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Abstract

The Isotope Separator On-Line Device (ISOLDE) at CERN is one of the world-
leading research facilities in the field of nuclear physics. Radioactive Ion Beams
(RIBs) are produced when 2.0 GeV protons, driven from the Proton Synchrotron
Booster (PSB), impact onto a target. The RIB of interest is extracted and trans-
ported to experimental stations either directly or following an acceleration to higher
energies. Before meeting the requirements for acceleration, the continuous low-energy
RIB is accumulated and cooled into the REX-TRAP Penning trap and transferred
toward the REXEBIS charge breeder. The ion beam extracted from the REXEBIS
is pulsed and multi-ionized to reach a mass-to-charge ratio (A/q) within the accep-
tance of the linac. After that, the RIB is accelerated (up to 9.7 MeV/u at A/q =
3.1) through the Radioactive EXperiment normal-conducting linac injector and the
recently completed High Intensity and Energy superconducting extension (REX/HIE-
ISOLDE) and finally transported to one of the three experimental stations located
at the end of High Energy Beam Transfer (HEBT) lines. The manipulation and
precise knowledge of the ion beam properties are of primary importance for the
experimental apparatus, as well as for the calibration and efficiency of the detection
systems. The study of ion beam properties mainly concerns the dynamics over time
and space distributions of density, motion and energy, correlated with beam physics,
that is to say: the purity of the beam of interest by considering potential sources
of contamination, the ion-pulse time-structure, the transversal and longitudinal

properties (Courant-Snyder parameters and energy distribution).

The core of the thesis aims at defining instrumental methodologies that allow for
the determination of RIBs properties from the REX/HIE-ISOLDE linear accelerator,
at intensities often too weak to make use of conventional beam-line monitoring
detectors (for instance, Faraday cups). We propose new approaches appropriate
for very low-intensity ion beams, using a silicon detector as a beam collector. In
general, the demonstration of a new measurement concept suitable for sub-femto-

Ampere ion beams is corroborated with ordinary measurement techniques at ion
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beam currents higher than several pico-Amperes. The capability to measure absolute
beam intensities over three orders of magnitude is illustrated with a practical use
during beam operation, tuning the Radio-Frequency Quadrupole structure. Then,
we measure and study the quality of the beam produced from REXEBIS in the scope
of evaluating the electron gun’s performance and the general charge-breeding condi-
tions. An effort dedicated to optimizing the ion pulse time distribution extracted
from an EBIS, called Slow Extraction, led us to use measurements of axial energy
distributions further. By justifying the collisional aspects of the plasma, we infer a
correlation between the measured axial energy distributions and the temperature
of ions. Key indicators of the extracted beam’s quality can then be deduced from
the ion temperature using Boltzmann distributions, such as the emittance. We
illustrate the studies related to the charge-state and the energy dynamics with the
case of a multi-charged xenon beam. The question of beam purity is assessed by
demonstrating the possibility to map a spectrum of the contamination from residual

gas ions on a wide A/g-range.

Furthermore, we characterize the beam dynamics in the HEBT lines after accel-
eration through REX/HIE-ISOLDE linac. The principles behind the identification
of the transverse and the longitudinal beam properties are mainly based on multiple
acquisitions of the respective trace-space projections. In the case of transverse
beam properties, we correlate measurements using the quadrupole-scan method
and the double-slit method using a 3?K!'%* beam of less than one femto-Ampere
current, at an energy of 3.8 MeV/u. We show the uncertainties associated with the
evaluation of the emittance and Twiss parameters for each method. We then explain
the choice made for measuring the beam energy and the analysis of results using
RIB. The complete longitudinal beam properties are measured using a supercon-
ducting quarter-wave resonator as a buncher, and measuring the beam energy and

time-of-flight distributions.
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CHAPTER

Introduction

In 1930, Ernest Lawrence was involved in the development of the first circular particle
accelerator at the University of California, Berkeley. A few years later, during the
course of the Manhattan Project, he participated in the creation of the Calutron,
the first mass spectrometer designed for separating the isotopes of uranium. The
knowledge of technological solutions for accelerators has since then not ceased to
increase, bringing innumerable contributions to science and society. The maturity
of the technology to produce and study Radioactive Ion Beams (RIBs) is leading
us further in exploring the uncharted map of isotopes. Investigating exotic nuclei,
i.e. isotopes with a proton-to-neutron ratio very different from the stable isotopes,

implies several hurdles:

1. The diagnosis of the beam intensity requires coping with the extremely low

production cross-sections of isotopes away from the valley of beta stability.

2. The very short half-lives of exotic nuclei imply delivering the beam to experi-

mental stations within a constrained time frame.

3. The yield of the studied isotopes is often polluted by undesired species, which

necessitate a mass-separation, sometimes to the isobaric level.

Those requirements translate into concrete indicators of the performance of RIB
facilities. In this first chapter, we contextualize the study of RIB and analyze the

notion of beam quality which is the leitmotiv underlying this thesis.
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1.1 Radioactive Ion Beam Facilities

The production of RIB is obtained using a driver accelerator to bombard a target
and initiate a variety of nuclear reactions, such as fission, spallation or fragmentation.
The isotopes of interests are ionized and selected using either the isotope separation
on-line (ISOL) technique or the in-flight separation technique. Those methods were

originally complementary, but are nowadays combined to produce high quality RIB.
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Figure 1.1. World-map of radioactive ion beam experiments or facilities.

ISOL Separation
The ISOL technique involves a primary beam of high-energy protons sent onto
a thick, and generally hot, target. The RIB is produced from an ion source, then

separated from isobaric contaminants.

In-Flight Separation
With the in-flight technique, the radioactive isotopes are produced by the inter-
action of a primary beam of heavy ions with a thin target. The fragments are then

separated to select the RIB of interest.
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1.2 ISOLDE

In 1951, Otto Kofoed-Hansen and Karl-Ove Nielsen reported on the first on-line
produced radioisotopes of krypton, using a cyclotron at the Niels Bohr Institute in
Copenhagen. Sixteen years later, the underground hall for ISOLDE at CERN is
ready, and the proton beams coming from the Synchrocyclotron (SC) bombards the
target for the first time. ISOLDE is the oldest and the precursor of ISOL installations
worldwide. Since then, the facility and target systems have been upgraded several
times, most notably in 1992, when the whole facility was moved and connected
to the ProtonSynchroton Booster (PSB). The ISOLDE facility is upgraded with
two isotope separators, a general-purpose separator with one magnet (GPS) and a
high-resolution separator (HRS) with two magnets. REX-ISOLDE post-accelerator
is put into operation in 2001 to provide beams with energies up to 3 MeV /u. The
post-accelerator is finally upgraded in 2015, following the HIE-ISOLDE project,
aiming at reaching 10 MeV /u and extending the reach masses over the Coulomb

barrier.
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Figure 1.2. The CERN accelerator complex (2020).
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Low Energy RIB
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Figure 1.3

Target Yield and Ionization

High energy protons from the PSB initiate the nuclear reactions of which the
products diffuse and effuse out of the heated target through a transfer line. This
line is coupled to an ion source. The traditional ion sources used at ISOLDE were
based on surface ionization and ionization in a plasma. In 1989, a technique of laser
ionization was put into operation. The wavelengths of lasers are tuned to match
the sequence of atomic transitions allowing highly efficient resonance excitation and
ionization of selected atoms. The Resonance Ionization Laser Ion Source (RILIS)

method is element selective, thus offers the possibility to obtain high purity beams.

Scientific Opportunities

The large variety of available isotopes allows the systematic investigation of
atomic and nuclear properties of nuclei far from beta-stability. The implications
concern astrophysics and weak-interaction physics. Solid-state physics and biomedical
studies are also an essential part of the scientific programme. Many experiments
at ISOLDE are at low energies, between 30 and 60 keV, for instance to measure
ground state and decay properties of radionuclides. MINIBALL and ISS are two of
the main high-energy experiments at ISOLDE.
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Figure 1.4. Chart of nuclides available at ISOLDE, covering more than 1200 isotopes and
73 elements (2018).

MINIBALL

MINIBALL is a high-resolution Miniball detector array that has been installed
at ISOLDE for more than a decade. The germanium array consists of 24 six-fold
segmented, tapered and encapsulated crystals. It is designed for low multiplicity
experiments with low-intensity RIB. The Miniball array has been used in numerous
Coulomb-excitation and transfer-reaction experiments with exotic RIBs produced at
the ISOLDE facility.

In 2013, the MINIBALL experiment allowed to reveal that certain heavy and

unstable atomic nuclei are octupole deformed, that is, distorted into a pear shape

|Gaffney et al., 2013].

ISOLDE Solenoidal Spectrometer

The ISOLDE Solenoidal Spectrometer (ISS) concerns the studies of inelastic
scattering and transfer reactions using. The solenoid was first cooled and energized
in January 2017 at the ISOLDE facility. Using RIB the application notably concerns

the nuclear astrophysics field. Light charged particles emitted during the nuclear
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Figure 1.5. Picture of the MINIBALL Germanium array (Image: Julien Ordan (CERN)).

reactions are transported with high efficiency by the solenoidal magnetic field to an
array of position-sensitive silicon detectors mounted on its axis. The energy released
during the atomic reaction is then measured through the particle energies. The

resolution of the atomic reaction energy is close from 20 keV.

Figure 1.6. Schematic of the ISOLDE Solenoidal Spectrometer.
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1.3 Beam Quality

A beam is an ensemble of particles travelling mainly in the same direction z.
Transverse velocities are generally considered small compared to the longitudinal
one, so vz, v, < v,. The important characteristic of the particle beams, which define

the contour of what is beam quality, are:
1. The beam intensity and pulse structure: Chapter 3.
2. The beam purity: Chapter 4.
3. The transverse emittance: Chapter 5.
4. The beam energy and longitudinal emittance: Chapter 6.

The very low intensity of exotic nuclei forces us to adapt the beam instrumentation
techniques to current below the electrical femto Ampere (efA) range. The currents
of multi-charged ion beams are expressed in electrical Ampere, as opposed to particle
Ampere. The topics of beam purity and pulse structure allow increasing the detection
capability of the probed mechanisms at the experimental stations by either removing
a background of unwanted events or matching the detector’s time resolving power.
When increasing the beam intensity and lowering the divergence and spot size, the
interaction zone is subject to more interactions of interest. The concept of beam

brightness expresses this,
J dl

B=—=—— 1.1

dQ  dSdQ (1.1)
It is defined by the current density per solid angle d2 and can be written as a
function of the transverse emittance €;, ¢, to illustrate their role,

21

B = 5
To€x€y

(1.2)

We present in the next chapters, methodologies for assessing the quality of post-

accelerated very low-intensity ion beams and optimizing some of their properties.
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CHAPTER

REX/HIE-ISOLDE Post-Accelerator

The installation of a post-accelerator at ISOLDE has opened up new fields of research
with radioactive nuclei of higher energies. The REX (Radioactive Ion Beam EXperi-
ment) section is the original ISOLDE post-accelerator. It has been operational since
2001 and has successfully provided more than 100 different post-accelerated isotopes
for reaction studies and Coulomb excitation with energies up to 3.0 MeV /u. The HIE
(High Energy and Intensity) project started in 2015 and allowed for the commission-
ing and operation of a new superconducting section of the linac [Kadi et al., 2017].
The new energies reached by the post-accelerator are over the Coulomb barrier

threshold for the full range of nuclei available at ISOLDE.

Successfully delivering RIB to the experimental stations imply optimizing several
aspects associated with the beam quality. The different sub-systems of the REX-
HIE/ISOLDE post-accelerator are described in this chapter. Besides elaborating on
the context, the objective is to introduce the theoretical elements required for the
analysis of beam characterization results presented in the following chapters. The
description made, reflects the operational conditions of the post-accelerator, which

are flexible to the large variety of radionuclides produced at ISOLDE, from He to U.
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Figure 2.1. Schematic of REX low-energy section including the local ion source, REXTRAP, the beam tranfer line to REXEBIS, the A/¢-Separator,
and the normal-conducting linac. Details given for the REXEBIS electron gun refers to the setup prior to 2020.
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2.1 REXTRAP Penning Trap

The ion beams coming from ISOLDE separators are first accumulated in the REX-
TRAP Penning trap. In this device, ions are cooled and bunched. The REXTRAP
is filled with a buffer gas (typically Ne), and a transverse RF field can be applied for
cooling ions. The charged ions are axially trapped by a strong axial magnetic field
B = Be, (3 T), generated by a superconducting solenoid. They are radially trapped
in a quadrupolar electrostatic potential (Figure . The ion beam extracted is
pulsed to the repetition rate defined by the trapping cycle. The average hold time
of ions inside the trap is half the trapping period, so the total hold time of isotopes
inside the trapping machines (REXEBIS included) is 1.5 times the REXTRAP

period.

il Stopping Cooling 0
=5 =5 . =5
I L, =T
i b i = ik N “T
] 0
T 107,
E
— 1074
(]
—
@ 104
(2]
<
o 10°%
— 200 — Injection
Z. T T -t SRR Extraction
T 100+
E .
S o
o 4
o
e e i e S e e e e e e e ESSSELAS B S e s m m e p ey e |
- -4 -2 0 2 4 2
Axial distance z [mm] 10

Figure 2.2. Electrode structure of REXTRAP, with a typical buffer gas pressures and the
corresponding electrode potentials.

The RF cooling is mass-selective process, as expressed by the cyclotron angular

frequency,

we = 1B, (2.1)

)

The charge state of injected ions is noted ¢; and the mass m;. In practice the

effective optimal cooling frequency is also dependant on the accumulated charge
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inside REXTRAP. Usually, the frequency is adjusted as a function of the trapping
period which influences the space-charge in the trapping region. The Brillouin limit
gives a boundary on the maximum density n; that can be confined inside a Penning
trap [Ames et al., 2001]:

50miwg 803?
ni = =

2.2
qu2 2m; (2:2)

The rotating wall method is applied to the Penning trap such that the electric field
phases are rotated to reverse the effect of a trap asymmetry. The possibility of oper-
ating REXTRAP in a mass-resolving mode is analyzed in |[Gustafsson et al., 2011]
using the Ton Mobility Time-of-Flight (IM-ToF) method.
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2.2 REXEBIS Charge-Breeder

Before injection into the linac, the characteristics of the beam extracted from
REXEBIS define the initial conditions in terms of intensity and velocities. Several
experimental studies in this thesis directly relate to the REXEBIS charge-breeder, as
the operational conditions of its different sub-systems are of such high impact on the
beam quality. The charge-breeder must be capable of increasing the charge states
of ions through successive electron impact ionization to meet the A/g-acceptance
of the linac (between 2.5 and 4.5). Its working principle will be described in
the following sections. The theoretical background leading to equations of charge
dynamics and assumptions over the energy distributions will be explained. These
introduced notions will be later applied to the experimental results of extracted beam
characterization, presented in Chapters 3 and 4. The optimization of the charge-
breeding performance includes minimizing the confinement time and increasing the
charge-breeding efficiency. Additionally, the beam purity analysis is contingent on

the residual gas contamination inside the EBIS.

2.2.1 Basic Concepts

The electron beam emitted from the cathode of the electron gun is at the heart
of the working principle of an EBIS. In the schematic presented in Figure the
electron gun system is simplified, the Wehnelt cylinder, post-anode and electron
suppressor are not presented. The space-charge created by the electron beam in
the drift zone traps ions radially into a potential well. At the same time, the axial
trapping is done by raising the potentials of the inner and outer barriers. The
REXEBIS stands on a high-voltage platform allowing to extract the beam of interest
at an energy of 5keV/u. A complete description of the REXEBIS charge-breeder
is given in [Wenander et al., 1999]. The performances of the charge-breeder are
compared with Electron Cyclotron Resonance Ion Sources in [Delahaye, 2013] and
[Vondrasek, 2016].

In Table the REXEBIS platform voltages indicated are to be compared with
the potential of the REXTRAP platform (30 kV) and the required injection energy
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Table 2.1. Table of REXEBIS basic parameters associated to their corresponding variables.

REXEBIS Parameters Symbol Value
Geometrical Drit tube inner radius T4 5.0 mm
Drift zone length lq 8.0dm
Electron gun potential Ue. <|-6.5] kV
EBIS voltages Drift tube potential U 0.7kV
Barrier potential Uy 1.3kV
Potential during injection Uinj 29.5kV
Platform voltages Potential during extraction Ugyy 5% A/q kV
Solenoid Magnetic field at cathode B, 0.2/0.07T
OIeno Magnetic field at drift zone By 20T

into the REX-RFQ (5keV/u). The determination of the precise energy of ions when
injected or ejected from the REXEBIS will be assessed in the following subsections.
Two values of B., the magnetic field at the cathode location are indicated, depending

on the type of electron gun that was used.

2.2.2 Electron Beam

The electron gun in REXEBIS uses the thermal emission from a heated cathode
and accelerate electrons by applying a potential gap between the cathode and the
anode. The essential figures of merit for characterizing the electron beam produced
are the current I, the current density je, the energy E., the beam radius and type
of radial density distribution. The current I, is directly measured at the collector,
while several assumptions need to be made in order to estimate the current density.
The information about the current density is crucial to predict the charge state
evolution of ions, notably through the electron-impact ionization cross-section. The
ionization is also dependent on the energy FE. which must be evaluated considering

the space charge of the electron beam.

At REXEBIS, the cathode is immersed into a magnetic field (B,.) lower than
the field in the drift zone (By) produced by a superconducting solenoid. Until 2019,
a LaBg cathode capable of producing a current I, < 300 mA was utilized. The

magnetic field was slowly varying (adiabatically) along the REXEBIS axis, from the
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cathode region to the inner barrier. The magnetic field is assumed constant in the
drift zone. In order to increase the current density and the lifetime of the cathode, a
new electron gun concept was installed and is currently operated. The Non-Adiabatic
(NA) electron gun installed is composed of an IrCe cathode and conserves the main
geometry of the REXEBIS. It has so far been able to produce a current I, < 420
mA, before reaching electron emission limitation (inducing more current losses). An
iron ring is inserted between the anode and the first drift tube, creating a sharp
(non-adiabatic) modification of the magnetic field, aiming at reducing the transverse
energy of electrons. By decreasing the gyromotion of electrons, the ripples of the
electron beam are attenuated and it becomes in consequence more laminar, with an

increased current density [Pikin et al., 2016].

4x1o"
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(a) Along the REXEBIS. (b) Close from the electron gun.

Figure 2.3. Simulation of the magnetic field along z-axis, from the cathode until the inner
barrier. The vertical and horizontal dashed lines (b) show the locations of the cathode
and the magnetic fields at the cathode for the two cases of electron gun.

Figure displays the simulated magnetic field with and without the iron ring
serving at reducing the gyromotion of electrons. The choice of the positioning of the

iron made was made by simulating the extracted current density.

a Larmor Radius

The amplitude of the gyromotion is expressed through the Larmor radius, via the

velocity v, perpendicular to the z-axis:

mev |
¢|B(z)

T = | (2.3)
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The velocity v, is related to the thermal temperature in eV of electrons extracted
from the cathode T, =T, by v, = 2";'7‘1’%. For a typical electron current I. =200
mA, the LaBg cathode temperature is T, = 1800 K and T, = 1900 K for the IrCe
cathode (NA gun). The Larmor radii for the two different electron guns are presented
in Table If the Larmor radius is small compared to the characteristic gradient
length of density (electron beam radius), the effect of collisions can be treated by
macroscopic equations of fluxes. When the Larmor radius is small compared to the
average particle inter-distance, the transfer of energy from longitudinal to transverse

becomes negligible [Danared, 1998].

Table 2.2. Typical Larmor radii at the cathode location for a 200 mA electron beam.

