCB’s are [FonO1]:

o Collisional cooling. When the mass of the buffer gas atoms or molecules (1m44s) is smaller
than the mass of the ions of the beam (m;,,), the collisions among them reduce the kinetic
energy of the ions. Therefore, since the ions lose energy, the beam is reducing the size and
the velocity. In conclusion, acting as a non-conservative force that resuces the volume in the
phase space, the emittance.

e Evaporative cooling. Despite this effect causes a reduction of the temperature of the beam,
it is in fact an undesirable effect, since it has to do with the loss of hotter ions. The effect is
called cooling due to the fact that the most energetic ions are lost because the confinement
provided by the RF field (the pseudopotential well) is not sufficient.

e RF heating. One effect that is normally not considered in a first theoretical approach is that
the cooled beam does not reach the same temperature as the buffer gas. The buffer gas has
a kinetic energy distribution around the room temperature but the energy of the cooled ions
is always bigger. That comes from the fact that the micromotion (coherent) associated with
the RF is independent of the collisions between the ions and the the buffer gas (uncoherent).
Among the collisions, some of the coherent motion is transferred to the uncoherent motion
therefore increasing the real kinetic energy of the ions [Kim97, LBM92]. The larger the RF
heating the greater the temperature and therefore the emittance of the ion beam. That means
the ¢ parameter has to be kept as low as possible (inside the stable regions): RF amplitude
small (Ugr), or inner radius () or frequency (frr) large.

4.1.3 Axial electric field

An axial electric field along the longitudinal direction z is superimposed to the RF field to guide
the ions along the RFQCB to the exit. The axial field minimizes the cooling, accumulation and
transition time inside the RFQCB. The field can be considered constant in the longitudinal axis,
but some other components in x and y directions are present. Hence, the axial electric field E, can
be expressed as:
EZE
E, = E, . (4.64)
EzO + l{?ZZ

The minimum of the potential curve ¢ pc created to accumulate the ions before released them as a
bunch might be approximated by a parabola [Her01]:

¢pc(r=0,2) = (Upc/2) - 22, (4.65)

and expressed in general as:

P(r,z) = UDQC <Z2 - T—) : (4.66)

20
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where Upc is a the axial potential and zj is a constant characteristic of the axial curve which is
created. It is clear that the axial field provides a defocusing component in the radial direction
[DB00]. The value pseudopotential well is decreased by the term Upcr?/223. Therefore, the
maximum value for the constant Upc /23

Upr (1Y)
Unc/ 2Emas = o (—) 7 (4.67)
2 To
or substituting Eq. 4.11:
2e URF 2
Upc/z = — ( 2) . (4.68)
m \WRFTy

Eq. 4.68 implies that higher axial electric fields could be applied if either high amplitude of the RF
field or low RF frequency are applied. However, that would mean a worse cooling due to the RF
heating (see Sec. 4.1.2). Therefore, a compromise has to be found to optimize the cooling inside
the RFQCB. In addition, the stability parameter a, can be modified as [Nie02]:

4e Ueff
mriWhp

a, =a= (4.69)
where U,y is a voltage proportional to the applied DC voltages Upc. The exact proportionality
depends on the specific trap geometry [DB0O].

4.1.4 Space charge

RFQCB’s have a limit in the maximum intensity of the ion beam that can be manipulated. This
constraint has been studied before in [Daw95, Gho95]. The limit is caused by the Coulomb
interaction between the ions in the ion cloud. According to [Pet02b, Rod03], the final expression
for the maximum number of ions inside the trap n,,,, is expressed by:

U
Momaz = — - L (4.70)
e 7“0

where ¢, is the permittivity constant in in the vacuum. Hence, it is clear from the expression that
the number of ions is a function of the physical properties of the ions and the operation parameters
of the RFQCB.

Ugrr could be substituted in Eq. 4.70 Eq. 4.11 and the maximum density is expressed as:

202 2
Npmaz = ——— g 4.71)
e

Most of the times, it is better to show the space charge limit as the maximum number of ions
the trap can accumulate or, even better, as the maximum intensity the trap can accept. The first
approximation, as function of the maximum number of ions N,,,., is expressed as:

Niaz = Mnaz - 772 - L, 4.72)

where L is the length of the RFQCB chamber, and r, the radius of an imaginary cylinder along the
RFQCB where the beam is confined. The intensity of the ion beam I can be calculated from the
number of ions per unit of length N,,,,./L:

Ninaz/L = gz - ’/T’l”z. 4.73)
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From here, the maximum intensity /,,,, is:

= maac/L * Vion,s (474)

[maa:

where v;,, 1s the speed velocity of the ion inside the trap after cooling. The velocity can be
calculated from the initial energy of the ions into the RFQCB and the final temperature of the ions,
see e.g. in [LBM92, Pet02b].

4.1.5 Efficiency

The transmission efficiency is one of the most important parameters to describe the performance
of an RFQCB. It is worth to define some magnitude which allows the beam losses in the device to
be understood. Three main definitions are given here for the total efficiency of an RFQCB:

® Neool = % Ratio of the ions coming out from the RFQCB and the ions coming in

when only cooling without bunching is applied.

® Npunch = % Ratio of the ions coming out from the RFQCB and the ions coming in

when both cooling and bunching are applied.

® NRFQCB = ]X;’Z”:f Ratio of the total number of ions coming out after extraction and the total

number of ions before deceleration phase.

The last efficiency figure can be separated in:
n o Nout o Nout Nbunch—out Ninj—in
RFQCB — = : :
? Nz Nbunch—out Ninj—in Nz

(4.75)

Figure 4.7: Scheme of the main parts of an RFQCB together with the definition of the number of ions and
efficiencies in each part (see text for more information).

The three parts can be defined as the efficiency for the deceleration phase 7;,; = MX[;;“’ the
efficiency of the RFQCB itself (in this case in the bunching operation mode) 7pyncn, and the ef-
ficiency of the acceleration phase 7.,; = Nbu]:::im. Figure 4.7 shows the main parts in which an
RFQCB can be split regarding efficiency.

The separation of the efficiencies allows the distinction of the different losses processes along
each part of the transmission chain. In the injection part, the efficiency (7;,;) is limited by the ion
losses due to a bad focusing of the ion into the RFQCB, either due to a tuning of the voltage on the
injection electrodes or the use of holes too small in diameter. The efficiency in the extraction part
(Mext) 1s affected in a similar way as 7;,;. In addition an excessive gas pressure in the first region
of acceleration, just after the exit of the RFQCB, could cause the blown-up of the beam and more
ion losses.

The efficiency inside the RFQCB itself (1) 1 affected, mainly during the bunching opera-

tion mode, by the following loss mechanisms:
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o Ion-ion collisions.

e lon-neutral atom collisions. Three main processes are involved (see [Daw95, Rod03]): the
inelastic scattering, the elastic scattering and the charge exchange.

e Radioactive decay. It is only applied to the radioactive nuclei.

From [Daw95], the loss rate of trapped ions inside the RFQCB chamber, N (t), is:
dN (05}
—— = ——N?—ay,PN 4.76
dt % Qo ’ ( )
where o and as are constants, P the buffer gas pressure and V' the confinement volume of the
RFQCB caviy. The first term represents the losses due to the ion-ion collisions and the second one
the ion-neutral atom collisions. The general solution of Eq. 4.76 is:
2PV

a2P+a1NO/V €a2pt o 1
Noa1/V

N(t) =

: 4.77)

where Ny is the initial number of ions. As mentioned above, for low intensities of the ion beam,
the interaction due to ion-ion collisions is negligible per unit number in comparison with the losses
due to the ion-neutral atom collisions. For low intensities, «; = 0 then Eq. 4.77 might be converted
to a more simple expression [Nie02, Rod03]:

N(t) = Noe 2F", (4.78)

The constant parameter o, depends on the reactions between the ion and the buffer gas atoms or
impurities molecules. It also includes the losses due to molecular formation by chemical reactions.
In [Nie02], the efficiency factor for the transmission of native ions is described as:

oot = 2L (1 = et (4.79)

tacc

where ¢4 represents the time constant for the exponential decay in an ion-molecule association
reaction described as [KBHT01]:
dN (t)
dt
where R is the reaction rate constant and [} ] the concentration of the impurity molecule.
Moreover, the ISOL beams are radioactive and a term for the radioactive decay must be added.
The ion losses inside the trap are well known for a certain ion with decay constant A (t.,q = 1/))
and a beam injected intensity of /;,,; is [Nie02]. The ions left inside the cooler for an instant ¢ are:

N(t) = Lipjtraa (1 — ™). (4.81)

= —R[M]N(t) (4.80)

The efficiency term related with the radioactive decay 7)4c.q, taking into account that the ions stay
in the trap during a maximum that corresponds to the accumulation time ¢,.. expressed as [Nie02]:

Ndecay = brad (1 — etace/trod) (4.82)

tacc

The efficiency for radiactive decay and for molecular formation can be put together to obtain a
total efficiency due to non-optics phenomenons 7;,ss:

Ldectra — _
MNioss = MNmol * 7,/clecay - ( dtz d) (]- —€ taCC/tTad) (1 — € taCC/tdec) (483)

acc
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Table 4.2: Evolution of the Mathieu parameters a and q for different situations: 1) RFQ, only applying
RFQ electric field, 2) With buffer gas, adding the buffer gas inside the cavity and 3) With axial electric
field, adding an axial electric field. The potential for the different situations is also shown. The parameters
are explained along the text.

4.1.6 Summary and conclusions

Mathieu parameters a and ¢ and the transverse pseudopotential ¢ are given in Tab. 4.2 as a
function of geometrical and electrical parameters for three cases: 1) only taking into account the
RF quadrupole electric field, 2) adds the effect of the buffer gas and 3) adds the defocusing effect
of the axial field.

4.2 Penning traps

The idea of the Penning traps was invented by F. M. Penning [Pen36] and developed later on
by Dehmelt [Deh67]. They combine a magnetic field and an electrostatic field to trap the ions.
Like in Paul traps, Penning traps evolved from classical hyperbolic configurations (see Fig. 4.8)
to cylindric ones (see Chapter 11). So far, the main application of these instruments has been
the mass spectrometry, thanks to the existing relation between the mass of the ion measure, the
magnetic field applied and the frequency of the motion inside the trap (see Sec. 4.2). Currently,
many experiments devoted to mass measurements make use of Penning traps, e.g at the ISOLTRAP
experiment at ISOLDE, at the IGISOL experiment at Jyviskyla or at the CPT experiment at ANL.

Figure 4.8: Classical hyperbolic configuration of a Penning trap. A constant difference potential is applied
between the ring electrode and the end caps together with a constant magnetic field to confine the ion cloud
in the center of the trap.
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At RIB facilities, Penning traps are also suitable for the beam preparation stage and as beam
purification devices to prepare the beams for mass spectrometry devices. In this case, the Penning
trap REXTRAP at REX-ISOLDE represents an unique device around the world. There is no other
Penning trap involved in the beam preparation stage for cooling and bunching the RIB of an ISOL
facility. As explained in Sec. 3.6.1 REXTRAP has as mission the preparation of the ISOLDE
quasi-continuous beam for the operation of the charge breeder REXEBIS (see following section).
REXTRAP is therefore a pioneer device which has shown that such a complex system as the
Penning traps can be suitable and reliable for the beam preparation stage. However, Penning traps
have a limitation in intensity due to the space charge. New methods which intend to diminish
this effect and push up the limit of the intensity handled by the Penning traps, are investigated
later within the framework of this thesis. lon traps were developed because of the necessity to
confine small quantities of ions in a small space for their study or as ion mass filters in chemical
applications.

Figure 4.9: Picture of REXTRAP during one maintenance operation in the shutdown.

In Penning traps, the combination of the static magnetic field, the electrostatic field and the RF
field makes the trajectories of an ion inside a Penning trap be governed by the following motions
(see Fig. 4.10):

e The magnetron motion w_.
e The reduced cyclotron motion w, .
e The axial motion w,.

A potential Uy applied to the electrodes creates a constant electrostatic field:

Uy 2 2 2
where x,y and z are the coordinates from the center of the trap, and d is a characteristic parameter
of the trap given by:

1

3
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which is function of the radius of the central electrode of the trap r; and the distance between the
cap electrodes 2zy. The ions are confined in the center of the trap. The expression of the equations
of the ion motion are:

T — %wzx—wcy:()
j— swly —wed =0 (4.86)
iP+w?=0

Where w. the total cyclotron angular frequency. The axial angular frequency is given by:

[QU
w, = ?n — (4.87)

The following relations apply between different angular frequencies:

We = Wy + W_
Wy W = %wz (4.88)
wi=w?+wl+w?

The true cyclotron motion w,. depends only on the mass of the ion, m, and the strength of the
magnetic field B:

B
We = Q— (4.89)

m

with () the charge of the ion. The other motions are expressed as:
Uy
QB U
o _ 491

et m 2d*B 491

As the cyclotron angular frequency, the magnetron does not depend on the mass of the ions.

4.2.1 Overview of cooling methods for Penning traps

Cooling of the ion motion is important to enhance the efficiency or improve the optical properties
of the beam for all precision experiments. So far various techniques have been developed to cool
the ion motion inside a Penning trap (see [KBK95]):

e Resistive cooling: energy dissipation in a resistance inside a cooled circuit. The current is
that induced by the ions in the trap electrodes.

Laser cooling: interaction with an intense laser beam of appropiate wavelength.

Electron cooling: interaction with an electron beam (for antiprotons and high-charged ions).

"Sympathetic" cooling: interaction with cooled charged particles.

Sideband cooling: interaction with a buffer gas.
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Of all these methods, the last one, buffer gas cooling, is the best suited for the application to
low energy RIB’s. If a buffer gas is included, the damping effect is similar to that produced in
RFQCB?’s. The equations of the motion read:

i4 L@ — twir —wy =0

J+ Ly — swly —wet =0 (4.92)

P4+ Li4+w?=0

Where c is the damping constant due to the gas. It is clear that the axial motion is decoupled from
the other motions:

—ct
2(t) = A’ exp < cos (wst + @), (4.93)
2m
with:
1 ¢
Y O Py 4.94
e YT 4om (4.94)

In the same way, the amplitude of the reduced cyclotron motion decreases exponentially as:

At (t) = AL - exp —at, (4.95)
with: e w
at = ———F (4.96)
muwy —w_

At the same time, the magnetron motion increases exponentially as:

A~ (t) = AL - exp+at, (4.97)
with: e w
== (4.98)
mwy —w_

Since w_ < wy, the reduced cyclotron motion is damped much faster than the magnetron is
lowered. The magnetron motion is then unstable and the different cooling techniques will be
devoted to stabilize both motions.

Sideband cooling

The cooling of the ion motion in a Penning trap is slightly more complicated than in the RFQCB’s,
as the magnetron motion is unstable, and any dissipative process (as the buffer gas interaction with
the beam) leads to an increase in the amplitude of this motion until the ion is lost. One method
to achieve cooling is to couple the magnetron motion w_ to either the axial motion w, or to the
reduced-cyclotron motion w, (see Eq. 4.88).

In reality, the coupling is carried out by applying an azimuthal electric quadrupole field oscillat-
ing with a frequency which is equal to the real cyclotron motion. The field is created by a four-fold
segmented electrode. An alternating field with a frequency frr (or wrp in terms of angular fre-
quency) and a voltage amplitude of U, is applied to the segments, and is phase-shifted 180° for con-
secutive segments. Therefore the voltage applied to the consecutive segments is always opposite in
value. The additional potential created by applying the potential ¢¢ sqa(t) = U, cos(wrrt + ¢rr)
to the electrodes has the form (see [Rei02]):

al,
¢Q,sid(t) = T2q (1‘2 — y2) COS(u)RFt + ¢RF); (4.99)
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Figure 4.10: Ion motion inside a Penning trap: the reduced cyclotron motion (w_), the magnetron motion
(w4) and the total motion are shown.

Figure 4.11: Scheme of the segmented cylindrical electrode used for the creation of the RF field for the
sideband cooling technique and the voltages applied to each segment.
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where 7. is the radius of the cylindrical electrode and a is an experimental correction factor to
consider the deviation of an ideal quadrupole potential due to the geometry of the electrodes (see
4.11).

The potential has to be added to the other potential created inside the trap to solve the equation
of motion of the ions inside. The solution shows (see [KBK™95]) that there exists a periodic
transfer of energy between the two motions which are coupled by the new potential. In this case
the maximum coupling is found when the frequency of the new potential frx is equal to the true
cyclotron frequency f.. The strength of the coupling makes a periodic conversion of both motions
(magnetron and reduced-cyclotron) but their amplitudes are constantly decreasing. Figure 4.12
compares the motion with a buffer gas without sideband (conversion between motions) and with
the sideband field coupled to the cyclotron motion.

Figure 4.12: Comparison of the motion of an ion inside a Penning trap with buffer gas: without additional
field applied (left) and with sideband field coupled to the cyclotron motion w, (right)..

Equation 4.89 shows that the true cyclotron motion depends on the mass of the ion due to the
interaction with the buffer gas atoms. For cooling the ions, the frequency of the new potential has
to be coupled with the cyclotron motion, that means that only one of the isotopes in the beam will
be cooled. The other possible masses will be lost in the Penning trap walls, or partially removed
if their mass is near to the mass of the selected ion. Therefore the Penning trap in combination
with the sideband cooling acts not only as a cooling and bunching device but also as a purification
system.

Rotating wall cooling

This technique, coming from the plasma physics, is based on the application of RF electric fields
to a segmented cylindric electrode. The RF fields are phase-shifted in the symmetrical electrodes
around the cylinder making the effect so-called "rotating wall", see Fig. 4.13. The new force
counteracts the repulsion space charge effect by adding the Lorentz force, keeping the beam to-
gether. Hence better efficiencies are expected for higher intensities of the beam. In equilibrium,
the Lorentz force (Fy) equals the sum of the Coulomb (F) and centrifugal force (F cps-):

Fr =Fc+ Feenir. (4.100)

Substituting every term for its expression yields:

TL€27’

QurB = 5 + mw?r, (4.101)

€0
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where n is the ion density and w the rotation angular frequency. First term in Eq. 4.101 can be
expressed in terms of the plasma angular frequency w, that reads:

2
wp = 4 |@n (4.102)
€Egm

and stands for the collective oscillations of the electrons and the ions due to the space charge
differences. Equation 4.89 can be written in terms of w,, and w, as:

ww, = w? + (4.103)

1
wi =5 (we yfu2 —2:32) (4.104)

The rotating fields are created by applying sinusoidal voltages appropriately phased-shifted to the
different segments of an electrode (see Fig. 4.14). One can derive the radial (£),) and angular (Fy)
dependance of the fields as:

o |%Ew

The solutions for w are:

p—1
E.(r,0) = Ey (rL) cos (p(6 — wt)), (4.105)
0
r\?*
E.(r,0) = —Ey (r_) sin (p(6 — wt)). (4.106)
0

For the dipole rotating field (p = 1), a four-fold segmented electrode can be used. The angular
frequency of the field excites the plasma at the axial angular frequency of the ions w, (resonance).
In particular, the dipolar rotating field originates the following potential:

U,
Oprot(t) = a2 [(z cos(wrrt + ¢rr) + ysin(wrrt + drr)|, (4.107)

To
An eight-fold electrode is adequate for a quadrupolar rotating field (p = 2). In this case, the
excitation frequency corresponds to the axial angular frequency of the ions w, or to the cyclotron
angular frequency w.. For the quadrupolar rotating field the potential created is:

aU, .
bQrot(t) = T_zq [((:c2 —9?) cos(2wppt) + 2y sm(prt)] ) (4.108)
0
According to [Rei02] a quadrupolar rotating field would suit better because of the linear depen-
dance on the radius 7, in the same way as the force due to the tangetial friction by the buffer
gas:
F = —cwrr, (4.109)

where ¢ is a damping constant. A good overview of this technique is given in [HAH'97, Rei02],
where the concepts of plasma, shape of the beam due to the space charges and the effects of a
rotating quadrupole field on the equilibrium state are widely explained. The technique was used
before in electron plasmas [AHDO98], positron plasmas [RCGO00] and for compressing ion clouds
of Mg™ [HADOO].
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Figure 4.13: Schemes of the rotating wall cooling: for a dipolar field, two electrodes /2 phase-shifted in
RF voltage (left view), and for a quadrupolar field, four electrodes 7 /4 phase-shifted in RF voltage (right
view). The straight arrows show the direction of the Lorentz force which compresses the ion cloud.

Figure 4.14: Scheme of the segmented cylindrical electrode used for the creation of the RF field for the
rotating cooling technique and the voltages which are applied to each segment: the four-segmented electrode
is used for the dipolar technique (left view) and the eight-segmented electrode for the quadrupolar technique
(right view). The same four RF signals are applied in both cases.
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Chapter 5

New RFQCB for ISOLDE: the ISCOOL
project

In the beginning of this decade, Paul traps, which were usually only applied to trap and to study
particles, were tested for the improvement of the optical properties of the RIB facilities. The
working groups which participated in this study developed new geometries and features, adapted
to the requirements of this application. The progress in the theoretical and practical studies
achieved successful results with the adoption of the new tool, the Radio Frequency ion Cooler
and Buncher (RFQCB), a direct evolution of the Paul traps, but fully oriented to the manipulation
of the beam. From the first achievements, the field has grown and more technical advanced and
modern RFQCB’s have been commissioned in experiments around the world. Different mechan-
ical geometries have been tested and the beam capacity and transmission have been improved.
However, so far, although the applications of the RFQCB’s are very diverse, there is no RFQCB
installed on-line in the main line of an ISOL facility. For the on-line installation, the challenges
are: the huge number of experiments and applications to deliver the beam, the reliability of the
system or the transmission and the intensity optimization for the high number of RIB’s available
in the facility. The ISCOOL (ISolde COOLer) project was launched in order to study, design, test
and commission the implantation of a new general purpose RFQCB for ISOLDE to serve all the
ISOLDE experiments. ISCOOL aims to increase the excellence at the ISOLDE facility and keep
it as a leading RIB facility around the world. In the following a global description of the project is
given.

5.1 Why an RFQCB for ISOLDE?

The primary motivation for installing a beam cooler at ISOLDE came from REX-ISOLDE. The
transmission and injection into REXTRAP wanted to be optimized which would maximize the
efficiency of the critical low-energy part of REX. The main motivations were:

e A reduced transverse emittance,
e areduced energy spread,
e and beam bunching capability.

Unfortunately, the layout of the ISOLDE hall did not allow the installation (without major mod-
ifications) of a cooler for the benefit of both the HRS and GPS beams. Due to the importance of
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Mass range 10300 u
Transverse emittance (90% at 60 keV) <20 m -mm-mrad
Intensity < 10'% ions/s

Mean energy 60 keV

Energy spread 5eV

Type of beam-timing CW (quasi-continuous beam)

Table 5.1: Main preliminary specifications for ISCOOL and the incoming beam fom HRS.

the HRS for REX-ISOLDE, all the locations were proposed in the HRS beam lines. Three main
locations were initially proposed:

e Before the first magnet of the HRS.
e Between the first and second magnet of the HRS.
e After the focal point of the HRS.

The first two proposals would require major engineering work at ISOLDE. In addition, due to
the high current of the beam before the separation at the HRS, a pre-separator magnet would be
necessary for the first option (see Chapter 3).

As two RFQCB’s have been running successfully at the ISOLDE hall for single experiments
[FHKB*01, Bac04], a general purpose RFQCB was the device chosen: the ISCOOL (ISOLDE
COOQOLer). The project is an important contribution to the new HIE-ISOLDE project (High Inten-
sity and Energy-ISOLDE, see [NL05]). The project will represent an upgrade of ISOLDE in terms
of intensity, energy and quality of the RIB’s offered to the users. Furthermore, it will attract new
users, as for example experimentalists doing collinear laser spectroscopy of RIB’s similar to the
experiments done at IGISOL (see [BilO1]). It represents also a milestone for the EURISOL design
study [The03], which is being carried out nowadays.