Electron guns T. [K] B:[T] rp [pm]

Adiabatic - Cathode LaBg 1800 0.20 6.6
Non-Adiabatic - Cathode IrCe 1900 0.07 19.5

b Debye Length

In an electron plasma, the Debye length Ap defines the region out of which external
electric fields lose influence on the motion of the particles. It is often referred as the

screening distance and logically depends on the electron density n. according to the

eokpTe
Ap = 2.4
b ' nee? (2.4)

The number of electron inside a Debye sphere is simply,

relation,

4
Np = gnex;; (2.5)

If the number of particles in the Debye sphere is large Np >> 1, one can
use a quasi-fluid model to describe the plasma. This quasi-fluid hypothesis is
also called the regime of collective behavior because a large number of particles
are collectively responsible for the Debye sphere, leading to a variety of collective

dynamical phenomena in the plasma. In particular, instabilities of wavelength shorter
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than Ap are Landau damped. In terms of thermodynamics, it signifies that the
plasma species can be modelled with the state equation of a classical non-relativistic
ideal gas. The density of electron n. also allows to calculate the Wigner-Steiz radius

a, which is an average inter-particle distance,

“= <4ﬂi’le>1/3 (26)

Another important characteristic distance of the electron plasma is the Landau

length. This classical distance of closest approach represents the distance between

two particles having an interaction energy of the same order as their kinetic energy:

e2

__“ 2.7
"0 AreokT, (2.7)

To apply the classical kinetic description of a plasma, the Landau distance must
be very small compared to other scales, which means that the collisions are localized.
Another criteria is that the plasma must be dilute, which translates into an average
inter-particle distance small compared to the Debye length. In general, kinetic theory

applies to classical plasmas that respect the inequations: rg << a << Ap.
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Figure 2.4. Ratios of the different characteristic lengths of the electron plasma. The
plasma parameters are calculated using FE. = 6 keV, and an electron beam radius r, =
100 pm, and are shown for different electron temperatures T, ranging from 1000 K to

6000 K.
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A comparison between the plasma parameters is shown in Figure [2.4] using
relevant EBIS operational parameters such as the current density je = encve. It
can be seen that the Debye length remains small compared to a low boundary of
expected beam radius at REXEBIS (r. = 100 um). It signifies that the collective
effects due to space charge may dominate the electron beam dynamics. An important
remark is that the electron plasma has a strong shift in axial momentum, thus the
temperature T, which relates to a squared mean of transverse velocities, is not
easily accessible. One assumption is to use the cathode temperature T, the same
way it was arbitrarily decided for the Larmor radius, and in such case the number
of electrons in a Debye sphere is closer from 200. A large number of electrons inside

the Debye sphere tends to indicate that the plasma reaches thermal equilibrium.

¢ Child-Lamgmuir law

Each of the two types of cathode presented in this section has a specific geometry
optimized to counteract the space charge of the emitted electron beam. The electron
guns are of Pierce-type. In order to evaluate the maximum current that can be
extracted from a cathode, one may start by considering the simplified case of two
parallel conducting plates separated by the distance d and powered by a voltage
difference V. The electrons are considered initially at rest and are accelerated
to non-relativistic speeds due to the Lorentz force. From these assumptions, the
Child-Langmuir Law expresses the maximum current density limited by space charge:
a4 el wpr

Je = 90 e & (2.8)

The constant ratio between j, and |V|3/2, explicitly shown in the Equation
can be directly measured or simulated for each specific electron gun. As the electron

current I, is often more accessible than the current density je, it is chosen to measure

the perveance P:

P=1,U? (2.9)

The perveance is an indicator of the current yield from a specific electron
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gun geometry. It was measured to be 0.87 pA.V—3/2 for the adiabatic electron
gun [Wenander et al., 1999]. For the non-adiabatic electron gun, simulations were
performed and revealed a perveance close to 0.73 #A.V~3/2. The resulting pervance

curves are presented in the Figure [2.5

1
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Figure 2.5. Typical perveance curves for the REXEBIS non-adiabatic and adiabatic
electron guns.

d Herrmann radius

The characteristic transverse dimension of the electron beam can be estimated
depending on what type of particle flow is assumed. With an ideal Brillouin flow,
assuming a cathode surface temperature 7, = 0 eV and no magnetic field at the
cathode, B. = 0, the electron trajectories are parallel. The Brillouin radius depends
on the electron axial velocity v., the magnetic field in the drift zone By and the

electron beam current I.:

— 2mele  147.6 [um)] I.[A] (2.10)
5= mecgve B2 — BylT| \/ VFE [keV] ‘

The axial velocity is v, = ,/2;—%, in the non-relativistic case. The Brillouin

approach gives insights at the minimum radius of an electron beam emitted in the

space charge limited regime and from a field free region into the magnetic field By.
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When the electron gun is immersed, the beam radius becomes very sensitive to the
magnetic field at the cathode surface. The theory developed by Herrmann assumes a
non-laminar flow, so that the transverse motion of electrons due to the temperature
T, at emission is a taken into account [Herrmann, 1958]. The Herrmann radius
starts from a cylindrical electron beam at the cathode, of dimension 7. (cathode

radius).

1 1 8kT.r2m,  B2rt
— 4+ —,1+4 £ £ C 2.11
2" 2\] * ( e?ry, B2 * B2ri, (2.11)

In the derivation to obtain 7, the electron axial velocity is supposed independent
from the radial position, so it becomes possible to express the Herrmann radius as a
function of the Brillouin radius. The Herrmann radius is often interpreted by the

community as containing 80 % of the electron beam current I.

Table 2.3. Brillouin and Herrmann radii calculated for the two different types of electron
gun, using I, = 200 mA and U, = 6 kV.

Electron guns T. [K] B [T] re[pm] rp[pm] rg [pm]
Adiabatic - Cathode LaBg 1800  0.20 800 21 253
Non-Adiabatic - Cathode IrCe 1900  0.07 1000 21 188

e Transverse Density Distribution

The density of electrons is considered constant along the EBIS axis and with
cylindrical symmetry, so that n.(r,0,z) = ne(r). At the moment, there is no
concrete experimental evidence that the electron beam produced at REXEBIS is
either transversely uniform or with a Gaussian shape. These two hypotheses are the
most likely considering the electron beam simulations but there is no evidence for

promoting one on the other. The density n. is either as uniform,

Ie 1 9 |'I"| S re

= (2.12)
w0 o s,

or a Gaussian distribution,
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ne(r) = 1e(0) exp (-i (:)2> (2.13)

The uniform density distribution (Equation is directly normalized meanwhile
the Gaussian distribution (Equation needs the introduction of a normalization
factor n.(0). It can be calculated by integrating n. on a closed radial surface and
comparing with the expected measured linear charge I./v.. Meanwhile the specific
electron beam radius r. of each distribution can be determined as a function of the

Herrmann radius, when assuming that it includes 80 % of I,

I Td 2 TH
— = 27re/ ne(r)rdr = °re ne(r)rdr (2.14)
e 0 0.8 Jo

f Space charge potential

The potential ¢(r) created by the electron beam space charge may be accessed
through Poisson equation of electrostatics. By applying Gauss Law, the net electric

field flux in cylindrical coordinates is:

v.E-2 (ra¢(r)) _ ene(r) (2.15)

~or or €0

This non-linear differential equation can be solved analytically for the two cases

of density distributions referred before. The mixed boundary conditions are:

9¢
or

=05 =T (2.16)

It is useful to introduce the potential:

I,
 Arwegve

bo

(2.17)

In the case of a uniform electron beam, solving the Poisson equation gives a

potential ¢ of the form,
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(2111%—%—#1) ] < e

o(r) = U — ¢o - (2.18)

21n 1t Tl > re

Ir|
The potential difference between the center of the electron beam and its edge
is directly equal to the previously introduced potential ¢g = ¢(r.) — ¢(0). It is
a key parameter for estimating the radial trapping of an ion inside the electron
beam. A typical trapping potential is presented in Figure [2.6] under usual REXEBIS
operation, which lead to ¢g = 38.3 V.

x 102
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Figure 2.6. Radial representation of the potential, calculated using an electron beam with
I, = 200 mA and U, = 6 kV.

So far, the axial velocity v, has not been expressed as a function of the electron
beam extraction potentials, but only via the potential energy F.. As the potential
inside the electron beam is now known, the energy of an electron on axis can be

expressed in the form FE.(r) = e(Ug + |Uc| — ¢(r)).

2.2.3 Analytical Description of the EBIS Plasma

A plasma is a gas of ionized particles which shows collective behavior. An EBIS
plasma gathers a variety of physical situations depending in particular, on the
absolute density of electrons and on the relative density of electrons compared to

ions. The temperatures of ions can also vary considerably during the charge breeding.
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In the EBIS plasma studied, the particles are assumed non-relativistic.

In order to obtain a complete description of an EBIS plasma, many processes need
to be treated. However, one may simplify the analytic description and proceed to a
hierarchy of important processes, leading notably to neglect Maxwell interactions
between ions and neutral particles and Van der Waals forces between neutral
particles. Generally, the focus will be given on deriving the radial density and ion
energy distributions. The main type of elastic collisions considered is the Coulomb

interactions between charged particles.

a Kinetic Theory

The kinetic theory allows to model the plasma by a distribution function in the
phase space. The density distribution is noted arbitrarily f;, but applies to a definite
species of ions, at a specific charge state. An infinitesimal phase space element is
defined by drdv, with r the position coordinate and v the velocity vector. The
number of ions dNj inside the infinitesimal element is then dN; = f;(r,v,t)drdv.
With this approach the individual behavior of ions is lost, to the benefit of the global
evolution of function distributions in the phase space. Several important averages

can be calculated via the moments of slices of distributions.

(2.19)

Ey = (eqo(w)) = [ eqo(w) flr)dr

The average velocity V; (different from the thermal velocity) may be high at
the beginning of the trapping phase, due to the initial axial velocity of injected
ions. However, the purpose of the next sections is to assess the characteristics of the
EBIS plasma and notably its relaxation time through collisions. It will be shown
that under usual REXEBIS operation, ions reach a thermal equilibrium within a

time range shorter than the trapping time. Then V; = 0 and only in such case,
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one is able to present the plasma with a unique temperature 7T;, kinetic energy Ej
and potential energy Ey4. This hypothesis implies that when ions are driven to a
small change of temperature 0T; through for instance Coulomb Heating, this heat
supply is converted with equipartition into potential energy and kinetic energy in
each direction, by the value kpdT;/2. To a first order, one will assume that ions
inside an EBIS have a fixed number of degrees of freedom n s, which leads to express

the total average energy of ions by,
OE; = %kB(?Ti (2.20)

If one only considers the degrees of freedom associated with kinetic energy
(ny = 3), the total average kinetic energy of ions is OF; = 3kp0T;/2. However,
because of the quadratic shape of the potential ¢ (from Equation inside the
electron beam, cold ions ions will behave like an harmonic oscillator, thus stor-
ing both kinetic and the potential energies. So, the potential energy accounts for
0F4 = kpOT; and the total average energy of ions becomes 0F; = 5kp0T;/2. While
on the axial direction, considering that the collisions with the potential walls are
brief, the only way to store energy is in kinetic energy. Due to the square shape of
the longitudinal electrostatic trap, the effect of heat transfer into potential energy is
for the moment neglected. We have so far considered the case of cold ions trapped
deep inside the quadratic potential well created by the electron beam (ny = 5).
Nevertheless, hotter ions may find themselves residing at a potential ¢(r > r.) which
is not quadratic outside from the electron beam (from Equation . It will be
shown that in this second case, the ion system becomes unable to store heat in the
form of potential energy, and progressively tend to reach only three kinetic degrees

of freedom (ny = 3) with increasing temperature.

The concept of degrees of freedom displays the nature of the redistribution of
thermal energy, through kinetic or potential energies, however the heat capacity C,
will better help at apprehending the situation from thermodynamics perspective.
The heat capacity of an ion species (at a specific charge state), is the amount of heat

that can be added to ions to raise their temperature by 9T}, so in dimensionless
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units,

0By 3 q [09¢(r)fi(r)
0Cy = o =5 + —/7dr (2.21)

This heat capacity of an ion species at specific charge state, needs to be understood
as very specific to the EBIS system where the ions are confined due to the space
charge of electrons. By knowing the ion distribution f; inside the EBIS, one can
calculate the average potential seen by ions and the corresponding heat capacity

which indicates as a function of temperature, the effectiveness of the radial trapping.

b Boltzmann Equation

The evolution of the density function distribution f; is described by Boltzmann

equation, and it needs to reflect the conditions of trapping inside an EBIS. The first

basic model of the Boltzmann equation presented is the Poisson-Vlasov equation:
ofi Qi

ot +v-V.fi+ E(E) -V,fi=0 (2.22)

The Vlassov-Poisson correctly describes a classical collisionless plasma in an
electric field E for ions of charge Q; = ¢; * e, using ¢; for denoting the charge state.
The inclusion of a magnetic field leads to the Maxwell-Vlasov equation. Besides,
when collisions are dominant in the plasma it becomes necessary to introduce a
collision operator in the right-hand side of Equation In the case where collisions
are localized, the Landau distance is small compared to the Debye length, and the
Boltzmann operator for Coulomb interactions is naturally modified for using the
potential at a Debye length.

The Boltzmann equation has several useful variants depending on the various
assumptions, notably about the collision kernel. A summary of the different taxonomy

is listed [Villani, 2002]:

e The Poisson—Vlasov equation concerns collisionless plasmas in electrostatic

trap.

e The Maxwell-Vlasov equation concerns collisionless plasmas in electromag-

netic fields.
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e The Fokker-Planck equation includes the Fokker-Planck collision operator
but does not include Lorentz forces. The Fokker-Planck equation is reviewed
in detail in [Chandrasekhar, 1943]. This system admits a unique Maxwellian

steady state distribution.

ofi
ot

+v- Vrfl' =V,- (vaz + sz) (2.23)

e The Vlasov-Fokker-Planck equation describes collisions through the Fokker-
Planck Brownian collision operator and includes the forces due to the con-
finement and the self-consistent interactions. This system admits a unique

Maxwellian steady state distribution.

e The Vlasov-Poisson-Fokker-Planck equation is a particular case of the
Vlasov-Fokker-Planck equation and occurs when the interactions are of Coulomb

type. This system admits a unique Maxwellian steady state distribution.

Solving the collision operator has already been analytically done and collision

frequencies are detailed in the following section. Without specifying the collision

kernel (%{1')0011, the Boltzmann equation for a species in an EBIS/T to:

ofi Qs _(0Fi
SV VLt PV X B): V= (81%)0011 (2.24)

2.2.4 Collision Frequencies

The collision operator is usually calculated using test particles travelling through
a background of Maxwellian field particles. The derivation leads to evaluating the
integral over the inverse of the impact parameter b, which is called the Coulomb

Logarithm In A.

InA=In (bma") (2.25)

The Coulomb logarithm defines the cut-off of the collision kernel. The smallest
impact parameter by, is, in the case of an EBIS, the classical distance of closest

approach (Landau distance). The maximum distance by,x is the minimum distance
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of the Debye length and the diameter of the particle beam. The Coulomb Logarithm
for two ion species ¢ and j of atomic masses A; and A;, densities n; and n; and

temperatures T; and T; is [Huba, 2004],

lnAij = /\ji =23—1In

Az‘Tj + Asz‘ T; T}

A A 2 2\ /2
9:4; (Ai + 4;) (n’q’ + njq]) ] (2.26)

In the case of electron-ion interactions, the Coulomb Logarithm depends on the

regime of temperatures between T;m./m;, T, and 10 - qi2 eV.

23 —In (ni/ 20,13 2) Time/m; < To < 10 - q2eV
Ay =InA;=13 24— 1In (ni/zTe—l) Time/m; < 10- 2V < T,
16 — In (n}/QfZ’;S/QqZZAi) ,Te < Tyme/m;
(2.27)
Finally, for collisions between electrons, the Coulomb Logarithm results in,
InAce = 23.5 — In (n/27%/1) = [107° 4 (In T, — 2)* /16] 2 (2.28)

Collision frequencies between the different species of the plasma can be calculated
using the Boltzmann operator. Those frequencies help identifying the collisional
regime of the plasma and are paramount for investigating the rates of energy exchange.

The collision frequency between the ion species 7 and j is,

2
1 427 qiq;j e? m; \/?
i = j In A;; 2.29
Vi (4mep)? 3 n]< m; (k:BT) o (2:29)

Each ion species is characterized by their mass (m; and m;), their temperature
(kyT; and kpT}) and their charge states (¢; and ¢;). The reciprocal collision rate is

related by v;; = vjinjm;/(nim;). The self-collision rate is then,

1 42 2e2\* 1 m; \3/?
vy — T [ 26 < T ) In Ay (2.30)
(47T60)2 3 m; kBTl‘

This collision rate will be utilized in the following section and measures the

approach to temperature isotropy. Similarly, the self-collision frequency between
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electrons (ve) can be derived. This quantity is to be compared to the relatively
short transit time of electrons through the EBIS, in the order of magnitude of 20 ns
for REXEBIS electron gun. Between electrons and ions the collision frequency is

simplified, assuming m; >> m,,

A o2\ 2
Vi = — 4 (qze ) In A (2.31)

 4m3 \ eome

Those collision frequencies will be used to quantify the energy balance of ion
species inside the EBIS. The sum of all collision frequencies v; = v + Zj V;j an ion
species is subject to, is an indicator of the tendancy to reach thermal equilibrium,
which leads to the use of Maxwell-Boltzmann distributions, whereas the self-collision

frequency may be used for estimating the isotropization rate.

2.2.5 Temperature Anisotropies

The assumption of isotropy of ionic temperatures is linked to the adiabatic behavior
of the system. In the context of EBIS and if a specific ion species in the plasma is
considered highly collisional, it is then assumed isotropy, in a sense that there is
one temperature T; defining the system. However, when the collision frequency is
low, for instance due to low density, and the influence of the magnetic field becomes
preponderant, the system cannot be assumed isotropic. We will examine how the
relaxation to isotropy is related to the self-collision rate introduced in the previous
section. It will eventually lead us to analyse the case of an ion beam of interest used
during this thesis.

In a similar manner to the analytical description of the electron plasma parameters,
relevant quantities need to be estimated concerning the ion species of interest in
order to assume anisotropy. The ion system is said collisional when its mean free

path is smaller than the characteristic spatial scale, i.e. { < 1 using

Am
¢ = "mip (2.32)
lq
The mean free path of ions may be estimated by the division of the thermal velocity

vr,; by the self-collision rate of Equation [Braginskii, 1965],



2.2 REXEBIS Charge-Breeder 31

UTyi 13 (Ti[ev])z
Am = =3-1
fp[cm] Vi 3-10 qfni [em=3] In Ay

(2.33)

For experiments using magnetic confinement, the ratio of the plasma pressure
(nikpT;) to the magnetic pressure (B3/(2u0)) determines the effect of magnetization.
Nevertheless in the EBIS context, one want to assess if the plasma is magnetized
with respect to the collisions. This is done by comparing the time taken for an ion
to orbit in the magnetic field By and the average time between collisions. Then, if
the ratio 1 < 2wm;vy;/(q; Bg) the ionic plasma is dominated by collisions and can be
assumed isotropic. In the opposite case, the anisotropies between the longitudinal and
transverse temperatures of ions will relax within a time frame close from the inverse
of their self-collision frequencies. This can be demonstrated using the expressions of
the double adiabatic theory. With a fluid description of the collision-less ion plasma,
the pressure tensor P; may be decoupled between parallel to field and perpendicular

to field contributions while remaining diagonal,

p. 0 O
P; = 0 pi. O (2.34)
0 0 pH

with,
Pl = nymy <Ui>
(2.35)
p” = n;m; <Uﬁ>
This pressure tensor is a deviation from the isotropic case in which the tensor is simply

an identity matrix of the form pd;; (with § the Kronecker symbol). Equivalently,

one defines the pressure p such that,

2 1
tr P; = gpj_ + ng (2.36)

=
M
W =

Using the adiabatic invariants (from Noether’s theorem of conservation), a relation
can be derived connecting the time derivative of the pressure tensor with the

variations of density and magnetic field, and the isotropization due to collisions.
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One then obtains |[Chew et al., 1956],

d d
LL_p = In(n; Bq) — vi(pL — p)
dt dt
dp, q 3 (2.37)
O (Y — oy —
ar P ar H(Bg) l/u(P|| p)
Which leads to the isotropization rate,
Lo —p) = pr Lin(nsBa) - an(ﬁ)—w( —py) (2.38)
dr pPL—D _pl_dt 1Dd p) dt Bd ii\PL — D :
It may be simplified if one assumes that ‘p - pH‘ <Lp
d d By
PL =P =3 g, 111(@) —vii(pL —p))) (2.39)

Using the previous simplification, the difference between the transverse and longi-
tudinal pressures can directly be estimated. One can also rewrite the equation by
using the corresponding parallel and perpendicular temperatures compared to the
equivalent isotropic temperature 717,

3T; i
Vii de

Bu
o

TJ_ — T” ~ ln( ) (240)

The temperature anisotropy in a weakly collisional and magnetized plasma stems
from adiabatic invariants and collisional relaxation. The collisional isotropization of

the pressure increases the hydrodynamic entropy by,

2
i bt () .
i i

As expected, the influence of collisions on the creation of entropy is always
positive. In classical statistical mechanics, the H-theorem predicts the tendency
towards a relaxation of the anisotropy by collisions or instabilities. The trend is an
exponential, or more precisely polynomial, quantifiable decay [Villani, 2002]. We
assume that after the passing of few self-collission characteristic times, we are allowed

to consider the ion plasma as isotropic.
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Isotroprization occurs during the full trapping period, as the successive charge
states are populated by the ion species. It was chosen to examine the case of Xe% ™,
and to estimate the isotropization time depending on typical operational parameters
during charge-breeding. As will be explained in the following chapters that are
dedicated to the presentation of the actual Xe measurements, the gas can directly
be injected into the REXEBIS as neutral particles. Let’s assume for the sake of
simplicity that the electron beam has a uniform distribution of radius rg = 250
pm (value taken from Table . The volume occupied by the singly-ionized Xe™
ions will to the first order be the same as the electron beam volume. This volume is
about 160 mm? for the REXEBIS Adiabatic gun introduced in the previous section.
By setting a value for the number of Xe ions one wish to consider, one can proceed
by calculating the corresponding density and later the self-relaxation rate. For
different reasons, which notably include keeping the compensation of the electron

30+ obtained during beam characterization

beam very low, a typical intensity of Xe
measurements was 50 epA. This was obtained with a charge-breeding cycle of 100
ms, which translates into a an equivalent beam of 10° elementary charges. With
those assumptions and very approximate derivations, the corresponding density of

Xe%* would be in the order of n; = 10* mm™3.

/v, [s]

0O 02 04 06 08 1 12 14 16 18
T, [eV] x10°

Figure 2.7. Analytical calculation of the self-relaxation time for Xe? ™ ions at a constant

density n; = 10* mm—3.
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In the Figure the density of ions at a specific charge state is kept constant,
which does not reflect the real evolution during charge breeding but simplifies the
representation. The temperatures measured in Chapter 3 for the charge breeding
of Xe39t are below 4006V for usual REXEBIS operation. In this scenario, the
relaxation time would be shorter than 10 ms which is lower than the required
optimal breeding time, in the order of 90 ms. The inference of self-collisions leading
to isotropization in a shorter time-scale than the required breeding time will be used

during the following studies.

2.2.6 Boltzmann Distribution

The equilibrium spatial density distribution of ions is given by the Boltzmann
distribution. A demonstration of this statement implies an analysis of the equation
of classical fluxes, as long as the Larmor radii of ions stay small compared to their
inter-particle distance |[Currell, 2003|. It is argued that the sum of fluxes across the
magnetic field cancels out and that an equilibrium is reached leading to a Boltzmann
spatial density distribution of the form,

Qio(r)

ni(r,t = 0o) = n;(0) exp (_kBTi) (2.42)

The potential ¢(r) in this equation is as seen by ions in the trap, in the sense
that it will always be ¢(r) = ¢(r) — min ¢(r) depending on how ¢ was calculated
(boundary conditions). In order to obtain the self-consistent solution of the potential
¢, that was previously derived using only the space charge of the electron beam,
now the Poisson equations needs to include the contribution of positive charges. The
expression of the density n; is written for one species, arbitrarily noted with the
index i, at a specific charge state ¢;. The ion ensemble inside and EBIS is in fact
composed of a mixture of different ion species, each of them with a broad charge
state distribution. If we sum over all charge states and species, the Poisson equation

in an EBIS now writes,

€0 P

v.E_ aar (Ta(g(:)) _ g(nem _ qu:qmi’q(r)) (2.43)
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This non-linear differential equation can be solved using a one-dimensional
leapfrog symplectic solver. The electron density n. can be assumed Gaussian
(Equation [2.13) or uniform (Equation [2.12)). The mixed boundary conditions are

still the same as in Equation [2.16
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Figure 2.8. Self-consistent solution of the Poisson equation for REXEBIS electron beam
(Adiabatic gun) with I, = 200 mA, E. = 4 keV, and three charge states of an ion
species (a). The distinct contributions from ions (Boltzmann distribution) and electrons
(Gaussian distribution) are shown. The spatial relative charge densities are plotted
(b). The blue dashed curves represent the individual density distributions n; 4/n.(0)
meanwhile the black dashed curve compares the charge densities > Qini,q/(ene(0)).

The characteristic radius used for the Gaussian electron beam is r, = 0.05 - rq4

A solver of the Poisson equation was implemented using Python, with a
typical example of the solutions given in Figure In this example, only three
different charge states of a single ion species where considered. The density of
singly-charged ions at r = 0, is deliberately chosen to be n;14(0) = 0.2 - n.(0). The
shape of the self-consistent potential solved from Poisson equation remains globally
similar to the case where only the electron beam space charge was considered, at the
exception of an initial (at » = 0) compensation of the electron beam. An indicator

of the compensation of the electron beam by all positive ions can be written as,

felr) = Z > ainig(r)/ne(r) (2.44)

In Figure the compensation factor at r = 0 is approximately 50 %, however,
due to the relatively low temperatures chosen (T; = 10 to 20 eV), the ion average

radii stay small compared to the electron beam radius. The compensation factor
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fe is written as a function of the charge densities at r, and would yield a different
result if it was calculated as an integral of charges over the total volume. It can
be intuitively seen that the solutions of the Poisson equation using the Boltzmann
distribution strongly diverge when locally 3=, >, giniq(r) > ne(r); an hypothesis
which contradicts the trapping of ions. In such case, ions would be lost and the
density n; would need to be renormalized. More precisely, a stability condition for
the trapping of ions inside the drift region can be determined depending on the
temperature regime. As explained in the previous section, the radial potential felt by
ions outside from the electron beam is not quadratic but of the shape ¢(r) o< ¢g In ().
In this latter expression the potential ¢y may include positive charge compensation.
Calculating the (circular) integral of the density using Boltzmann distribution
leads to normalization issues depending on the ion temperature. According to our
assumptions, and assuming the drift tube potential wall is infinitely far, the number

of ions outside from the electron beam is proportional to:

—+o00
Ni(r >re) x / ngi(r)rdr
LT (2.45)
~ / P1-2Qi%0/(kBT) g

This latter integral is a recognizable Riemann improper integral, with criteria of
convergence 2Q;®o/(kpT;) —1 > 1, which translates into an ion temperature kpT; <
Q;Py. The Boltzmann distribution can be tested for different ion temperatures
close to this limit (Q;®Pg) inside a closed space representative of an EBIS. Using the
definition of the heat capacity shown in Equation [2.21] its evolution as a function of
the dimensionless ratio kpT;/(Q;®o) is presented in Figure

It can be observed that ions experience a phase transition inducing an excess of
energy spread close to the critical potential Q;®y. At temperatures below 20 % of
Q;dg, the ion beam resides completely inside the quadratic potential of the electron
beam. Typically, with an electron beam current I, = 0.2 mA and cathode potential
U, = 6 keV, the potential &y = 38.3 V as shown in Figure In order to reach 20
% of Q;®( in an uncompensated electron beam, ions at charge state ¢; = 30+ would
require a temperature of 230 eV. This temperature is an estimation of the limit

until which most of the ions reside inside the electron beam. For instance, with the
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Figure 2.9. Evolution of the Heat Capacity C, for different combinations of r4/r. ratios.
The dash-dotted curve represent REXEBIS geometry with the Adiabatic type of electron
gun.

Xe3%F measurements shown in Chapter 3, it will be shown that the temperature stay
generally below 40 % of Q;®¢. At this regime the ion cloud expansion remains well
confined within the electron beam but will drastically increase with temperature. It
becomes necessary to introduce the average radius of the ion cloud and analyse its

tendency to expand,

i :/ 2, (r)dr (2.46)
R4

By using the Boltzmann distribution n; with a normalization factor n;(0) making
it a probability function such that the circular integral equals one, [ rn;(r)dr =1,
and by integrating over the EBIS trapping region, the average radius of ions can then
be estimated for different temperatures. It is useful to directly compare this radius
with the characteristic electron beam radius r, used for the analytical calculations
(Figure [2.10).

In those calculations, the electron beam size is kept constant (approximately
re = 250 pm) and one can observe several regime of ion cloud expansion. From
temperatures approximately half the critical potential ¢;®q, the expansion accelerates

and it will result in a decreased efficiency of the charge breeding. To account for
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Figure 2.10. Evolution of the average ion beam radius r; relative to the electron beam
radius ., for different combinations of r4/r ratios. The dash-dotted curve represents
REXEBIS geometry with the Adiabatic type of electron gun.

the spatial overlap between the electron beam and the ion cloud, the factor f;.
is introduced. A good overlap between the ion and electron spatial distributions
is essential, as it will affect the ionization cross-sections. On the other hand, the
overlap factor between ion species scales the different charge-exchange phenomena.
The overlap factor between two species affects the rate equations presented in the
next section. Using the solution ¢ of the Poisson equation, from a set of radial

positions 7y, the overlap factor can be calculated as,

HJ: ;E:) dr (2.47)

fro= [ £
A methodology to measure the temperature of ions will be shown in the following
chapter, therefore leading to the knowledge of overlap factors during the typical

charge-breeding conditions of the REXEBIS.

2.2.7 Maxwell-Boltzmann Distribution

The Kinetic description of the EBIS plasma tells us that the system is driven through

collisions towards a Maxwellian steady state. The collisional term in Boltzmann
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equation becomes independent of time, thus (0f; 0t).,; = 0. The reasoning
which leads to utilize Maxwell-Boltzmann distributions depends on all collisions an
ion species undergoes. An ion species is described by one temperature T; using the
isotropic assumption, although may still show a shift in axial velocity. It will be
shown in the next chapter that the axial ion beam distribution can be measured and
resembles a Maxwell-Boltzmann energy distribution with five degrees of freedom
(ny = 5), as was predicted in the previous section. This energy distribution is

expressed shifted by Fy (in axial direction for instance), as a function of the potential

energy Ey = Qi - ¢ — Ey,

| A 1 3/2< L )5/2 (—Eqb)
s, = v E () e (e )am, 4y

The normalization to infinity of this energy density function is given here scaled by
the total number of ions N;. When ions reach a sufficient temperature to lose radial
trapping, the progressive escape from the electron beam will make the equipartition
tend to solely three kinetic degrees of freedom (ny = 3). In such case the energy
distribution asymptotically reach the form:

By

fi( By)dEy = 2Ny | =2 ( ! >3/2 exp <_E¢)dE¢, (2.49)
T \KkT; kpT;

Those equations will be further utilized for the fitting of axial energy scans

leading to the determination of T;.

2.2.8 Charge-State Evolution

A variety of phenomena play a part in the change of charge states of ions inside
an EBIS. The most common atomic processes resulting in an increase of charge
state are: electron impact ionization (EI), charge exchange (CX), photoionization,
surface ionization and field ionization. Only the first two processes will be considered
of relevance in the following studies. Inversely, the atomic processes resulting in
a decrease of charge state include the radiative recombination (RR), the charge
exchange and the dielectronic recombination (DR). When the capture of an electron

by an ion results in the simple emission of a photon, the process is called radiative
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recombination A9 4+ e~ — A%"! 4+ hy. However, when the interaction energy is
closed from a bound electron orbit energy, the capture may result in dielectronic
recombination A% 4+ e~ — [Aqfl]* — A% 4 hy. The excitation energy allows a
bound electron to be promoted to another shell. As shown in Figure with the
example of 3*K!5* and an electron beam energy close to 2.58 keV, it is common

that the dielectronic resonant process overcomes the radiative recombination. The

different models of cross sections used are described in the Appendix [A]

Cross section (cm?)

Cross section (cm?)

Figure 2.11. Cross sections of the three ionization phenomena considered, plotted using
EBISIM simulation package for 3°K. The electron beam energy spread used for processing

The evolution of the number of ions of a species at a specific charge state Ng, is
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the dielectronic recombination cross sections is 15 eV (FWHM).
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expressed as the result from the contributions of the different cross sections,

dN, ji

i T fie (Ngmoghy = Noog' + Nogaogthi = Nyoy™ + Nosaofi = Nyop™)

+ D i (01 Ngs10g g — njgNgod ™) + Ny R + Nyovee

’ (2.50)
In this simplified model, the double ionization events are not considered. The first
line of the Equation [2.50] shows the effect of electron impact ionization, radiative
recombination and dielectronic recombination. The three of them depend on the
electron beam energy and scale with the electron current density. The source term
in the rate equation serves at differentiating the cases of singly-charged ion injection
and neutral gas injection. An escape term (esc) is included to account for the radial
and axial escapes of ions. It is expressed as,

3 evwi

The collision rate v; is the total rate including collisions with other ion species at
each of their charge state, so v; = }_; v;;. The term w; represents the loss frequency.
The axial loss frequency can be approximated by,

ar _ Qi(Up —Uq)

ar — A0 A/ 2.52

Another expression of the axial loss term can be found in [Marrs, 1999] and
follows the derivations from [Khudik, 1997]. The formula is shown in Appendix
with a proposed correction on one of the different factors that were calculated in

[Marrs, 1999]. The radial loss frequency is,

wrad = kBT (Ud ¢(r€)+Bdrd,/2kBTi/(3mi)> (2.53)

A simulation tool called EBISIM, developed in Python by H. Pahl (University of

Heidelberg and CERN), notably includes as a part of a larger palette of features, the
solution of the rate Equations [2.50] for ions either injected singly-charged or resulting
from neutral gas ionization [Pahl, 2021]. The simulated charge state evolution of

39Kt jons injected as singly-charged is presented in Figure The main free
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parameters of the simulation tool are the ions species characterized by their initial
densities and temperatures, the electron current density j. and electron beam energy

E..

32K charge state evolution (j=50.0 A/cm?, E. =2200.0 eV, FWHM = 10.0 eV)
1.0

0.8 1

o
)

o
S

Relative Abundance

0.2 A

Time (s)

Figure 2.12. Example of EBISIM simulations for the charge state evolution of 3°K?* ions
with REXEBIS Adiabatic electron gun setup for j. =50 A/cm? and E, = 2.2 keV.

In Figure [2.12] one can observe that each charge state density successively
reaches a maximum abundance - with respect to other charge states - that defines
the maximum achievable charge breeding efficiency. EBISIM is used in the next
chapter to draw comparisons with the measured charge state distributions of ions
charge-bred in REXEBIS. One of the main source of uncertainty in the use of such
simulation tool is the effective electron current density jeg experienced by ions. This
current density includes the overlap factor between ion species and the electron

beam and in particular reflects the effect of the ion cloud expansion due to heating.

2.2.9 Energy Balance

The temperature of ions trapped in an EBIS is affected by several processes. Coulomb
collisions with the electron beam is one process generating an increase of the ion

temperature, often referred as Landau-Spitzer heating [Spitzer and Cook, 1957].
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The rate equation is given by,

,Ti Spitzer .
(dk(i ) = 2 C B, (2.54)

)

It notably involves the collision frequency between electrons and ions v,; (Equation
2.31) and the electron beam energy FE.. Similarly, the energy transfer through

Coulomb collisions between ion species is also part of the energy balance:

dk g T, Transfer m;  kpTi — kgT,

(Fa7), = 2w (2:55)
] ] 1vB4j
’ ’ (1 + my‘k‘BT]i>

It is given by the difference of temperature (heat) between the ion species of interest
and one background species, noted with index j. Technically the sum over all
background species j must be operated. Heating through Coulomb collisions is not
the only phenomena impacting the energy dynamics of ions. When ionisation (or
recombination) occurs, the average potential seen by ions will change due to the
change in charge state and it will result in an increase of temperature. The change
in potential energy during an ionization event is AEy = (¢(r)). Using the radial
function distribution n; 4, of ions at a charge state ¢, the rate of ionisation heating
becomes,

(dN kBT‘ ) Tonisation
q 7

i _ / (r) [RE ynioa (r) — (RES + RPR) i ()] rdr (2.56)

Lastly, the progressive escape of hot ions within the Boltzmann distribution will
result in an effective decrease of the temperature. The escape term R* defined in

the previous section is reused,

<dkBTi
dt

Escape
) = Ty (min(w!™, wf™) + 1) R (2.57)

With such formulation, the shallowest of the two (axial and radial) trapping potentials

regulates the escape rate. Eventually, one arrives at a general differential equation
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describing the energy balance of an ion species inside an EBIS:

dkgT; (dk:BTZ- ) Spitzer (dkBTi ) Ionisation

dt dt dt
dk‘BT’z Transfer dkBT’z Escape
+§]:< " )j —( i ) (2.58)
(dkBT‘z > Source
dt

An external source term is included to account in particular for the possibility to
inject ions with a significant initial temperature. This can for instance emulate a
non-optimal injection of ions inside the electron beam, when the initial temperature

from the source term may affect the overlap factor f.; at low charge states.

2.2.10 Single Ion Dynamics

Analytical mechanics give us access to the motion of collisionless charged particles
in electromagnetic EBIS fields after relaxation. By formulating the typical canonical
variables q = (r, 0, z), each index of the variable ¢’ is a conjugate to a coordinate in
R?(er, €9, €5).

The Langrangian £ =T — U 4+ M of a non-relativistic particle of mass m; and

charge QQ; = q; X e is expressed as a function of:
 The Kinetic energy T' = 5* (7'"2 + 1202 + 2"2).

o The Electrostatic potential U = Q;¢(r, z), for an ion confined in a self-consistent

potential ¢(r, z).

e The Magnetostatic potential M = @Q;v- A = %Qinrzé in the drift zone

subject to a magnetic field Bge,.

The Lagrangian is is then,
‘ . 1 )
L= % (7'«2 202 4 22) — Qiolr,2) + 5 QiBar*0 (2.59)

From the Lagrangian, one obtains the canonical momentum (i.e. not linear),
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|
P=(P,P,P,) = (mif,mﬁe + 2Q2~Bdr2,mi2> (2.60)
The Hamiltonian is derived from the Legendre transformation of the Lagrangian:

H =t (P 420+ 22) + Qid(r,2)

_ 1 (Pe_QinT

- 2m; r 2

(2.61)

2
> + PZ2 + PT2 + Qip(r, z)

The magnetic field contributes to the effective trapping potential felt by ions.
Since the cross-field diffusion is driven by the ion-ion collisions rate on a time scale
shorter than the confinement time, the trapping effect of the magnetic field is often
neglected in the charge-breeding context. One can demonstrate that because of
cylindrical symmetry Py = —%—? = 0, the canonical momentum Py = m;r260 +
QiByr?/2 is constant (Busch Theorem). From the Hamilton Equation it
becomes interesting to use the electric field E = —V(¢(r, 2)) and the canonical

momentum Py as a constant parameter in the expressions of the differential equations

describing position coordinates:

= %Ez(r, 2)
i 2.62)
i—Yip (r,2) — i 4 298 QiByr *
m; m2r3 m2r 4m?

2.2.11 Ion Beam Injection and Extraction

The optimization of the charge breeding performance is particularly dependent on
the quality of injection into the electron beam. Singly-charged ions injected with a
significant initial kinetic energy may orbit around the electron beam, which result

in a decrease of the ionization probability.

a Injection Acceptance

There exist several modes for injecting ions inside an EBIS. The focus is only given
to pulsed injection and neutral gas injection. With the pulsed injection scheme,

as opposed to the continuous injection, the outer barrier of the EBIS is lowered
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during a limited amount of time and raised at higher trapping potential during the
charge breeding. The electron beam capture efficiency is then defined strictly by the
geometrical acceptance. The normalized acceptance of the electron beam, seen by

an ion of charge (J;, mass m; and injection energy FEj, is

(2.63)

Qe j =

7"@\/@12337“3 Qibo
P= oy +

16m; E; E;

With this model, if the normalized transverse emittance of the injected ion
beam is below the acceptance of the electron beam, the injection efficiency is total.
With a larger transverse emittance than the acceptance, the efficiency decreases
proportionally with the ratio of the two parameters. The energy of injected ions F;,
globally depends in the difference between the REXTRAP platform potential and
the sum of the EBIS platform, drift tube and space charge potentials. The first term
inside the square root of Equation [2.63] accounts for the focusing of ions entering
the region immersed into a magnetic field By, and will be explained in the case of

extraction.

b Extracted Beam Transverse Emittance

The transverse emittance of the extracted beam from REXEBIS will affect the
resolution of the A/g-separation performed downstream and generally the quality of
beam transmission through the linac. The significance of emittance will be explained
in detail in Chapter 5, the definition is geometrically understable by the product
of the phase space ellipse semi-axes. The non-normalized emittance used in this
section is in terms of rms, and shown in units of 7.mm.mrad when evaluated. In

Cartesian coordinates (z,y), the rms emittance on the (x,z’) trace space is,

er =/ (22) (72) — (3a')? (2.64)

So far, we have worked in cylindrical coordinates because the ion cloud is known
in terms of radial position and it was simpler to derive the corresponding canonical
momenta. Furthermore, we have defined the average ion radius r; with Equation

similarly the rms radius is
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rim = / r3n;(r)dr (2.65)
Ry

The Boltzmann radial distribution n;(r) is normalized using n;(0) such that
the circular integral equals unit, [rn;(r)dr = 1. For converting the different
rms evaluations of Cartesian coordinates (x,z’,y,y’) into cylindrical coordinates

(r,0,1',a’), we use the following relations:

r? =2 4 y°
P22 =y yr2
(2.66)
2 =1r"cosh —a'sinb
y =7"sinf + o' cos
where,
dr v dr v dé vy
/ x / r /
:7:—’ :7:—7 = Tr— = — 267
o dz v, dz v, @ rdz Uy ( )

Due to thermal relaxation of ions inside an EBIS, the probability density function

in the cylindrical trace space can be expressed as,

02 .02 12 2 12
fi (ryr' o) drdr'da’ = ny(r) QZZZZTi exp (%) exp (W> drdr’'da/

The Maxwellian distribution of velocities used is directly normalized, one then
verifies that [[[rf; (r,7’, /) drdr’'de/ = 1. The calculations of the different terms in

the emittance lead to,

<x2> = % //// fi (ror', @) r® cos®(0)drdodr'da’ = (TZU;S)2

1 ri | 2kpT;
AN ) PN L2 / P ! I B1j
(xa') = 5 /// fi (7', @) 12 cos O (r' cos 6 — o' sin 0) drdfdr’de 2\ 7mgo2

1 .
(@) = 5 //// i (rr, o) 7 (1 cos 6 — o sin 6) drdodr’da’ = “B
s

miv?