5.2 Specifications

Once the final placement of ISCOOL in the ISOLDE beam lines was decided, the requirements
of a cooler in such position could be established according to the specifications of the RIB’s on
that point, and the requirements of the experiments connected to that beam lines. A detailed report
about the technical and physics requirements and specifications of the ISCOOL project can be
found elsewhere [JLMPO3, Pod04b].

The preliminary specifications of the project were given for the beam optics at the focusing
point downstream of the HRS. The beam optics varies depending on: the target and the ion source
installed in the HRS front-end, the extraction energy, or the isotope selected at the HRS separator
[GCF"03]. General figures of the transverse emittances at 60 keV are 7-14 7 mm mrad but higher
values are possible [WLL03]. ISCOOL has to take into account all these situations. The worst case
in terms of optics of the RIB fixed the requirement for the ISCOOL specifications at the injection
side. In Table 5.1, the range of the main parameters that were the base for the preliminary design
of ISCOOL are listed.
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5.3 Layout of the new beam line

The place where ISCOOL will be installed at ISOLDE was determined by space constraints at the
facility. The most feasible location to install ISCOOL was the beam line section just after the HRS
separator (see Fig. 5.1). The space available (length of the beam line, height of the ceiling and walls
surrounding the beam line) makes the project of the installation of ISCOOL really challenging.

To check out the feasibility of the installation of ISCOOL in this beam line section, firstly
the length of the main components of the new beam line was verified. This investigation has
taken into account the following lengths: the main vacuum chamber placing ISCOOL, the high
voltage insulators at both sides of the chamber, the cross pieces for the turbomolecular pumps, the
injection and extraction quadrupole triplets, bellows to assure all the components can be set up and
dismantled and absorb misalignments. Figure 5.6 compares the layout of the existing beam line
with the simulated layout of the new beam line. The main parts are marked in the figure.

Figure 5.2 shows an scheme of the main components of the designed beam line which substitute
the old beam section. In the existing beam line section there are two standard ISOLDE diagnostic
boxes, one around the focal point after the HRS and one just before the merging switchyard. For the
purposes of this project, these devices could serve quite well for the on-line operation of ISCOOL.
If other diagnostic devices are required to measure properties that are not beam intensity or profile,
the flanges of two cross pieces (6 each one) might be used.

ISCOOL could not be so interesting for use with light ion beams, e.g. helium or lithium RIB’s.
The reason is that the cooling ability of the RFQCB’s is determined by the mass of the buffer gas
atoms or molecules which has to be smaller than the ions to be cooled. The heavier the ions of the
beam, the more efficient the cooling (see Sec. 4.1). This situation has been foreseen in the design of
the new beam line. The design allows ISCOOL to be removed and to replace it for a straight beam
line pipe. In this situation, see Fig. 5.3, the line is only pumped down with the turbomolecular
pump at the injection side of ISCOOL. The transport of the beam from the HRS to the switchyard
is assured by the two quadrupole triplets.

With these parameters, a three-dimensional design of the components composing the beam
line was done (see Fig. 5.4). A high voltage cage will be installed to enclose all the area and
restrict the access during the operation. The wall has to protect people from outside against high
voltage. Nevertheless it has to permit as well an easy access to the area for maintenance or removal
operations, like breakdown of electronic components of the high voltage area, gas bottle change,
move of the trolley or disconnection of the vacuum system from the recovery lines. Figure 5.5
pictures a half section of all the beam line and enumerates the main components.

5.4 'Transport optics

The best solution for the transport of the beam line through the new beam line was to use two qua-
drupole triplets, one before ISCOOL, the injection quadrupole triplet, and another after ISCOOL,
the extraction quadrupole triplet. They are in charge of:

e The transport of the RIB from the HRS to the merging switchyard without any losses in case
ISCOOL is removed from the new beam line and substituted by an empty drift tube.

e Injecting efficiently the beam from HRS into the RFQCB (injection quadrupole triplet) and
guiding the cooled and/or bunched ions to the merging switchyard of the two ISOLDE mass
separators (extraction quadrupole triplet).
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Figure 5.1: Scheme of the existing beam line section from end of the HRS to the merging switchyard: at
a global view of the ISOLDE facility (top left), a picture (fop right) and at a layout of the HRS separator
(bottom). This section will be removed to install the new ISCOOL in this position.
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Figure 5.2: Scheme of the main components of the new beam line (not to scale).

Figure 5.3: Scheme of the main components of the new beam line without ISCOOL (not to scale).
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Figure 5.4: 3D design of the new ISCOOL beam line. The main components are identified.
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Figure 5.5: Section of the beam line (to scale). All the optical components and the main parts of the new
beam line are shown.
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Figure 5.6: Comparative between the existing beam line and the new ISCOOL beam line.
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Measurement points Distances [mm]
Focus point of the HRS- Beginning injection quadrupole triplet 440
End injection quadrupole triplet- Beginning RFQCB chamber 318
End ISCOOL injection optics- Beginning extraction quadrupole triplet ~600
End extraction quadrupole triplet- Beginning merging switchyard ~650

Table 5.2: Optical distances between the main elements of the new beam line.

Length of the first quadrupole 100 mm
Distance first-second quadrupole 40 mm
Length of second quadrupole 120 mm
Distance second-third quadrupole 40 mm
Length of third quadrupole 100 mm

Total length 400 mm
Inner radius 35 mm
Voltages applied <S5 kV

Table 5.3: Specifications of the injection and extraction quadrupole triplets of the new beam line.

When the RFQCB is installed, the injection quadrupole serves to focus the aberrate beam coming
from the HRS into the RFQCB, and the extraction quadrupole corrects the beam exiting the trap
in case it is a bit divergent and focuses into the merging switchyard for further transport to to the
experiments.

If the RFQCB is not installed, the ion beam does not need focusing into the RFQCB but in
the extraction quadrupole. For this reason, the acceptance of the second quadrupole has to be very
similar to the injection quadrupole.

Changes in the focusing of the quadrupoles are done by varying the voltages applied to the
triplet (see Sec. 2.1.1). Table 5.2 shows the beam distances and Tab. 5.3 the specifications of
the designed quadrupoles after calculations for the quadrupoles [Fri] and for the injection into
ISCOOL [Ero02].

5.5 Design of ISCOOL: the general purpose ISOLDE RFQCB

The design of an RFQCB is a complex process including several physics and technical topics. The
design process of such a device follows an scheme as in Fig. 5.7 divided into three main phases:

e Physics requirements. In a first phase an study of the implementation of the RFQCB has
to be done. The physics of the device and the specifications of the RIB of the facility will
give the technical specifications of the device. The main parameters will be the maximum
injected emittance and the longitudinal energy of the RIB.

e Optics-vacuum compromise. The value of the transverse emittance of the incoming beam
determines the acceptance. The design of the optics will influence the vacuum system, in
particular the differential pumping. A compromise has to be found between the necessity of
increasing as much as possible the acceptance of the device and having the lower pressure
outside the RFQCB chamber.
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e Technology constraints. Once the optics has been fixed, the design of all the other systems
can start: mechanics, vacuum, electronics and control. All these systems, but most par-
ticularly the mechanical one, might modify the optics design, so a feedback between the
mechanical system and the optics and vacuum systems has to be found.

Figure 5.7: Scheme of the procedure for the design of an RFQCB
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Optics system of ISCOOL

The design of a good optics system is one of the most important topics in the general design of
an RFQCB. The fact that ISCOOL is working at a nominal high voltage of 60 keV is a challenge
due to the beam losses and the possible blow-up of the beam during the acceleration. Therefore
the design of the deceleration from this HV and injection into the RFQCB, and the extraction
and re-acceleration to the nominal HV need to be carefully simulated. These parts have to assure
an efficient transmission of different types of RIB’s, to avoid losses during all the stages. First,
a conceptual study was carried out following the theory and the experience of other devices.
Later the optical design of all the parts was optimized using SIMION [Dah00], a ray-tracing
code for three-dimensional simulation of the ion motion. The data obtained in the simulations
were analyzed using a GUI (Graphical User Interface) developed in MATLAB. The design of the
optics is constrained by the requirements of the mechanical manufacturing and assembly. Due to
this limitation, the shapes of the real electrodes were simplified for comparison with the previous
results.
In the following all the optics design will be reported and discussed.

6.1 Optical structure

As all the RFQCB devices, ISCOOL can be divided concerning the optical structure, as seen in
Sec. 4.1, in the following parts:

e Injection (deceleration) part. It contains the electrodes to decelerate the ions from the
ISOLDE ion beam energy (< 60 keV) down to the injection energy into the RFQCB (around
~ 100 eV). The beam is injected in the cavity through the injection plate (as explained in
next section).

e Accumulation and bunching part. This part consists of the electrodes of the RFQCB
chamber. It encloses the buffer gas and the RF electrodes. It can be divided into two parts:
the first half of the RFQCB chamber is devoted to confining efficiently the injected beam and
to cooling it progressively with the buffer gas. In the last part, pulsed axial electrodes create
a potential well in the longitudinal direction to confine the beam and create the bunches,
which are then released from the RFQCB chamber through the extraction plate.

e Extraction (acceleration) part. It contains the electrodes that makes the ion beam to accel-
erate from the thermal energy of the ions cooled and trap inside the RFQCB chamber up to
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the ISOLDE ion beam nominal energy that the ions had before the injection into ISCOOL
(£ 60 keV).

6.2 Deceleration and injection

The principle of deceleration and injection of an ISOLDE RIB into ISCOOL is based on a ground
electrode in which the ground potential is defined, and two electrodes with potentials intended
to progressively stop and focus the beam into the RFQCB chamber. In the case of ISCOOL the
injection is quite delicate since the beam coming from the HRS, at a typical energy of 60 keV,
has to be injected without losses into the RFQCB. To maximize the efficiency in all the situations
(different kinds of beams at various high voltages), a combination of a quadrupole triplet and three
deceleration electrodes is used. The quadrupole triplet allows the focus of the beam to be placed
in a region around the injection hole of the RFQCB.

Afterwards, the convergent beam can be efficiently focused into the RFQCB chamber thanks
to the ground electrode and the two potential electrodes placed just before the RFQCB injection
plate. The first sketch of the injection system can be seen in Fig. 8.20 (as detailed in [Ero02]).
Reference voltages used in the simulations are given in Tab. 6.1.

Figure 6.1: Sketch of the first injection optics design

The optical properties of the incoming RIB can vary depending on different parameters as the
target, the element chosen in the mass separator or the longitudinal beam energy of operation. One
of the worst cases of RIB’s coming to ISCOOL can be seen in Fig. 6.2. The figure shows a phase
space plot of a beam just after the HRS separator. Clearly one can see the huge size of the beam
(around 10 mm of transverse size), due mainly to the presence of isobaric contamination of N3
ions (right peak) in the CO™ ion beam (left peak).

The simulations concluded that the most suitable voltages for a good injection efficiency were
those listed in Tab. 6.1. The voltage of the injection plate is set by the injection energy of the ions
into the RFQCB. For the calculations the injection energy is supposed to be about 100 eV. The
voltage of the injection plate V;, is then set according to the expression,

‘/ip - VHV - ‘/ion (61)

where Vi 1s the high voltage value and V;,,, the injection energy of the singly-charged ions into
ISCOOL in the potential form.
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Figure 6.2: Plot of the transverse phase space at 60 keV of a beam from the HRS (from [Fri]). The beam
contains two different isobars: CO (left peak) and N» (right peak).

Electrode Voltage [V]
1st extraction electrode 54000
2nd extraction electrode 55000
Injection plate 59800-59900

Table 6.1: Optimized voltages for the injection electrodes based on the data from [Ero02].

6.3 Cooling and bunching

Inside the RFQCB chamber, the RIB is first cooled along the axis and thereafter trapped and
bunched. The first process, the cooling, has been explained in Sec. 4.1. According to the
features of the HRS beam, with a maximum energy of 60 keV, the necessary cooling length of
the structure was simulated in the first phase of the project [Pet02b]. The first step was to choose
the minimum distance between the RF electrodes ry. It is a bit larger than in previous devices
(Tab. 4.1) to have a better acceptance and manage the large emittances of the HRS beams. The
final value was fixed to 79 = 20 mm. The simulations were done using SIMION. An algorithm
was implemented for the buffer gas simulation based in a Monte Carlo code [Pet02b]. Thanks
to the results obtained with this code, the length of the RFQCB chamber was worked out (see
Fig. 6.3). It is clear that the cooling distance is bigger for heavy ions than for light ions. For buffer
gas pressures above 0.05 mbar and an injection energy of the ions below 200 eV the maximum
cooling distance required is around 0.5 m. For smaller injection energies or higher pressures the
cooling distance would decrease. According to these calculations, the final length chosen for the
cooling region was 600 mm. That allows an optimization of the RFQCB parameters (buffer gas
pressure and voltage of the injection plate). The last 200 mm of the RFQCB chamber are left for
bunching the beam. Hence the total length of the chamber is around 800 mm.

As mentioned in Sec. 4.1, once all the ions of the beam are thermalized with the buffer gas,
the ions are cooled down near to the temperature of the latter. The beam looks symmetrical in
both phase spaces. Figure 6.4 shows a simulation of the normalized transverse emittance of a
thermalized beam. In the right figure, an small axial field which guides the beam is added. Section
4.1 described how the axial field acts as a defocusing mechanism and it can be confirmed in the
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Figure 6.3: Cooling distance of the ions as a function of the helium buffer gas pressure: at injection energy
of 200 eV and heavy ions 100 u (top left) or light ions (fop right), and as a function of the injection energy
for heavy ions (bottom left) [Pet02b].
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bigger emittance value, as shown in the figure. Therefore the value of the emittance is bigger if
higher components of the axial field are created. The other point is that the guiding axial field helps
to decrease the cooling time. During the operation of ISCOOL, the axial field set will influence
the efficiency, rapidity and quality of the system, as discussed later on.

Figure 6.4: Action diagrams for an ion beam in thermal equilibrium with the buffer gas. Right plot corre-
sponds to the same beam of the left plot but with a longitudinal (drift) velocity component v, given by an
axial electric field [Pet02b]. The normalised beam emittance is calculated for both examples.

6.3.1 The REF field

While cooling and bunching, to assure that the ions are not lost inside ISCOOL and their motion
is stable, it is necessary to use the correct values for the frequency and amplitude of the radio
frequency electric field of the quadrupole rods (frr,Ugrr). The idea is to calculate the ¢ value
(Eq. 4.11) and to check out if it is within the stability region (from 0 to 0.91). A value around 0.5
is normally fixed in these devices to assure the stability in both transverse motions (see operation
values of existing RFQCB’s in [Her01],[NCB*02], [Rod03] or [Lun04]. Table 6.2 shows the
calculated frr and Ugp to obtain ¢ = 0.5.

It is clear from Tab. 6.2 that the amplitude values of the RF electric field are inside the safe
region, and they will not cause electrical breakdowns. The operation frequency is similar to that
from other devices.

6.3.2 Pseudopotential well

The pseudopotential well (see Sec. 4.1) in ISCOOL is defined by the parameters of the RF electric
field applied (see Eq. 4.39). Table 6.2 details the different values obtained for different ion masses.
For the calculations the ¢ value was fixed to 0.5. Figure 6.5 shows that, for the design parameters
in Table 6.2, the transverse confinement for heavy ions inside ISCOOL is slightly larger than for
light ions. Better confinements could be obtained by increasing the voltage amplitude of the RF
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m[u] frr [MHz] Ugr (0-peak) [V]

10 0.80 130 0.50 | 16.13
20 0.60 147.5 0.50 | 18.46
50 0.42 180 0.50 | 22.44
100 0.30 185 0.50 | 23.23
120 0.28 192.5 0.50 | 24.07
140 0.26 192.5 0.50 | 23.92
160 0.24 190 0.50 | 23.93
180 0.22 180 0.50 | 22.72
200 0.21 180 0.50 | 22.44
220 0.21 200 0.50 | 25.19
240 0.20 195 0.50 | 24.20
250 0.20 200 0.49 | 2444

Table 6.2: Calculated values of the frequency frr and amplitude zero-to-peak Ugp of the RF electric field
applied for a ¢ = 0.5 for different ions of mass m. The transverse pseudopotential D for each ion is also
calculated.

electric field. That would mean that the RF frequency should be increased as the square ratio of
the voltage to maintain the ¢ value constant.

Figure 6.5: Plot of the transverse pseudopotential well D (without axial field applied) in ISCOOL as
function of the mass of the ions confined m.

Through the injection plate, the maximum transverse energy £; of an RIB with a transverse
non-normalized emittance €ye0, < 407 mm-mrad, at a total potential energy F;, around 60 keV
(13.6 mm?/us normalized emittance) and a diameter of the hole in the injection plate of the
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RFQCB chamber d;,,; of 8 mm is given by the following expression:

2'10_3 eom ?
E, = (—69) Ey, (6.2)

Wdinj

where €4¢0n, 15 the value of the emittance before deceleration and expressed in mm-mrad and d;,,
in mm. which is derived from the relation between the area of the non-normalized emittance at the
injection plate €;:

€9 =T * Tomanl, (6.3)

max-*

At the entrance of the injection hole to ISCOOL, x,,,, will represent the maximum size of the
decelerated beam, which is constrained by the size of the hole ., = diy;/2, and 2], (in mrad)
reads:

/

¢ ~ging  =1000- 2 (6.4)

max max
V2

where vy is the transverse velocity of the ion at the injection plate and v, represents the total velocity

for the (decelerated) injected ions. Therefore /. is in terms of energy:

E
L1000 - 4] =L 6.5
ol 221000 4/ B (6.5)

where E» is the total kinetical energy of the ions at the injection plate. As €2 = €geom/ ];j;—g it

yields Eq. 6.2. For the data given before, Eq. 6.2 gives a maximum transverse energy of the ions
around 6 eV, where applying the rule of thumbs (see [M0088]) according to which:

D =~ 10E, (6.6)

represents a value which is 3 times smaller than the potential well for ISCOOL for 1% ions and
it is independent of the mass of the RIB. In addition the value used as input emittance for the
incoming ISOLDE RIB from HRS is a top limit. For typical ion sources, the values are around
10 — 157mm-mrad at 60 keV [GCFT03, WLLO03]. Hence the pseudopotential would allow the
diameter of the injection hole to be slightly decreased. In Fig. 6.6 is displayed the study of the
minimum hole which would be possible for different optics quality of the incoming RIB from the
HRS. It is clear that the limit will be placed around an injection hole diameter of 5 mm for the
worst case, and 3 mm for a beam with good optics quality. Anyway the diameter depends also on
the transmission efficiency at the injection part. A small diameter in the injection plate would cut
a great percentage of the beam due to the small diameter of the second injection electrode does not
allow all the incoming beam to be focused properly (see Sec. 6.2).

6.3.3 Axial electric field

The axial electric field along the axis of the RFQCB is supplied by the so-called axial electrodes.
A more detailed description of these electrodes can be found in [Pod0O4a] and in Sec. 8.1.1. Firstly,
the axial electrodes where designed as depth-variable, stacked four wedges around the quadrupole
rods similar to the design proposed in [LKL"00]. Each electrode is made of four wedges which
enter into the RFQCB chamber in the empty regions left by the quadrupole electrodes. Apply-
ing different potentials to each of these electrodes, the axial electric field demanded is created.
According to [LKL*00], the potential created in the axis of the quadrupole U, varies along the
longitudinal axis z, following the relationship:

U.(z) = a(2)Us + B(2)Upc (6.7)
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Figure 6.6: Plot of the transverse energy FE of the injected ions in ISCOOL for different incoming beam
emittances as a function of the diameter of the hole of the injection plate d;,;. E; is calculated following
Eq. 6.2. The right figure zoomed the important region for the study.
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where Uy is the bias voltage applied to the quadrupole rods (see Sec. 4.1), and the parameters «
and (3 depend on the geometry of both the quadrupole rods and the axial electrodes. Up¢ is the
voltage supplied by the power converters to the axial electrodes. At ISCOOL, U; = 0 so only the
second term is taken into account. The most important parameter is then the function 3(z) which
depends basically on the length of the four wedges of the axial electrodes and the length of the
electrode. The potential to be supplied to a certain axial electrode ¢ can be defined as Uy (¢). The
wedges have to be long enough to minimize the value of all the supplied potentials ¢ = 1, .., n (for
n axial electrodes), which is required to create an axial field U, along the axis. It is important that
this field does not disturb the RF electric field created by the quadrupole rods.

The configuration of these electrodes could be mechanically simplified if only depth-variable
segmented cylindrical electrodes (without wedges) were placed around the quadrupole rods. But
Uy (the real potential supplied to each electrode) would increase dramatically with that geometry.
The simulations tried to evaluate the value of the voltages Uy, to generate an axial electric field of
0.1 V/ecm (AU, = 0.8 V along the structure). The values cannot be too high in order to avoid:

e Electrical breakdowns between the electrodes. The distance between the electrodes is
only of 1 mm. In vacuum, as a general design rule, a separation of 1 mm/kV is applied.
In this case the potentials were in order of tens of kV but as the working pressure (around
0.1 mbar) cannot be considered as high vacuum but medium vacuum, care has to be taken
with this parameter to avoid electrical breakdowns inside the RFQCB chamber. More in-
formation about the breakdown process in low pressure helium gas can be found elsewhere
[JMM53, HR74, PHROO, Gi1a02] where an experimental RFQ was constructed for analyzing
the use of high electric fields in these devices. Further discussion about this topic is given
later in Chapter 8.

e Power supplies requirements too high. Obviously, the cost of the power supplies increases
with the voltage to be supplied to the electrodes. In addition, the precision and stability of
the power supplies is more difficult to obtain if the range of the amplitude of the voltages
applied is overestimated. Therefore, minimizing Uy, is an important factor in structures as
big as ISCOOL, which will be the largest RFQCB set-up up to date. The discussion about
the electronic components is followed-up in Sec. 9.1.

In the standard configuration of ISCOOL, there are 25 axial electrodes along the quadrupole struc-
ture. The number of axial electrodes can be changed but the total length of the RFQCB chamber is
preserved. The normal configuration of these electrodes is to have small depth electrodes near the
injection and extraction sides. The reason is to have more freedom in the control of the gradient of
the electric field in these parts. Whereas in the center region the axial electric field is approximately
constant, at injection it needs a better control to maximize the entering of the ions. A better control
is also needed in the extraction to release the bunched or the continuous beam after trapping.

With SIMION different values of the axial electric field inside ISCOOL were simulated. In
Figure 6.7 is plotted the value of the electric field exerted over an ion, the reference value in this
case is around 1 V/cm. The plot only represents the last 20 cm of the RFQCB chamber at the
extraction part of ISCOOL. The strange shape of the curve in the last part is due to the effect of the
potential well allocated in this region that causes the ions to go back and forth until the potential
is decreased and the ions permitted to be extracted from the RFQCB. The value of the axial field
increases for the extraction but not too much to avoid blowing up the normalized emittance during
the re-acceleration of the beam.

Figure 6.8 shows the sketch of the electrodes used for study the axial field with SIMION. The
25 axial electrodes (SIMION is limited to 30) are placed with the real lengths. The simulation is
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Figure 6.7: Plot of the value of the axial electric field for the flight of an ion along the axis of the RFQCB
(only last 20 cm of the flight along ISCOOL are shown).

simplified by removing the RF electrodes and the injection and extraction plates. The figure shows
the axial field in the optic axis for a difference potential of 5 V between each electrode. A constant
value of 0.1 V/cm is obtained in the center region (see Fig. 6.9). If the value is decreased to 1 V
between electrodes, the field strength is about 0.01 V/mm, which fits with the axial field values
used in similar devices [NCBT02]. In the injection and extraction regions the values are higher
due to the smaller dimensions of the electrodes and the presence of fringe fields.