(2.69)
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Using the previous equations, one can derive an expression of the emittance as a

function of the ion cloud characteristic radii (r; and r}™9),

kpT; 2 T}
- prms)2 _ 4 2.70
. Qmi@[(n - (2.70)
So far ions were considered as if born immersed into a magnetic field B;. During the
transit to a field free region their emittance will increase. This can be demonstrated
using the Busch Theorem. We have earlier shown that the angular component
of the canonical momentum of an ion in a longitudinal magnetic field is Py =

mir26 + %Qinr2, whereas in the Cartesian coordinates the canonical momentum is,

o1
P, =m;x — §QiB(z)y (2.71)
One can calculate the rms of this canonical momentum squared and consider
that there is no correlation between P, and y. Then in trace space coordinates and

outside from the magnetic field, the rms of the phase squared becomes,

<:1;'2> _ kBT; n Q?B3

rms)2
= 2.72

%

Using the expression of the emittance in a field By (Equation [2.70)), a new

expression of the non-normalized emittance of extracted ion beams from an EBIS is:

Q7 Bj

T (rims)? (2.73)

1

e2(B=0)=¢%(B=By) +

T

By inserting the solutions of r; and r]"*® obtained from Boltzmann distribution,
the emittance can then directly be shown as a function of the ion temperature, mass
and charge state.

In Figure[2.13] the normalized emittance is shown, which removes the dependence
in the longitudinal velocity of ions (v,), because € = [,v,e,. It allows to draw
comparisons with measurements done at other beam energies. The relativistic
gamma factor is supposed close to one. It is noticeable that the emittance grows as
a function of charge state, this time independently from the characteristic potential

gi¢o- In the case of REXEBIS with B; = 2 T the effect of magnetic field remains
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Figure 2.13. Normalized emittance in field free region calculated from ionic Boltzmann
distributions for different charge states of 139Xe?" inside REXEBIS.

low for ion temperatures below the characteristic potential Q;¢g.

¢ Charge Breeding Efficiencies

The characterization of the charge breeding performances is in practice performed by
quantifying the ion currents entering and exiting REXEBIS. The ion beam extracted
from an EBIS is a mixture of all the charge-bred residual gas components and
the beam of interest. The ion beam is discriminated through an A/g-separator,
which will be described in the following section. The charge breeding efficiency
1i,q of a species i at a charge state ¢ is estimated by measuring the current of the
singly-charged ions entering the EBIS, noted Zml +, and the current of the extracted
beam after the A/g-separator Iglqlt. The EBIS distributes the ions over several
charge states, and the relative abundance of each charge state ¢ compared to the

neighboring charge states actually defines the maximum of 7; ;. Meanwhile, the total

charge breeding efficiency n; accounts for the ion beam currents measured from the
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all charge states of the species considered. The efficiencies are,

out
. P 7’7q
Mg = i

it (2.74)

N = Z Miq
q

Those efficiencies include the losses at injection into the electron beam and at the
extraction. However, it will be seen that the acceptance of the A/g-separator is
sufficiently large compared to the beam emittance, which leads us to assume a
full transmission of beam through this zone. Typically, during the measurements
performed using 3°K!%F through this thesis, the charge breeding efficiencies were
close from 7; 4 = 25 %, to be compared with a theoretical maximum of about 35 %

as presented in Figure [2.12

d REX A/g-separator

Ion beams extracted REXEBIS are transported to the A/g-separator beam-line
before injection into the linac. It a spectrometer of a Nier-type and describes
a vertical "S"-shape beam line towards the RFQ. The main components are an

electrostatic 90° cylinder deflector of 0.6 m radius and a 90° magnetic bender of 0.5
m radius (Figure

REX A/g-separator
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Figure 2.14. Schematic of the A/g-Separator displaying its main elements, including the
Faraday cup used for the mass-scans presented.

Beam optics simulations estimate the total (100 %) transverse acceptance of
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the A/g-separator to be 200 mm.mrad (0.7 mm.mrad normalized) and a factor ten
lower in the dispersive plane when a 5 mm slit is introduced at the focal point
[Fraser et al., 2014]. The magnetic dipole creates a constant magnetic field By in
the transverse direction. The ion beam following the radius ps of the A/g-separator

has a magnetic rigidity of,

2AU st
q

pBs = g ~ (2.75)

The index ¢ that was used for the denoting the different species inside the EBIS
is dropped, the charge state and mass of the beam of interest going through the

separator are noted ¢ and A.
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Figure 2.15. Measurements of four A/q peaks with a 3 mm slit or a 5 mm slit at the focal
point of the A/g-separator

Mass spectra around four different A/g-peaks were measured using a 3 mm
slit or a 5 mm slit (Figure . The mass spectra are obtained by scanning the
magnetic field of the dipole while capturing the beam current passing through the
slit with a Faraday cup. Two beams resulting from residual gas ionization of neon
and argon inside REXEBIS were extracted. With typical charge breeding conditions
and setup of the A/g-separator optics for those beams, the resolution reached is close
to A(A/q)/(A/q) = 1/300. The 3 mm-slit is typically preferred during operation.
Such a resolving power does not allow isobaric separation: an increase by one to

two orders of magnitude would be necessary.
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2.3 REX/HIE-ISOLDE Linear Accelerator

With the completion of the HIE-ISOLDE project in 2017, the ion beam velocity has
been pushed to about 10 % of the speed of light. The linac is divided into two sections,
one at room temperature - the historical REX section - and a superconducting section.
An overview is given of the figures of merit characterizing the accelerating structures.

Finally, the different structures of REX/HIE-ISOLDE linac are detailed.

2.3.1 Quality of Acceleration

Let us consider that an ion arrives at a one-gap cavity of resonance frequency

f = w/27, with a phase ¢5. The longitudinal electric field seen is,
E,.(z,t) = E(z) cos (wt + ¢s) (2.76)

The travelling z-component of the field is decoupled and can be calculated for the
different operating modes of RF-cavities. Inside the cosine, one may replace t by
z/(Bc). The main objective to increase the energy of a particle of charge ¢ through

a gap of length L is given by the relation,
AW =q E.(z,t)dz (2.77)

It is chosen to introduce the equivalent electrostatic accelerating gap voltage on axis,

L/2
Vo E/ E.(2)dz (2.78)
~L)2
and the transit-time factor,
1 L/2 wz L/2 wz
TE—/ FE(z)cos(—)dz — tan S/ E(z)sin(—)dz 2.79
VOl—m (2) (56) 2 | (2) (56) (2.79)

In that last expression, the second term inside the brackets equals zero if the
gap considered is symmetric (definition of the gap center). The transit-time factor

translates the efficiency of the energy gain when a charged particle crosses the gap.
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With axial symmetry the transit-time factor can be estimated using the modified
Bessel functions and shows that more acceleration is provided to off-axis particles.
This notably results in a change of the bunch shape. One may now rewrite the
energy gain from Equation as a function of the transit-time factor and the

equivalent accelerating voltage,

AW = qViT cos @5 (2.80)

Defining an average accelerating gradient of a cavity such as Face = VoT'/L, is an
interesting figure of merit. The amplitude of the field, noted Fy may be decoupled
from the transit-time factor by using E,.. = FoT. In order to evaluate the quality
factor of a cavity, one first needs to consider the dissipated power P = Py + Pext,
which is a combination of the losses inside the cavity Py and outside Pey. Secondly,

the energy stored from the electric field and magnetic field vectors in the cavity is,

I%:;//MB%V:;ﬂyd%v (2.81)

The quality factor @) reflects the ratio of the stored energy by the energy loss per

period, so

Q=22 (2.82)

It is a combination of the unloaded quality factor )y and the external quality

factor Qext,

11
Q B QO Qext

(2.83)

In practice, the dissipated power inside the cavity due to losses in metal can be
calculated by,
R
%:EffB%S (2.84)

The surface resistance Ry may be estimated using the conductivity and the skin

depth. Whereas the shunt impedance Ry directly relates to the equivalent cavity
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voltage Vjy by,
_ %

P =
0 Ry

(2.85)

One can also define an effective shunt impendance by including the transit-time
factor: Reg = RoT?. The shunt impedance can be expressed per unit length and in
that case noted Z, or Zeg when including the transit-time factor.
_ B
- P/L

(EoT)?
PJ/L

(2.86)

Zeff =

Finally, another geometric parameter that is scale-invariant and often used is

' = QR, (2.87)

2.3.2 REX Normal-conducting Structures

Historically, REX linac was constructed to accelerate beams with A/q < 4.5 up to
2.2MeV /u, which allowed isotopes with a mass A < 50 to reach the Coulomb barrier.
In 2004, with the addition of a 9-gap IH cavity the accessible beam energy was
pushed further to 3.0 MeV /u for A/q < 3.5, which extended the reach of the Coulomb
barrier to isotopes of mass A < 85. REX normal-conducted linac is operated at
the resonance frequency of 101.28 MHz at the exception of the 9-gap based on the
second harmonic. The basic parameters for all normal-conducting structures of the

REX linac are summarized in Table .11

a Radio-Frequency Quadrupole

The room-temperature RFQ is the first module of the REX/HIE-ISOLDE linac, it
is a four-rod-A/2 design with a total length of 3m. The symmetrically opposite rods
are connected together electrically, and a RF voltage with a DC offset voltage is
applied between one pair of rods and the other. The RF quadrupole field provides
transverse focusing while the longitudinal modulation of the four rods allows for
the bunching and acceleration of the injected beam. The accelerating gradient of

an RFQ drops with energy explaining why it is suitable for low energy beams. The
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Table 2.4. Basic parameters for all normal-conducting structures of the REX linac.
Parameters with an asterisk (*) are for A/q = 4.5.

Parameter RFQ ReB IHS 7GX IGP

f [MHz] 101.28 101.28 101.28 101.28 202.56
Nb. of gaps/cells 232 3 20 7 9

Bin = Bout [%)] 0.3 — 25 25 —25 25—+51 51—+69 69— 78
Bin = Pout [MeV/u] 0.005— 0.3 03—03 03—>12 1222 22— 28
Eace [MV/m] 0.44 0.36 2.7 ~ 2.5 5.2

L [m] 3 0.2 1.5 ~0.60  0.52

Zeg MQ/m] (*) - 20 225 ~ 55 165

Qo 4050 3700 13000 ~ 5250 10100

Py [kW] (*) 36.3 1.6 50 ~ 75 90

A/q acceptance <55 >25 <45 > 2.5 >25

construction and testing took place at the Ludwig Maximilian University, in Munich
[Bongers et al., 1999]. The design of the modulation of the rods has been optimized

for A/q = 4.5. The resonance frequency and basic parameters are summarized the

Table 2.5

Table 2.5. Basic parameters of the REX/HIE-ISOLDE RFQ

Parameter Value
Maximum duty cycle 10%
Radial acceptance €™ 0.66 m.mm.mrad
Electrode voltage (A/q = 4.5) 42kV
Output phase spread Ay, + 14 deg
Output energy spread AW +1.5 %

b ReBuncher

The rebuncher is a three-gap split-ring cavity used to match longitudinally the
beam from the RFQ into the acceptance of the following TH-structure. The phase
spread at the RFQ exit is Ap = +14 deg, while the TH-Structure requires an input
Ay = £10 deg. The acceptance of the Rebuncher concerns beams with a A/q > 2.5.
The construction was made in Frankfurt [Kithnel, 1999]. The integrated voltage at
A/q=4.51is 70 kV.
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¢ IH-Structure

The Interdigital H-type structure is a drift-tube structure that was derived from

similar structures, such as the GSI HLI-IH-structure [Nolte et al., 1979]. After a first

acceleration section with a 0° synchronous phase, ions are focused in the transverse
direction by an inner-tank quadrupole triplet lens (Figure [2.16)). Behind the triplet,
ions are rebunched by a -30° synchronous phase section (3 gaps), followed by a

second acceleration section. The entire structure is composed of 20 gaps.
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Figure 2.16. Schematic of REX THS structure with electromagnetic field lines.

d 7GAP Resonators

The following accelerating ensemble is composed of three 7-gap resonators. A 7-gap
resonator is an effective solution for balancing between the total energy gain per
resonator and a high transit time factor. The split-ring resonators are designed and
optimised for synchronous particle velocities of 3s = 5.4 %, 6.0 % and 6.6 % assuming

a realistic total resonator voltage of about 1.75 MV at 90 kW in-coupled power

[Podlech et al., 1999]. The beam matching between the output of the IH-structure

to the first 7-gap resonator is done by a quadrupole triplet. An additional doublet
between the first and second resonator is used for the transverse focusing. The
development and construction of the three 7-gap resonators were done by the MPI

fiir Kernphysik, in Heidelberg.
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e 9GAP IH-Structure

The design of the 9-gap IH-Structure was derived from the 7-gap IH structures of the
MAFF project with a modified drift-tube structure [Sieber et al., 2004]. The shunt
impendance is higher than for the TGAP split-ring resonators, thus the dynamic
range of the output energy is wider, from 2.55 MeV /u to 3.0 MeV /u (at A/q = 3.5).

2.3.3 HIE Superconducting Structures

The HIE-ISOLDE extension of REX linac includes four cryomodules, each of them
containing five superconducting Quarter-Wave Resonators (QWR) and one super-
conducting solenoid (Figure . The project also included the addition of three
High-Energy Beam Transfer (HEBT) lines (Figure [2.17). The advantage of a su-
perconducting linac is notably the high gradients that can be achieved, reducing
the effective length require for acceleration. For normal-conducting cavities, the
dissipated power depends on the surface resistance Rs which is for copper, about a
factor 10° higher than the shunt impedance of a superconducting niobium cavity.

The scaling as a function of the RF frequency is also different, for each case

12 normal-conducting
R x (2.88)
f? superconducting

And the dissipated power inside the cavity scales as,

f~1/2 " normal conducting
Py o (2.89)
f superconducting

The size of the cavity is proportional to the inverse of the frequency. The techni-
cal aspects of the superconducting linac are given in details in [Nilsson et al., 2006]
and the scientific opportunities in [Butler et al., 2007]. The commissioning started
in 2015 and continued until 2018 with the final installation of all cryomodules
[Rodriguez et al., 2016]. The resonators are based on niobium sputtered on a
copper substrate technology. A superconducting solenoid and normal-conducting

quadrupoles are used for transverse focusing.
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Figure 2.17. Schematic of HIE-ISOLDE linac displaying four cryo-modules, each of them hosting five quarter-wave resonators and a solenoid. The
HEBT lines to the experimental stations MiniBall (MB), the ISOLDE Superconducting Solenoid (ISS) and the ISOLDE Scattering Chamber
(ISC) are shown.
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Figure 2.18. Design model of one cryomodule, shown in transparency.

a Quarter-Wave Resonators

Transverse electromagnetic resonant structures are divided into two general types
depending on their electrical length (\/4 and A\/2). The quarter-wave resonators are
typically designed for 0.05 < § < 0.15. The setting is independent for the phases
and amplitudes. Such accelerating structure is capable of flexible operation, with
energy variability and adaptability to different A/g-ratios. The synchronous particle
must be replaced by a reference particle, whose velocity may differ from the design

or geometric velocity [Wangler, 1998]. The transverse magnetic field and electric

field components are,
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. [o I ;
Er= _QZV /:70% sin(k, pz)e™=»<

I .
By = Ho%0 cos(k, pz )tz et

wr

(2.90)

The magnetic field is maximum at the cavity ends, while the electric field is the
largest at the cavity mid-plane. The operating mode of the cavity is expressed as a
function of k, , = pr/L. The quarter-wave resonator is based on the fundamental

mode. The basic parameters of HIE-ISOLDE quarter-waver resonators is given in

Table 2.6

Table 2.6. Basic parameters for HIE-ISOLDE quarter-wave resonators.

Parameter Value
Nb. of cavities 20

Nb. of gaps 2

f [MHgz] 101.28
By (Bopt) (%] 103 (11.3)
Ly = 4\/2 [mm] 153
Thax 0.9

Eo [MV/m| 6

L [mm] 300
Inner conductor diameter [mm]| 90
Mechanical length [mm] 320

Gap length g [mm] 85
Beam aperture diameter [mm] 20

U/E3 [mJ/(MV/m)?| 207

I = R,Q [Q)] 30

P at Ey [W] 10

Qo at Ey 5.0 x108

Helium bath temperature [K] 4.5

The standard manufacturing of the cavity implies to machine the inner and outer
conductor separately before welding them together. However, micro cracks were
observed near the welds of some of the cavities. A novel seamless design was then
considered, and one cavity was put in place in the fourth cryomodule of HIE-ISOLDE
linac. These seamless quarter-wave resonators show a higher quality factor and RF
surface fields [Venturini Delsolaro and Miyazaki, 2020]. RF leakage is suppressed
by changing the beam port aperture from a racetrack to a circle with a diameter

reduction, as can be seen in Figure The calculation of the energy gain in this
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Figure 2.19. Seamless cavity (left) and welded cavity (right) 3d model designs.

last cavity is then modified by the different transit-time factor. The transit-time
factor curves are shown in Figure for the two different cavity manufacture.

The output energy as a function of the beam A/q is calculated using the Equation
If all cavities gradients are set at the maximum of 6 MV /m, with a synchronous
phase of -20 deg, except for first cavity at -30 deg, the out energies are shown in
Figure [2.21]

The divergence of the accelerating field leaking to the drift tube generates
transverse electric field components around the beam axis that will either focus or
defocus the beam depending on the RF phase. In the conditions of acceleration, the
beam is focused when entering the cavity and defocused when exiting. The overall
result is a net defocusing effect which needs to be compensated by focusing elements,

such as quadrupoles and solenoids.
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Figure 2.20. Transit-time factor curves for superconducting cavities with and without
seamless design.
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Figure 2.21. Maximum output energies accessible from the HIE-ISOLDE cryomodules
(CMx), as a function of the beam A/q.
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2.4 Magnetic Beam-line Optics

The main technical aspects of the magnetic focusing elements of HIE-ISOLDE linac
are described in this section. The analytical description provided will be used in
the following chapters concerning the transverse beam properties measurements
and the characterization of the beam energy distribution. Each experimental line is
composed of two 45 deg-dipoles. The transverse focusing before and after the dipoles
are guaranteed by quadrupoles, and the matching into experimental stations by a
triplet at the end of the HEBT lines. Several steerers allow to correct the transverse

trajectory of the beam every few meters.

2.4.1 Superconducting Solenoids

Solenoids provide weak focusing to the beam, with a coupling between transverse
planes. As a consequence of the coupling, the differential equations of motion are

non-linear,

o~ LB + 5B =0

- (2.91)
v+ L B2’ + 3BL)| =0,

z
Those equations are easier treated in the rotating Larmor frame, which allows

decoupling of the transverse component. Besides, the field distribution within a

solenoid may be approximated by,

By

TGy

(2.92)
The maximum field in the solenoid is noted By, and the distance d is a field
profile characteristic length. The focusing f of a solenoid of diameter D can be
deduced analytically with the thin-lens assumption and assuming a step-function

approximation of the magnetic field,

f= % (mcmf (2.93)
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Figure 2.22. Schematic of a solenoid.

Table 2.7. Basic parameters of HIE-ISOLDE superconducting soleinoids. The parameters
annoted by an asterisk (*) are at a vertical distance of 230 mm from the centre of the
solenoid; representing the nearest RF cavity wall surface.

Parameter Value
Inner bore diameter [mm] > 30
Mechanical length [mm)] < 400
Magnetic integral ([ B2dr) [T?m] 16.2
Operating current [A] < 500
Stray field (when powered) [G] (*) < 180
Magnetic remanence (when unpowered) [G] (*) < 0.65
Maximum stored energy [kJ] <19
Helium bath temperature [K] 4.5

The current direction in the solenoid is reversible to allow for degaussing when

turned off. The specifications presented in Table [2.7] are currently met.

2.4.2 Magnetic Quadrupoles

Magnetic quadrupoles assure the focusing channel through HIE-ISOLDE linac
and HEBT lines. The envelope of the beam is preserved below the transverse
acceptance of the HEBT lines to guarantee complete transmission, and the spot size
is optimized for the experimental apparatus. Quadrupoles of the HEBT lines also
offer the opportunity to probe the beam’s transverse properties. For this purpose,
the detailed derivations leading to the deduction of transverse beam properties while

varying the quadrupole focusing strength are given in Chapter 5. The Lorentz force
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F experienced by an ion in the coordinates presented in Figure [2.23] is,

Fx(xv Z) = _qCBGx(z):E

Fy(y,2) = qcBGy(2)y

(2.94)

The gradients G, and G, are given by the divergence of the magnetic field,

Golz) = 0By(z)
* ox
; (2.95)
Gy(z) = 835;)

Pole contours are in theory determined by the equipotential lines, describing for
a magnetic quadrupole infinite hyperbolas: 2zy = 4+a”. The analytical derivations
of the transverse dynamics lead to the Mathieu-Hill equation and the theory behind

transverse beam properties will be explained in the chapter 5.

Figure 2.23. Schematic of magnetic quadrupole, focusing on the y-plane.

Magnetic measurements of the HIE-ISOLDE quadrupole series were done using

two different tools: a rotating coil and a single stretch wire, both giving a similar
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Table 2.8. Basic design parameters of HIE-ISOLDE magnetic quadrupoles.

Parameter Value
Good Field Region (GFR) radius [mm] 20
Magnetic length L,, 0.2
Nominal current [A] 132
Maximum current [A] 150
Gradient at nominal current [T/m] 25
Integrated gradient [T 5
Integrated field quality (GFR) <1 x1072
Inductance [mH] 30

result of the average integrated transfer function £ = 39 mT/A +0.15 %. The
modeling of the quadrupole magnetic field is simplified into a square field model,

using k and the equivalent magnetic length L,,, = 0.2 m which are deduced to include

the effect of fringe fields (Table [2.8).

2.4.3 Dipole Magnets

Each HEBT line is equipped with a double-bend-achromat lattice of 45 deg-dipole
magnets. The beam is steered from the linac axis and transported to the three
experimental stations. The three HEBT dipoles have been extensively used, not only
to transport the beam to experimental stations but also to measure the beam energy
distribution when using them as spectrometers. The formula which is given for the
A/q-Separator dipole (Equation cannot be approximated with non-relativistic

speeds anymore, so this time,
(2.96)

This latter equation gives the optimal magnetic field for a beam of energy F (in
MeV /u) travelling with an effective radius p. The rest mass of one atomic mass unit
E, ~931.494 MeV.

The dipole magnets are of edge-focusing type, which signifies that a pole face
rotation of half the bending angle provides focusing in the vertical plane. The
primary technical specifications of HIE-ISOLDE dipoles magnets are summarized in

Table The dipole magnets are designed with a curved C-shape assembled from
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Table 2.9. Basic design parameters of HIE-ISOLDE dipole magnets.

Parameter Value

Maximum aperture between poles [mm| 50

Nominal magnetic field in center [T] 1.13
Maximum magnetic field [T] 1.2
Nominal integrated field [T.m] 1.61
Nominal current (DC) [A] 423
Maximum current (DC) [A] 500
Magnet inductance [mH] 113
Nominal dissipated power kW] 18
Integrated relative field quality (GFR) < 5.1073
Bending angle [deg] 45
Bending radius [m] 1.8
Effective bending radius p [m)] 1.811

a single piece of laminated steel yoke. The homogeneity of the integrated field is
requested to be within &+ 5 x10* of the central field, over a radius of 20 mm. This
is abbreviated as the Good Field Region (GFR).
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2.5 Diagnostics

The HIE-ISOLDE project also assessed the question of suitable beam diagnostics
for RIB. Diagnostic boxes are installed at strategic locations along the linac and
HEBT lines to verify the aspects of beam quality. A diagnostic box may include
a Faraday cup, a silicon detector, a pair of horizontal and vertical slits, beam
collimators, attenuators and stripping foils (Figure . The stripping foils allow
for separating after acceleration beams of low mass isotopes contaminated with, for
instance, residual ionized gases from REXEBIS. At low masses, the possibilities to
find a clean A/q are reduced, and the use of stripping foil to separate the beam
components using the HEBT lines dipoles may well be the only solution. However,
even if their use is relatively common during the physics campaign, the stripping

foils were not utilized for the measurements presented in this thesis.

/0\ . Collimator slits

—— —il AY 4

Figure 2.24. Model of a diagnostic box for HIE-ISOLDE.

The transverse beam profiles can be obtained by sampling the beam current
using a Faraday cup or a silicon detector behind a scanning slit so that the value of
the measured current is recorded as a function of the slit position. The opening of
each slit is 1 mm. Both horizontal and vertical scanning slit is on a 45-deg blade
with a V-shape. The movement generated by a stepper-motor is either continuous
or with steps of minimal length 100 pm. It was noticed that the pulse of the stepper

motors produce a 100 kHz noise, which may deteriorate the silicon detector signal,
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so they are generally turned off after insertion and during measurements.

2.5.1 Faraday Cups

A VersaModular Eurocard (VME) board allows to control of all the required stepper
motors of a diagnostic box, and the analogue-to-digital converters (ADC) are used
to record the Faraday cup output signals. The VME board additionally controls
the preamplifier’s gain and provides the high-voltage for Faraday cups. The active
diameter of the Faraday cups is 30 mm, and the resolution is about 100 efA. However,
the resolution varies from one Faraday cup to another due to, for instance, the
quality of cabling or the surrounding electromagnetic noise. For this reason, the
location where a Faraday cup provides the best signal-to-noise ratio is naturally

chosen for transverse emittance measurement.

2.5.2 Silicon Detectors

The silicon detectors used are partially-depleted PIPS detectors manufactured by
Canberra, with a thickness of 300 ym. A particle impinging on the detector will
deposit energy which is proportional to the pulse of charge created. If an ion is
fully stopped by the silicon, the signal is directly representative of its total energy.
The technical specifications and the commissioning of those silicon detectors are
described in [Zocca et al., 2012]. The silicon detectors give access to several essential
characteristics of the impinging particles: intensity (or count-rate), energy and
time-of-flight. Three different types of silicon detectors have been utilized and are

listed in Table .10

Table 2.10. Silicon detectors models and primary specifications from the manufacturer’s
data-sheet.

Resolution (FWHM)

Type Canberra’s model Radius [mm] Energy [keV] Time [ns]

1 PD50-11-300RM 4.0 11 5
TMPD50-16-300RM 4.0 15 0.2
3 PD600-20-300RM 13.8 20 )

The silicon detectors of Type 1 and 2 have a relatively small aperture which do
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not guarantee to capture all the beam, they are principally used for time-of-flight
or direct energy measurements, when assuming that there is no coupling between
longitudinal and transverse motions. In particular, the detector of Type 2 allows for
a better time-of-flight resolution and was used for the measurement of the bunch
structure. The silicon detector of Type 3 has a sufficiently large aperture to assure
a total capture of the beam and was used extensively for transverse beam properties
characterization (Figure . The silicon detectors are biased by a voltage between
60 and 100 V.

Figure 2.25. Picture of a large aperture silicon detector (Type 3) before installation inside
a diagnostic box.

The choice of the preamplifier is crucial for applications in which the total beam
energy may vary from from several MeV to few GeV. They will define the saturation
limit until which the energy of particle cannot be resolved and electronics will
encounter a dead-time. The charge-sensitive preamplifiers are usually composed of
an integrator for the energy output and a pulse-shaper for the timing output. The
energy signal resembles a positive pulse with a rise time in the order of 10 ns followed
by an exponential decay. The preamplifiers used for HIE-ISOLDE silicon detectors

have a charge capability of 1 nF. The functional schematic of the preamplifier is
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shown in Figure (a), along with the response from four consecutive ions of

different masses (b).
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Figure 2.26. Functional schematics of the preamplifer (a) and typical response from a
beam with multiple mass composition (b).

The charge provided by the detector is proportional to the total beam energy W,

_ W[MeV] x e

Q4C] = V] 106 (2.97)

The average energy required to produce an electron-hole pair is ., ~ 3.62 €V /e-h
for Si. With a high gain A and 7y = R;Cf < Tpuise, the output voltage V,, directly
relates to Qg by,

V, ~ == (2.98)

The preamplifier sensitivity is expressed by,

e

¢[mV/MeV] = O % ealV]

10? (2.99)

The capacitor C'y can then be chosen to meet the requirements in terms of sensitivity.
By dividing the maximum output voltage (10 V in our case) with the sensitivity, one
deduces the maximum energy before saturation. Avoiding saturation is necessary
when the silicon detector is operated to provide the count rate and energy measure-
ment. In the case of energy acquisition, the particles impinging at saturation or
during the dead-time are tagged as unresolved by the digitizer. Specific attention is

given during measurements to adjust the beam intensity so that the output voltage
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remains approximately below 80 % of the saturation limit.
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Figure 2.27. Curves of saturation depending on the preamplifier used in combination with
the silicon detector.

Energy measurements are performed using a VME board digitizer V1724, man-
ufactured by CAEN. This digitizer includes a digital pulse processing and a pulse
height analysis firmware on board. There are two distinct functioning modes that
require specific setups of the digitizer: the oscilloscope mode and the energy mode.
The oscilloscope mode mainly serves at verifying that the detector and preamplifier

are operated far from saturation.

Front-End Software Architecture High-Level Application

_@_ Silicon Detector Preamplifier Digitizer HREXDIGI Analog / Digital
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Figure 2.28. Diagram of the data acquisition system surrounding a silicon detector.
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The time-of-flight measurements are performed using a Time-to-Digital Converter
(TDC) which compares the time of arrival of ions at the detector with the RF master

clock that determines the phase of the cavities in the linac. This functionality is
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used to probe the bunch structure of the beam. The minimum sampling resolution
of the TDC is 50 ps. A diagram of the acquisition system for hardware to software

is shown in Figure [2.28

The question of deterioration of the silicon detectors remains. It will be shown in
Chapter 6 that the energy acquisition can be significantly impacted by deterioration,
and that lead to the use of a different method for properly characterizing the
real beam energy distribution. To summarize, the applications of silicon detectors

contextualized in the thesis are:

e Count rate: derived from the TDC signal.
e Energy: histogram acquired from the digitizer.
e Bunch structure: acquired from the TDC.

¢ Pulse structure: derived from the digitizer.
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2.6 Control System

Nowadays most of the accelerator technology is manipulated from the control rooms.
At ISOLDE, each console has access to high-level graphical applications, Graphical
User Interfaces (GUIs), that interact with the control system. A dichotomy is made
between the high-level variable of the GUI and the corresponding low-level parameter
of the hardware. Three software applications were developed during the course of

thesis to carry out the necessary measurements with reliability and flexibility.

2.6.1 Data Flow Layers

The timing system continuously delivers events that are used to trigger the acqui-
sitions of the various accelerator elements. A timestamp is associated with each
read event. Then, the real-time applications access the hardware and read the
low-level values. After some conversions and association with the event timestamp,
the real-time applications publish the updated acquisitions over the network. The
server receives the data from the different sources and uses the timestamps to group
the data belonging to the same acquisition cycle. Post-processing of the data is often
done before being sent to the GUIL. To summarize, the primary purpose of the front-
end computers is to perform the low-level control and acquisition of the accelerator
hardware. Most of the server processes are written in Java and communicate with

the GUIs using Java-specific protocols.

The device-property model defines the structure and the manipulations and
the behaviour required to exchange data between the low-level software and the
high-level software. The two fundamental concepts are the device and the property.
Each piece of equipment is a device, for instance, a power converter or a digitizer.
A device has properties, and one can read (get operation), write (set operation) or
monitor (subscribe operation) a property. As in object-oriented languages, objects

are instances of classes, and therefore, devices are instances of classes as well.
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a Silicon detector Application

An application was developed to provide a live treatment of silicon detectors’ digitizer
and TDC signals into relevant information about the beam. The application is
used to set up the digitizer for its different operating modes: oscilloscope and
energy. By selecting the energy mode, the user has access to an energy histogram of
the impinging beam and the pulse structure. The application operates a roll-over
treatment of each particle’s time-tag and conversion into a physical time, then
provides a histogram that is coloured depending on the energy information. The
pulse structure is reconstructed as shown in Figure The oscilloscope mode
requires different settings of the digitizer to acquire a time window extensible to

more than 5 ms.

Fle Edi View Progct Operie Took Window Help

B @ ?
Oscilosoope | Pulse stucture | Particle counter | Bunch stucture | Energy histogram | [BATACAGOUIRED 4]
a7. _2¢  #oldalaloget  Counis
a0 e |10 J245  Jarse
» E Filename for data o save
0-| o
- Save data
£ 60 -18 [ Time Tags| Excude [ug]
3 a0 “ig [ Enemies [[20
b . § e
5 40- 18
2
E g
12 2 Zscale: [ Nb
£ - £ ;
= 20 -10 Single evertmode.
" J | 3 .
5 s
om aam 9, _ - -
4 s b sbo  sbo  abo  sbo  sbo  sho  elosds Ba = s
HEwl | e -3
05:25:00 PM - Acquisiton Siop Demamn mtua mde
052031 PM * Acquisiion Start
0520:27 P : Acquisition Stop Si Detectors
05:20:16 PN - Acqusgion Start "“'"E"eﬂt
0520110 PM * Acquisition Stop N |
052002 PM * Acquisttion Start wg,ﬂhmm
0519:58 P : Acquisition Stop
05:19:50 P : Acquisiion Start
1|

Figure 2.29. Display of the pulse time structure acquisition of the Silicon detector
application.

The application also acquires the TDC data and allows to accumulate and display
the particle time distribution inside bunches. In parallel, a treatment is provided to
extract the count rate of the beam. The application was developed with National

Instruments LabView and regularly used during operation.

b Automation Application

The experimental methodologies to characterize the beam properties can be re-

formulated by a sequence of instructions in the control system. The instructions
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consist of setting properties to a device and of saving the relevant data. In the
lexical field of programming, a measurement is a module that includes a list of
instructions. The objective of the automation application is to provide a flexible
tool for assembling modules and scripting a variety of measurements. More than
thirty different modules were coded in Python to complete essential tasks such as
longitudinal beam characterization, transverse beam characterization or dipole scans.
The scripting of the modules is done by writing in a text file the list of tasks to
accomplish with the possibility to adopt conventional tools («loop», «if», «loady,...)

if necessary. An elementary example of a scripting file is given:

Loop(x = 10:10:100)
EBIS_ breeding_ time(x)
Mass_scan( Collector = SD, Dipole_range = [500, 1000])

Loading this text file into the application will automatize the measurement of
mass scans for different breeding times of REXEBIS (10 to 100 ms), using a silicon
detector as a beam collector. The values for the dipole are given as an indication
(from 500 to 1000 mT). Each module is configurable with relevant arguments: the
type of collector, the range of values to sweep, the time step, etc. The GUI of the
application serves at loading the scripting file and starting the application. Several

acquisition windows are available to display the live result (Figure [2.30))
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Figure 2.30. Front panel displaying an automated scripting to complete transverse beam
profile scans. The right window shows the live result of each scan.
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c Slow Extraction Application

The slow extraction application was developed with the purpose of providing an
automated tool for setting a distribution voltage to the outer barrier of REXEBIS
that allows a modulation of the pulse structure. The application was developed
using National Instruments LabView software. The aim is to stretch the pulse
length and reduce the instantaneous rate. This reduction benefits the mitigation
of pile-up effects and logically increases the effective exploitable data provided by
the experimental stations’ detectors. The methodology and the results obtained are

presented in the following chapter.
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Figure 2.31. Front panel of the Slow Extraction application and example of a voltage
distribution sent to the outer barrier function generator.

The architecture of the application is divided into three main parts. The first
part allows to complete an axial energy scan of the beam extracted from REXEBIS;
this can be accomplished by using either a Faraday cup or a silicon detector as a
beam collector, both located after REX-ISOLDE A/g-seperator. The second part
concerns the axial energy scan interpretation to deduce the voltage distribution to
send to the function generator controlling the EBIS outer barrier hardware. The

length of the pulse required is user input. It is possible to use a fitting with custom
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functions to smooth the distribution and manually adjust the fitting parameters. A
typical example of outer barrier voltage distribution is shown in Figure 2.31} Finally,
the last part of the application controls a Micro-Channel Plate (MCP) and acquires
the pulse structure. This solution for verifying the quality of the pulse structure was
exploited during the first years of the commissioning of the Slow Extraction method.
However, it was deemed more robust to use silicon detectors for measuring the pulse

structure - for reasons explained in the following chapter.
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CHAPTER

Intensity Scales and Modulation

Studies of radioactive ion beams lead us to be confronted with a wide range of
intensities. In the scope of REX/HIE-ISOLDE post accelerator, the optimization of
the beam intensity starts from REXTRAP and ends at the experimental station. The
efficiency of all sub-systems and the transmission through the transport lines define
the contour of the question of maximizing the luminosity of the beam. The methods
for characterizing the performances of each sub-system need to be in adequation
with the dynamical range of beam currents. The tune of an accelerating structure
or the operating conditions of an EBIS is generally decided based on a vast set of
performance indicators: output transverse and longitudinal emittance, output energy,
purity of the beam and intensity. The questions of transverse and longitudinal beam
emittances and beam purity are treated in the following chapters. In this chapter,
we focus on the capability of measuring with reliability absolute beam intensities
in the sub-femto Ampere range. A typical case study is presented concerning the
measurement of the RFQ transmission using very low-intensity ion beams. The
optimization and modulation of the pulse structure are then studied with the concept
of Slow Extraction from REXEBIS. Finally, a new methodology is implemented
to evaluate the temperature of ions inside the charge-breeder and evaluate critical

figures of merit about the extracted beam.
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3.1 Orders of Magnitude in Ion Beam Intensity

The range of sub-femto-Ampere intensity, typically less than 10° particles per second
(pps), corresponds to very low yields of exotic isotopes produced in radioactive ion
beam facilities. At ISOLDE, such production rate would represent about 50 %
of the beam accelerated for high-energy experiments during the physics campaign.
The maximum intensity at which the post-accelerator can be operated is a few
nano-Ampere, which is limited by the REXTRAP Brillouin limit (Equation
and the charge capacity of the REXEBIS electron gun. In practice, the pilot beams
used for the commissioning of the linac are in the pico-Ampere range. Those beams
produced by residual gas ionization inside the charge-breeder are convenient for
commissioning the accelerating structures and preparing reference setups of the
linac depending on the mass-to-charge ratio (A/q). With beam currents above the
pico-Ampere range, the signal-to-noise ratio output from Faraday cups is usually
sufficient for accurately quantifying the intensity. However, the resolution of the
Faraday cups (about 0.1 pA) does not allow us to measure the beam intensities of
rare isotopes practically. When delivering RIB to the experimental stations, the
performance of the linac is assessed blindly by relying on the reference setups. The
shift in A/q between the RIB of interest and the reference setup of the linac imply
to scale the power delivered by accelerating structures. This scaling often underlies
discrepancies stemming from non-linearities in the behaviour of cavities as a function
of the accelerating gradient. The reference setup never absolutely mirror the actual

conditions of the accelerated RIB.

3.1.1 Intensity Attenuation

The first step to validate a method for measuring sub-fA currents is to attenuate the
beam intensity in a controlled manner. By doing so, one may compare the current
measured to the expectation. Controlling the beam attenuation must be done in
a way that does not significantly affect the emittance of the beam; otherwise, the

transmission through the transport lines is not comparable. We identified three
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main ways.