6.4 Extraction and re-acceleration

The optics system, which extracts and accelerates the beam back to the same energy as that of the
injected beam, is based on a similar layout as the deceleration and injection system.

The layout can be seen in Fig. 6.10. The beam is extracted from the RFQCB through the
extraction plate and is guided with a small acceleration to the first acceleration electrode. Once
the beam passes through this electrode, it is strongly accelerated using a cone-shape electrode. Its
mixed shape, conical in the beginning and cylindrical afterwards, provides a better control of the
focusing of the beam. Finally, a ground electrode provides the final acceleration of the beam up to
the ISOLDE beam energy. The final extraction energy of the beam E. will be given by:

Efe = QVuy (6.8)

where () is the charge state of the ions of the beam (normally 1) and V3, the high voltage at the
ISCOOL platform.

The most critical point in the acceleration of the beam is the area between the extraction plate
and the first extraction electrode. Besides extracting the beam from the RFQCB chamber and
giving the first acceleration, this electrode has a very small hole in order to create a differential
pumping between the regions before and after the electrode. The problem comes up in case the
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Figure 6.8: Sketch of the axial electrodes used in the SIMION simulations (without RF electrodes and
injection and extraction plates). The figure below shows the 3D potential for a positive ion for a difference
potential of 5 V applied to consecutive electrodes (from 59900 V applied to the electrode 1).
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Figure 6.9: Plot of the simulated axial electric field and potential along the axis created by the axial
electrodes used in the SIMION simulations (without RF electrodes and injection and extraction plates)
according to Fig. 6.8. a) 1 V between consecutive electrodes, b) 5 V between consecutive electrodes.
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Figure 6.10: Layout of the optics extraction system of ISCOOL.

pressure in this region is too high for the acceleration field. The good optical properties achieved
by cooling the beam inside the quadrupole could be partially lost due to undesirable collisions of
the accelerated ions with the buffer gas atoms. In addition, the accelerated ions could ionize the
gas atoms or molecules, creating beam impurities. However, this could be avoided by trying to
pump this region more efficiently: decreasing the pressure, or minimizing the acceleration field
applied.

Some simulations were performed in order to optimize the extraction of the beam from the
RFQCB. First simulations were done with SIMION in [Pet02b] using a new Monte Carlo code to
generate a microscopic gas-ion interaction depending on the gas pressure. Further simulations were
concentrated in an optimization of the voltages, distances and diameters of the different extraction
electrodes and last electrodes of the RFQCB. Figure 6.11 shows a simulation of cesium ions using
the Monte Carlo code cited before and the specifications listed in the figure. The equipotential lines
created by the electrodes are represented, and the track of 100 ions are represented in a longitudinal
plane (symmetry of the motion). With the potential applied in this simulation, a 100 % efficiency
is obtained and the extracted ion beam is small and parallel (small transverse emittance value).

The simulations were later repeated using more realistic electrode shapes (according to the
mechanical design). The data obtained were analyzed using a self-made software interface created
in MATLAB. An example of results obtained can be observed in Fig. 6.12. If it is compared with
Fig. 6.2, it is easy to understand that an improvement in the quality of the optics of the ion beam
has been produced. On the other hand, in the transverse action volume, the distribution of the ions
looks gaussian in both coordinates (space and velocity).

Looking carefully Fig. 6.12, one can rapidly observe that in the point were the data has been
taken the beam is diverging. That means more work should be carried out with the voltages
of the extraction electrodes to better focus the beam. The problem comes from the extremely
slow computation of the simulations with SIMION. A realistic simulation would require smaller
grid size with an expense of reduce computation speed and huge memory capacity, making the
calculation and an optimization of the design unfeasible (see for further details [Dah00]) . In
addition even with small grids (that means in SIMION to double the ratio grid size/geometry),
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dy Diameter extraction plate [mm] 4
dsy Diameter 1st extraction electrode [mm)] 6
ds Diameter entry 2nd extraction electrode [mm] 10
dy Diameter out 2nd extraction electrode [mm)] 40
ds Diameter extraction ground electrode [mm] 30
el Distance injection plate-1st extraction electrode [mm] 5
€9 Distance 1st-2nd extraction electrode [mm)] 10
es Length of the cone 2nd extraction electrode [mm] 15
€4 Length of the cylindric part 2nd extraction electrode [mm] 50
es Distance 2nd-ground extraction electrode [mm)] 10
% Voltage injection plate [kV] 60
Vs Voltage first extraction electrode [kV] 59.935
Vs Voltage second extraction electrode [kV] 45
Viround Voltage ground extraction electrode [kV] 0
n Number ions simulated 100
M Mass ions simulated [u] 133 (Cs)
m Mass buffer gas ions [u] 4 (He)
tace Accumulation time ions in the trap [ms] 300
thunch Space between consecutive bunches [ms] 200
JrF Frequency of RF electric quadrupolar field [MHz] 1
q g-Mathieu stability parameter 0.5
Prrocs Pressure inside the RFQCB chamber [mbar] 0.1

Figure 6.11: Simulation of the extraction part of ISCOOL for a cesium ion beam: 1) Longitudinal cut, 2)
3D half cut, 3) 3D representation of the electric potential in the moment of the extraction (accumulation
potential well not represented). The equipotential lines are represented in all the figures.
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Figure 6.12: Simulation of the beam action diagram at the entrance of the extraction ground electrode. The
ellipse encloses the 90% of the ions.

the errors in the energy of the ions are not comparatively small. In particular, when the energy
spread of the bunch is analyzed, the results are quite bigger than expected. Experimental results
obtained at the JYFL cooler [Nie02] and ISOLTRAP cooler [FHKB"01] placed the value of the
energy spread of the re-accelerated beam in the region of 1 eV, although that depends on the type
of extraction used. The larger energy spread values obtained in the simulations are most probably
caused by the high electric fields at the extraction region. The high electric fields (up to 10* V/cm
in the region between the first and the second conical extraction electrode) causing high velocities
of the ions in combination with the "large" grid size could be one of the reasons of the energy
errors. The ions in these simulations are accelerated from quasi-static values (thermal energy of
the gas) up to a mean longitudinal energy of 60 keV. If the aim is to search for an energy spread
around 1 eV, it means that a precision of 1/60000 is required in terms of energy, or even bigger
precision since the data is acquired in terms of longitudinal velocity (square root of the energy).
Recording the kinetical energy error with SIMION one observes that it is increasing along the
extraction up to a level around 20 eV (result obtained with a grid of 0.5 mm size). Figure 6.13
shows the kinetical error along the extraction of ISCOOL for one of the simulations. That will
mean that for an expected energy spread of 1 eV, the error is tremendous.

More investigation about this problem is required for future applications. A probably more re-
liable result could be obtained with an adaptable mesh. Simulation programs using Finite Element
Methods (FME) for meshing a model like ANSYS, Microwave, HFSS or Opera, allow the mesh
generated to the geometry of the system to be adapted. Refining the mesh is possible in regions
where the gradient of the physical property analyzed (deformation, electric field, temperature,...)
is stronger and the mesh can be simplified in regions where it is small. Hence more reliability of
the results is obtained and less computer requirements are needed since less calculation points are
involved. Recently a new simulation code called GEMIOS has shown good capabilities to solve
the multiphysics problem involving the gas-ion interaction, the gas flow and the electromagnetic




86 Chapter 6. Optics system of ISCOOL

Figure 6.13: Simulation of kinetic energy FE. error of the ions along the extraction phase. The z axis
represents the axis of the quadrupole. z =200 mm corresponds to the end point of the extraction plate.

Normal extraction Kick extraction
Time spread [1us] High Low
Energy spread [eV] Low High

Table 6.3: Comparison of extraction methods

fields, using ANSYS as the common platform. The use of a FEM code like ANSYS improves the
quality of the mesh and the solutions and graphical plots obtained. For further information about
this new code see in [Hie04, Hie05].

6.4.1 Extraction of the bunches

As explained before, the bunching of the RIB is achieved by applying an electric potential well in
the longitudinal direction. The optical properties of the bunch released from the RFQCB depend
on the potentials that are applied to the electrodes during the accumulation and extraction process.
Figure 6.14 refers to two types of extraction of the bunched beam from ISCOOL. One is a normal
extraction (left side): the ions are first accumulated and afterwards the potential of the electrode
closest to the extraction is down to release the beam. The other case is the so-called "kick"
extraction (right side), besides putting down the potential in the region closest to the extraction,
the potential of the electrodes just before where the ions were accumulated is pushed up. In that
way, the bunch of ions which were trapped in the potential well are more strongly accelerated and
pushed out of the trap. The comparison of the two methods is done in Tab. 6.3. The method chosen
will mainly depend on the final application for which the beam will be used . Therefore it will be
the user who decides the kind of beam required for the experiment and consequently the operation
parameters to apply to ISCOOL. For example, in collinear laser spectroscopy experiments, a short
time spread is mandatory though a low value of the energy spread is suitable.

As explained in the previous section, SIMION was used to simulate the extraction of the ions
from the trap. Even though the results are not completely realistic, an idea of the results obtained
is given in Fig. 6.15. The transverse envelope of the beam is approximately circular, with an area
around 47 mm?. The Time Of Flight (TOF) shows a quite small bunch width, around 3 ys.
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Figure 6.14: Scheme of two types of bunch extraction: normal extraction (left side) and "kick" extraction
(right side).

Figure 6.15: Plots for ions of Cs™ ions accelerated after ISCOOL up to the energy of 60 keV: z — 2’ phase
space (top left) and y — 3’ phase space (top right), transverse shape of the beam x — y (bottom left) and time
of flight plot TOF' — v, for the calculation of the longitudinal emittance (botfom right). The conditions of
the simulations are detailed in Fig. 6.11.
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Electrode Transmission Accumulation Extraction
mode voltage [V]  voltage [V]  voltage [V]
Extraction plate 59992 60000 60000
1st extraction electrode 59995 59995 *)
2nd extraction electrode 45000 45000 *)

Table 6.4: Optimized voltages for the extraction electrodes in transmission mode and bunching mode
(accumulation and extraction), based on the data from [Pet02b]. (*) Depending on the requirements of
the experiments.

6.5 Space charge limit

The theory of the space charge limit was developed in Sec. 4.1.4 and in the following will be
applied for the particular case of ISCOOL. Figure 6.16 shows the dependence of the maximum ion
density as a function of the mass. The points have been calculated using a constant ¢ value of 0.5.
The amplitude and frequency of the RF electric field are extracted from Tab. 6.2. It is clear that
within the stability region the maximum ion densities reachable n,,,, with ISCOOL are around
107 ion/cm?3.

Figure 6.16: Plot of the maximum ion density inside ISCOOL in transmission mode (no bunching) as a
function of the mass of the ions of the beam for a ¢ = 0.5.

The maximum number of particles in transmission mode (without bunching) N,,,. can be
approximated by the following expression:

Niaw = (7?7“2) L. (6.9)

L and 7, are the length and the radius, respectively, of a cylinder along the optical axis of the
RFQCB cavity which approximates the space filled by the beam. Figure 6.17 shows the maximum
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number of particles that can be accumulated at ISCOOL (L=800 mm and r,=2 mm). The range is
from the 0.9 - 10® ions for light masses (A =~ 10) to the 1.4 - 10® ions for heavy masses (A ~ 250).

Figure 6.17: Plot of the maximum number of ions inside ISCOOL in transmission mode (no bunching) as
a function of the mass of the ions of the beam for a ¢ value of 0.5.
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Chapter 7

Vacuum system of ISCOOL

The vacuum system of an RFQCB in general, and of ISCOOL in particular, has as main challenge
to keep the high vacuum at the ISOLDE beam line (10~7 mbar) whilst adding a high gas load into
the RFQCB chamber (up to 3 mbar-1/s). In short, the system consists in pumping in different stages
(differential pumping) the buffer gas flowing directly inside the RFQCB chamber. The different
sections are separated by mechanical barriers. In this case, the holes of the electrodes and the plates
of the RFQCB chamber are used for this purpose. The buffer gas (normally helium) slowly flows
out to the main chamber (up to 0.1 mbar) through the round hole place on each side of the RFQCB
chamber. This cavity is pumped by a turbomolecular pump with a helium pumping speed around
1300 I/s. From the main chamber, the helium can only flow out via the holes of the last injection
electrode or the first extraction electrode, or via the pumping side. The calculated pressure in the
main chamber is around 1073 — 10~% mbar. The main goal is to reach the ISOLDE standard beam
line pressure (10~7 mbar) inside the injection and extraction ground electrodes. For this purpose,
two more turbomolecular pumps are installed, one in the injection and another in the extraction
side. The helium pumping speed is 750 1/s for both pumps. In this chapter the detailed scheme of
the system is presented. A model to calculate the pressure in each region is discussed and applied
to the ISCOOL system. For the calculations, a code was programmed in MATLAB. The small
program uses a GUI which allows the user to identify the different parameters of the cooler (holes
sizes, length, pumping speeds and permeation) in order to calculate the different pressures in each
section of the machine.

7.1 Scheme of the system

Figure 7.1 shows the scheme of the vacuum system for the ISCOOL project. The section is pumped
by three turbomolecular pumps (TP1, TP2 and TP3) through a differential pumping system (see
following sections). Due to the different pressures inside the cavities pumped by each turbopump,
those turbopumps are supported by two different forepumps (F1 and F2), assuming then that the
pressures in the injection and extraction side of ISCOOL are the same. Both forepumps are
connected to the outlet of the recovery line of the ISOLDE vacuum system. The pumped gas
is released to the ISOLDE balloons which serve to store the radioactive gases until the radiation
levels are safe. In addition, another forepump (FR) is used during the pumping down to start with
the operation before opening the valves since the turbopumps are in principle never stopped at
ISOLDE.

The gas feeding system consists of a small stainless steel pipe (1/8 inch) which crosses one of
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the axial electrodes placed in the middle-injection region of the RFQCB chamber (in the region
where the higher pressure for the cooling is required). The flow of gas delivered to the RFQCB
chamber is controlled by a gas valve (VHE) connected to a flow-gas controller (Pfeiffer RVC 300).
The valve can be connected either directly to the gas bottle or to a gas purification system to
decrease the level of impurities in the gas. On the other hand, some small flanges are conditioned
to install the venting line to fill the cavities with nitrogen gas at the atmospheric pressure.

Figure 7.1: Layout of the ISCOOL vacuum system

The monitoring of the pressures of the system is done by three full range pressure gauges (G1,
G2 and G3). Different range of pressures can appear in the system (mainly in the main vacuum
chamber) depending on whether the gas valve is open or closed. Therefore, such full range gauges
are a simpler solution than the use of Penning and Pirani gauges (double number of components).
To check the pressures in the inlet of the forepumps, three Pirani gauges (PI1, PI2 and PIR) are
included.

7.2 Operation procedures

To properly set up and be ready to operate a new vacuum system, it is important to define the proper
procedures that have to be followed to assure a safe operation of all the components of the system.
In the following, the procedures to apply for the vacuum system of ISCOOL will be detailed.
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7.2.1 Pumping down

It is necessary to distinguish between the procedure for pumping down ISCOOL during the off-line
tests and the procedure once it is already connected to the ISOLDE vacuum system (see Fig. 7.3
and a detail explanation in [Meu02]). This is due to the difference in the connection to the tanks of
the recovery gases line when ISCOOL is connected to the ISOLDE vacuum system (see [Mul02]).
The possibility that activated ions are not transmitted but pumped out by the turbopumps, makes
necessary to connect the exhaust gas lines at ISOLDE to those tanks. The contaminated gas is
confined in the temporary tanks until the activity decreases to an acceptable level. Then the gas in
the tanks is released to the atmosphere.

Due to the placement of ISCOOL, just after the HRS, it is necessary to think about the possible
radiation contamination in the exhaust gas line, even if ISCOOL is located in the experimental
area (low radiation levels). Unlike the situation during the off-line tests, when the exhaust gases
can be expelled to the air since the device uses a non-contaminated (stable) ion beam, the exhaust
gases at ISOLDE are connected to two balloons where the gases are stored and the radioactive
components decay. Once the radiation level is safe, in agreement with the CERN radiation safety
rules [CER96], the gases inside the balloons can be released to the atmosphere.

Figure 7.2: Layout of the present ISOLDE vacuum system (more information in [Meu02]).

Therefore for ISCOOL the procedure for pumping-down the beam line is identical to the pro-
cedure to pump down the other beam lines at ISOLDE. The only difference is the requirement
that the valve that allows the entry of the gas into the system (VHE) must be closed during all the
procedure and only can be opened once the vacuum has reached the standard ISOLDE level (10~7
mbar).

7.3 Theoretical approach

The complexity of the geometry of the vacuum chambers of ISCOOL makes difficult to carry
out fluid simulations. For that reason, to obtain a good approximation to the real situation, a
theoretical approach has been developed to calculate the pressures reached in the different sections
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of the system. Figure 7.3 shows the simplified scheme used, in which the main pressures defined
are:

e Prrocp: pressure inside the RFQCB chamber.
e P: pressure in the main chamber, directly pumped down by the turbopump 1.

e [ pressure in the injection part. This section is pumped by the turbopump 2.

Pj: pressure in the extraction part. This section is pumped by the turbopump 3.

Pjine: pressure after the injection and extraction ground electrodes which has to correspond
to the normal pressure of the rest of the beam line of the facility.

Figure 7.3: Sketch of the vacuum system showing the conductances, mass flows and pressures. For simpli-
fication, only the injection and extraction electrodes used for the differential pumping are shown.

Also the main conductances are defined as shown in Fig. 7.3:

e Crrocp: conductance of half of the RFQCB chamber.

e C; rrocp: conductance of the round enter hole of the RFQCB chamber. The diameter of the
hole is di,RFQCB-

o C. rrocp: conductance of the round exit hole of the RFQCB chamber. The diameter of the
hole is de,RFQCB-

e (;,;: conductance of the round hole of the last injection electrode. This hole serves to create
the differential pumping between the injection side and the RFQCB chamber. The diameter
of the hole is d;;;.
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..+- conductance of the round hole of the first extraction electrode. This hole serves to
create the differential pumping between the injection side and the RFQCB chamber. The
diameter of the hole is d.,;.

5,9 conductance of the round hole of the injection ground electrode. The diameter of the
hole is d; .

C.,q: conductance of the round hole of the extraction ground electrode. The diameter of the
hole is d. 4.

The different mass flows through the machine (considered from high to low pressures) are defined
by (see Fig. 7.3):

Mgqs: Mass flow of the gas entering into the RFQCB chamber.

m; rrocp: mass flow of the gas flowing out from the RFQCB chamber to the main chamber
(supposing lower pressure in this last one) through the injection side hole d; rrgci.

me rrocp: mass flow of the gas flowing out from the RFQCB chamber to the main chamber
(supposing lower pressure in this last one) through the extraction side hole d. rrgc -

M- mass flow of the gas flowing out from the main chamber to the injection sector through
the last injection electrode hole d;y, ;.

Mmezt: mass flow of the gas flowing out from the main chamber to the extraction sector
through the first extraction electrode hole d.,; .

my: mass flow pumped out by turbopump 1 (main chamber).
ms: mass flow pumped out by turbopump 2 (injection side).
mg: mass flow pumped out by turbopump 3 (extraction side).
m; 4 mass flow through the injection ground electrode.

me q: mass flow through the extraction ground electrode.

From these definitions it is possible to obtain the expressions relating the pressure in each side. In
the calculations, the pressure inside the RFQCB chamber Prrqcp is supposed to be constant and
fixed to a certain value for the user. The pressure in both injection and extraction ground electrodes
(Pline) are also fixed by the pressure in the ISOLDE beam line.

The mass flow balances in the different steps of the differential pumping are expressed as:

Mgas = Mi, RFQCB + Me,RFQCB

mi,RFQCB + @e,RFQCB = M1 + Minj + Megt 7.1
Minj = M2 + Mjg4

mea}t - T;’L3 + me,g

The mass flow m can be expressed as a throughput -quantity of gas flowing through the section
expressed in PV units per time- if the temperature is considered constant in all the system [Laf98].
The equations are transformed into:

ans = Qi,RFQCB + Qe,RFQCB _ '

QirrQeB + Qe rrocs = Q1 + Qinj + Qeat

¢ : . (7.2)
Qinj = Q2+ Qiyg

Qea}t = Q3 + Qe,g
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Type of flow . Physics phenomenon
Viscous (rough vacuum) < D/100 > (0.6 mbar-cm Interaction molecules
Knudsen (medium vacuum) D/100+ D/2 0.6 +1.3- 1072 mbar-cm Transition

Molecular (UHV) > D/2 < 1.3-1072 mbar-cm  Free molecules

Table 7.1: Type of flow as function of D, A and P - D, where D is the beam pipe diameter, A the mean free
path and P the pressure.

The throughput () is related with the conductance C' -factor relating the drop through a pipe of the
number of molecules N passing per unit time through a cross section- and the differential pressure
between both parts of the conductance analysed by the expression (Q = C'AP. To simplify the
calculations, hereafter the flow of gas (see the different types in Table 7.1) will be considered as
molecular. This assumption produces pressures higher than in the real system [Moo98].

The conductance of a round hole in molecular flow is denoted as C' = 0.3d* where d is the
diameter. Hence the second equation of the array 7.2 translates into:

0.3d; rrqes(Prroes — P1) + 0342 proep(Prres — Pi) =
PiS1 +0.3d3,, (P — Py) + 0.3d2,, (P, — Ps), (7.3)

inj ( ext
J

where S; is the pumping speed of the turbopump TP1. And simplifying:
d?,RFQCB<PRFQCB - P+ dz,RFQCB(PRFQCB - P)=
P, 1 Sl 2

—4d

03 ing (PL— P2) + d? (P, — Ps). (7.4)

ext

The variables in the system are P;, P, and P, so the equation can be expressed as:

S
(0_; + d?nj +dZ,, + dzz,RFQCB + diRFQCB)P 1— dfan > — den Py =

(&% kroes + @2 rrgos) Preqos: (7.5)

The same procedure can be applied to the third equation of the array. The expression obtained is:

—d;, P+ (d

inj inj

S
+ d?,g + ﬁ)PZ - d?,g-Pline (7.6)
And the last equation of the array becomes:

S
— A2y Py + (A + &2y + 52) Py = d  Phine (7.7)

Finally, the equations can be grouped in a lineal equation system:
CP=Q (7.8)

where:

o5 + dinj + dioy + & ppoon + 4 rroos ~d;,; —d?,,
C= —dZ,, &, +d2,+ 52 0 . (1.9

2 2 S
O dezt + de7g + O_?é
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P=| P~ |, (7.10)

and ) )
(dF rroep + 42 Rroer) PrrQCOB
Q= 7 4 Piine : (7.11)
dz’g-Pline

7.3.1 Outgassing and permeation

In every vacuum system, the sources of gas that can be considered are:

e The gas molecules of the initial atmosphere enclosed in the system or injected into the
system on purpose.

The gas which penetrates into the system as a result of leakage.

The gas from the outgassing of the materials in the system.

The gas (or vapours) resulting from the vapour pressure of the materials.

e The gas entering the system by permeation through the walls and windows.

In the steady-state of the system, all the sources are in equilibrium with the pumping action. In
normal operation without leakages, to the gas load and the enclosed, the effects of the outgassing
and the permeation should be evaluated. Eq. 7.8 is valid if outgassing and permeation effects are
not taken into account.

The outgassing from the material of the chamber and the sealings (stainless steel for the vacuum
chambers and in-vacuum components and the fluorocarbon rubber, FPM-VITON, for the sealing
rings) will fall down if a bake-out is carried out before operation. The permeability of a seal is
formulated in [ComO03] and [JMP97]. The leak rate caused by a seal ()., can be expressed as:

Qseal = QSealAsealu (7.12)

where: K AP
Qseal = dp ) (7.13)

perm

with /&, a permeation constant which depends on the material of the seal and expressed in units
of [m?/s], A the permeation area defined as A = tL for an O-ring with ¢ the thickness and L the
length of the medium diameter and d,.,, the permeation thickness. For an O-ring this is defined as
half the thickness, d,,, = t/2. Grouping all the outgassing terms from the main vacuum chamber
in the term Qoutgas—cav, the terms related to the injection pumping side in Qoutgas—in; and those
related to the extraction in Quutgas—ert- EXpressing the permeation as Qperm(Patm — P) where
Pt 1s the atmospheric pressure. The matrices C and Q in Eq. 7.8 transform into:

Cl + Qpermfcav _d?nj _dg:ct
C= _dzznj CV2 + Qperm—inj 0 , (714)
_dgwt 0 C(3 + Qperm—ext

where (', C5 and ('3 are the diagonal coefficients of the old matrix C' (Eq. 7.9), and:

(d?,RFQCB + dgyRFQCB)PRFQCB + Qoutgasfcav + Qpermfcavpatm
Q = digpline + Qoutgasfinj + Qpermfinjpatm . (715)
dégpline + Qoutgasfe:rt + Qpermfewtpatm
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Helium pressure Prrocp [mbar] 0.1
Diameter quadrupole dy [mm] 40
Length quadrupole Ly [mm] 800
Diameter second injection electrode d;,,; [mm] 4
Diameter injection plate hole d; prgcp [mm] 8
Diameter extraction plate hole d.,; [mm)] 7
Diameter first extraction electrode d. rrgcp [mm] 3

Diameter injection/extraction ground electrodes d; ,/d., 10

Table 7.2: List of the main mechanical and gas parameters involved and used in the vacuum calculations.

7.4 Practical calculations

7.4.1 Pressure inside the chambers

The formulae presented in the previous section were applied for the calculation of the pressure in-
side ISCOOL. For all the calculations presented here the following assumptions were established:

o The pressure inside the RFQCB chamber is constant and equal to 0.1 mbar which is a normal
pressure for other quadrupoles of similar features.

e The outgassing and permeation is not considered for a first approach.

e The calculations are done assuming a molecular flow everywhere, which in fact is not the
case in reality. However, the molecular flow implies that the gas will flow more easily
through the conductances. That means that the results will always be worse in terms of
pressure than in the real case.

e The buffer gas used is helium, which will be the usual operation gas of the device. Other
gases, as hydrogen or argon, were not included in this study.

In Table 7.2 the main parameters involved in the vacuum calculations are summed up.

The first step was to calculate the type of flow inside the quadrupole. This can be deduced
from the mean free path (mean distance between two atom collisions) which depends on the type
of gas, the pressure and the temperature. According to the reference [O’HO03], the mean free path
of helium at 25 °C and 1072 Torr is 147 mm. To obtain the value for the typical conditions at the
RFQCB chamber, it is necessary to apply the expression:

T P..
)\RFQCB = /\ref . ( R;?QfCB) (PRFQJ;B> (716)

where )\, is the mean free path at certain reference conditions of pressure and temperature (P, s
and T’.¢) and Prrgcp and Trrocp the conditions of pressure and temperature inside the RFQCB
respectively. Applying the values compiled in Tab. 7.2, the mean free path for helium inside the
RFQCB chamber is around 2 mm. That means the flow is not molecular since this value is smaller
than the diameter of the walls, which is supposed to be equal to the distance between opposite
quadrupole rods to simplify the calculations (40 mm). Neither can it be considered really as a
viscous flow (mean free path < vacuum chamber dimensions) but a transition flow. Due to the
complexity of the equations involving transition flows, it is more simple to make the calculations
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Manufacturer Type Helium pumping  Flange Flange
speed (I/s) diameter  standard
Leybold Turbovac 1100 C Normal 750 200/250 ISO-K
Leybold Turbovac T 1600 Normal 1150 200 ISO-F
Leybold Turbovac T 1600 Normal 1300 250 ISO-F/CF
Leybold MAG 1500 C/CT  Magnetic 1150 200 ISO-F
Leybold MAG 1500 C/CT  Magnetic 1220 250 ISO-F
Leybold MAG 2000 C/CT  Magnetic 1780 250 ISO-F
Leybold MAG W 2000 C/CT Magnetic 1800 250 ISO-F
Pfeiffer TMH/U 1001 P Normal 900 200 ISO/CF-F
Pfeiffer TMH/U 1601 P Normal 1100 200 ISO-K/CF-F
Pfeiffer TMH/U 1601 P Normal 1150 250 ISO-K/CF-F
Pfeiffer TPH 1201 P Normal 1300 200 ISO-K
Pfeiffer TPH 1801 P Normal 1650 200 ISO-K
Pfeiffer TPH/U 2101 P/UP  Normal 1900 250 ISO-K
Pfeiffer TMH/U 1000 MP  Magnetic 850 200 ISO-K
Pfeiffer TMH/U 1600 MP ~ Magnetic 1100 200 ISO-K
Pfeiffer TMH/U 1600 MP  Magnetic 1180 250 ISO-K

Table 7.3: Technical parameters of the turbomolecular pumps of Leybold and Pfeiffer suited for ISCOOL.

Set Pump 1 Pump 2 Pump 3
Leybold 1 Turbovac T 1600- ISO K Turbovac 1100 C  Turbovac 1100 C
Leybold2  Turbovac T 1600 CF-F  Turbovac 1100 C  Turbovac 1100 C
Leybold 3 MAG 2000 C/CT Turbovac 1100 C  Turbovac 1100 C
Pfeiffer 1 TPH/U 2101 P/UP TMH/U 1001 P TMH/U 1001 P
Pfeiffer 2 TPH/U 2101 P/UP TMH/U 1601 P TMH/U 1601 P
Pfeiffer 3 TPH 1801 P TPH 1201 P TPH 1201 P

Table 7.4: Different sets of three turbomolecular pumps for the project.

with the molecular flow. This underestimates the pumping capacity. Therefore, for a certain gas
load, lower pressures are expected to be obtained in the real system.

To calculate the pressure inside the quadrupoles, different test sets of turbomolecular pumps
were chosen for analysis. The pumps were from two suppliers that are already well known at
CERN: Pfeiffer and Leybold. Both offer a limited set of turbomolecular pumps within the operat-
ing pressures and pumping speeds of the ISCOOL vacuum system. In Table 7.3 the main technical
properties of the turbomolecular pumps chosen from both suppliers are described, and in Tab. 7.4
the five sets of pumps for the study: three from Leybold and 2 from Pfeiffer.

In all the sets, the pumping speed of the turbomolecular pump 1 (TP1, main chamber) is greater
than for the other pumps. It is of great importance minimize as much as possible the pressure inside
this chamber, that means, to obtain a very good differential pressure in the first step. There are two
main reasons to minimize this pressure:

e To diminish the probability of charge exchange losses in the trap. As have been seen in the
operating RFQCB’s (e.g. in [Nie02]), if the pressure in the main chamber is low enough,
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the impurities that could enter from outside into the chamber will not go into the RFQCB
chamber, but will be pumped out.

e To decrease the pressure in the region between the extraction plate and the first extraction
electrode. In this region, the beam starts the acceleration after the trapping at the final region
of the RFQCB chamber. Therefore, if the pressure of the buffer gas is still too high in this
region, the beam emittance could blow up due to the lack of confinement (no RF electric
field applied) and the collisions with the molecules of the buffer gas that are flowing out of
the RFQCB chamber.

In Figure 7.4, the pressure reached inside the main chamber (/) and in the injection and extraction
side (P, and P3) with the different sets of turbopumps (Tab. 7.4) is plotted as function of the
pumping speed of the pump used in each set for pumping down the main chamber (S;). Figure 7.5
plots those pressures as function of the pumping speeds of the turbopumps of both sides, which in
all the cases have identical pumping speeds. The calculations are carried out with the parameters
from Tab. 7.2.
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Figure 7.4: Pressure inside the main chamber P; and the injection and extraction side P» and P as function
of the pumping speed of the turbomolecular pump 1 55 for all the sets of pumps analysed in Tab. 7.4.

As already mentioned, the results obtained before were for a constant pressure inside the
RFQCB chamber. Figure 7.6 plots the total gas throughput of the system versus the pressures
in the main chamber P; and in the injection and extraction side (which are assumed to be identical,
P, = Ps). The final set of turbopumps used in the set-up is used for the calculation. It is clear that,




7.4. Practical calculations 101

3.0x10°
2.5¢10° .
2.0x10° *
E‘ 3 A * o .
£ 1.5x10
o~ 1.0x10°
5.0x10°
001, . : : :
600 800 1000 1200 1400
S, Vsl
Py 1.0x10°
1.2x10°] s 8.0x10°; .
1.0x10°1 o
§ 8.0x10%] s g 000 £
[S 6 x 'g *
= 6.0x10° o £ 40x10% °
Q 5 . G *
4.0x10° .
ST 2.0x10
00l : ; : : 001, : : : :
600 800 1000 1200 1400 600 800 1000 1200 1400
S, /5] S, /8]

Figure 7.5: Pressure inside the main chamber P; and the injection and extraction side P and P as function
of the pumping speed of the turbomolecular pump 2 and 3 (S, = S5 always) for all the sets of pumps
analysed in Tab. 7.4.
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for the normal gas load, all the turbopumps will always work with the nominal pumping speed. The
pumping speed of the turbopumps is constant in the high vacuum region but for medium vacuum,
the pumping speed is decreasing as the pump does not have the same efficiency. For the main
pump, the pumping speed will decrease for pressures lower than 6 - 10~2 mbar.

Figure 7.6: Pressure inside the main chamber P} and the injection/extraction side P» = P45 as function of
the gas throughput with the final set of turbopumps used and the geometrical conditions detailed in Tab. 7.2.

To determine the limits of the gas consumption it is necessary to calculate the pressure in the
RFQCB chamber as a function of the diameter of the injection and extraction plates of the RFQCB
chamber. For a certain input throughput, Prrocp can be easily calculated if the pressure in the
main chamber P, is assumed much smaller (Prrgcp >> F;). In this system this condition is
accomplished due to the large pumping speed S; (see Fig. 7.6). Figure 7.7 compares the pressure
reached in the RFQCB chamber as function of those diameters for different fixed values of the gas
throughput ()4,s= 1, 2, 3 and 4 mbar-1/s. The plots confirm that higher pressures can be obtained in
this chamber either by increasing the total throughput of the system, or decreasing the holes of the
injection and/or extraction plates. The first solution increases the pressure in the rest of the vacuum
system and the second system most probably affects the beam transmission efficiency of ISCOOL.
The pressure in the main chamber and in the injection and extraction side will be determined by
the gas throughput and may be calculated using Fig. 7.6.

7.4.2 Forepumps

The use of the differential pumping system, with independent pressures for the three turbomolec-
ular pumps or at least two of them as in ISCOOL (see Sec. 7.4.1), requires the use one forepump
for each turbomolecular pump (TP1, TP2 and TP3). From all the three turbopumps, the choice of
the size of the forepump for TP1 is the most crucial. To choose the size, it is necessary to know
the pressure in the inlet of the forepump (outlet of the turbopump). Normally, the pressure could
be calculated by the compression ratio (KR) of the turbopump. For TP1, the compression ratio
for helium is 10°, that means the pressure in the outlet would be P,, = 10° - Py, where P,, is
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Figure 7.7: Pressure inside the RFQCB chamber Prrgcp as function of the diameters of the injection and
extraction plate (d;y,; and d..; respectively) for different fixed gas throughputs () 4qs= 1 mbar-l/s (top left),

2 mbar-1l/s (top right), 3 mbar-l/s (bottom left) and 4 mbar-1/s (bottom right). For the study it is assumed
Prrocp >> P1.
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the pressure in the outlet of the turbo and Py the pressure in the high vacuum side (inlet of the
forepump). This applies if the pressure Py is low enough and there is still molecular flow and not
transition or laminar flow. Otherwise, the compression ratio descends critically. Moreover, if the
gas load is high (>0.1 mbar-1/s) the rotation speed of the turbo could be limited due to the friction.
In this particular case, this effect does not have to be taken into account since the helium gas load
is not very high. The size of the forepump will be determined by the maximum foreline pressure of
the turbopump. The pressure calculated in the foreline (for a particular forepump pumping speed
Sye) Will be:

va = Q/va (717)

For TP1, the maximum foreline pressure for Ny is 1.8 mbar. Using a forepump of 5.8 m*/h pumping
speed (1.6 1/s), the pressure P,, will be around 1.2 mbar for a throughput of 2 mbar-l/s. The
calculated pressure is then limit of the 50% of the maximum foreline pressure, which is the rec-
ommended pressure in these situations. Therefore the use of a bigger pump (15 m®/h for example)
would improve the situation. To stay on the safe side and to allow for probable situations where
more pumping speed from the forepumps are required (for example, pumping down a long pipe
for the exhaust gases), the forepump chosen for ISCOOL are: one F1 of 30 m?/h to support TP1
and another smaller F2 of 15 m?®/h to support both TP2 and TP3 which usually will work in high
vacuum conditions.

7.4.3 Pumping down time

To choose the roughing pump required for the pumping down of the new ISCOOL beam line (see
Sec. 5.3), it is necessary to calculate the time taken to reach a good vacuum (before filling the
RFQCB chamber with gas). The calculations were done taking into account a forepump model
Adixen Pascal Series H1 (2015), with a pumping speed of 15 m?/h. The volume of the beam line
is around 0.172 m? (0.09 m? for the main vacuum chamber and 0.082 m? for the rest of the beam
line).

The equation to work out the pressure during the pumping down is defined as:

() (7.18)

assuming an infinite conductance in the inlet of the turbopump. S is the constant pumping speed,
V' the volume to pump, ¢ the time, P the final pressure and F; the initial pressure in the tank. The
pumping time ¢, required is therefore,

V.. P
tpump = —(5) 0 5 (7.19)

P
For the conditions presented, V' = 0.172 m3, S = 15 m?/h, initially atmospheric pressure (P,;,, =
1 atm) and a final pressure (before starting the turbomolecular pump) around 10~ mbar, the time
(applying Eq. 7.18) necessary to reach such a pressure will be 9.5 min. For this first approach
calculation are not considered. For this reason, the real pumping down time will be longer.

7.5 Gas feeding and purification

As it was explained in Sec. 4.1.2, a gas has to be fed into the RFQCB chamber for the cooling
process of the ion beam. As explained along the chapter, The buffer gas fills the RFQCB chamber
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and it is pumped out by a differential pumping system. The main goals of the gas-handling system
are therefore to:

e Maintain a constant pressure level in the RFQCB chamber.
e Minimize the level of impurities in the chamber.

The efficiency of the system drops due to the presence of impurities in the buffer gas as shown in
[Nie02]. In fact, as demonstrated in [KBH'01], the processes inside the gas cell can be divided as
follows:

e Atom and/or ion-molecule reactions.
e Jon-impurity reactions.
e lon-buffer gas interactions.

In the RFQCB’s, the drop in efficiency is determined by the accumulation or cooling time (at
ISCOOL, usually ¢,.. < 1 ms). The chances that the ions interact with the buffer gas and/or the
impurities present increase with time spent inside the buffer gas. Figure 7.8 shows the layout of
the gas-handling system.

Figure 7.8: Layout of the gas-handling system

The buffer gas that will be used in a first stage is helium. The helium is provided by the
suppliers in different levels of purity (see [AGA], [Car] or [Fra]). The helium type chosen for
ISCOOL corresponds to the so-called grade 6.0 (99.9999% of helium). Typical impurities are
H>0 (<0.5 ppm), O (<20 ppb) and Ny (<20 ppb). The impurity level in the gas can be reduced by
adding a purification step (like SAES Getters PS2-GC50) that decreases the concentration of the
impurities to the sub-ppb level.

The helium gas will be contained in a 50 1 bottle at 200 bar. That means 107 mbar-1. For a
calculated gas troughput of 2 mbar-1/s, the lifetime of the bottle is around 9 weeks for a continuous
operation (24 hours and 7 days per week) of ISCOOL. The normal operation time of ISOLDE is 30
weeks with half of that time normally devoted to the HRS. That means it is necessary to diminish
the flow or to economize the time consumption so as to minimize the change of the helium bottle
during the running period.

Starting from a typical helium bottle (V=501 and P=200 bar) and by applying the law of an
ideal gas:

PV =nRT (7.20)

where P is the pressure, V' the volume, n the number of mols, R the universal constant of the gases
(R = 8.31 J-mol~'K~! and T the temperature, one can estimate that one helium bottle (403.8 mol
of helium at typical conditions) would fill once the largest tank of ISOLDE (5 m? at 2 bar).
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The gas needs some reduction step to decrease the pressure to a level adequate for the RFQCB
chamber pressure. First, the gas is flowing out from the bottle by a pressure reducer to 3-0.3
bar, connected by a Gyrolok connector to a 1/4 inch pipe. Downstream of the reducer, a gas valve
(Pfeiffer EVR 116) controls the pressure or the gas flow to the RFQCB chamber. The valve accepts
a pressure in the inlet up to 2.5 bar, so care has to be taken since it is in the same range than the
maximum outlet pressure from the reducer. The valve can regulate pressures down to 10~% mbar,
and flows in the range from 5 - 1076 to 1.25 - 103 mbar-I/s. The valve is controlled by a control
unit (Pfeiffer RVC 300) which is detailed in Sec. 9.2. Although the pressure inside the RFQCB
chamber is only depending on the gas flow out from the valve, if it is necessary to male the control
with the signal coming from a gas pressure sensor placed in the outlet of the gas valve, the value
of the pressure in that region should be approximately known. The valve and the RFQCB chamber
are connected by a 1/8 inch pipe. In the end of the gas inlet pipe, a ceramic feedthrough crosses the
axial electrodes to electrically insulate the bottle (placed at the same voltage than the HV power
supply) and the axial electrode. Inside the pipe, the gas flow cannot be assimilated any more as a
molecular flow, but to an intermediate flow. The expression to calculate the conductance C' in an
intermediate flow is the following:
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with Py,,s0r the pressure in the outlet of the valve, Prrgcp the pressure in the RFQCB chamber, D
the diameter of the pipe, L the length of the pipe, M the molecular mass in uma, 7" the temperature,
Ry the universal gas constant and 7 the viscosity of the gas at a certain temperature 7'.

Figure 7.9 shows the gas throughput ()4, calculated as function of the pressure in the outlet of
the control valve Pi.,,... The conductance is calculated for an intermediate flow rate in a standard
pipe 1/8 inch (3.125 mm of diameter). The temperature is considered constant at 293 K in the
system. To calculate the average pressure, the pressure in the RFQCB chamber is fixed at 0.1 mbar.
In these conditions, the viscosity of helium is 193.5 pP [Rot90]. A molecular mass of 4 u is used
for helium. Four different curves according to the length of the pipe are plotted (L = 0.5, 1, 2 and
10 m). It is seen that the required P, to reach a certain value of the gas throughput increases
with the length of the pipe. For L = 10 m, the value of pressure required would be too high. For
that reason, it is necessary that the gas valve is near the main chamber of the RFQCB, even if the
gas bottle is then far away from the device.
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Figure 7.9: Total gas throughput of the system ()4, as function of the pressure at the outlet of the valve
Psensor- The calculation is done for helium in a standard pipe 1/8 inch diameter, temperature of 20°C and a
pressure inside the RFQCB chamber of 0.1 mbar. Lines for different pipe lengths (0.5, 1, 2 and 10 m) are
plotted.
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Chapter 8
Mechanical system of ISCOOL

For the ISCOOL project, the mechanical design of the RFQCB has been the most challenging and
novel task. This design together with the beam line associated components followed some very
specific requirements:

e Flexibility in the test phase. Implying that the inner structure of the cooler has to allow
changes without major modifications (time optimization).

e The limited space available at ISOLDE, where the machine will be installed, forces the
optimization of the dimensions of the RFQCB and all the associated components, such as
the insulators, optical elements, bellows and vacuum chambers (space optimization).

e From time to time the cooler has to be removed from the ISOLDE beam line in order to carry
out some experiments without the cooler (move operation optimization).

In the following chapter, the design of the mechanical system which overcomes these problems
is detailed. The explanation of the important parts and how they are assembled is discussed. In
addition, important topics for the operation of ISCOOL as the alignment are presented.

8.1 Design of the pieces

8.1.1 Axial electrodes

The axial electrodes are one of the most complicate parts to manufacture of the ISCOOL asembly.
The four wedges shape (see Chapter 6) made necessary the fabrication with the electro-erosion
technique (a charged filament which circulates at fast velocity and removes the material from
the part to manufacture). Moreover, the stringent tolerances converts it in a very delicate part of
the structure, to assure a correct alignment of all the assembly. Figure 8.1 illustrates the axial
electrodes.

Electrodes with 4 different lengths have been manufactured for the first tests: 39 mm, 19 mm
and 9 mm (see Fig. 8.1). As explained before, the reason for different lengths is that in the stopping
and bunching regions of the RFQCB chamber, the electric field is very steep and has to be better
controlled. Therefore, it is better to have more electrodes in those regions. In the medium region,
the number of electrodes is less since it is only necessary to adjust a constant electric field around
0.1 V/cm. Table 8.1 shows the standard length for the different axial electrodes (segments). All the
pieces were subject of a complete metrology verification to assure that the geometry is according
to the specifications.
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Figure 8.1: Picture of an axial electrode (left view) and a group of variable-depth axial electrodes (right
view)

Segment 213|456 |78 9 |10 |11 | 12
Length [mm)] 191393939 [39(39 39|39 39|39 39
Segment 14 |15 |16 |17 |18 |19 |20 | 21 |22 |23 |24 | 25
Length [mm)] 390(39(39139(39(39(19[19 9919 |9

Table 8.1: List of the usual distribution of segment lengths along ISCOOL. The segments can be swapped
or relocated. 1) This segment contains the gas feeding and the length is corrected to give a fine adjustment
of all the chamber.
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The electrical breakdown in medium vacuum

The needles of the wedges and all the internal parts have been rounded to avoid electrical break-
downs inside the structure. The electric field in a point of the surface of a conductor in equilibrium
is defined as:

E,=— 8.1)

where E,, is the normal electric field to the surface (the other components of the electric field are
zero), o is the superficial density of charge (in a conductor in equilibrium the charge is spread
only over the surface) and ¢, is the permittivity in vacuum. In conducting surfaces, the charges
accumulate in regions of more curvature (sharp edges). In these regions o will be very big and thus
the electric field in the proximities will be very intense. If this effect is not avoided it could cause a
real malfunctioning of the device, limiting the voltage applied to the electrodes or even damaging
the power supplies. It is difficult to determine the maximum difference of voltage that can be
applied since that depends on the geometry, the gas and the pressure. Some investigations are
given in [LJW53, IMMS53, HR74, PHROO]. They normally present the Paschen curves (breakdown
voltage vs pressure-distance) of helium either out of the region of interest for this work, or for
parallel-to-parallel or point-to-parallel electrodes geometries. However, a very promising results
were obtained in [Gia02]. It describes that it is feasible to reach up to 5.4 kV between two rods of
an RFQCB. The diameter of the experimental device was d = 10 mm and the breakdown pressure
for helium was 2 mbar. At a voltage of 15 kV the breakdown pressure is still high, 0.8 mbar. Even
if these results are promising, it is important to avoid the presence of high fields in all the electrodes
to minimize the risk of breakdown. For this reason, the critical points have been rounded, as it will
be explained for each piece.