Attenuation Grids

Several attenuation grids are available in a diagnostic box located between the
A/g-separator and the first accelerating structure. Within the diagnostic box, a
barrel hold eight pepperpot foils with different geometry that filters the beam with
the following transmission factors: 0.001 %, 0.01 %, 0.1 %, 0.3 %, 1 %, 8 %, and 50
%. The advantage of using an attenuation grid before the RFQ is that the transverse
phase space is mixed during acceleration. Nevertheless, because the beam spot is
in the order of magnitude of 1 mm, the sampling of the transverse space using the
0.001 % and 0.01 % attenuation grids, do not ensure the preservation of the original
emittance of the beam passing through it. We did not use those attenuation foils
when the engaged studies required to preserve the transverse emittance of the beam.
The six other attenuator grids offer a convenient way to cover the range between

pico-Ampere and femto-Ampere.

il 2

(a) Transparency 50 % (b) Transparency 8 %

Figure 3.1. Pictures of two attenuation foils manufactured by electrodeposition of pure
copper (a) and by laser drilling on a stainless steel sheet (b). Note that the apparent
non-parallelism is due to achromatic effect of the camera lens.

It is more accessible from a manufacturing point of view to produce a foil with
low transmission than the contrary. Pepperpot-type of foils with holes are usually

made using micro (mechanical) drilling or laser drilling, and the cost of fabrication is
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proportional to the number of holes needed. By using electrodeposition metal forming
processes, the high transmission foils can be manufactured at cost-effectiveness. Foils
manufactured from electrodeposition (a) and laser drilling (b) are shown in Figure

The thickness of both foils is 100 pm.

Charge-Breeding Modulation

As was discussed in the previous chapter, the breeding time, i.e. the confinement
time of ions inside REXEBIS, is one of the main parameters together with the
with the electron beam current density to influence the charge state distribution.
The breeding time is set to maximize the abundance of the desired charge state.
Logically one may want to use the breeding time as a parameter for reducing the
beam intensity. However, this solution is not recommended in the scope of the
studies engaged hereafter, as the the time spent by ions inside the electron beam
also defines the transverse emittance of the extracted beam. In fact, we observe in
Chapter 5 that the emittance effectively varies with the breeding time. We preserve
the conditions of charge breeding to ensure that no other effect is induced, such as

emittance variations.

Ion Source Heating

An ion source is installed before REXTRAP to produce (stable) beams of 39-
potassium or 133-caesium. The intensity of the beam extracted from the source
is modulated at ease by controlling the heating power delivered to the oven. The
power supply allows adjusting the intensity of singly charged ions with accuracy
from 0.1 to 100 pA. The beam is then transported to REXTRAP for transverse
cooling, and, to a certain extent, the influence of the ion source heating on the
resulting beam emittance is minimized. Nevertheless, one needs to take into ac-
count the difference in the charge breeding conditions of REXEBIS when varying
the intensity of the injected ion beam, more particularly the compensation of the
electron beam. We consider that if the compensation of the electron beam remains
low (below 1 %) the relative change in the emittance of the extracted beams is

negligible. For this reason, we limit the beam extracted from the ion source to 50 pA.
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Two setups of the post-accelerator are required for demonstrating the possibility
to measure general beam properties of very low-intensity ion beams. Using the ion
source located before REXTRAP is convenient for modulating the intensity from 50
pA to 1 pA without impacting the beam transport and charge breeding conditions.
The beam intensity is then reduced to the sub-efA range by using attenuator foils at

the entrance of the linac.

3.1.2 Sub-efA Intensity Monitoring

Two principal technologies were considered for monitoring beam currents in the
sub-efA range. Micro-channel plates (MCPs) are installed after REXTRAP and
REXEBIS and offer one possibility for such a measurement. The MCPs are of
Chevron-type and accompanied with a P46 phosphor screen. Such device may allow
for single-ion detection however careful calibration is required. The accelerating
voltage between the MCP’s front and back chevron is a source of uncertainty on
the absolute value of the intensity signal. The response of the MCPs available at
REX/HIE-ISOLDE also showed non-linear behavior as a function of the mass of
the beam. It was deemed that the solution did not provide enough reliability for

measuring absolute beam currents. The MCP installed after REXTRAP particularly
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Figure 3.2. Time-of-Flight of a beam composed of 3°K* and '33Cs* acquired using a

MCP located after REXTRAP.

remains helpful for characterizing the relative purity of the beam. The beam

produced by the ion source is a mixture of 133Cs* and 3°K™*, and using the MCP in
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time-of-flight mode allows measuring the proportion of each component. The time-of-
flight acquisition from the MCP is shown in Figure [3.2) for two beam intensities. By
integrating under the curves presented, one determines that the beam of 133-caesium,
which is used for the studies of the REXEBIS performance in the next chapter,
represents 3.8 % of the total yield from the ion source. We also verify that this
production rate does not vary significantly with the power of the source.

The MCPs installed historically for characterizing low energy beams at REX-ISOLDE
did not offer enough reliability, and silicon detectors were preferred to measure very

low ion beam currents.
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3.2 Case Study: REX-RFQ Transmission Efficiency Mea-

surements

REX-RFQ is the first accelerating structure of the linac. An interesting case of study
for proving the capability of measuring very low-intensity currents is to attempt at
reproducing the transmission efficiency curves of this accelerating structure by using
silicon detectors and regular beamline instrumentation (Faraday cups).

The RFQ gradient is an essential tune parameter, directly impacting the trans-
mission efficiency throughout the whole linac. An electrode voltage pick-up serves
for the acquisition and control of the gradient. The correlation between the pick-up
and the gradient is linear. At the design electrode voltage for A/q = 3.9, i.e. 36.4
kV, the corresponding pick-up value is 2300 mV.

3.2.1 Transmission Measurements at Very Low-Intensity

For the purpose of solely characterizing the RFQ, all downstream accelerating
structures are turned off. The energy of the beam entering the RFQ is 20 keV /u,
and it is transported through the linac at 0.3 MeV /u. The beamline’s electrostatic
and magnetic optical elements (quadrupoles, steerers and solenoids) are kept at
constant values deemed optimal for transport efficiency at the nominal RFQ gradient.
The repetition rate (pulse per second) was 20 Hz during the measurements, with a
charge-breeding time of 30 ms. A beam of 3°K!%F is used, with the possibility to
modulate the intensity according to the techniques presented in the previous section.

We first present different transmission efficiency curves obtained using Faraday
cups at the locations shown in Figure During each measurement, the accelerating
gradient of the structure is varied while acquiring the output beam current. The
resulting transmission curves are normalized with the input beam current measured
prior to injection into the RFQ (Ipc = 50 pA, at location XRFQ). Particles accelerated
at a voltage below the design value of the RFQ are lost in the region between XIHS
and XLN2 (Figure . When the RFQ is operated at an electrode voltage above
its design value, the energy spread of the beam becomes non-optimum, and parts of

the beam may be lost.
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Figure 3.3. Schematic of REX/HIE-ISOLDE linac displaying the RFQ in color and the diagnostic boxes used for the RFQ transmission
measurements.
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Figure 3.4. Transmission through the RFQ for 3°K!%* beam, measured in different
locations with Faraday cups.

Measuring the transmission efficiency in the location XT00.1300 allows for
comparison at an entirely different beam intensity scale with the large-aperture
silicon detector located in this same diagnostic box. A silicon detector, operated in
particle-counter mode, monitors the transmission through the RFQ, probed similarly
as a function of its accelerating gradient. This time the input intensity of the
39K 10+ beam is limited to 800 ions/s, which corresponds to 1.2 fA, approximately
6.10% less than Ipc, the beam intensity when using Faraday cups. Several series of
measurements corroborate the method’s effectiveness, which consists of using the
large-aperture silicon detector in XT00.1300 (Figure . Comparisons in between
the two ways were reproduced for different transport tunes and beam-A/q. When
the beam-A/q is changed to different charge states of 39K9* (A/q = 3.55 for q = 11
and A/q = 4.33 for ¢ = 9), each method for probing the beam transmission yields

consistent results.

Scaling linearly, the RFQ electrode voltage pick-up from one beam-A/q to another
often yields a few per cent shift from the design gradient. When scaling the RFQ to
a very low-intensity beam-A/q, one generally uses a more intense pilot beam close to
the reference A/q. Traditionally, the RFQ optimal accelerating gradient was tuned

for the pilot beam and blindly scaled to the very low-intensity beam-A/q. One is
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now able to tune the RFQ accelerating gradient directly in the sub-fA range of
beam intensity. The operational use of this method was later improved by installing
a large-aperture silicon detector in the normal-conducting linac section. The new

silicon detector, its preamplifier and digitizer are specifically calibrated for low-energy

beams.
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Figure 3.5. Transmission efficiency to XT00.1300 measurements for 3°K!°t using a
Faraday cup and a silicon detector.

3.2.2 Longitudinal Acceptance

During the charge-breeding of ions inside the REXEBIS, various heating phenomena
contribute to the increase of spread in ion energy density distribution. Highly-
charged ions are more subject to heating and will show a larger energy spread than
low-charged ions. Similarly the transverse emittance of the beam extracted from
REXEBIS will grow as the temperature of the ions increases. It becomes necessary to
characterize the RFQ in terms of longitudinal acceptance, for anticipating potential
losses due to the large energy spread or transverse emittance of highly-charged ions.

The REXEBIS resides on a high-voltage platform that defines the input beam-
energy into the RFQ. The optimal platform voltage for injection of 3*K!'%* beam
into the RFQ is Wy = 19300 V. For the measurement of the longitudinal acceptance,

the breeding-time is reduced to 20 ms to minimize the energy spread of the beam
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while maintaining a detectable current using a Faraday cup. The relative input beam
energy is then varied via the platform voltage. For each different input energy, the
A/qg-Separator was scaled to the new energy in order to maximize the transmission
efficiency to the XIHS location. The main components from the A/g-Separator
that were tuned are an electrostatic 90° cylinder deflector of 0.6 m radius and a 90°
magnetic bender of 0.5 m radius. The current measured prior to the RFQ injection,
at the location XRFQ, remained constant during the whole scan. An estimate
of the uncertainty relative to the measurement of the longitudinal acceptance is
given within 5% accuracy (Figure . The contributions to the error-bars were
not evident to disentangle and essentially are: beam instabilities, instrumentation

uncertainties and the A/g-Separator tune.
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Figure 3.6. Measurement of the RFQ longitudinal acceptance and simulations for different
transverse emittances [5].

Finally, the longitudinal acceptance result may be compared to beam dynam-
ics simulations in order to estimate the input transverse emittance of the beam.
Beam dynamics studies of the RFQ, using PARMTEQM, have shown the ef-
fect of the input transverse emittance on the resulting longitudinal acceptance
[Fraser and Wenander, 2012]. In Figure two of the beam dynamics simulation
results are exploited. Both right and left lobe are present in the simulations and the

measurement. The central region between the lobes is very similar for the measure-
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ment and the simulation with an input normalized rms transverse emittance of 0.08
mm.mrad. A more adapted use of the PARMTEQM simulations will be described
in a future contribution. The comparison between the displayed simulations and the
experimental result here only serves as a demonstration of feasibility rather than a

precise statement about the input transverse emittance.
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3.3 Pulse Structure Optimization using Slow Extrac-

tion

The beam intensity measured by, for instance, a Faraday cup translates the accumu-
lation of charge over a specific time delimited by the pulse length and multiplied
by the pulse frequency. At constant beam current, stretching the pulse length
implies lowering the instantaneous rate of charges. This action is beneficial to the
detection capability of the experimental stations. Depending on the time-resolution
of the detector, pile-up effects may be reduced, and the amount of time-resolved
data increased. The concept of lengthening the pulse width of an EBIS beam is
called Slow Extraction and has already been used extensively [Beebe et al., 1993]
and theorized [Lapierre, 2017].

There was no existing formal procedure for applying a Slow Extraction of ions from
REXEBIS. The typical extraction method, which consisted of quickly reducing the
potential on the barrier trapping the ions, does not assure sufficient temporal event
discrimination due to the high linear current density of ions within the brief extracted
ion pulse. The ion pulse width deriving from an abrupt opening of the extraction
barrier is less than 200 us long and is essentially dependent on the trap length, on
the ion mass, on the energy spread and on the slew rate of the extraction electrode
(55 V/us). Consequently, we decided to commission a method for Slow Extraction
at REXEBIS and obtain an ion pulse length in the millisecond range. The pulse
length of the radio-frequency systems of the REX-ISOLDE normal-conducting linear
accelerator is constrained by a maximum duty cycle of 10% and by the average
power limitation of the 9-gap IH resonator (2.5 kW). Typically, when operated at 50
Hz repetition rate, the RF pulse could be up to 2 ms long, and, ideally, the pulse
width of the REXEBIS extracted ion beam should match this length.

3.3.1 Methodology

The principle of the Slow Extraction is to apply a voltage distribution to the outer
barrier of REXEBIS that spread the extracted spill of ions. The power supply of

the outer barrier is logically equipped with a function generator. The first step to
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determine the extraction barrier voltage temporal function is to measure the axial
energy distribution of the ion beam extracted from the REXEBIS and transported
to the REX/HIE-ISOLDE linear accelerator. For this measurement, the extraction
barrier is reduced and held for 2 ms at successively lower voltage thresholds during
consecutive EBIS extraction cycles. After the 2 ms retarded extraction, the barrier
is lowered to completely empty the EBIS ion trap in preparation for the next ion
breeding cycle. During the first 2 ms, only the ions having an axial energy above
the threshold barrier voltage are able to escape and to consecutively be captured
by beam current monitor. The population of ions with an axial energy under the
threshold voltage is discriminated by the detector. The splitting of the ion beam
extracted from REXEBIS when commissioning the Slow Extraction is illustrated in
Figure 3.7 with a threshold voltage at 720 V. By progressively lowering the threshold
voltage from 1.2 kV to 0 kV, while acquiring with a Faraday cup the intensity of the
first extracted pulse, one is able to reconstruct the axial energy distribution of the
ions de facto transported through the accelerator. For very low intensity beam not
measurable with a Faraday cup, the intensity is monitored using a Silicon detector

as a particle counter.
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Figure 3.7. Measurement of the macro time structure of 3K'°*+ using a MCP, when gating
the extraction from the REXEBIS.

The use of the outer barrier for modulating the extracction from REXEBIS is
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justified by the large energy acceptance of the A/g-seperator. Progressively raising
the drift region over the barrier during the extraction lead to similar results, however
was less convenient for REXEBIS because two distinct power supplies control the
drift tubes. The EBIS outer barrier voltage is controlled by a function generator
driving an amplifier, with a minimum time interval of At = 10 us, therefore the
discrete integral of the axial energy distribution f(U) is set equal to a fraction
of the total amount of ions per pulse. Considering the required length of the ion
pulse 7}, and the initial barrier voltage V;, = 1.2 kV, all successive V;, values of the

step-function can be numerically deduced from:

/Vtmf(U)dU _ At M gyan (3.1)

Vi 1, Jo

i

An example of the resulting pulse shape elongated to the maximum possible length
of the RF pulses of 0.7 ms available in 2017, for ions with °Sm?4* is presented in
Figiure [3.8] The time structure displayed, acquired with a Silicon detector and the
MINIBALL spectrometer, is directly obtained from the application of Equation
without refinement nor smoothing of the barrier voltage function. The ripples at the
beginning of the ion pulse distribution are a consequence of the voltage difference
between the drift tubes and can be corrected for.

The MINIBALL spectrometer at the end of the first out of three HEBT lines can
record the time-of-flight distribution of the incoming ions [Warr et al., 2013]. In
addition, two other types of diagnostic along the REX/HIE-ISOLDE accelerating
line are used to develop the Slow Extraction method at REXEBIS. A MCP installed
following the A/g-separator offers a good approximation of the envelope of the
time structure for ion pulses with intensities above 10 pA. In the case of a very
low-intensity ion beam, five solid-state Silicon detectors provide digital counting of
every ion event signal within a time resolution of 1 us, allowing one to reconstruct a

histogram of the extracted ion pulse.
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3.3.2 Results

A preliminary requirement for making operational use of the Slow Extraction
method is to assess the reliability of the time structure measurement. As explained
in the previous section, the use of a silicon detector is the chosen solution over an
MCP for very low-intensity beams. After applying the Slow Extraction procedure
to a radioactive beam of 0Sm3*+ (¢, /2 = 14.82 min), the resulting beam pulse
distribution is measured at the MINIBALL experiment, and using a large aperture
silicon detector located in the HEBT line. Both results are consistent (Figure
and display similarly the features of the distribution, notably the ripples at the
beginning. Those substantial variations could be suppressed by fine adjusting the
drift tube electrode voltages; however, they help verify the detection capability. The
beam intensity was reduced by approximately a factor thousand, using a lower ion
source temperature and attenuation grids, in order to remain below the saturation

limit of the silicon detector and its preamplifier.
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Figure 3.8. Time structure of 49Sm34+ accelerated at 4.65MeV /u, measured by a silicon
detector and the MINIBALL detector. The integrated number of number of ions is
shown in between parenthesis.

Since the commissioning of the new Slow Extraction method in 2016, time
structure shaping from 0.7 ms to 5 ms has been achieved for more than a hundred

different radioactive or stable ion beams, satisfying the A/q range requirement. The
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possibility to adapt the ion pulse to any desired length has also been demonstrated
and will be useful when longer RF pulse lengths are available. Figure [3.9] illustrates
the scaling of the applied outer barrier distribution with time and the resulting
stretching the pulse. This measurement was done with ¥?2Xe3?t with a beam
intensity of 50 epA.
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Figure 3.9. '32Xe3?* time structures acquired with the MCP when extending the extraction
voltage step-function from 0.6 ms to 1.8 ms (0.2 ms steps).

3.3.3 Observations

The time structure distribution extracted from REXEBIS when directly applying
the inversion formula (Equation from an initial axial energy scan is satisfactory
in terms of uniformity. However, if the conditions of charge breeding somehow
change, the axial energy distribution that initially serves as a base of the Slow
Extraction is no longer representative, and the uniformity of the pulse may degrade.
The first observation of such an impact on the pulse structure was made when the
electron gun from REXEBIS was unstable during few months of operation. Rather
abrupt variations of about 5 to 10 % of the electron beam current would appear
approximately every hour due to a poor clamping of the cathode head. This created
fluctuations of the extracted pulse structure during the physics campaign, implying

to readjust the outer barrier voltage. In order to anticipate and preserve an optimal
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Slow Extraction, the situation was reproduced by probing axial energy distributions
as a function of a broader range of electron beam current. The reconstructed axial
energy distributions of 3*K!%F shown in Figure are obtained at a fixed breeding

time but varying the electron beam current.
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Figure 3.10. First observation of the effect of electron beam heating when varying the
electron gun intensity and measuring the axial energy distribution of 3°K!%+ beam.

The reconstructed axial energy distributions display a clear dependence on the
electron beam current fairly resolved by the scans. This measurement opened us
doors for exploring more in depth axial energy distributions and gaining insights
at the ion temperature and remaining questions concerning the charge-breeding

efficiency, such as the overlap factor with the electron beam.
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3.4 Access to the Ion Temperature inside an EBIS

With the capability of scanning the axial energy of ions escaping from REXEBIS, one
may infer their temperature and crucial indicators of the charge-breeding performance.
By assuming that the probed ions are thermalized, and an important consequence is
that they relaxed to a Boltzmann radial distribution, one direct application is to
assess the overlap between the electron beam and the ion distribution. This frame
of assumption allows to deduce the ions’ radial distribution from a measurement of
their temperature, and underlying properties such as the emittance. It is justified in
Chapter 2 that the equivalent density of a 50 epA-xenon beam for the charge state

q; = 30, would typically be within the time frame of thermalization.

3.4.1 Methodology

We choose to evaluate the typical variations of the ion temperature for an average
mass isotope as a function of the breeding time. This study aims at investigating
the efficiency of the electron beam trapping of ions inside REXEBIS under typical
operating conditions. A beam of 129Xe%* is obtained from gas injection inside the
EBIS and transported to a Faraday cup after the A/g-separator in order to perform
the typical axial energy scan procedure that is described in the previous section.

At low ion temperature compared to the trapping potential well felt inside the electron
beam (¢;®), the axial energy distribution reassembles a Maxwell-Boltzmann (M-B)
distribution with five degrees of freedom (Equation . The raw experimental
result from a scan of the axial energy is actually a transformation of the M-B
distribution. The acquired current as a function of the outer barrier potential U is
given by the escape rate over this barrier. The measured distribution is fitted by

the function f,

FO) = I = (50, 2)) 32)

with the lower Gamma incomplete function v defined as,

’y(:c,a):/ taletdt// t*letat (3.3)
0 0
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The fitting parameters are the temperature of ions T;, the shift in axial energy Ey

and the intensity Ij.
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Figure 3.11. Axial energy scan results for 29Xe3* for different charge breeding time t,
with REXEBIS Non-Adiabatic electron gun setup, with I, =200 mA and E, = 6.3 keV.
The dashed lines are the corresponding fitting with a Maxwell-Boltzmann distribution

(5 degrees of freedom)

The scans of the axial energy distribution for different values of the charge-
breeding time ¢; are shown in Figure The optimal breeding time for 129Xe30+
is measured to be 90 ms, so we probe fast-bred ions and inspect how the extended

time spent in the electron beam results in an increase of the temperature.