8.1.2 RF electrodes

Together with the axial electrodes, the RF electrodes (see Fig. 8.2) are the most important and
delicated pieces of all the ISCOOL assembly. There are four RF electrodes that form the quadru-
pole which will provide the RF quadrupolar electric field to confine the beam in the transverse
direction along the RFQCB chamber. The radius of these pieces is given by Eq. 2.5. At ISCOOL,
ro = 20 mm, therefore the radius of the electrodes is around 23 mm. The rods are not completely
cylindrical but are a section of a cylinder. This decreases the weight of the structure.

As discussed before, the corners of the section are rounded to avoid electrical breakdown
between the rods and the axial electrodes. Figure 8.3 shows the strength of the electric field in
the transverse plane of the RFQCB chamber if the corners of the electrodes were not rounded. It
is clear how the maximum it is concentrated in the edges of the electrodes (up to 220 V/mm).

8.1.3 Insulators
Small ceramic insulators

Smaller insulators are needed in order to electrically insulate individual components of the assem-
bly inside the vacuum chamber. The material chosen was aluminium oxide (alumina or Al;O3),
a ceramic material with good mechanical properties (see Tab. 8.2) and with very high resistivity.
In addition, ceramic materials are preferred to plastic ones inside vacuum chambers for their low
outgassing and the radiation resistance. The aluminium oxide requires, however, specific tools for
the machining.
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Figure 8.2: Pictures of the RF electrodes: (1) the electrode, (2) image of the electrode for a flat surface
measurement, (3) detail of one of the sides with the tapped holes for the support and holes for the angular
centering of the electrodes.

Figure 8.3: Simulation with OPERA of the strength of the electric field at the RFQCB chamber if the
electrodes wedges are not rounded. The RF electrodes are at £200 V and the axial electrode at ground.
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The most complicated pieces are those supporting the injection and the extraction electrodes
and which are connected to the main vacuum chamber (see 1 in Fig. 8.4). In the injection side,
the electrodes have to provide a differential potential insulation of less than 10 kV, but in the
extraction side the potentials are around 20 kV. The aluminium oxide has a dielectric rigidity
bigger than 10'? kV/mm, so only 2 mm of material is enough to carry out the electrical insulation.

Figure 8.4: Group picture of the alumina pieces used for the assembly and electrical isolation in ISCOOL.

High voltage insulators

As the machine has to operate at a maximum 60 kV potential, it has to be electrically insulated from
other components of the beam line which are grounded and from the environment surrounding the
device. Various types of high voltage electrical insulators have been used at the ISCOOL assembly:

e Three large ceramic insulators of alumina with DN200 ISO-K flanges for use in vacuum on
both sides of the beam line. These insulate the main pump TP1 from the main chamber (see
Fig. 8.5). The external shape of the insulator is ondulated in order to maximize the path to
avoid an electrical breakdown. In that way, the total length of the insulator can be reduced
to 190 mm including the ISO-K flanges. The length of the ceramic is only 130 mm.

e 4 plastic (TEFLON) electrical insulators to separate the main chamber and the alignment
system from the trolley (see Fig. 8.6). Similar ondulactions are also applied to these insula-
tors, reducing the total length to only 170 mm.
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Property Unit F99.7
Density kg/ms 3900
Compressive strength Pa 3.5-10°
Modulus of elasticity Pa  3.8-104
Weibull-modulus - > 10
Poisson-Zahl - 0.22
Poisson number % 0
Maximum operating temperature °C 1950
Coefficient of expansion 107%/K 8.5
Specific heat 20 °C J/kg-K 900
Thermal conductivity 100 °C W/m-K 30
Specific resistance 20 °C 2-m 104
Colour - white

Table 8.2: List of the main mechanical parameters of the aluminium oxide with purity 99.7% (F99.7)

involved in the design of ISCOOL [DE].

Figure 8.5: Picture of a high voltage ceramic insulator
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Figure 8.6: Picture of the support high voltage insulators

8.1.4 Main vacuum chamber

The RFQCB chamber of ISCOOL has to be enclosed in a high quality vacuum chamber. The main
vacuum chamber is designed with a top rectangular flange which serves as support for the RFQCB
structure. The flange can be lift up, giving easy access in case modifications or urgent interventions
are required.

Some mechanical simulations of both the top flange and the assembly of the vacuum chamber,
has been done in order to verify the deformation once the vacuum is established inside the chamber
(simulated by applying uniform distributed atmospherical pressure to all the external faces). In the
case of the top flange, the simulations were focused in the main deformation at the points where
the pieces that support all the RFQCB structure are screwed. The results are shown in Fig. 8.7, the
maximum deformation is about 90 pm for the middle point. At the points where the supports of
the RFQCB structure are screwed, a deformation of only about 30 pm is found (see Fig. 8.7).

Vacuum simulations of the main vacuum chamber were also performed in order to verify
whether the deformation of the body could affect the alignment of the RFQCB structure, and to
test its rigidity. The simulations were carried out using a first version of the main vacuum chamber
supported by four rectangular foots. It turned out that the worst areas were the side walls of the
chamber (U-shape) and therefore should not affect the internal alignment of the structure. In this
region, a maximum deformation of about 1 mm was calculated. The result was verified by two
different software programs (ANSYS and CASTOR). Figure 8.8 illustrates the deformation of the
chamber obtained with ANSYS. The maximum deformation calculated with ANSYS was a bit
lower than with CASTOR but in the same range.

Even though the deformation was acceptable, it was decided to stiffen the chamber varying the
design of the feet. The four rectangular feet were changed for two feet with U-shape welded to the
walls of the chamber, that avoid the horizontal deformation of the main body.

A picture of the real main vacuum chamber is shown in Fig. 8.9. The vacuum test with an
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Figure 8.7: Dimensions (fop) and simulation of the deformation (bottom) of the top flange of the main
vacuum chamber. The total deformation caused by the air-vacuum pressure and the weight of the RFQCB
chamber (bottom right) is shown.
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Figure 8.8: Simulation of the deformation of the vacuum chamber under atmospheric pressure using the
ANSYS code.
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empty chamber turned out an ultimate pressure of 10~? mbar, which is very satisfactory for an
ISO-K system.

Figure 8.9: Picture of the main vacuum chamber: global view (left) and inner view along the axis (right).

8.1.5 Trolley

The support of the main vacuum chamber was designed to fulfill the following features:
e Possibility to move ISCOOL along the ISOLDE hall.
e Alignment of ISCOOL with the rest of the beam line.
e Electrical insulation of the main vacuum chamber from the ground.

The first feature, the mobility of the system, is achieved by installing the RFQCB on a movable
trolley. Figure 8.10 illustrates the different parts of the trolley and the alignment system which
support the RFQCB main chamber at high voltage. The alignment consists of three alignment
points that will be screwed into the fixed points of the ground, assuring a proper alignment of the
trailer each time.

The chassis, metallic structure supporting the beam line (left view in Fig. 8.11), was designed
using square tubes 60x60 and 3 mm depth that are welded. The mechanical deformation was also
tested with ANSYS. Four loads of 250 kg (P, in the right view of Fig. 8.11) were shared out at
the four metallic sheets holding the four electric insulators. Using this environment, a maximum
deformation of 20 xm was found at these sheets.

8.1.6 Ground electrodes

The ground electrodes, at the injection and the extraction, have two purposes: 1) to define the
ground potential and the shape of the electric field inside the HV insulators (see Sec. 8.1.3), and 2)
to protect the insulators from unwanted charge up.

The electrode structure is packed between the high voltage insulator (60 kV) and the bellow,
and supported by an O-ring DN200 ISO-K. The following structure is divided into two different
sections: a conical support and a sliding cylindrical electrode. Figure 8.12 shows the image of one
of the ground electrodes, detailing all the parts. The sliding system is assembled with the cone by
an external screw which allows the cylinder to slide and be fixed in a certain position. In that way,
the distance between the ground electrode and the next electrode can be varied ~100 mm.
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Figure 8.10: Picture of the assembly of the trailer, the alignment system and the insulators for the high
voltage.

Figure 8.11: Chassis of the trolley assembly. Left view: simulation of the mechanical deformation due to
weight of the beam line using the ANSYS code. Right view: picture of the part. P; are the load caused by
the weight of the main vacuum chamber and equipment associated, and P> the load caused by the extraction
cross-piece and equipment associated.
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Figure 8.12: Picture of a ground electrode: top view showing the beam aperture (left side) and view showing
the sliding system and the cone (right side).

The distance of the injection ground electrode with the first injection electrode, and of the
extraction ground electrode with the second extraction electrode is very short in comparison with
the length of the high voltage insulator (see Fig. 8.20 and 6.10 respectively). This is possible due
to a higher breakdown voltage in the vacuum. Normally a rule of thumbs of 1 mm/kV is applied.
Anyhow such a big differential potential (~50 kV in the injection side) might be a problem if too
short distances are demanded. Therefore, all the corners of the electrode are rounded to avoid
concentration of charges that can lend to electrical breakdowns.

8.2 RFQCB chamber assembly

The RFQCB chamber assembly consists basically of a stack of variable-depth axial electrodes,
separated by ceramic insulators (see Fig. 8.13). A more detailed view of the packing system is
presented in Fig. 8.14. The quadrupole rods are surrounded by the axial electrodes with four-
wedges which enter into the quadrupole structure. The axial electrodes are used to create the
necessary axial potential. The wedges configuration reduces the required voltages (see Sec. 6.3.3).
The axial electrodes are spaced and electrically insulated by ceramic insulators of 3 mm.

A first verification of the assembly concept was done during the construction phase (see
Fig. 8.15). No special problems were found during the assembly, even though some of the insula-
tors (especially the small rings spacing the bars), were found quite fragile during the compression
phase. The other delicate point during the set-up was the placement of the centering pins made of
ceramics which fix the angular orientation of the RF electrodes. If the misalignment among the
supports is too big, the pins can break or not enter due to the small mechanical tolerances.

8.2.1 Support of the RFQCB chamber

The RFQCB chamber has to be kept together and well aligned along the optical axis of the beam
line. To guarantee both conditions, some supports are used in both sides of the RFQCB chamber. A
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Figure 8.13: Stack of axial electrodes and insulators that encloses the quadrupole. The design with CAD
tools (fop view) and the real structure (bottom view) are pictured for comparison. The supports of the
structure and the top cover of the main vacuum chamber are also presented.

Figure 8.14: Sketch of the assembly of the RQFCB cavity (left view) and design of the quadrupole and the
axial electrodes with the four wedges (right view).
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Figure 8.15: Pictures of a first assembly of the RFQCB chamber from different points of view: internal
view of the cavity showing the axial electrodes separated by the ceramic spacers and supported by only two
RF electrodes (left view); front view of the cavity, the hole where the beam is passing through is shown (top
right); assembly of the RF electrodes with the injection plate and the injection support using screws, again
only two RF electrodes bars are used (bottom right).

first support (2 in Fig. 8.16) gives the depth to screw the four RF electrodes and, at the same time,
all the axial electrodes are compressed and separated by the ceramic spacers. This piece has four
holes for the screws of the four RF electrodes, and eight holes which serves to a good alignment
of the RF electrodes. A big central hole avoids an increase of the pressure in the region created
together with the RFQCB chamber. This is extremely important in the extraction side, where high
pressures can blow up the cooled ion beam.

Two pieces connect these supports to the top flange of the main vacuum chamber (1 in
Fig. 8.16). The RFQCB chamber is therefore directly supported by the top flange. In this way
it is possible to lift together the top flange and the RFQCB chamber easily using a crane or similar
device. In addition, the extraction support allows a small axial displacement of all the structure to
absorb the thermal dilation of the quadrupole rods if the system is baked out. This displacement is
calculated to be around 2 mm for one of the quadrupoles rods (788 mm long, made of stainless steel
304 L with thermal dilation coefficient 17.2 pm/m-K) for a bake-out temperature of 150°C. In the
case of the alumina the thermal dilation coefficient is smaller (8.5 pm/m-K), so the external part
of the RFQCB chamber (axial electrodes and ceramic insulators) is expanding a bit less, around
1.8 mm.

Elevation system

A special elevation system for handling the assembly has been constructed and is used for the
insertion/extraction of the RFQCB chamber assembly into the main vacuum chamber. The system
permits the rotation of the RFQCB chamber assembly together with the top flange and it is stable
either with the RFQCB chamber up or with the RFQCB chamber down thanks that the axis of
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Figure 8.16: Picture of different parts related to the support and assembly of the RFQCB chamber with the
top flange of the main vacuum chamber.

rotation was calculated to pass by the center of gravity of the system. The calculation was done
with Autocad Mechanical Desktop using the right density for the materials: 3.98 - 1073 kg/m? for
Al,O3 (electric insulator pieces) and 7.84 - 1072 kg/m? for stainless steel (rest of pieces). The
center of the assembly of the RFQCB chamber+top cover is placed ~ 60 mm down from the
external rectangular surface of the top cover. As a matter of interest, the mass of the system is
~ 62 kg.

8.3 The electrodes inside the main vacuum chamber

The electrodes that are supported from the main vacuum chamber can be divided in three different
groups from the mechanical and optics point of view. Figure 8.17 details the electrodes forming
the structure of ISCOOL. Only the ground electrodes (injection and extraction) are not presented.
The first group is made of the injection electrodes that decelerate and inject the beam into the
RFQCB chamber (see Fig. 8.20), the second part corresponds to the electrodes part of the RFQCB
chamber (see Fig. 8.17) and the last part is about the extraction electrodes to accelerate the beam
to the initial longitudinal energy (see Fig. 8.22).

The injection and extraction electrodes are supported by the main vacuum chamber through an
ceramic insulator whose main function is to electrically insulate both electrodes from each other
and the vacuum chamber.

In the injection side (see Fig. 8.19), both electrodes are to simulate flat surfaces with cylindrical
holes in the center for the passage of the ion beam. To accomplish the required distance coming
from the beam optics simulation, and the constraints derived from the supports of the RFQCB
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Figure 8.17: Representation of the electrodes attached to the main vacuum chamber.

Figure 8.18: Picture of the injection and extraction electrodes.
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chamber, the second injection electrode cannot be a complete flat surface but it is manufactured
with a central region which enters into the structure of the RFQCB chamber support to approach
it to the injection plate without disturbing the optics (see part 2 in Fig. 8.18). Simulations with
SIMION has shown that the electric fields in the central region (interesting for the ion beam) are
not perturbed by this modification in the shape of the electrode. The first injection electrode has a
more typical shape with a flat surface (see part 1 in Fig. 8.18). The electrodes are manufactured
in two separate parts which are assembled with screws. This is done to make it easier to modify
the diameter of the holes or shape of the electrodes. In addition, the distance between the injection
electrodes, or the distance to the injection plate, can be modified by adding some washers to the
screws. The assembly is shown for the injection side in Figs. 8.19 and 8.20.

Figure 8.19: Picture of the injection optics electrodes assembled with the ceramics insulator.

In the extraction side (see Fig. 8.21) the problem is very similar to that discussed above for
the injection side. The first extraction electrode looks mostly identical to the second injection
electrode, with only difference in diameter of the center hole due to optical reasons. The second
extraction electrode is totally different of the first injection electrode and it is manufactured in one
part. The central region is formed up by a combined piece with a cone shape in a first section and
a cylindrical shape thereafter (see 3 in Fig. 8.18). The assembly is shown in Figs. 8.21 and 8.22.

The study of the quality of the extraction electric field with the real mechanical electrodes
shape is shown in Fig. 8.23. If it is compared with Fig. 6.11, it appears that the potential are not
modified along the axis of the quadrupole. The conclusion is, thus, that the mechanical shapes
of the electrodes do not affect the extraction of the ions. The same results may be extrapolated
to the injection part, since the electrodes configuration is similar and even more simple from the
mechanical point of view.

Finally, Figure 8.24 shows the schematic assembly of the electrodes inside the main vacuum
chamber. The main parts (injection, RFQCB chamber and extraction) are indicated. With this
configuration, and with manufacturing tolerances down to 20 um for some of the supports, the
electrodes of the main chamber (injection electrodes, injection and extraction plates of the RFQCB
chamber and extraction electrodes) have a maximum misalignment of 200 pm.
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Figure 8.20: Representation of the injection part of ISCOOL. The injection ground electrode, which is not
attached to the main vacuum chamber, is also represented here. The high voltage insulator is also shown.

Figure 8.21: Picture of the extraction optics electrodes assembled with the ceramics insulator.
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Figure 8.22: Representation of the extraction part of ISCOOL. The extraction ground electrode, which is
not attached to the main vacuum chamber, is also represented here together with the high voltage insulator.

Figure 8.23: Simulation of the extraction optics of ISCOOL with the real geometry: 1) Longitudinal cut, 2)
3D half cut, 3) 3D representation of the electric potential in the moment of the extraction. The equipotentials
lines are shown and may be compared with those ones of the ideal geometry in Fig. 6.11.
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Figure 8.24: Three quarters section of the main vacuum chamber with the injection electrodes, the RFQCB
chamber and the extraction electrodes assembled.

8.4 Alignment system

At present, the alignment at ISOLDE is done without using reference points or girders along the
beam lines. Therefore, the alignment of new elements added to the ISOLDE beam line or the
replacement of existing elements has to be carefully thought out, since a direct optical alignment
has to be done. For the new ISCOOL beam line, a reference point to align the present beam line is
placed on the floor inside the HRS area (point E in Fig. 8.25). This region is a restricted area with
high radiation levels during the operation period, so the alignment of ISCOOL with the beam line
can only be done during the shutdown period.

The final alignment of the vacuum chamber with the beam line will be done using a system of
metallic plates which allow the technicians to adjust the system in the three coordinates: vertical,
horizontal and longitudinal. The first alignment has to be done using the reference alignment point
of the existing beam line, which is placed in the separator section (see Fig. 8.25).
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Figure 8.25: Layout of the alignment geometry of the reference point -E- for the HRS-merging switchyard
section [Cho].
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Chapter 9

Electronics and control system of ISCOOL

9.1 The electronics system

The RFQCB’s are operating in medium Radio Frequency frequency range, which extends from
300 kHz to 3 MHz. This differs from the RFQ accelerating cavities where this range is up to
some hundred of Gigahertz (ultra high and super high frequency). Although that seems to simplify
the task of the RF engineers, the specifications of this device make the RF supply design quite
challenging. To tune the operation parameters of the RFQCB, it is necessary to have the freedom
to independently play with the amplitude and the frequency of the RF in a wide range. However,
the system has been in this case simplified thanks to decoupling the electrostatic axial field from
the RF. However, these power supplies have to assure good accuracy and stability for an efficient
beam trapping. The fast-switch of the potential well in the last section of the RFQCB chamber is
another task that is discussed along this chapter. The supplies for all the electrodes are placed on a
high voltage platform to minimize the amplitude of the voltages. The primary power of the power
supplies (380 V at 60 kV) is delivered by an insulation transformer.

In addition, some other aspects are important for the design of all the electronics devices of
ISCOOL, like the hardware compatibility with the ISOLDE control system and existing devices
and the cost of all the system. In the next sections a further discussion about the design of the
requirements for all the components of the electronics system is given and the final options chosen
are explained.

9.1.1 Global layout

Figure 9.1 shows the scheme of the electronics components for the new ISCOOL beam line. The
RF supply, the power supplies for the axial electrodes (AX1 to 25), the injection and extracion
plates (INJP and EXTP) and the high voltage power supplies for the injection (INJ1 and INJ2) and
extraction electrodes (EXT2) work on a 60 kV high voltage platform. An insulation transformer
provides 380 V at 60 kV. The scheme also represents the fast switches between the power supplies
for the latest axial electrodes. Some HV power supplies on ground are required for the electrodes
of the injection and extraction quadrupole triplets. In addition, the safety switches that protect the
system in case there is overpressure inside the vacuum chambers, or the high voltage is open whilst
the HV is turned on.

All the control units and devices related to the RF amplification are placed on the HV platform,
due to the RF voltage amplitude applied to the quadrupole is biased to the HV. The oscillator head
is located over the ISCOOL top flange, close to the RF vacuum feedthroughs. The reason is that
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Scheme of the electronics system for the new ISCOOL beam line.

Figure 9.1
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the longer the distance between the RFQCB chamber and the oscillator, the greater the capacitance
of the system due to the additional capacitance of the cables. The feedthroughs used for the RF
are made of copper capable to handle voltages up to 12 kV and temperatures from -269 °C up to
450 °C. One feedthrough is placed for each of the 180° shifted RF signals (RF+, RF-). Each one
has a measured capacitance of 20 pF against the ground and of 10 pF against the electrodes.

9.1.2 Radio frequency amplifier

The RF electric quadrupole field necessary for the operation of ISCOOL cannot be supplied by
typical commercial wave function generators due to the high voltage amplitude, which is out of
the range of the standard devices. The procedure necessary to design such a device is:

e Define the frequency voltage and amplitude voltage range according to the stability con-
straint ¢ defined in Eq. 4.11.

e Simulate and calculate the capacitance of the RFQCB chamber.

Different options are presented for the RF amplification. One solution is the use of a commercial
function generator and a broadband amplifier together with a transformer. This solution has been
used in other devices [HerO1, Rod03]. The drawback of this solution is the cost. The complete
system (function generator, broadband amplifier and transformer) is expensive due to the demand-
ing technical specifications. Another proposed solution was the use of a self-tuned oscillator in
frequency and amplitude. With two input signals using DC power supplies (magnet current and
voltage amplitude), it is possible to get an output signal according with the specifications.

Simulations of capacitance of the RF field

Some simulations were performed to check the capacitance that the RF device would have to
handle. After some attempts with different electric field simulation programs, the simulations
were done using the Opera code. The model was imported from a CAD software (Mechanical
Desktop in this case). Therefore the simulations are carried out with the designed pieces, although
with surface simplifications to minimize the amount of required computer hardware.

The capacitance was calculated making an analysis of an electrostatic field applied to the RF
electrodes. The axial electrodes are simplified by a continuous vacuum chamber connected to
ground. The capacitance can be calculated using the expression:

CcU?
2 Y

W = 9.1)
where W is the stored energy of the electric field, C' the capacitance and U the voltage between
the two electrodes of the capacitor. In the case of the quadrupole with the vacuum chamber (axial
electrodes), the system is a bit more complex as shown in Fig. 9.2. In this figure, C; represents the
capacitance between the two pair of opposite quadrupole rods, and C5 the capacitance of the rods
with the chamber, U; the voltage applied to one pair of opposite rods, U, the voltage to the left pair
and Us; the voltage applied to the axial electrode. Symmetry of the system around the longitudinal
axis is assumed. The expression for the stored electrostatic energy reads:

1
W = 5 [401((]1 - U2)2 + QCQ(Ul — U3)2 + QCQ(UQ — U3)2} . 9.2)
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Figure 9.2: Scheme of the capacitances layout at ISCOOL. For these tests, one pair of opposite rods of the
quadrupole is at potential U; and another pair at Us. Two capacitances should be considered: 1) C between
the pair of rods, and 2) C'5 between the rods and the axial electrodes (Us for these simulations).

Simulation U; [V] U [V] Us|[V] W]

a 200 -200 0 1.83990E-05
b 100 300 0 2.21614E-05
c 100 -100 0 4.59976E-06
d 200 -200 - 7.80096E-06

Table 9.1: Values used for the electrostatic simulations with Opera of the capacitances of the RFQCB
chamber for several simulations (a, b, c and d). The meaning of the energy W and the voltages Uy, Uy and
Us is explained in the text.

To find Cy and C} it is necessary to solve the following linear system:

BRI Rt vttt ra | Al

where the subindexes a and b represents two different simulations, a and b, with the conditions
and results detailed in Tab. 9.1. Solving the system, values of C'; = 2.3 pF and Cy = 220.7 pF are
obtained.

The solutions are verified by running a simulation with new conditions (simulation c). The
result of the simulation (see Tab. 9.1) agrees with the result obtained by evaluating Eq. 9.2. As
example, Fig. 9.3 plots the simulation of the vectors of the electric field when the voltage of
4200 V is applied and the equipotential lines of the electric field for the same simulation.

The total load capacitance of the system C';scooy is evaluated with the expression:

(9.3)

Crscoor = 4Cy + Oy, 9.4)

which yields Crscoor, = 229.9 pF. This value can be compared with the obtained in other simula-
tion (d). In this case, the axial electrodes surrounding the quadrupole rods are removed. Therefore
only Uy, U, and C) are present. Using a simple relation W, = C;(U; — Us)?/2, the capacitance
between adjacent corresponds in this case to 24.3 pF. Therefore, the load capacitance is 97.5 pF.
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Figure 9.3: Simulations of the quadrupole field in the RFQCB chamber for a difference potential between
adjacent rods of 400 V (conditions simulation a): vectors of the electric field (/eft view) and potential lines
(right view).

The capacitance between adjacent rods (' is increased due to the removal of the wedges
of the axial electrodes, which were shieldin most of the field lines. However, the loss of the
capacitance between quadrupole rods and axial electrodes decreases the load capacitance of the
system Crscoor- In the real system, some other capacitances, which were not simulated for
simplification, will increase the load seen by the RF supply:

e Between the end of the quadrupole rods and the injection and extraction plates.

Between the screws supporting the quadrupole rods and the closest electrodes.

The length of the different cables.

The RF feedthroughs (20 pF each one)

Choice of the RF supply

As mentioned before, two devices were proposed as the RF supply for ISCOOL: 1) the commercial
broadband amplifier and 2) the oscillator head developed by K. Rudolph from LMU and which
has been used in other ion guides and ion traps (see [JGA97, DBD*01]). To decide which one
would be the best solution for ISCOOL operation, some measurements were performed to test the
capabilities of both systems in the real ISCOOL asembly. Both devices were connected to the
RFQCB assembly (see Sec. 8.2) in atmosphere conditions. The capacitance of the system was
measured. The result corresponds to the capacitance of a pair of opposite rods of the quadrupole
since they are connected together to provide shifted 180° to both pair of rods. The measured
value against the ground was 295 pF. This value differs from the calculated value (see Eq. 9.4).
The measured capacitance is then as expected, a bit higher than the simulated, due to the reasons
explained above. The differences between the real device and the simulated geometry, are
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probably the capacitance of the cables. In the following the results of the tests are detailed and
discussed.

Broadband amplifier

A broadband amplifier Amplifier Research AR75A250M4 (75 W) was used for the tests. The
input signal for the amplifier was provided by a Stanford Research Function generator. Between
the amplifier and the two pair of rods a small transformer was placed providing two signals shifted
180°.

First the AR amplifier was tested with full gain and using less than 300 mVpp in the function
generator. The frequency was fixed in the function generator and the amplitude was changed
from 0 to 300 mVpp. For amplitudes more than 0.2 mVpp, the signal in the rods (measure by
an oscilloscope with a probe 1:10) was either not stable (at 200 mVpp) or not sinusoidal (at 300
mVpp). The level of noise was too high and the value of the output frequency was random.

Later the gain of the amplifier was set to half gain. Better output signals were obtained in
this case although with higher input amplitudes from the frequency generator (up to 90 mVpp).
Figure 9.4 shows the results obtained. Vzr_;,(pp) is the peak to peak amplitude voltage set in the
function generator and Ve, (pp) is the peak to peak amplitude voltage on one of the pair of rods.
It is clear that the requirements (see Tab. 6.2) are achieved with this configuration. The problem
appears if ISCOOL is operated with higher frequencies. For frequencies higher than 0.8 MHz, the
amplifier saturates for high amplitudes. To achieve higher amplitudes also for frequencies higher
than 0.8 MHz, a more powerful broadband amplifier would be required.

Figure 9.4: Plot of the output voltage from the broadband amplifier of 75 W as function of the input voltage
for different frequencies set in the function generator.

If a 150 W broadband amplifier were used for the amplification (and all the other parameters
constants) the relation of the voltages achieved (in first approach) will be the following:

| P
Uy = U, ) 9.5)
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and the new scaled plot would look similar to Fig. 9.5. The results would improve (around
100 V gain for 2 MHz signal at 500 mVpp in the function generator). However, a more powerful
amplifier would be suitable for better results at 1 or 2 MHz.

Figure 9.5: Plot of the scaled output voltage for 150 W of the broadband amplifier of 75 W as function of
the input voltage for different frequencies set in the function generator.

Oscillator

The other device tested was a system developed by Klaus Rudolph from Munich university [Rud].
The system is based on a push-pull LC oscillator which is driven by two power MOSFET’s, as
shown in Fig. 9.6. The oscillation is produced by a positive capacitive feedback. The capacity C'
of the resonant circuit is given by:

C = CISCOOL + Cout + Ccoila (96)

where C'rscoor 1s the load capacity (the RFQCB chamber), C,,; the MOSFET capacities and C';;
the coil capacities. The inductance L is represented by a ferrite core with the appropriate number
of windings to give the lowest oscillator frequency. The resonant frequency of the circuit f,., is

expressed then by:
1 /1
= /= 7
fT@S 27'{' LC (9 )

The higher resonant frequencies are achieved by superposing the RF magnetic field in the coil
to a DC magnetic field. The latest lowers the effective permeability of the ferrite material. This
transductor principle has already been used in the synchrotrons. In this way, the frequency variation
is possible only by changing the DC current which generates the magnetic field, without any me-
chanical movement. The system is able to operate at any working point of the frequency-amplitude
space with the following limitations: (200 kHz-1.2 MHz) and a limit in amplitude of 400 V. For a
single coil, the highest frequency is limited to around six times the lowest frequency. However, the
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Figure 9.6: Electronics scheme of the push-pull LC oscillator [Rud].
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range of frequencies could be extended by adding a second coil (1-5 MHz). An automatic switch
could be integrated in the circuit to select the proper coil.

In the testing system, the frequency is set by changing the magnet current with a 0-15 V
power supply and the voltage by adjusting a high voltage power supply (0-300 V). Figure 9.7
shows the result of a test of the dependance of the frequency of the output voltage. For a set input
current (/;, = 0.1 A) for a frequency 0.3 MHz, the input voltage (which in principle set the output
voltage) is scanned. The input voltage amplitude is changed but the bias voltage was not tuned.
It is clear than the frequency is relatively constant with the voltage, but for higher amplitudes the
frequencies decreases (without feedback). The maximum frequency error (between the input and
output frequencies) is around 10%. In the operative version the frequency is tuned by an automatic
loop of the bias voltage with high precision. The requirements of frequency and amplitude were
accomplished by the system, although the verification in real conditions would be the best way to
test the stability and reliability of the system.

Figure 9.7: Plot of the output frequency and voltage amplitude as function of the input voltage amplitude
for a set input magnet current.

Conclusions
Although higher frequencies could be achieved with the broadband amplifier, the oscillator
is better adapted to the requirements of the system in terms of frequency and amplitude.
The amplifier would be a good option in case experimental tests with ion beam shows that
higher frequencies or amplitudes require the efficiency of the system to be increased. But, for
performance and price, the oscillator is the first choice for the off-line tests.

A subsequent test at the maximum expected voltage of the quadrupole rods showed no electrical
breakdowns. Only some problems with the orientation of the axial electrodes appeared but those
were easily solved.
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9.1.3 Power supplies for the axial electrodes

These power supplies provide the DC voltage to the axial electrodes which create the axial field
used to guide the ions through the longitudinal axis of the trap (see Chapter 2). Each electrode
has a different power supply. That means around 27 power supplies (25 axial electrodes and the
injection and extraction plate, but depending on the electrodes configuration) are needed. In the
design study two different solutions were considered:

e The use of 16-channel 1 kV units.
e The modification of existing ISOLDE standard supplies (DC24-3500).

e Use of a voltage divider for the electrodes in the center region of the RFQCB chamber.

Despite the higher cost, the compatibility argument with ISOLDE weighed heavily to choose the
ISOLDE standard supplies. The power supplies are similar to the existing standard ISOLDE power
supplies but modified to work around lower voltages, 0.5 kV (1 in Fig. 9.8). The voltage divider
was left out to maximize the flexibility to optimize the axial field without major modifications.

To bring the DC voltages into the vacuum chamber, two commercial 19-multipin feedthroughs
were used. This solution greatly diminishes the space required which fits with the limited space
available in the four small top flanges. In a first step, a chassis (code C30014) converts the 25
individual channels in a multiwire cable, leaving some connections free for possible future needs.

Figure 9.8: Pictures of the different DC power supplies for the ISCOOL system: 1) 0.5 kV DC power
supplies, 2) 12.5 kV and 20 kV power supplies and 3) HV power supply up to 65 kV.
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9.1.4 High voltage power supply

ISCOOL needs to work on a high voltage platform (see Sec. 6). The maximum operating energy
is 60 keV, thus the HV power supply has to provide at least 60 kV. For compatibility with the
ISOLDE control system, the power supply FUG HCN 140-65000 was selected (see Fig. 9.8).
This power supply has been successfully used at the ISOLDE oft-line mass separator. For laser
spectroscopy experiments some more requirements are demanded:

e A long term (24 hours, time required for a measurement plus calibration) DC voltage stability
of less than 1 eV.

e Voltage ripple of less than 1 eV.

The HV power supply has an 8-hour stability of < 10~* and a voltage ripple < 5 - 10—5. That
means a ripple of less than 3 V (peak-to-peak) for 60 kV and 6 V of stability. The specifications of
the selected power supply are in the limit of these requests, but a big capacitance or a software sta-
bilization can be implemented in order to fulfil the requirements of the spectroscopy experiments.

9.1.5 Isolation transformer

The isolation transformer provides the operating voltage -380 V- to the power supplies placed on
the high voltage platform. It is a quite delicate device since the experience shows that a lot of
electrical breakdowns or leakages currents can be produced if it is not well installed or designed.
The same isolation transformer used in the off-line mass separator will be used for the ISCOOL
project. It consists of a powerful and massive transformer that minimizes the risks explained above.

9.1.6 Electronic feedthroughs for the vacuum

Special feedthroughs designed for vacuum devices are required for voltage connections. Figure
9.9 shows the connectors used in the project. The connectors are specially suitable for vacuum
purposes and they are welded by an electron beam process to the flange. The connectors are placed
in some of the four ISO-K DN100 flanges on the top flange of the main chamber (see Sec. 8.1.4).
One of the flanges contains the two 19-pin connectors for the signal to the axial electrodes, together
with two SHV 20 kV connectors for the injection electrodes. The two connectors for the RF power
are located alone in another flange.

9.1.7 Fast switches

To release the ions accumulated in the potential well in the last section of the RFQCB chamber, it is
necessary to change the applied voltages quickly on some of the last electrodes. The optimization
of these voltages adapts the timing and optical properties of the released ion bunches according to
experimental needs. A fast modification of the voltages is obtained by connecting the necessary
electrodes to two DC power supplies (see Sec. 9.1.3) with fast switches. The fast switches selected
are the Behlke GHTS-30. These switches has a very quick and stable time response which fits the
application very well. They are mounted in an independent box with two plugs for the two power
supplies and one for the timing signal (TTL) and one for the 5 VDC.
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Figure 9.9: Picture of the different type of vacuum feedthroughs used for the voltage electrodes. The
components are assembled in the flanges of the top cover. The flange for gas feeding and measurement is
also shown.

Another possible option is the use of fast amplifiers which can switch between two power
supplies delivering small potential values. The advantage of this option is its greater versatility
in signal waveform delivered to the electrode, e.g. ramping the voltage instead of square timings.
The drawback is the switching time which is longer than in the option of the fast switches.

9.2 The control system

The main goal in designing an user-oriented control system is to make it as easy-to-use as possible.
That means that the user does not need to be very experienced to use the machine. Although
ISCOOL will be placed in the ISOLDE experimental hall, where the beam transmission is re-
sponsibility of the experimentalists, it might wise to leave the beam optimization of ISCOOL
to the engineers in charge of ISOLDE operation, considering it as a part of HRS optimization.
However, ISOLDE has already a complex control system and it would not be desirable to increase
the level of complexity of the system after the implementation of the RFQCB and the beam line
associated. Moreover, some experiments directly connected and taking profit of the cooling and
bunching capabilities of ISCOOL, could be very interested to control by themselves the operating
parameters.

The purpose of the design of the ISOLDE control system is to balance the requirements of a full
and robust implementation in the ISOLDE control system, and the requirements of operation and
tuning by the experimentalists. The combination of industrial systems (Programmable Logic Con-
trollers) and friendly user applications is the solution outlined in this chapter. More information
can be found in [PGOS5].
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9.2.1 Scheme of the design

The control system for ISCOOL (and the components included in the beam line) can be divided in
different subsystems depending on the type of element which is to be controlled. Anyhow in the
final scheme there is an interdependence between the different elements which makes the control
a complex design. The subsystems can be itemized according to the type of elements to control as:

e Vacuum. Turbopumps, forepumps, pressure gauges, valves and gas feeding systems are
included. The vacuum control must include automatized processes for the start of pumping
down the line, control of the gas pressure inside the trap, safety switches and venting of the
system.

e DC > 1 kV. Four devices to be controlled can be considered as high voltage devices: the
high voltage power supply itself, two power supplies at the injection side and one at the
extraction side. In the case of the last two items, the power supplies are placed on the high
voltage platform.

e DC < 1KkV. In a first step there are 28 power supplies to be controlled (25 axial electrodes,
injection and extraction plates and first extraction electrode). Only the voltage amplitude
has to be controlled since these are steady-state power supplies. For the pulsing, the voltage
is switched between two power supplies using the fast-switches. The width of the pulse is
around 100 ys.

e Diagnostics. Two existing diagnostic boxes, one before and one after ISCOOL, will be used
for beam intensity and beam profile measurements. The total efficiency of the line can be
worked out through the Faraday cup measurements in these boxes. With the scanner before
the merging switchyard there will be the possibility to optimize the optics of the extraction
quadrupole triplet placed downstream of ISCOOL.

e Radio Frequency. The RF field is created by an oscillator governed by a control unit. The
control unit has three inputs: an ON/OFF signal (0-3 V) to switch on/off the RF, a signal to
assign the RF frequency (0-10 V), and other signal for the RF voltage amplitude (0-10 V). It
has also four outputs, all of them analogs: the real RF frequency and amplitude values, the
DC value and the magnet current value.

Figure 9.10: Control scheme for the oscillator solution for RF amplification.
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e Timing. The accumulation and bunching of the beam into ISCOOL has to be linked to the
frequency of aperture of the HRS beam gate and therefore to the frequency of the proton
pulse from the PSB. Therefore the general timing signal of the CERN accelerators will be
used as input.

A simplified scheme of the control system is presented in Fig. 9.11.

Figure 9.11: Scheme of the control system.

The system has to foresee the case when ISCOOL is removed from the beam line and only the
quadrupole triplets are remaining from the point of view of the control. In that case, just the voltage
amplitudes of both quadrupoles must be controlled, as for any other standard quadrupole triplet of
the ISOLDE transfer beam lines. As the diagnostic devices also remain in the beam line, they can
still help in the optimization of the device. Hereafter, the output parameters are considered as the
signals sent to the devices by the control system (input by the users) and the input parameters the
signals received by the control system from the devices (output of the devices).

Output parameters

The control system should vary the amplitude of the RF voltage, the frequency of the RF voltage
(both set through the RF amplifier, see Sec. 9.1.2), voltages applied to the axial electrodes, the high
voltage, the gas flow inside the chamber and the timing of the pulsing electrodes. Therefore the
output parameters can be divided in:

e Voltage to apply, current limitation and on/off signal regarding the HV power supply and the
small DC power supplies.

e TTL signal for the fast switches.
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e Voltage to apply to the valve or gas pressure to control the gas unit.
e Voltage and frequency of the RF amplifier.

The previous signals will be either processed by a PLC or by another type of communication
device. During the off-line tests, the working sets are developed in LABVIEW.

The best strategy for an efficient and fast tuning of ISCOOL is to collect in a database optimized
settings for different isotopes and masses. This would be the starting point as is already done in
other beam lines at ISOLDE. Hence the process requires to test all the beams at ISOLDE. Even
though not great changes in the RFQCB are expected for comparable masses, bigger changes are
expected for the configuration between heavy and light ions in order to keep constant the Mathieu
parameter g (see Chapter 2).

Input parameters

The control system should monitor all the voltages and pressures supplied to ISCOOL, to allow
at least a manual tuning. The safety vacuum switches are automatic and not dependent on the
monitoring of the vacuum pressure signals.

9.2.2 Hardware layout

The control system is governed by a Programmable Logic Controller (PLC) system based on the
Siemens Simatic S7 solution which is standard at CERN. Such a PLC allows the control of a lot
signal inputs and outputs and moreover it is possible to program internally these signals and linked
the system with a PC.

The CPU (model 315-2 DP) is placed on ground and is linked to an Ethernet coupler, which
allows the system be controlled by an Ethernet connection, and to an Siemens OBT, which trans-
form the Profibus signal in an standard optical fiber optic cable with simplex connections (Siemens
standard). The fiber optic is used to link the CPU (at ground) to the input/outputs which are on the
HV platform. 4 modules with 8 analog inputs (Al), and 4 modules with 8 analog outputs control
the power converters for the electrodes of ISCOOL. In addition, other modules control the signals
of the RF supply, the gas flow or to monitor the vacuum gauges. The modules for the control of
the HV are placed on the electronic rack on ground.

9.2.3 Control for off-line tests

Before the final installation in ISOLDE, ISCOOL has been tested in an off-line test bench (see
Chapter 5). The tests require the control of the main devices of ISCOOL which cannot be operated
manually. For this purpose, a control system based in a LABVIEW platform has been designed.
In Figure 9.12, a simplified scheme of the design is presented.

The use of a PLC is justified because it is a more robust system than the PC itself in front of
adverse environments (electrical sparks, data transfer errors,...). In addition the PLC (with CPU
SIEMENS ST-300) will be afterwards perfectly integrated in the standard ISOLDE control system.

A graphical interface in LABVIEW has been designed under supervision of this work [TP05]
to control directly the input and output voltages of the power supplies. The connection between
LABVIEW and the PLC is directly made through Ethernet. The PLC can be directly programmed
by LABVIEW thanks to the support from the PLC department at CERN which has developed
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Figure 9.12: Scheme of the control system for the off-line system. Only the DC power supplies on HV will
be in principle controlled.

some LABVIEW libraries which control directly the PLC without using an OPC server. The main
interface, which appears once the program is launched, is shown in Fig. 9.13.

Figure 9.13: Main interface of the LABVIEW test bench control system (courtesy of T. Tallinen). The
controls for the DC supplies, the RF supply and the gas flow are indicated.

The design concept of this control system allows easy upgrades and implementation of novel
devices, e.g. the control of the movement of the Faraday cups upstream and downstream of
ISCOOL. Two digital outputs of the grounded modules are used for this purpose. All the other
signals (analog and digital) are controlled by the modules placed on the high voltage platform.

Timing

To bunch the ions inside ISCOOL, it is necessary to fast-switch the voltage of the last axial elec-
trodes. In the test bench, one push-pull fast-switch from BEHLKE will be used to check its proper
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application to this purpose. This kind of switch uses as input two voltages and a TTL signal for
the timing control. To create the TTL signals, which will be pulses of a determined period (equal
to the cooling/accumulation time of ISCOOL), a simple function generator will be used in the test
bench.

Another possibility is the use of a PLC ST-300 function module, the FM 352-5 fast-boolean
processor. The module allows the programming of 12 inputs and 8 outputs with a maximum
cycling scan of 1 us. The features fit the requirements of the ISCOOL timing: the input could be
used by the trigger of the HRS. Anyhow two main problems come out for the implementation of
this module:

e The I/0 signals are HTL (24 V) and not TTL, so a conversion device should be implemented.

e There is no know-how at CERN about the capabilities of this module. A most concrete study
by the control group should be carried out.

Control of the gas line

As mentioned in Sec. 7.5, the gas entering in the RFQCB chamber is regulated by a gas valve
which is controlled by a gas control unit (Pfeiffer RVC 300). Such a control unit offers different
possibilities for the control: by Profibus, by RS-232 or directly connecting to the I/O units of the
PLC. At ISCOOL, as the gas bottle and the valve are working on the high voltage platform, the
control unit is also placed on the HV electronics rack (see Chapter 9.1). The use of the I/O of the
PLC is the easiest way to link the valve with the control system. The unit can be switched to work
in Flow mode or in Pressure mode. In Flow mode, the user sets a certain level of flow which is
calibrated by the manufacture as a certain aperture of the valve. The valve is then working in open
mode, without feed-back. Another possibility is to work on the Pressure mode. For this kind of
operation, it is necessary to place a pressure gauge downstream of the valve. The user then sets the
value that would desire in the region of this sensor, and the pressure gauge acts as a feedback for
the stabilization of the pressure.

At ISCOQL, in principle it would be more efficient to work in flow mode, since the pressure
that would be desired to stabilized is the one in the RFQCB chamber. Unfortunately, with the
present technology is not possible to measure directly this pressure, so as the pressure in this
chamber is given by the gas flow and the diameters of the holes in the injection and extraction
plate, the Flow mode seems to suit the best to the RFQCB purposes. However, a monitoring of the
other pressures of the system is mandatory to avoid overpressures in the system that can propagate
and contaminate all ISOLDE.
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Chapter 10

Assembly of ISCOOL and future upgrades

10.1 Assembly of ISCOOL

Previous chapters have established the design parameters of the new ISCOOL and the new beam
line. After the end of the mechanical design, the fabrication process started. All the mechanical
pieces were manufactured during this thesis work in collaboration with the workshops from some
institutes. In addition, all the pieces which are required for the different systems were ordered
or designed in parallel with the mechanical fabrication. ISCOOL was asemblied at the ISOLDE
workshop without any major problems detected. Figure 10.1 shows a picture of the final assemly
of the RFQCB chamber just before placing it into the main vacuum chamber.

Figure 10.1: Picture of the RFQCB assembly-+top cover with the electronics wires before the installation
inside the main vacuum chamber.

The distribution of the axial electrodes in the RFQCB chamber was done following the para-
meters given in Tab. 8.1. The gas feedthrough was placed in one of the electrodes between the
middle and the injection (axial electrode number 9, see figure). The length of this electrode was
also adjusted to obtain a correct compression of all the structure.

10.2 Off-line test bench

Before the first tests with RIB’s and the final installation on-line at ISOLDE, it is of course
necessary to check that the system is running as expected and tuned according to all operational
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parameters. For this purpose a test bench has been constructed in the ISOLDE off-line laboratory
(see Fig. 10.2).

Figure 10.2: Picture of the setup to test ISCOOL at the ISOLDE off-line laboratory.

The first requirement was to construct a cage around the experimental place since ISCOOL
will work at 60 kV. The region enclosed by the cage is used to develop the tests of ISCOOL and
the tests of the new front-end for the ISOLDE targets. For the tests of ISCOOL are necessary other
devices which will not be used later on the on-line beam line: an ion source to provide stable ions
and diagnostic devices to check the performance of ISCOOL. In the following the beam line will
be detailed.