3.4.2 Results

From the fitting results, of the function defined in Equation the evolution of
the temperature and axial energy shift can be plotted as a function the breeding
time. This information can be compared with the heating rate derived by Landau
and Spitzer (Equation . The temperature appears to be linearly increasing as a
function of the time, by a coefficient of about 3.5 keV /s. By applying Landau-Spitzer
formalism to the EBIS context (Equation , the calculated heating rate is 2.9
keV /s at ¢; = 30 and using j. = 400 A/cm?. Knowing the temperature of ions

is not enough to characterize the expansion of the cloud. One needs to add the
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Figure 3.12. Fitting parameters Ey [eV] and kpT; [¢V] plotted as a function of the breeding
time from the axial energy scans of 129Xe3%*. The evolution of temperature is fitted
with a linear function (blue dashed line).

contribution of the growing number of ion charges inside the electron beam and the
space charge compensation it implies. The total current I; extracted from REXEBIS
(all ion charges) is integrated over a period T by a Faraday cup that is located
before the dipole of the A/g-separator. The period T is the repetition period of the
trapping cycles and is fixed, whereas the charge-breeding time varies to a maximum

value delimited with this period. The degree of compensation of the electron beam

TI, |2E,
c = 3.4
f A (3.4)

The drift length [; is given in Table and the electron beam energy, with space

is calculated using,

charge correction, is estimated to be 6.4 keV when the cathode voltage is set at
6 kV. With an increasing breeding time, the compensation of the electron beam
raises linearly, from 0.9 % at t;, = 10 ms, and up to 7.5 % for ¢, = 90 ms. The
Hermann radius, or the width of the Gaussian model for the electron beam radial
distribution, does not vary significantly with the compensation factor (less than
0.1 % change). So, in Figure we display only one fixed electron beam radial
distribution (black dashed curve). Additionally, the change of the Boltzmann radial
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Figure 3.13. The Herrmann radius (red dashdotted vertical lines), the electron beam
Gaussian density profile (black dashed line), and the evolution of the Boltzmann radial
distributions of ions are shown when varying the breeding time ¢, for 2°Xe30+.

distributions for a compensation of the electron beam between about 1 and 8 % is
not significant. The sole effect of compensation, thus reshape of the electron and ion
distributions, impacts the overlap factor between the electron beam and 29Xe3%* by
less than a 1%. Indeed, the characteristic radial trapping potential is ¢;¢g ~ 1150 V
in the uncompensated case, and 1080 V with f. = 7.5 %. When we refer to Figure
which exhibits the influence of the ratio kgT;/(qi¢po) on the ion beam radius,
one notices that with ?Xe3%* at T; = 400 eV, the ion distribution resides mainly
within the electron beam and the effect of compensation logically remains low. The
two ratios kpT;/(qi¢o) for the uncompensated case and 7.5 %-compensated case
are respectively 0.35 and 0.38. Figure [3.14] shows that the overlap factor between
the electron beam and '??Xe30t degrades from 95 % to about 88 %. This study

illustrates a regime where the ions are still mainly confined in the electron beam.

3.4.3 Perspectives

The determination of the ion temperature from axial energy scans is a powerful tool to
estimate the overlap factor but also the emittance of the beam. We foresee measuring

the beam emittance extracted from REXEBIS for different regimes, notably different
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Figure 3.14. Evolution of the overlap factor and the ratio kgT;/(¢;¢0) as a function of
the breeding time ¢, for 129Xe30t,

ratios of kpT;/(¢i¢o) and observe if the expectations from Boltzmann distributions
are met. The studies of 129Xe3%F reveal that the overlap factor is reduced by about
7 % when charge-breeding from 10 to 90 ms. One consequence is that the effective
electron beam current for ionization is reduced. Estimating the electron beam
current is a crucial task for characterizing the performance of the electron gun. In
the following chapter, we make use of measured charge state distributions, and by
drawing comparisons with simulations, we extrapolate the electron current density.
We then expect that the effective current density decreases with time, following the

reduction of the overlap with the ion distribution.
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CHAPTER

Beam Purity Measurement and Optimization

The beam purity is an essential figure of merit for a RIB facility and its users, it will
define in particular the feasibility for the detection of specific nuclear physics events.
The selection of the charge state of an isotope to study is a compromise between
meeting the linac specifications, minimizing the trapping time while preserving
a sufficient charge breeding efficiency and providing the purest beam after A/q
discrimination. Beam contamination comes from various origins (gas desorption,
sputtering, discharges, etc.) and is, in a non-negligible range of A/q, barely detectable
from the use of a Faraday cup. Additionally, the REXTRAP is operated with neon as
a buffer gas to thermalize the accumulating ions and its presence is inevitable before
the A/g-separator. We first determine the spectra of abundant residual ionized
residual gas from REXEBIS. By analyzing the charge state distributions of charge-
bred ions as a function of breeding time, we then extrapolate the effective current
density of the electron gun. Another scale of contamination is then investigated,
concerning residual gas of less than a pico-Ampere of intensity. A new methodology is
developed for obtaining a large A/q mapping of rare contaminants. We additionally
elaborate on an indirect technique that could potentially serve at estimating the
purity of a beam from its a-decay reactions. Finally, the observation of dielectronic
recombination is put in perspective with the idea of optimizing the purity of the

beam.
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4.1 Neutral Gas Ionisation

The A/g-separator serves at performing scans of the residual species ionized in
the EBIS. This information is crucial because it will indicate which are the A/q
regions free from contamination. During the commissioning of the EBIS, A/q-
scans of abundant contaminant allow deducing the equivalent partial pressures and
evaluate the quality of vacuum. Neutral gas ionization presents another advantage:
it is simpler to model than the injection of singly-charged ions. By removing the
uncertainty on the quality of injection of ions into the electron beam, one can
deduce the current density of the electron beam from the analysis of the charge state

distributions.

4.1.1 Methodology

Depending on the intensity, we use two different ways for performing A/g-scans of
the beams extracted from REXEBIS. When investigating abundant contaminants,
with currents above 100 efA; the dipole of the A/g-separator is used as a mass
spectrometer. While scanning the magnetic field of the dipole field, the beam
intensity is recorded by a Faraday cup after selection through a 3 mm-opening slit.
One then applies the scaling rule shown in Equation to retrieve the value of
the A/q as a function of the measured magnetic field. The second method concerns
very low-intensity beams. Because we choose to use a silicon detector, the beam is
accelerated to RFQ energy before detection. The A/g-scan is then performed by
varying the EBIS platform voltage to match the input energy of the RFQ. A scaling
is simultaneously applied to the RFQ electric gradient and to all the beam optics
elements.

Figure shows the main elements used during the two types of A/g-scans. The
Faraday cup in DB.0 serves to measure the total ion current extracted from REXEBIS
and indicate the compensation of the electron beam. Abundant contaminants are
recorded using a Faraday cup placed in DB.2, the same diagnostic box in which the
separation slit is inserted. For the measurement of very low-intensity contaminants,

the silicon detector used belongs to DB.3 and attenuation foils can be inserted in
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Figure 4.1. Schematic of the A/g-spectra measurement from REXEBIS. Four diagnostic
boxes are utilized, three of them containing Faraday cups and DB.3 containing a silicon
detector. Horizontal slits are inserted either in DB.1 or in DB.2.

DB.2 to avoid saturation. In order to fully characterize the continuum of residual
gas ions, one needs to measure its variations in the range of trapping times that are
used during the experimental runs. The knowledge of A/g-spectra on a wide range
of trapping times allows anticipating completely the attainable beam purity of a
similarly wide variety of isotope masses of interest. The repetition period was fixed
at 50 ms during the scans and not optimized to each breeding time. It is possible
to retrieve the maximum intensity achievable at each breeding time, using a form
of normalization by the ratio between the breeding time and the repetition period.
The spectrum are presented as they were acquired, i.e. without normalization, so

the intensity of residual gas ions is monotonously increasing with the breeding time.

4.1.2 Spectra of Abundant Contaminants

The partial pressures of contaminants may vary during long-term operation depending
on progressive desorption and outgassing from materials. They are investigated
carefully during the commissioning an EBIS after venting in order to evaluate the
quality of vacuum reached. The first series of spectra shown in Figure are
obtained by varying the breeding time from 10 to 40 ms. The main species coming

from the outgassing of metal surfaces are identified. When injecting beam into
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the EBIS and measuring the produced charge state distribution, we remove the

background contribution from residual gas ionization by using those scans.
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Figure 4.2. A/g-spectra for different trapping times. The electron beam current is I, =
200 mA and the cathode potential at U. = 6 kV. The following isotopes are not labelled:
13C (abundance 1.07 %), N (0.36 %), 170 (0.04 %), 80 (0.21 %), 2'Ne (0.27 %), 2?Ne

(9.25 %), 25Ar (0.33 %), 3¥Ar (0.06 %) and °Ar®* ( < epA)

The partial pressure of the most abundant species can be deduced from A/g-
scans and the help of simulations. We use the code EBISIM, which is introduced in
Chapter 2, to disentangle the overlap between species and estimate each independent
charge state distribution. One can then calculate the total number of ions extracted
for each species. For instance, all measured intensities of the 2°NeQt charge states
are superimposed with “°Ar?@*t so the EBISIM code the deduction of the full charge
state distribution using a fitting on the available clean (non-superimposed) data
points. At least three relevant clean charge states are available for each residual gas
species. The simulations are performed using the analytical rate equations presented
in Chapter 2 (Equation without charge exchange and ion escape at low charge
states and considering that the electron beam energy is far from the dielectronic

recombination resonance of the residual gas ions.
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During the charge-breeding, the electron beam is constantly fed by Ha. Na, Oo,
Ar, CO, CO5 and Ne; to quote only species with more than 10™3 % abundance in
the gas desorption. The presence of He is measured negligible mainly because the
vacuum vessel for the REXEBIS superconducting solenoid is separated. Additionally,
ionized Hy was not observed as the molecule must break within a time frame shorter
than millisecond range. As a result of the feeding rate depending on the partial
pressures of residual gases, the total number of ions, > o Ng, linearly increases
during the charge-breeding. For simplification, the quoted partial pressures are
given artificially in terms of atomic partial pressures and not molecular pressures.
By using the measured A/g-spectra for different breeding time, coupled with the
EBISIM code to deduce the entire charge state distributions, we estimate the rate
Ry which is equal to the derivative of > 5 Ng as a function of time. The linear
fittings used for deducing the rates Ry are generally very satisfactory for species with
a fully clean charge state distribution or semi-empirical measurements, providing a
coefficient of determination of one close to 1073. The atomic partial pressures are

then derived assuming the law of perfect gas, as shown with Equation [4.1

d Ie ld El
Ro = EQ Q| =Po 00 (4.1)

The atomic partial pressure of each species, noted pg are calculated from the
measured rates Ry, the drift length I, of the EBIS (0.8 m), the electron beam current
I. and the ion temperature Ty assumed to be 300 K. Finally, the number of particles
inside the electron beam Ny(r < rp) are calculated using the Herrmann radius
presented in Table (IrCe cathode) for an electron beam current I, = 200 mA.
It appears that for the set of charge state distributions fitted with the EBISIM
code, the suited electron current density input for matching the simulations with the
experimental results is found to be jeg = 180 A/cm?, which is in perfect accordance

with the Herrmann prediction.

Figure is a zoom with log-scale of the A/g-spectrum shown for 20 ms breeding
time in Figure We identify the less abundant isotopes also naturally present.

The resolution of the Faraday cup limits us to peaks with currents above 0.1 epA,
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Table 4.1. The atomic partial pressures and number of particles inside the volume enclosed
by the Hermrmann radius and drift lenth, for each of the main residual gas species
ionized in REXEBIS.

Element Ny(r <ry) po [mbar]

Hydrogen 8.4 x 10* 3.9 x 10711
Carbon 6.2 x 103 2.9 x 10712
Nitrogen 1.1 x 10* 5.2 x 10712
Oxygen 1.9 x 103 8.7 x 10713

Neon 4.1 x 104 1.9 x 10711
Argon 2.5 x 103 1.2 x 10712
Total 1.5 x 10° 6.8 x 10711

and clearly, already at this level, the identification is difficult. This is one of the
motivations for developing a dedicated technique for probing very low-intensity

contaminants.
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Figure 4.3. Zoom on low intensities of the A/q-spectrum shown in Figur for a breeding
time of 20 ms. Species with intensity below 1 epA are identified.
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4.1.3 Electron Beam Current Density Estimation

The measured charge state distributions of an ionized gas inside the EBIS are
compared with the theoretical rates (Equation using the EBISIM code. The
specific module of EBISIM used in this section is called "basic simulation" [Pahl, 2021].
We assume that the electron beam energy is fixed (about 6.3 keV) and known by
estimating the space-charge potential inside the electron beam at each specific
investigated breeding time. The electron beam current density is used as a variable
to fit the simulation to the measurement. We use a least-squares type of minimization
algorithm between the relative abundances of measured and simulated charge state
distributions. The effective current density estimation, noted jef, is then derived to

help evaluating the performance of the electron gun.
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Figure 4.4. Charge state distributions of '2Xe?" from neutral gas injection, for three
different breeding times, measured using a Faraday cup after the A/g-Separator.

We choose to inject neutral xenon gas into REXEBIS as a tool for evaluating
the performance of the electron gun. The charge state distributions of 2?Xe?*
were recorded for seven different breeding times using the A/g-scan method pre-
viously presented for the abundant contaminant. Three of the resulting charge
state distributions are presented in Figure [£:4 The measured intensities are divided
by the corresponding charge state to be homogeneous to particle-pA. If a charge

state of Xe?" is contaminated with another ionized residual gas, we suppress this
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contribution using the A/g-scans measured without xenon injection.
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Figure 4.5. Fitting of a measured charge state distribution for 129Xe?" with EBISIM at a
fixed breeding time (a). Results of the estimated current densities jeg for the charge
state distributions obtained with different electron beam currents.

The use of a fitting between the measured charge state distributions and the
simulated model is subject to several biases. We decide to give the most abundant
charge states more weight in the least-squares method at each breeding time. A
typical fitting result is presented in Figure (a), in which the charge states
around 29+ are more weighted. The resulting effective electron beam current density
estimates are displayed in (b). The measurements were repeated for three
different electron beam currents: 200, 250 and 300 mA. The uncertainties related
to such estimations are broad (above 10 %) and certainly dominated by those of
the ionization cross-sections. Between the case I, = 200 mA and I, = 250 mA,
the current densities are in average increased by 21 %. Between I, = 250 mA and
I. = 300 mA, they are increased in average by 22 %. It means that the effective
radius of the electron beam slightly increases by about 1 % for each step of 50 mA,
between 200 to 300 mA, which is coherent with the expected raise in the Herrmann
radius. The three curves presented (Figure 4.5 (b)) are not constant as a function of
breeding time, and all show a decrease of the effective current density estimate. This
trend may be explained by the progressive heating of Xe ions inside the electron
beam. The axial energy measurements detailed in the previous chapter reveal that
when using a 200 mA electron beam, the overlap factor between the Xe3** ions and

the electron beam is reduced by 7 %, over a trapping time from 10 to 90 ms. From
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the estimation of the effective current density in this similar case (I. = 200 mA), it
appears to decrease by 8 % between 10 and 90 ms. Of course the overlap factors of
the neighboring charge state around 30+ are not exactly similar, but trends followed
by this overlap factor and the effective current density correlate well, despite using

two completely different experimental methodologies.

4.1.4 Spectra of weak contaminants

The absence of visible peaks in the A/g-spectra measured with a Faraday cup provides
the first hint at a reasonable beam purity but does not necessarily guarantee a pure
injected beam. An identification technique is detailed in this section which benefits
from the particle detection efficiency of one of the silicon detector located after the
RFQ (DB.3 in Figure. Moreover, one needs to demonstrate that the transmission
from the A/g-separator to the silicon detector is conserved. For the proof of concept,
mass scans were first measured with Faraday cups directly after the RFQ, at the
position of the silicon detector. We chose two reference points for scaling the low
energy part of REX/HIE-ISOLDE and the RFQ at A/q = 4 and A/q = 4.4. This
implies that the REXEBIS high tension, the RFQ electric gradient and optics were
optimized at those two A/q’s to maximize the transport efficiency from the exit of the
A /g-separator to the silicon detector position. Then, all the necessary scaling factors
are interpolated from those two reference points. In particular, the scaling of the
REXEBIS platform potential had to be adjusted to include the drift zone potential
minus the electron beam space charge (assumed constant in the whole A/q range).
The transmission efficiency at A/q = 4 and A/q = 4.4 from the A/qg-separator
(DB.2) to the exit of the RFQ (DB.3) is 96 %. Once the A/g-spectrum collected
after acceleration and transport to DB.3 were deemed to be enough in accordance
with the spectra obtained before the RFQ (in DB.2), a mass-scan over a range of
A/q from 4.05 to 4.36 - indistinctly resolved by a Faraday cup - is acquired using a
silicon detector (Figure . The beam intensity is deliberately reduced by inserting
a 5 %-transmission foil so that the detector is operated below its saturation limit.
As the size of the silicon detector used for this measurement was larger than the

beam size, we have access to representative beam intensities. Another attractive
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aspect of using a silicon detector is to record in the meantime the total energy of
the incoming ions. This information allows identifying the species. For instance, we
identify the presence of Kr isotopes that a Faraday cup measurement did not reveal.
The Slow Extraction is applied to REXEBIS over a 1 ms long pulse to decrease the

instantaneous rate and to avoid pile-up effects on the detector.
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Figure 4.6. A/¢-spectrum of the residual gas ionized in REXEBIS measured using a silicon
detector. The relative intensities are shown as before attenuation through the foil, so as
extracted from the EBIS.

4.1.5 Investigation on the Contamination from the Cathode Mate-

rial

The characterization of the very low-intensity ionized residual gas from REXEBIS
is useful for evaluating the purity of the future beams but also investigating the
possible degradation of the cathode material. The heating power delivered to the
cathode is high, varying between 24 and 27 W, for emission of 200 to 300 mA

current. Residuals of iridium or cerium could be found in the EBIS and polluting
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a large array of A/q’s considering their high masses. We apply the methodology
explained in the previous section to quantify the amount of iridium and cerium in
the extracted beam. There are four stable isotopes of cerium and two of iridium.
The most abundant isotope of cerium is *4Ce (88.5 %), meanwhile both 'Ir (37.3
%) and %31r (62.7 %) could be expected. In order to meet the A/g-acceptance of
the linac, the accessible charge states of those species start from 43+ for iridium and
32+ for cerium. We choose to investigate three neighboring charge states for each
of the most abundant isotopes in order to confirm the identification of those two
species. For reflecting the operational conditions of such beam, we use a relatively
high electron beam current of 300 mA and a breeding time of 200 ms. The energy
resolving power of the detector is poor for high masses; for instance, the peak at
A = 193 a.m.u spreads over 10 units of mass. However, the confirmation of the
presence of the same peak for neighboring charge states allowed the identification.
Three examples of energy histograms obtained from the silicon detector are shown
with Figures [£.7] One notices that the relative intensities of iridium and cerium are
weak compared to other residual gas ions. Hence, the cathode surface degradation
does not affect the purity of the beam extracted from REXEBIS more than any

other contamination source.
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Figure 4.7. Investigation on the presence of cerium or iridium in the extracted beam
coming from REXEBIS. The electron beam current used was I, = 300 mA, for a breeding
time of 200 ms.
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4.2 Indirect Methods for Selectivity

In this last section, we evaluate the remaining, less direct, methods that were
considered during the course of this thesis for either measuring the purity of very
low-intensity beams or optimizing it. Those methods are only potentially useful in
particular situations. We demonstrate the efficiency reached by those methods using

typical REXEBIS conditions of operations.