10.2.1 General scheme of the test bench

The test bench beam line does not have strong requirements from the optical correction element
downstream of ISCOOL. In first tests, the combination of a surface ion source, the injection
quadrupole triplet and ISCOOL, will serve for a first check-out of all the components and first
transmission yields. Figure 10.3 shows a threedimensional view of the layout of the off-line test
bench beam line in building 275. The emittance meter placed in the figure is the same as the one
used for the tests in REXTRAP (see Chapter 11 and Sec. 3.5.4).

Figure 10.4 shows the real assembly of ISCOOL at the test bench. The assembly described
in the past section were moved to the test bench and carefully aligned. The turbopumps were
mounted and connected to the forepumps. The vacuum valves were not installed to simplify the
operation in the first tests. The conceptual design proposed in the last chapters has then been
proved. The electronics and control have been tested and commissioned, the mecanical parts
assembled successfully and the vacuum and gas feeding components installed.
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Figure 10.3: 3D design of the test bench beam line. The main components are identified. The ion source
before the diagnostic box is zoomed.
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Figure 10.4: Picture of the real set-up of the components at the test bench after assembly of the in-vacuum
parts. The vacuum system is mounted and the electronic and gas feedthroughs ready for operation.
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10.2.2 The ion source

The off-line tests of any beam preparation device require a stable beam delivered by an ion source.
The best results would be obtained if the properties of the beam released by the ion source are
well-known, and can be compared with those of the beam extracted by ISCOOL. Originally, the
first tests were planned to be performed with the stable ion source used by the MISTRAL exper-
iment. Even some measurements were carried out to check the quality of the beam released by
this ion source (transverse emittance and intensity), see [Pod04a]. Unfortunately, the combination
of unexpected delays of the ISCOOL project, and the approval of a new run of the MISTRAL
experiment, obliged the planning to be changed. Finally, a surface ion source from the LPC-Caen
(see Fig. 10.3), already used for the tests of the LPC RFQ buncher, was installed.

10.2.3 Diagnostic devices

The diagnostic devices in the test bench must provide the following values:

e The intensity of the beam before and after the cooler to calculate the efficiency

The energy spread of the bunches.

The position of the beam before the cooler to achieve a proper injection.

The Time Of Flight (TOF) of the bunches after the cooler.

The quality of the beam optics before and after the cooler, particularly the transverse emit-
tance.

Hence the following equipment is installed in the beam line:

e A combination of standard Faraday cup (FC) and scanner from ISOLDE before the cooler
and an FC after the cooler (see Chapter 3). They allow the efficiency of the cooler to be
measured. They are also used for the optimization of the injection and extraction optics. It
can also give an indirect measurement of the energy spread (see Sec. 3.5.5).

e A MultiChannel Plate (MCP) for measurement of the TOF of the ISCOOL extracted beam.
It will control the quality of the bunches delivered to the beam and the contamination of the
ISCOOL beam.

e An emittance meter after the cooler. To measure the cooling performance of ISCOOL. An
emittance meter before ISCOOL would be desirable, but nowadays the existing emittance
meters are permanent destructive devices. At least some measurements of the emittance of
the ion source should be carried out in another beam line.

The control of the FCs is integrated in the ISCOOL test bench control system (see Sec. 9.2.3)
and therefore the FCs are remotely controllable by a computer. The emittance meter has its own
software, and it is then also completely controllable by computer.

10.3 Future plans and machine improvements

The design of ISCOOL can be upgraded and optimized with the tests of new schemes in the
mechanical design. Fortunately, the flexibility of the design of ISCOOL allows an easily imple-
mentation of further developments in the machine without redesigning all the device.
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Cryogenic implementation

According to the most recent results on RFQCB'’s, the logical step forward to improve the effi-
ciency of the device is to decrease the temperature of the gas, mainly in the bunching area. There-
fore a cryogenic system would be necessary, as the one already tested at the LEBIT RFQ buncher
(see [SBLT03]). A cryogenic vessel containing liquid nitrogen or helium could be implemented in
the area surrounding the last section of the cooler, together with a thermic isolation and a cryogenic
line with an inlet to keep the level of liquid. The implementation of such a system would increase
the performance, but also increase the level of complexity of the system.

Laser purification

In order to purify the trapped beam, one could think of using the interaction of a laser (see [Nie03]).
One would then need to modify the beam merging switchyard downstream of the cooler. The idea
would be to get a straight section from the merging switchyard, that will allow the laser to interact
with the confined ions of ISCOOL.

Low bunching section pressure

A high pressure inside the RFQCB chamber is needed to have a better cooling of the beam with
the ion-gas collisions. Once the beam is cooled, there is no further reason to maintain the pressure
and in fact a high pressure is a problem during the acceleration process, because that blows-up the
beam increasing the beam emittance again. The best solution will be to keep the first section of the
RFQCB chamber (500-700 mm) with the gas pressure required, and using a lower pressure for the
trapping-accumulation-bunching section (last 100 mm) of ISCOOL. To reach this goal two main
solutions, that will require further developments, are proposed:

e Miniquadrupole with small aperture. Placing a small quadrupole with RF focusing scaled
to that of the big quadrupole between the cooling and the bunching section, would reduce
the pressure at the bunching section. It would improve the extraction and acceleration of
the beam, and would decrease the molecular formation that diminishes the efficiency of the
system. Some simulations were done out of the scope of this work [Pet02a].

e New conductances. A much easier technical solution would be to add new flow conduc-
tances that would expel the gas before the hole of the extraction plate. The new conductances
could be obtained by adding new holes either to the ceramic spacers or to the axial electrodes.
For manufacturing reasons, the holes in the ceramic spacers are a better option. The holes
could consist in simple slits at the ceramic rings, with a certain thickness e, as shown in
Fig. 10.5. The sum of the area of all the slits should be equal to the area of the extraction
plate, to obtain approximately the same effect in terms of gas throughput than without the
holes. Therefore for a hole of the extraction plate of 3 mm diameter, the total area of the slits
should correspond to 7.1 mm?. The total area created by N slits A, can be approximated
by:

Agits = N(d/2)ea, (10.1)

where e;,; is the axial space between axial electrodes that create the conductance, d the
inner diameter of the ceramic spacers and « is the angle of the hole in radians. For 5
ceramic spacers with e;,; = 1 mm in the last part of ISCOOL, the angle necessary to obtain
7.1 mm? is around o = 2° (for d = 82 mm). That corresponds approximately to a gap width
a ~ 3 mm for each spacer.
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Figure 10.5: Scheme of the insulators proposed to create a differential pumping inside the RFQCB chamber.
The important dimensions of the piece (top) and the assembly (bottom) are shown.




156 Chapter 10. Assembly of ISCOOL and future upgrades




157

Chapter 11

Comparison of cooling methods for Penning
traps

As discussed in previous chapters (see Chapter 1 and 3), new developments in ISOL facilities de-
pend partly on the progress in manipulation of RIB to obtain more intense and optically improved
ion beams. It has turned out that these goals are partially contradictory since higher intensities tend
to decrease the ion optical properties. Thus increased beam intensities are a major challenge for
the present cooling devices and among the novel requirements specified in design studies of new
RIB, as in the EURISOL DS for example.

To investigate the effect of high intensity beams (> 10® ions injected into a Penning trap),
some measurements have been carried out with REXTRAP at the REX-ISOLDE experiment (see
Sec. 1.3.2). The goal of the measurements was to check the performance of the Penning trap at
high intensities with the current technical operation conditions, and to test new methods proposed
to enhance the performance of the trap, i.e. to maintain the beam quality at high current levels.

In this chapter the results from the experiments comparing the new rotating wall cooling
technique (see Sec. 4.2.1) with the well established sideband cooling technique are presented
and discussed.

11.1 Layout of the experiment

The measurements were carried out in the low-energy part of REX-ISOLDE (see Sec. 1.3.2), and
most of the time using only REXTRAP (and not REXEBIS and the transfer beam line (BTS) from
REXTRAP to REXEBIS and the mass separator, see Sec. 1.3.2). The scheme of the low-energy
part of REX-ISOLDE was already shown in Fig. 1.10.

11.1.1 REXTRAP layout

Figure 11.3 shows the layout of the Penning trap REXTRAP. All the system is enclosed inside
a high voltage cage and over a high voltage platform. REXTRAP operates at a maximum high
voltage of 60 kV, which agrees with the maximum energy of the ISOLDE beam 60 keV. Table
11.1 shows the normal operation parameters of REXTRAP.

Like ISCOOL, the optics system of REXTRAP is divided in the deceleration part (60 keV
to injection), the trap itself and the re-acceleration. In REXTRAP the beam is confined in the
middle of the trap, as shown in Fig. 11.2. A potential well is created in this part. The center
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Buffer gas Neon (or Argon)
Gas pressure < 107 3mbar
Magnetic flux density strength B 3T
Confinement ¢,... <20 ms
Trap capacity < 10% ions
Trap length 900 mm
Longitudinal emittance (60 keV) 5 us-eV

Table 11.1: Main operation parameters of the Penning REXTRAP at REX-ISOLDE.

Figure 11.1: Scheme of REXTRAP and the high voltage cage.
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electrodes are eight-folded to apply the additional RF voltages for the different types of cooling.
The pressure at REXTRAP is lower than at ISCOOL (~ 10~* mbar). The differential pumping
to ISOLDE is not so critical, as shown in the bottom plot of Fig. 11.2. The trap is usually filled
with neon -sometimes with argon- for the buffer gas cooling of the beam. Typical frequencies are:
fi~1MHz, f, ~ 44 kHz and f_ ~ 1 kHz.

Figure 11.2: Structure of the REXTRAP electrodes and diagnostics devices. The axial potential and the
pressure along the trap are also plotted.

11.1.2 Beam line for the emittance measurements

For the measurements of the optical quality of the beam extracted from REXTRAP, only the trap
itself and a straight beam line after the trap were involved (see Fig. 11.3). As illustrated before,
from REXTRAP the beam can be bent to the BTS and delivered to REXEBIS (see Sec. 1.3.2), bent
to the WITCH experiment [BAB 03] or continue straight to the measurement beam line section.

Figure 11.3: Sketch of the beam line used to test the cooling methods.

To control the transport of the beam after the extraction from REXTRAP, several optical ele-
ments and different pumping orifices are placed along the beam line (see Fig. 11.4). The transport
of the beam properly to the emittance scanner requires an optimization of the einzel lens just after
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Cooling method Energy [keV] t.oo [ms] U.(pp) [V]
no cooling 30 20 -
sideband 30 20 18
rot. wall quadrupolar 30 20 30
rot. wall dipolar 30 20 30

Table 11.2: Fixed parameters during the analysis of the cooling frequency, the TOF measurements and the
injection into EBIS. The energy denotes the injection and extraction energy of the beam, t.,,; is cooling
time or cycling time of the trap and U.(pp) is the peak-to-peak amplitude voltage of the RF field added for
cooling purposes.

the trap which controls the focus of the beam. The benders deliver the beam to the different beam
lines. Some diagnostic devices are placed along the line to measure the properties of the beam.
In addition, a diaphragm has been added in the beam line by the WITCH experiment for a better
control of the beam.

The emittance meter used for these measurements is based on the double-slit concept (see for
further information [Rei02, Huc02] and Sec. 3.5.4). An electron multiplier was installed after the
emittance scanner to amplify the signal received as the intensity extracted from REXTRAP was
low.

11.1.3 Beam line for the global efficiency

Further measurements were made using the complete low-energy preparation stage, i.e. REX-
TRAP, the BTS, REXEBIS and the mass separator, to measure the global performance of the beam
delivered by REXTRAP. The results of the measurement are presented in Sec. 11.2.7.

11.2 Results of the measurements

Systematic measurements, focused basically on the efficiency and the optical properties of the
beam, were carried out during several periods in the past years. The present section details and
discusses the technical properties of the trap obtained.

11.2.1 Cooling frequency at REXTRAP

To verify a correct operation of the cooling method applied, a frequency scan of the transverse
electrical RF field (see Sec. 4.2) was carried out for each measurement with different beam
intensity. A presence of a resonance proved the method and from the resonance curve the optimum
frequency was determined. Figure 11.5 shows the optimum frequencies for each cooling method
as function of the number of ions injected. The plot confirms the dependance of the frequency of
the cooling methods with the number of ions accumulated inside the trap. It was obtained under
conditions summarized in Tab. 11.2. These are the same conditions as those used to obtain the data
presented in Sec. 11.2.7. For all three cooling methods, the resonance frequency increases with
the number of accumulated ions.
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Figure 11.4: Layout of the beam line from REXTRAP to the emittance meter.
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Figure 11.5: Resonance frequency f..o; for different cooling methods as a function of the number of ions
injected into REXTRAP.

11.2.2 Time structure of the REXTRAP pulse

The Time-Of-Flight (TOF) signal recorded for the beam extracted from REXTRAP shows differ-
ences depending on both the method used for the cooling and the number of ions injected. Figure
11.6 compares the TOF spectra for the different cooling methods at the lowest and highest inten-
sities measured. Figures B.1, B.2, B.3 and B.4 (see Appendix B) present the complete evolution
of the TOF with the number of ions injected into the trap for the no-cooling, the sideband method,
the rotating wall quadrupolar and the rotating wall dipolar method. The parameters used during
the measurements are those listed in Tab. 11.2.

In all the TOF spectra, independently of the cooling method, two peaks appear. The right one
correspond to potassium singly-charged ions (A = 39), which is the element released by the ion
source. The other peak is due to the presence of neon buffer gas ions (A = 20) from the trap,
although other contaminants cannot be discarded. The width of the potassium peak increases, for
the four techniques, with the number of ions injected.

The presence of contaminants in the extracted beam means that it is necessary to remove the
undesirable beam from the data to obtain a correct analysis of the measurements, particularly for
the trap efficiency figure. The percentage of contaminants in the beam was calculated from the ratio
of the integrals of the contaminant peak and the whole signal. Figure 11.7 plots the percentage of
potassium in the beam for the four techniques as function of the injected ions in the trap. However
it must be said that for extracted beams larger than 1 nA, whatever the cooling method, the peaks
of potassium and buffer gas are overlapping and therefore the calculation provides a percentage of
potassium in the beam which is a bit approximative and optimistic.
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Figure 11.6: Plot of TOF spectra of the extracted beam from REXTRAP for the different cooling methods
at low and high injected intensities.

Figure 11.7: Percentage of potassium in the beam extracted from REXTRAP at 30 keV for different cooling
methods as a function of the number of ions injected into the trap.
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11.2.3 Efficiency of REXTRAP

At REXTRAP, the efficiency of the apparatus (7),4;,) 1s defined as the ratio of the extracted ions
(Neat) over the injected ions (Ny,;) per cycle:

Nea:t
Ntrap = N_

nj

(11.1)

Experimentally, the efficiency is calculated from the current measured on a plate at the injection
(/in;) and at a Faraday cup (see Sec. 3.5.1) at the extraction (/.,;). Both of them measure the
average current per cycle, for the injected ISOLDE beam in the first case and the extracted bunched
beam in the latter. Hence, it is more straight forward to write the efficiency as:

Iea:t
Ntrap = (1 12)
P I’LTL]

In the following, the efficiency plots from several measurement periods with different experimental
conditions are presented. All the plots include the efficiencies for the three cooling methods and
also the efficiencies without the presence of any RF cooling (no cooling). In this way it is possible
to better compare and have a reference level for the performance of the cooling methods.

At 60 keV

In Figure 11.8, the efficiencies measured for all the cooling methods at 60 keV are plotted as
function of the number of ions injected per cycle into the trap. The detailed conditions for these
measurements are presented in Tab. 11.3.

Figure 11.8: Efficiency for different cooling methods at REXTRAP depending on the number of ions
injected for measurements at 60 kV.
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Cooling method Energy [keV] teon[ms] U.(pp) [V]

no cooling 60 20 -
sideband 60 20 18
rot. wall quad. 60 20 30
rot. wall dip. 60 20 30

Table 11.3: Fixed parameters during the efficiency and transverse emittance measurements at 60 keV at
REXTRAP. See explanation of each parameter in Tab. 11.2.

The graph shows clearly that the efficiency decreases with the number of ions injected. Side-
band cooling appears as the best efficiency method globally in the region below 108 ions. In this
region, sideband cooling achieves to improve the efficiency around 50% more than without no
cooling. For more than 10® ions all methods give similar performance in terms of efficiency.

Figure 11.9: Plot of the number of ions leaving from the REXTRAP as a function of the number injected
at a beam energy of 60 keV.

When the number of ions injected is larger than 108, the improvement of the efficiency (com-
pared with no cooling) is not so spectacular. It seems that some kind of a saturation effect exists
in this region. The effect can also be well observed plotting the number of ions entering versus
the number of ions leaving the trap (Fig. 11.9). The dipolar rotating wall cooling is the technique
that provides the best efficiency at high currents. At the region from 10® to 5 - 10® ions, dipolar
rotating wall cooling obtains an efficiency around 25% of the efficiency but then decreases down
to an efficiency of around 12% at 10? ions. It is important to point out that no analysis of the TOF
signal of the extracted beam was carried out for these measurements. As a consequence results
obtained can be partially distorted.
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At 30 keV

Further measurements were carried out at 30 keV. Figure 11.10 plots the efficiencies calculated
for all the cooling methods at 30 keV as function of the number of ions injected per cycle into the
trap. The detailed conditions for the new measurements are presented in Tab. 11.4.

Figure 11.10: Efficiency of different cooling methods at REXTRAP depending on the number of ions
injected for 30 keV beam energy.

It is clear that for these measurements the sideband cooling was not well optimized, but the
slopes obtained for the rotating wall cooling and the no cooling are quite similar to the ones at
60 keV. Some conclusions can be obtained with this figure:

e The dipolar rotating wall cooling is still a better method than the quadrupolar one.

e Both rotating wall cooling methods are displaying the best performance in the range between
108 to 10? ions injected.

e The saturation of all methods at 10° ions injected is still present and no method is capable of
surpassing this limitation.

It should be pointed out that the ion composition of the TOF signals was not analyzed for the
30 keV case, and this can affect the result.

As function of the cooling/cycling time

Figure 11.11 presents the result of a measurement of the efficiency of the trap for different cy-
cling/accumulation times (%,..) with no transverse RF cooling applied. The settings are similar to
those in Tab. 11.3 but the cooling/accumulation time parameter is variable. Clearly the efficiency
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Cooling method Energy [keV] teon[ms] U.(pp) [V]

no cooling 30 20 -
sideband 30 20 18
rot. wall quad. 30 20 30
rot. wall dip. 30 20 30

Table 11.4: Fixed parameters for the efficiency and transverse emittance measurements at 30 keV. See
explanation of each parameter in Tab. 11.2.

without cooling decreases linearly for high accumulation times. The loss of efficiency is mainly
due to the increase of the radius of the magnetron motion of the ions inside the trap. The ions are
lost in the walls of the trap or have just a too high transverse energy to go through the extraction
plate of the trap. Summarizing, the global effect is a linear decay of the efficiency which is function
of the time of the ions in the trap (cooling or cycling time).

Figure 11.11: Efficiency of REXTRAP without cooling at 60 keV operation energy as a function of the
cooling time.

As function of the cooling time and the voltage amplitude

The trap efficiency 7, can also be studied as a function of the cooling time ¢, of the trap and
the voltage amplitude of the RF electrical field supplied for the cooling U,, for the same number
of ions injected and with the same resonance frequency for the ion cooling. The goal of this kind
of measurements is to search for the best point to be placed to get the best trap efficiency in a wide
range among the plane t.,,; — U..

Some measurements were made with the different ion cooling techniques to measure their
efficiencies. For all these measurements, the injected ion current into REXTRAP was stabilized
to a fixed value. The number of ions injected is chosen to be, for each technique, inside the range
where the technique has proven mostly efficient (see Sec. 11.2.3). That means, the number of ions
injected for the rotating wall were higher than for the sideband cooling.
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Figure 11.12 shows the contour plot of the trap efficiency for the sideband cooling technique
with a stable current of 66.5+2.5 pA at a total ion beam energy of 60 keV. The range of the voltage
amplitude U, is determined by the maximum amplitude that can be supplied, which corresponds to
18 V (peak-to-peak) for the sideband cooling. The figure demostrates that the best efficiency was
achieved for the maximum amplitude U, and a cooling time ¢.,,; = 20 ms.

Figure 11.12: Contour plot showing the efficiency of the sideband cooling method at REXTRAP as a
function of the cooling time t.,,; and the amplitude of the RF electrical field U..

A similar study was done for the dipolar rotating wall cooling, as shown in Fig. 11.13. In
this case, the best efficiency was obtained with a cooling time of 20 ms and a RF electrical field
amplitude around 15 V. Surprisingly, the maximum efficiency does not occur at the maximum
amplitude achievable (30 V). The RF electrical field dependance seems to be stronger. A stable
operation for dipolar rotating wall cooling would correspond to a voltage amplitude of the RF
electrical field around 15 V and a cooling time between 20 ms and 40 ms.

Further investigations could be carried out with different number of ions injected into the trap.
The goal of those measurements would be to verify whether the optimized operation parameters
in the plane t.,,-U, are related with the injected ions. Moreover the efficiency dependence on the
beam energy should be checked. That would give a complete map for an efficient operation of
REXTRAP.

11.2.4 Transverse emittance of extracted beam from REXTRAP

Due to the limited acceptance of the REXEBIS [WenOl], it is of importance to minimize the
transverse emittance of the extracted cooled beam from REXTRAP. Hence a set of transverse
emittance measurements (see Sec. 2.2.1) were performed with different beam energies to compare
the different cooling techniques. The results are discussed below. The data of the phase space of
the REXTRAP released beam for each measurement was acquired by an emittance meter (see the
layout in Sec. 11.1). All emittances are calculated using ELENA, a self-written code developed
in MATLAB that allows the data from the emittance meter to be loaded and generates the phase
space plots (for further information about the program see Appendix A).
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Figure 11.13: Contour plot showing the efficiency of dipolar rotating wall cooling at REXTRAP as a
function of the cooling time and the amplitude of the RF field.

At 60 keV

Figure 11.14 compares the phase spaces obtained for different cooling methods at low and high
intensities. The plot of all the measurements is presented in Appendix A.

Figure 11.14: Comparative phase space recordings of the extracted beam from REXTRAP at 60 keV for
the different cooling methods at low and high injected intensities. Rotating wall cannot be applied for low
intensities.
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Figure 11.15 shows the value of the 90% geometrical transverse emittance of the beam at
60 keV (6282‘;‘/) as a function of the injected ions. For a low number of ions, the sideband cooling
gives the lowest emittance values and the rotating wall cooling method cannot be used since no
resonance could be found. In this region the emittance using sideband cooling is improved up to
a 50% compared to no cooling. For more than 2 - 10® ions, the emittance given by the sideband
cooling increases. From 4 - 10® to 10 ions, all three methods give very similar emittance values,
and comparable to the value obtained without cooling.

Figure 11.15: 90% geometrical transverse emittance at 60 keV from different cooling methods as a function
of the number of ions injected.

To summarize, sideband cooling is the best technique for weak beams. At high number of
ions the cooling improvement made by the techniques can not be seen clearly, and the emittance
obtained with all cooling methods are similar to the emittances without applying any cooling.

In Section 2.2 it was shown that another way to consider the emittance is to calculate it statisti-
cally. Here the statistical emittance is calculated using the 20 standard deviation of the data in « and
', the so-called Lapostolle emittance [Lap70]. As was shown before, this emittance corresponds to
approximately 90% of the geometrical transverse emittance if the data has a gaussian distribution.
Figure 11.16 plots the values of the Lapostolle emittance for cooling methods versus the number
of injected ions. The plot is similar to Fig. 11.15 but here the oscillations in the values are much
bigger, which means that value are not so confident and that geometrical emittance calculations
applies better for this data.

A cut was found after an accurate analysis of the measured phase spaces with the tracker capa-
bility of ELENA (see Appendix A). The cut was located around 1700 mm before the measurement
point, which coincides with a differential pumping pipe of 25 mm diameter before the BTS line
(see Fig. 11.4). This cut affected the acceptance of the emittance meter.
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Figure 11.16: Lapostolle emittance at 60keV using different cooling methods at REXTRAP. The emittance
is plotted versus the number of ions injected.

For these measurements no TOF analysis was carried out, so for high intensity beams with no
cooling and rotating wall cooling method, the phase space is probably contaminated and is bigger
than if it only includes the potassium ion beam.

At 30 keV

Due to the transmission problems occurring during the measurements at 60 keV, new measure-
ments were carried out to improve the performance. For that reason all the optics elements of
the beam were carefully optimised. Most of the attention was devoted to centering the diaphragm
installed by WITCH, which was thought to be the source of the problems in the last measurements.
In addition a lower beam energy was fixed to verify if a bigger beam could be handled. The result
was that the emittance was still cut. Unlike it happened in the measurements at 60 keV, in this
case the cut is observed a bit closer to REXTRAP, in the kicker (see Fig. 11.4 and Fig. 11.17),
which means the focal point was changed. That confirmed the real emittance out from REXTRAP
is difficult to be measured with the existing configuration of the beam line.

Disregarding the cut, Figure 11.18 compares the phase spaces obtained for different cooling
methods at low and high intensities. The plot of all the measurements is presented in Appendix A.

Fig. 11.19 shows the 90% geometrical emittance at 30 keV as function of the number of ions
injected. To more clearly present the effectiveness of the cooling, the current density distribution
over the phase space can be plotted in three dimensions and in a same scale for the different
methods. This is done in Tables B.9 and B.10 as function of the beam intensity and cooling
method.
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Figure 11.17: Phase space plots for a non-cooled beam at 30 keV and 5.7 nA traced backwards with
ELENA.
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Figure 11.18: Comparative phase space recordings of the extracted beam from REXTRAP at 30 keV for
the different cooling methods at low and high injected intensities. Rotating wall cannot be applied for low
intensities.
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Figure 11.19: 90% geometrical emittance at 30 keV for different cooling methods depending on the number
of ions injected.

11.2.5 Brilliance of the extracted beam from REXTRAP

For a more complete study of the optical quality of the extracted beam, the brilliance can be
calculated. It would give more information about the size of the beam, normalized for the number
of 1ons present in the beam in that moment (see Sec. 2.3). The problems to apply this quantity to
the REXTRAP measurements are:

e The transverse emittance is supposed to be equal in both phase spaces.
e There is an error in the value of the transverse emittance due to the cut in the phase space.

e The extraction intensity was measured with a large error of 10%. Transverse phase spaces
measured with a larger error have not been taken into account.

In the following discussions all these items are taken into account.

At 60 keV

Figure 11.20 shows the brilliance as function of the number of ions injected for the measurements
at 60 keV. The plot confirms what was seen in the efficiency plots. The beam released by the
sideband cooling method has the best optical properties for the whole range of ions injected.
According to this plot, the dipolar rotating wall cooling obtains better results compared with the
non-cooling. However, the quadrupolar wall cooling decreases the quality of the beam (most
probably due to a strong beam contamination).
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Figure 11.20: Comparison of the beam extracted brilliance from REXTRAP at 60 keV for different cool-
ing methods as function of the number of ions injected and using 90% geometrical transverse emittance
(assuming are symmetrical in both phase spaces).

At 30 keV

Figure 11.21 shows the brilliance as function of the number of ions injected for the measurements
at 30 keV. Again the sideband cooling comes out as the most suitable method. The dipolar rotating
wall cooling seems to tend to get better results in the range from 108 to 4-10® ions injected, although
there is a lack of measurements in that region to confirm the veracity of the effectiveness of the
dipolar in that region. In addition, the saturation effect around 10° ions injected is not clearly
visible this time.

11.2.6 Cooling efficiency of REXTRAP

So far an independent analysis of the most important parameters for a good beam transmision and
injection into EBIS has been done through the efficiency of the Penning trap, and the emittance
and the brilliance of the extracted beam.

In order to make a better choice of the type of cooling, another very useful parameter to analyze
is the cooling efficiency as presented in Sec. 2.4 and defined in Eq. 2.40. This expression can also
be expressed as:

77t1ﬂap
= €inj,x€inj 113
s ” Y Eext,xeeazt,y ( )
In the particular case of REXTRAP, the emittance of the ion source (€, 5, €injy) 1S unknown so
only the expression:
Mppeg = —Lr8 (11.4)

eezt,x 6e:(;t,y
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Figure 11.21: Comparison of the brilliance of the beam extracted at 30 keV for different cooling methods
as function of the number of ions injected and using 90% geometrical transverse emittance (assuming are
symmetrical in both phase spaces).
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can be plotted, as function of the efficiency of the trap 7,,, and the emittance in both transverse
planes, supposed to be equal €, = ¢, both for the injected and for the extracted beam.

Figure 11.22: Reduced cooling efficiency in REXTRAP 73,..; at 30 keV calculated as ratio of the efficency
and the 90% geometrical transverse emittance.

Figure 11.22 shows the tendencies of the cooling efficiency for the different types of cooling
analyzed. It can be observed that the sideband cooling technique is the best option for less than
108 ions injected into the trap. In all the range where rotating wall manages to operate, the dipolar
rotating wall cooling seems to obtain better results (although no contamination analysis was carried
out). From around 10? ions, the trap seems to be filled and there is no cooling method which can
improve the brilliance.

11.2.7 Beam injection into REXEBIS

The best way to verify the quality of the ion beam, obtained with the different cooling methods, is
to inject it into and charge bred inside the REXEBIS (see Sec. 3.4.2) and thereafter measure the
extracted current after the mass separator. That means, unlike the ion beam out from REXTRAP,
the beam does not have any undesirable elements, e.g. rest gas. Hence the efficiency depends only
on the optics quality of the ion beam. Better cooled beams in REXTRAP would mean better global
efficiencies.

First of all, the ion beam was optimized at an energy of 30 keV for injection into REXEBIS
from REXTRAP using sideband cooling , which is the normal cooling method. The mass sepa-
rator was tuned for 3?K!°*. Once a good efficiency was obtained with the normal method some
systematic measurements were done by varying only the number of ions injected (changing the
beam gate of the injected beam) and the resonance frequency for the sideband cooling (scanned
for each measurement). All the other parameters at REXTRAP, REXEBIS and the mass separator
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Cycle frequency f [Hz] Electron beam current /. [mA]
50 235.9

Table 11.5: Fixed parameters at REXEBIS during the injection measurements from REXTRAP.

were kept constant. At the same time, measurements with no cooling at all in the trap were done
to observe the real performance of the other cooling methods.

After the measurement with sideband cooling, the trap was prepared for the use of the rotating
wall dipolar method. The same parameters than before were kept for the ion source, the trap (except
the resonance frequency), the EBIS and the mass separator. Finally, the same was done with the
rotating wall quadrupolar cooling method. The main trap parameters used in the measurements are
summarized in Tab. 11.2. Table 11.5 gives the parameters for the EBIS and the mass separators.

Efficiency

The total efficiency of the beam 7, is measured as:

Neact—ms
otal = (1 15)
ol Ninj—REXTRAP

where N;,;—rexTrap is the number of ions injected into REXTRAP and Ny;—,s is the number
of ions extracted from the mass separator. N;,;_rrpxTrAp 15 calculated from the intensity of the
ion beam measured at the injection plate of REXTRAP:

I;
Ninj—REXTRAP = 7 = Lipteool (11.6)

where [;,, is the mean intensity measured at the injection plate and f is the cycling frequency.
Correspondingly,

Irrq
CfEp1s

where Irrq is the mean intensity measured at the faraday cup just after the mass separator, frprs
the breeding cycle frequency and C' is the charge of the ions measured which is C' = (e where
@ is the charge state (10 for the potassium ions measured in the injection tests) and e is the
elemental charge. The frps is synchronized to the trap frequency and therefore: frprs = 1/tcool-
Therefore, finally the total efficiency 7.4, can be calculated as:

(11.7)

Ne:pt—ms =

Irrg/Q

11.8
Iiptcool ( )

Ntotal =

Figure 11.23 compares the global efficiency (7;.¢4;) for different cooling methods as function of
the number of ions injected into the trap. As mentioned before, all the measurements were done
with the same optics parameters and at a beam energy of 30 keV. The graph clearly outlines the
good behavior of the sideband cooling for less than 10® injected ions. Both rotating wall cooling
methods (dipolar and quadrupolar) have a similar response but there is no improvement in relation
with the trap working without applied cooling.
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Figure 11.23: Comparison of the global efficiency 7.t at 30 keV beam energy for different cooling
methods as function of the injected ions into REXTRAP.
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11.3 Conclusions

When summarizing the results obtained from the different cooling methods at REXTRAP, it is
clear that the sideband cooling technique is the best performing method for preparing the beam for
injection into the REXEBIS. For less than 108 ions injected into the trap, it is also the best method
in terms of both efficiency and transverse emittance out the trap. In fact, in that region, the rotating
wall cooling methods do not work (lack of cooling frequency resonance). The emittance obtained
with sideband cooling fulfills the requirements of acceptance of REXEBIS (10 7mm-mrad at
60 keV) for less than 10% ions.

In the region between 108 and 10? ions the conclusion is not clear-cut. For all the cooling
methods, the improvement in neither efficiency nor emittance is not so evident with respect to no
cooling. Anyhow when both figures are taken into account (brilliance and cooling efficiency), the
dipolar rotating wall cooling seems to be advantageous for this region. However, the difficulties to
obtain guaranteed figures for the emittance and the contamination existing in the delivered beam
with the rotating wall methods, make the sideband still the best method. For bigger number of
ions the traps is saturated and the decrease in brilliance is constant for all the methods. Hence no
cooling method is satisfactory in this region, although sideband cooling still achieves to improve a
bit the beam optics, but in minor proportion than for less than 10® ions injected into the trap.

In the future, further tests with different voltage amplitudes of the rotating wall electrical field
applied should be carried out in order to check if the method could be improved by increasing of
the Lorentz force compressing of the ion cloud. In addition, the rotating wall seems to increase the
extraction of rest gas and other contaminants, therefore not only increasing the extraction efficiency
of the required element. A theoretical study of the reasons should be carried out. Only after the
completion of these studies the rotating wall cooling can fully be discarded as a high intensity
technique. In addition, attempts to use high voltage amplitudes in the sideband cooling could be
investigated.

The present study has established the current limits for the manipulation of more intense RIB’s
and has given the guidelines for the continuation of the studies with the rotating wall technique.
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Conclusions

In the frame of this work some important achievements in the field of the beam preparation have
been done. As the most important one, the complete design and assembly of a new RFQCB
for ISOLDE, ISCOOL, ready for off-line commissioning and later on-line installation after the
HRS. This new device is a step forward general purpose RFQCBs, not only devoted to a single
experiment, but capable to adapt the beam extraction to the characteristics of experiments. That
represents a real milestone for the integration in the future second generation facilities as HIE-
ISOLDE, which are the step before the construction of the EURISOL facility. Besides the general
purpose ability, ISCOOL will be in combination with the new magnet design for the HRS, a test
bench for the research in higher resolution mass separators. More pure, efficient and intense beams
are expected from this design.

In addition ISCOOL has some features that makes it an unique machine among the other
RFQCBs. In the optics and mechanical design, a design of the injection and extraction part
which comes from the experience taken from the first generation devices, and a new layout of
the axial electrodes which allows better control of the extraction. This work has also afforded a
new model for the design of the vacuum system. Further developments of the model (intermediate
flow, turbomolecular and roughing pumps, ,time dependent pumping speeds of the turbopums)
can be integrated). The integration into the ISOLDE vacuum system has been studied. The
control and electronics represents an important point to give the device the reliability necessary
for operation as an on-line device. The control is done by a PLC (for first time implemented in
these kind of devices), and the RF supply has been ordered specially to meet the frequency and
amplitude requirements. In the same framework, the other electronics components are standard
CERN devices, reliable and with easy maintenance. The other components of ISCOOL (e.g. gas
feeding line) have been chosen by the experience acquired in the past RFQCB in operation in
other facilities. The dissertation presents, in general, an engineering point of view to facilitate the
design of future similar devices, with a detailed explanation of all the process and stages followed.
Moreover, the assembly of ISCOOL and the set-up of the test bench has been presented. The
systems designed in the framework of this thesis work without problems and the system is ready
for commissioning.

This dissertation has also studied the rotating wall cooling as the method for cooling more
intense beams in a Penning trap, when the space charge effects are not negligible. The analysis
has concluded that, in the present conditions, the rotating wall cooling does not improve the beam
extracted and sideband cooling is still the best method applicable. The constraint in REXTRAP on
the amplitude of the voltage for the cooling implies that further investigations should be done with
higher amplitudes. Moreover the beam extracted with sideband cooling is more pure than the beam
extracted using the rotating wall technique. That implies that further studies of the effect of the
rotating wall field over the rest gas, and the influence of the buffer gas pressure on the efficiency
of the method should be done. The emittance measurements did not give not a clear answer, due
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to the presence of too many optics elements in the measurement line that make difficult the data
acquisition. However, the efficiency measured after injection of the REXTRAP beam into the
REXEBIS and later mass separation agrees with these results. In addition, during this dissertation
a complete software for the analysis of the emittance measurements was developed. The same
software might be used for other experiments to analyze future data.

The emittance measurements at REXTRAP have shown up that for more than 108 ions injected
into REXTRAP, the emittance out is higher than the acceptance of REXEBIS. The use of ISCOOL
as injector of REX-EBIS could improve the global efficiency of REXEBIS, in particular, and of all
REX-ISOLDE in general. Once ISCOOL will be working on-line, complete tests of the benefits
of the injection of the cooled and bunched beam from ISCOOL have to be carried out.
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Appendix A

ELENA: new software for emittance
analysis

During the analysis phase of the emittance measurements done at REXTRAP (see Chapter 11), the
development of a new software to provide an easy and straight forward analysis of the data taken
with the emittance meter was done. These results were compared with those obtained using other
analysis programs. The software proposed is ELENA (Engineering tooL for Emittance aNAlysis),
a stand-alone program developed in MATLAB 7.0.1®with its GUIDE toolbox.

A.1 Main features

The software provides the analysis of data taken with an emittance meter. The aim is to automatize
and make as easy as possible the analysis work, trying to obtain a reliable value for the emittance.
The following features are added to assure its functionality:

e Data acquisition from several types of emittance meters. Data files from the LMU emittance
meter [Wil02] and from the NTG emittance meter.

e Emittance plots in several formats: image, contour, filled contour or 3D.

e Geometrical emittance calculation using three different algorithms: percentage of the maxi-
mum current level, percentage of intensity.

e rms emittance calculation.
e Plot of the results from the fit of geometrical and rms emittance.
e Automatic/manual offset.

e Emittance plot as a function of the number of intensity levels taken into account for the
calculation.

o Gaussian distribution test of the data.

e Track back and forward the beam space through drift beam lines.
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Figure A.1: Picture of the main graphical user interface of the program.

A.2 Strategies of software calculations

A.2.1 Background signal level

In most of the measurements carried out with an emittance meter, the data obtained would contain
noise coming from the electronics. The noise will be random and with an intensity much less than
the data of the beam. For that reason, in most of the cases the electronics noise fits the level of
sensitivity of the instrument. Low intensity beams will need either to amplify the signal using an
electron multiplier (if possible), or to increase the data taking time. However, even if the noise is
small, it is necessary to be able to remove it from the data for a better visualization and calculation
analysis. ELENA handles this problem in two different ways.

Automatic

As soon as a data file is open, ELENA analyzes the data and then plots the phase space in the
Plot area. Automatically, ELENA eliminates those points which give a negative current value
(or positive in the beam has been captured with negative current). If necessary, the data can be
recovered using the manual offset later on (see next section).

Manual

A manual offset can be applied to the data. This value is chosen by the user and it is then substract
to all the data. In that way, the values that are negative after this operation are not represented in
the phase space and are eliminated of the matrix for the calculations. Unfortunately, in this version
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of the program if it is not possible yet to remove noise of the phase space selecting the points to be
removed, marking them dragging the cursor in the Plot area.

A.2.2 Non-normalized emittance

One of the main capabilities of the program is the calculation of the non-normalized emittance
of the phase space analyzed. The geometrical and statistical emittances (see Chapter 2)can be
supported and calculated by the program.

Geometrical

ELENA calculates the area enclosed by the percentage of beam selected by the user. For the
calculation of the percentage, two different approaches are used:

e Current percentage. The calculation is done as:
[min = (%user/lo()) ' [max (Al)

where 1,,,,, is the maximum current of a point captured in the beam, %, the percentage
chosen by the user and [,,;, the minimum current of a point in the new data, all data with a
current minor than /,,;, is removed from the beam.

e Signal levels percentage. The data is transformed in percentage of the total current of the
beam. That means that each level (points of the data with the same intensity) have the same
percentage value. The total beam current is calculated adding up all the current from all the
points. The levels enclosing an area with a value of percentage of area enclosed minor or
equal to that chosen by the user are shown in the figure and involved on the calculations.

The signal levels percentage should give a better approximation to the geometrical emittance.
Anyway, for a good calculation it is also necessary to interpolate the data since the signal levels
rarely contains the percentage required by the user.

A.2.3 rms-Emittance

Calculating the statistical deviation of the data, it is possible with ELENA to show the rms-
emittance for a certain value of ¢. In addition, the ellipse which can be fit with the value calculated
and the Twiss parameters, can be plot in the Plot area together with the real data for comparison.

A.2.4 Tracking of the transverse phase space

The software has the capability to track the portrait of the phase space back or forward through drift
beam lines (without beam optics elements). This tool is very useful to observe how the phase space
evolves through the beam. It can be used to see if the beam obtained with the emittance meter fits
the size of the elements that it has passed, analyzing the possibility of cuts in the measurements.




186 Appendix A. ELENA: new software for emittance analysis

The algorithm shown in Fig. A.2 has been used to track the phase space obtained with the
emittance meter . The algorithm is based in assigning a number of points to each square (that
depends on the resolution of the emittance meter) proportional to the intensity captured by the
emittance meter. In that way, the discrete matrix captured for the emittance meter is converted in
a scattered plot. Once the phase space is converted into a scattered plot form, with two vectors,
one for the transverse space coordinate (normally in mm) and one for the transverse angle spread
coordinate (normally in mrad), the beam is tracked to the new point desired by the user according
to [Wol87]:

Xo = X1 + Az - (X’1/1000) (AZ)

X’Q = X’l (A?))

where x; and X, represent the vectors of the transverse space coordinate in the initial and final
position respectively, X’; and x’; the vectors the transverse angle spread at the initial and final
position in mrad, and dz the longitudinal distance between the initial and the final position. dz is
positive in case tracking the beam forward and negative if the track is done backwards.

Figure A.2: Scheme of the algorithm to track the beam.
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Appendix B

Phase spaces of the beam extracted from
REXTRAP

This Appendix contains tables and figures to give further and deeper information about the mea-
surements carried out at REXTRAP and which have been explained and discussed in Chapter 11.

B.1 Summary tables of the TOF measurements

Figures B.1, B.2, B.3 and B.4 present the plots of the Time Of Flight signal for no cooling, side-
band, dipolar and quadrupolar rotating wall cooling, respectively, per different injection currents
into REXTRAP. The discussion is found in Sec. 11.2.2.

B.2 Summary phase spaces

Here a complete series of tables representing different views of the phase spaces, ordered by the
cooling method and as function of the number of ions injected, are presented.

B.2.1 Measurements at 60 keV

Complete graphical documentation of the phase space measurements discussed in Sec. 11.2.4 is
given in the next sections.

Two-dimensional views

Tables B.1, B.2,B.3 and B.4 represent the contour phase space plots at 60 keV for different cooling
methods as function of the number of ions injected.

Phase spaces back-traced in the BTS pipe

Tables B.5, B.6 and B.7 show the measured phase spaces (at different scales) back.traced 1700 mm,
to a point which corresponds to the BTS beam pipe (supposed to be the region where the beam
is cut). The comparison of the back-traced transverse phase spaces allows the percentage of the
beam which is cut to be checked as a function of the injected intensity .
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Figure B.1: Time structure of the pulse extracted from REXTRAP at 30 keV for different injected ion beam
currents and without applying any cooling method to the Penning trap (f.yc.=50 Hz).
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Figure B.2: Time structure of the pulse extracted from REXTRAP at 30 keV for different injected ion beam
currents with the sideband cooling method applied (V},,=18 V, feye=50 Hz).
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Figure B.3: Time structure of the pulse extracted from REXTRAP at 30 keV for different injected ion beam
currents with the rotating wall quadrupolar cooling method applied (V},,=30 V, f.yc.=50 Hz).
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Figure B.4: Time structure of the pulse extracted from REXTRAP at 30 keV for different injected ion beam
currents with the rotating wall dipolar cooling method applied (V,,=30 V, f,yc1.=50 Hz).
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Table B.1: The measured phase spaces at 60 keV for the different cooling methods as function of the beam
intensity out of the trap (same scale for all graphs).
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Table B.2: (cont.) The measured phase spaces at 60 keV for the different cooling methods as function of
the beam intensity out of the trap (same scale for all graphs).
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Table B.3: (cont.) The measured phase spaces at 60 keV for the different cooling methods as function of
the beam intensity out of the trap (same scale for all graphs).
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Table B.4: (cont.) The measured phase spaces at 60 keV for the different cooling methods as function of
the beam intensity out of the trap (same scale for all graphs).
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Table B.5: Back-traced 1700 mm (BTS line) phase spaces for the measurements at 60 keV for the different
cooling methods as function of extracted beam from the trap (N.B. different scales).
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Table B.6: (cont.) Back-traced 1700 mm (BTS line) phase spaces for the measurements at 60 keV for the
different cooling methods as function of extracted beam from the trap (N.B. different scales).
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Table B.7: (cont.) Back-traced 1700 mm (BTS line) phase spaces for the measurements at 60 keV for the
different cooling methods as function of extracted beam from the trap (N.B. different scales).
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Table B.8: (cont.) Back-traced 1700 mm (BTS line) phase spaces for the measurements at 60 keV for the
different cooling methods as function of extracted beam from the trap (N.B. different scales).

B.2.2 Measurements at 30 keV

A complete graphical documentation of the phase space measurements discussed in Sec. 11.2.4 is
given in the next sections.

Two-dimensional views

Table B.9 represents the contour phase space plots at 60 keV for different cooling methods as
function of the number of ions injected.

Three-dimensional views

Table B.10 shows intensity modulated phase-space recordings. This allows for a visual comparison
of the cooling methods.

Phase spaces back-traced to the kicker

Table B.11 shows the measured phase spaces (at different scales) back-tracked 1960 mm, to a point
which corresponds to the position of the kicker (supposed to be the region where the beam is cut).
The comparison as function of the injected intensity allows the percentage of phase space to be
checked (or beam if both are supposed symmetrical).
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Table B.9: Phase space recordings at 30 keV for the different cooling methods in function of the beam
intensity out of the trap (same scale for all graphs).
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Table B.10: Phase space recordings at 30 keV for the different cooling methods as function of the beam
intensity out of the trap (same scale for all graphs).
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Table B.11: Phase-space plots back-traced 1960 mm (kicker) for the different cooling methods and beam
intensities out of the trap.
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