4.2.1 Use of Dielectronic Recombination

The cross-sections of dielectronic recombination are generally lower than ones of
electron-impact ionization; however, it can exceed the radiative recombination
process. Dielectronic recombination is a resonant process, so one charge state
is promoted on another by tuning the electron beam energy to the cross-section
maxima. We investigate the case of 39K for which the most effective process, the
KLL recombination, can be observed at an electron beam energy of about 2.5 keV.
The dielectronic recombination cross-section for 3K+ peaks at 1072° mm?, whereas
the radiative recombination cross-section is 10722 mm?. We indeed observe the
variations of the relative abundances of the charge states 13 to 17+ of potassium
when varying the electron beam energy around the energies of resonance. In Figure
the measurements of the relative abundances are compared with simulations
provided by the EBISIM code. The fitting parameters are the electron beam effective
energy (including the space charge potential) and the energy spread. Reciprocally,
the measurement of the resonant energies can also serve as a tool for deducing
the space charge potential of the electron beam. The electron beam current was
decreased to 50 mA so that the energy spread is minimized. The reduction of the
energy spread raises the amplitude of the resonance. Consequently, the breeding
time is increased to 1 s in order to reach the charge state up to 3°K!7*. In practice,
this method is difficult to apply because the electron beam energies needed for the
KLL resonances are not easily accessible by the electron gun for arbitrary isotopes.
With potassium, we show that at the electron beam energy of 2570 eV the charge,

for instance, 15+ is enhanced.
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Figure 4.8. Dielectronic recombination measurement and comparison with EBISIM code.
The measurements were done using 39Kt beam confined during ¢, = 1 s, with an
electron beam of I, = 50 mA and while varying the electron beam energy FE..

4.2.2 Selective Extraction from REXEBIS

During the investigation surrounding the topic of Slow Extraction, several obser-
vations led to the investigation of the potential use of this extraction scheme to
separate the different components of a beam. At a specific A/q, if a beam is composed
of species with significantly different charge states, their temperatures may differ,
and one might consider separating those species at extraction. The concept was
tested with a mixed beam of ¥3Cs3%* produced from an ion source located before
REXTRAP, and *°Ar®* naturally present as a residual gas inside REXEBIS. The
electron gun is operated at I, = 200 mA with a breeding time of 40 ms, optimal for
133Cg30+ | This test aimed at reproducing the case of a mid-mass beam of interest
polluted by residual gas from the EBIS. After applying the Slow Extraction method,
one observes that the species are extracted, on average, at different times. However,
the method is not conclusive in terms of fully separating the beam of interest from
contamination.

A silicon detector is used after the RFQ to probe the pulse structure of the
resulting beam. Using the capability to record the energy of impinging particles,
one can discriminate the contributions from caesium or argon. Even though there
is a clear indication that argon resides at a lower trapping potential than caesium,
this difference does not allow the separation of those two species with reasonable

purity. Further investigations are planned with an injected beam of higher mass than
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Figure 4.9. Pulse structure of a beam mixed beam of 33Cs30* and 4°Ar?* measured using
a silicon detector. Slow Extraction is applied to the EBIS outer barrier.

caesium and charge breeding conditions that would result in a larger temperature

difference between the beam of interest and the ionized residual gas.

4.2.3 Use of a-decays for Purity Estimations

The course of the physics campaign sometimes confronts us with radioactive ion
beams of relatively short a-decay. The emitted *He?t particles can be detected
using conventional silicon detectors. This information provides an indirect way of
estimating the intensity of the beam; however, it relies on the irradiation of material
and the evident constraints involved. With a beam in the sub-efA current range,
the irradiation of a plate close to the silicon detector for few seconds is acceptable.
An illustration of such a process is shown in Figure [I.10] A slit of a diagnostic box
in the linac was irradiated with a beam of 222Fr5'* and 22?2Ra’'*. One can fit the
energy histogram with a series of Gaussian and extract the centroid of each peak
to calibrate the energy scale of the detector. At such low energy, the calibration
of the silicon energy is linear to an excellent approximation. The decay chain of
222Fr and ?2?Ra are shown in Table The measured ratio of 2**Rn(J™ = 2%) over
H8Rn(J™ = 07) is 97.1 % and compares well with the expected abundances. In this
case, the amount SB-decay from 2??Ra is not detected by the silicon detector, so one

cannot assess the relative intensity of each component. This indirect method only
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proved to be useful for particular cases of a superimposed RIB with a-decay modes.

Table 4.2. Table of the main decay chains from ?22Fr to 2'4Po with probabilities higher

than 1073
Isotope Decay mode Probability Half-life
22y 222Ra +37(2.028 MeV) 100 14 m
2BRn(J™ = 01) +a(6.558 MeV)  96.9
222Ra ( ) ( ) 38 s
28Rn(J™ = 21) +(6.239 MeV)  3.05
218Rn 214Po +(7.129 MeV) 99.87 34 ms
2l4pg 210Ph +a/(7.687 MeV) 100 160 us
3
122397
— Measurement | |
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Figure 4.10. Energy spectra measurement of the emitted a particles from an implementa-
tion of the mixed beam 222Fr®'* and 222Ra’'*.
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CHAPTER

Transverse Beam Properties Characterization

Generic approaches to characterize the transverse phase space of ion beams using
charge-interceptive diagnostics have been widely presented and analytically studied
in the literature [Wiedemann, 2015] [Sander, 1990]. Ion beams with intensities in
the pico-Ampere range can be probed using conventional diagnostics such as Faraday
cups. In practice, difficulties emerge at regimes of weak beam intensities, motivating
for experimental studies that aim at bridging the gap between the use of pico-Ampere
beams and single-ion detection. The range of sub-femto-Ampere intensity, typically
less than 10* particles per second (pps), corresponds to very low yields of exotic
isotopes produced in Radioactive Ion Beam facilities. An underlying motivation for
the accurate characterization of low yields isotopes transverse beam properties is
to better estimate the initial beam dynamic conditions for experimental apparatus
without relying on the performance of the linac when scaling from a more intense
pilot beam. By gaining direct access to the transverse properties of ion beams at
very low intensity, one would not require the use of pilot beams, nor to assume
machine-scalability from different A/q’s, in order to estimate the transverse phase
space distribution of weak RIB. Removing this layer of uncertainties underlying the
indirect type of measurement naturally gives more confidence in the characterization
of the beam’s actual transverse phase space distribution. A new technique was
therefore developed to overcome the impracticability of characterizing the transverse

properties of very low-intensity ion beams.
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The analytical framework and the definition of transverse beam properties are
described in the first section, along with the underlying assumptions that will be
followed. The experimental setup is then described, followed by the demonstration
of the capability to measure transverse beam profiles of ion beams at very low
intensity. In the next section, two distinct techniques of phase space characterization
are utilized and validated using sub-femto Ampere ion beams. A comparison is
thoroughly drawn with existing methods using conventional beam-line diagnostics.
The main distinctions in terms of data treatment and analysis are discussed. Finally,
the measurements of transverse beam properties for different beams or beam energies

are presented.
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5.1 Transverse Beam Properties

The transverse dynamics of a charged particle through a focusing channel is expressed
by using the theory of beam physics. The derivations lead to a description of the
transverse motion in the phase space. Usually, the term phase space relates to
the variables of space and kinetic momentum. In contrast, the term trace space is

associated with the variables of space and canonical momentum.

5.1.1 Analytic Description

The description of beam transverse properties resides in the application of a norm
metric onto the dynamical components of each (transverse) direction. We will discuss
the differential equations governing the motion of a charged particle during transport

in a focusing channel, leading to the equations of phase space density conservation.

a Mathieu-Hill Equations

The dynamics of a charged particle in a quadrupole focusing channel along z-axis
tells us that the motion in transverse directions (z,y) follows Mathieu-Hill equation
[Wiedemann, 2015] [Wangler, 1998]. The simplified version resulting from paraxial

approximation is:

d2
d—; k() =0 (5.1)
d?y

where the focusing function k is defined using G, the magnetic field gradient:

qG(2)

Kz = mefy

(5.3)

The equivalent with a gradient of electrostatic lens is: G, = BcG.
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b Courant-Snyder Invariant

The distinction is sometimes made between the phase space (x,p,) and the trace
space (z, '), and because our studies only concerns the latter coordinate system, the
phase space will be associated with trace space. One will use the arbitrary variable

u to describe the phase space coordinates in the transverse directions u = x or y.

du

- ;L
The phase similarly corresponds to v’ = 7.

u= (5.4)

The Mathieu-Hill equations are solved for an arbitrary focusing function k(z),

by using a set of periodic solutions, that are represented by the ansatz:

u(2) = 2e4,a4(2) cos (®y(2) + @o) (5.5)

A constant to be determined from initial conditions &,, appears in this solution.
The transverse amplitude of oscillations noted a,(z) is a function of z, as well as
the phase advance function ®,(z) between the points 0 (®g) and z. By inserting the
solution into Equation [5.1} one derives two equations in order to independently cancel
the cosine and sine parts. Firstly, the non-linear differential equation describing the

evolution of the amplitude function appears,

/lii

Ay,

3 + k(2)a, =0 (5.6)

Secondly, an equation describing the slope of the advance function is valid,

1
P = — (5.7)

2
ay

The latter relation is in particular useful to simplify the expression of the phase:

in(P d
U/ — /2€u <CL; COS((DU + ¢0) _ Sll’l(u—‘—o)>
Gy

(5.8)

Finally, by rearranging the last three equations, one obtains the expression of



5.1 Transverse Beam Properties 123

the Courant-Snyder invariant as a function of e:

2

(u'ay — a;u)2 + U—Q == (5.9)
au

Equation is implicit in terms of (u,u’) and corresponds to a recognizable
quadratic curve, an ellipse with a constant area A = me,. The area occupied by
particles within the phase space ellipse, divided by pi, defines what is considered to
be the beam emittance &,. The metric chosen hereafter for defining the transverse
spread is the RMS, in consequence the emittance boundary is delimited to one

standard deviation.

¢ Liouville’s Theorem

When the motion of a statistical set of particles obeys to Hamilton’s equations,
Liouville’s Theorem states that the distribution function is conserved along any
phase space trajectories and the phase space volume occupied is invariant.
Liouville’s Theorem can be demonstrated by first defining an infinitesimal phase
space element dpdq, with p the canonical coordinate and q the conjugate momenta.
So, the number of particles dN inside the element is logically dN = f(q, p,t)dqdp,
with f the density distribution not necessarily at equilibrium. Because the change of
particle density is assumed equal to the divergence of the flux density (conservation),

the Equation of Continuity becomes:

of 9 of . 8f { q 31')}

- = - = 1

o=l - (b = —ta - Glp - [14 P (5.10)
By adding Hamiltonian equations q = 3p and p = to Equation one

obtains that the total time derivative of the distribution function is null (Liouville’s
Theorem):
of f LOf _df

The validity of Liouville’s Theorem is violated under several circumstances

that despite not being considered as true in the following studies, are still worth

mentioning:
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e Creation or annihilation of particles.

o Presence of collisional or dissipative forces (foil, residual gas,...).

e Presence of synchrotron radiation.

o Trapping of particles that lead to discontinuity in the function distribution.
e Spatial inhomogeneites that lead, for instance to E A B-drifts.

Liouville’s theorem provides a powerful tool to describe a beam in phase space.
The knowledge of the phase space distribution f at a location of the beam transport
line allows to transport it conveniently at any other point of the focusing lattice,

without having to calculate the trajectory of each individual particle.

5.1.2 Transverse Beam Parameters

The analytical framework gathering the Courant-Snyder invariant and Liouville’s
theorem allows to describe the beam transverse motion with practical geometry
tools. Starting from the Courant-Snyder invariant, transverse beam parameters are

hereafter derived in a two-dimensional phase space.

a Ellipse Geometry

The Courant-Snyder invariant (Equation [5.9) shows that the phase space can be

described using the general equation of an ellipse &, which is:
& yu? + 20w + pu? = ¢, (5.12)

The parameters «, 5 and v are called Twiss parameters and determine the
family of possible ellipses, as a function of the emittance €. Twiss parameters are
particularly meaningful for beams with phase space distribution that preserve the
7 /4-periodicity of ellipses, so typically phase space distributions without filaments
or strong asymmetries.

As shown in Figure [5.1] an ellipse is often represented with its semi-axes M

and N. The area of the ellipse is simply A = 7 M N = me, which is also the reason
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Figure 5.1. Phase space ellipse and useful notations introduced.

why emittance values are expressed in units of 7.mm.mrad throughout the chapter.
Another useful parameter is the rotation angle of the ellipse ¢ which is calculated as

a function of Twiss parameters as such,

2a
v-8

The rotation angle ¢ and the semi-axes M and N, can also be used to prove the

tan 2¢ = (5.13)

following relation connecting Twiss parameters:

By—a?=1 (5.14)

b Beta Function

By going back to the Courant-Snyder invariant (Equation [5.9)), one can directly
associate Twiss parameters with the amplitude function, noted a:
/ 2 1 2
a=—ad B=a v=-—5+a (5.15)
a

Now, one rewrites Equation using a, = /[, to derive the expression of the

Beta function in a quadrupole lattice:

7\2
%Bﬂﬁu — (”BZ) +Ek(2)B2=1 (5.16)
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Finally, combining Equation and Equation [5.16] an additional relation

between Twiss parameters o and 3 is expressed:

(5.17)

The beam is converging when the slope of the Beta function is decreasing, so
a > 0, and is diverging when a < 0. Searching for the waist of the beam in a

transverse direction translates into finding z for a(z) = 0.

¢ Beam Envelope

The beam envelope in a transverse direction R, is a crucial parameter to assess when,
for instance a physical aperture is obstructing the path. It can be accessed by setting
R, (z) = max u(z) in Equation resulting in R, (2) = \/uau(z). By rewriting the

latter equation in terms of Twiss parameters, the beam envelope becomes:

R= /e (5.18)

And the slope of the beam envelope is:

@0 /E (5.19)

d Normalized Emittance

When the beam is accelerated, the axial velocity component increases, in consequence
the transverse angles decrease and the beam size shrinks. A gain in beam energy
will effectively imply lower transverse emittance. In order to factor out the influence
of the longitudinal velocity and preserve an invariant emittance, the normalized
emittance " is introduced and defined as the product of emittance and relativistic

parameters,

e = Bryre (5.20)

The normalized emittance before and after acceleration is the same. The practical
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use made in this chapter is when comparing emittance values measured for different

beam energies. In any other cases, the emittance values reported are unnormalized.

5.1.3 Beam Matrix Theory

The beam matrix theory stems from Liouville’s theorem only applied to particle
systems subject to conservative forces. The beam parameters are gathered in matrices
facilitating the mathematical treatment of transport through the beam-line. In our

case, each plane of transverse motion is represented by a 2 X 2 matrix.

a o-Matrix

The phase space enclosed by the beam can be described by an ellipse (Equation
5.12). This ellipse equation can be written using the o-matrix and the vector of

phase space coordinates u,

uwo u=1 (5.21)

By developping the Equation and identifying the elements o;; with the

Twiss parameters in Equation [5.12] one obtains the following definition,

o=¢ (5.22)

The area of the ellipse can be calculated using the determinant of the o-matrix

and, after simplifying using the relation presented in Equation [5.14] one verifies that

A = mv/det o = 7e.

b Statistical Description

As evoked earlier, Twiss parameters and the emittance are adjusted according to a
specific statistical metric, or geometrical norm, which is chosen to be the average
distance from the center of the particle distribution f in the (u,u’) phase space. The
center of the distribution is noted (u,u’). It is implicitly defined that the emittance

values calculated in this chapter are RMS-emittances. With a discrete distribution fj
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of N number of samples k, the second moments (u;u;) = (u; g, )k (with 4,5 =1,2)

are written,

k=1
N
(W) =" fuluf, - @)’ (5.23)
k=1
N
(u) =3 fo(u, — ) (uj, — @)
k=1

One can calculate the second moments of the distribution, by using Equations
.5 and [5.8| describing w as a function of the amplitude and the phase advance. Then,
by substituting with the previously derived relations linking with Twiss parameters,

therefore the beam matrix elements o;;:

<u2> = 2¢a? <Cos2 (@ + <I>0)> =ef=o0n

a?1 11
<u’2> = 2535 + 2555 =&y =02 (5.24)
(uu') = —25045 = —ea =019

If a sampling of the phase space distribution f; is available, one can easily access
to all the o-matrix elements by using Equations [5.23] and [5.24] The choice of the
RMS as a statistical remains somewhat arbitrary and deriving Twiss parameters
and beam emittance following such convention assumes that the type of phase
space distribution is known. Let’s consider the fraction of the beam inside of the

RMS-ellipse &, noted,

F= /g Flw)du / /Oo flw)du (5.25)

One can calculate the percentage of the beam included in one or several RMS-
ellipse and it differs drastically depending on the type of distribution (Table [5.1]).
The fraction of the beam F' is an essential parameter to evaluate in order to correlate

the meaning of RMS-emittance with the distribution.
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Table 5.1. Fraction of the beam included in an ellipse of Area nme RMS-emittance, for
different types of phase space distributions.

Area A | F [%] for feaussian F [%0] for funitorm I [%] for fuaxwellian
e 39 25 35
2me 63 50 64
4dme 86 100 93
6me 95 100 99
nme 1 —exp(—n/2) n/4 erf(mn/96)
¢ R-Matrix

Several of the presented measurements will require to transfer the Twiss parameters
or directly the phase space coordinates, from a location of the beam-line to another.
We therefore adopt conventional transport theories by defining beam optics segments
by their respective transfer matrices, noted R. Indeed, the phase space coordinates

at any location can be written as a linear combination of initial conditions (ug, uy),

u = %u + %u’
w0 (5.26)
u/ = 8Ul U + aiulul .
8UQ 0 8u6 0
So, the transfer matrix can be written as,

ou ou
Ou, Ou!

R = oo (5.27)
ou' o
Ou, Oul,

The determinant of the R-matrix is recognized as being the Jacobian, which
due to Liouville’s theorem, equals one. The transfer of phase space coordinates from

the location z; to z;, is more generally expressed as,

u(zj) = R (zj|zi) u (%) (5.28)

Twiss parameters are transferred from one location to another by using the
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transformation of the o-matrix,

o (zj) = R (z]z) o (z)RT (2]2) (5.29)

The R-matrix for a series of beam transport elements Ry, ..., R, is the product
of each individual matrix:

R=]][Run (5.30)
=0

d Transfer Matrices

Each beam matrix element is derived from the Hamiltonian of a charged particle to
the first order (paraxial approximation). As described in the Chapter 2, the beam
transport lines after the linac are composed of magnetic focusing quadrupoles. In a
field-free drift space (k = 0) extending from the location z; to z;, the transfer matrix

is simply,

1 Zj — Z;
'R,D<Zj’2i> = (5.31)

Quadrupoles are focusing (QF) on one plane and defocusing (QD) on the other.
The magnetic field inside a quadrupole is assumed to be constant through the
magnetic length L,,. The term ¢ = +/|k|L,, is introduced, with k the focusing

strength of a quadrupole. The focusing quadrupole (k > 0) transfer matrix is,

cos ¢ L sin ¢
Rqr = vk (5.32)

—Vksing  cos¢

and the defocusing quadrupole (k < 0) transfer matrix,

cosh ¢ —L_sinh ¢
Rap = VI (5.33)

V|k|sinh¢  cosh¢



5.1 Transverse Beam Properties 131

The simplified version of the quadruple transfer matrix, usually called thin lens
approximation, occurring when ¢ ~ 0, are not considered in this chapter considering

this approximation is not always valid in the frame of the studies.

5.1.4 Summary of Assumptions

The analytical framework involving the use of Liouville’s theorem and beam theory
gather many assumptions that were mentioned in the previous sections. Other
assumptions more specific to this studies were also evoked. A summary is listed
hereunder, as well as the necessary controls during measurements of transverse beam

properties,

e The emittance is an invariant. In particular, the beam losses must be considered
negligible along the experimental setup, which implies to verify that the full

beam transmission is conserved through the measurement zone.

e Space-charge and beam-impedance effects are not considered, which is natural

in the context of studies using below 100 epA.

e Beam transport hypotheses through the measurement zone assume no correla-

tion between transverse and longitudinal plane.

e Correction factors due to dispersion are not included in the Courant-Synder
Invariant (Equation [5.9). The relative energy spread of the beams probed in
this chapter is typically below 0.5 %.

e The transverse motion of particles inside a focusing lattice are treated inde-

pendently between the two planes, using separately two-dimensional matrices.

e The emittance and Twiss parameters are calculated using the RMS metric. In

the exception of specification, the RMS-emittance values are unnormalized.

o The measured phase space distributions are assumed with pi/4-periodicity.
Results of Twiss parameters and beam emittance are presented along with the

percentage of the fraction of the beam inside of the RMS-ellipse.
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o The formulae for calculating the second moments (Equation are weighted
and only valid if the sum of phase space density distribution samples f}, is equal
to one (probability distribution). The samples of measured beam count-rate
or current ¢, = fi are normalized to the sum over all the set, so that the

weighted standard deviation formulae stay valid in the presented form.
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5.2 Experimental Overview

The objective is to demonstrate the capability to measure the transverse properties
of ion beams at very low intensity (sub-efA currents). The measurement zone after
the linac where the ion beam properties were probed is firstly described. Secondly,
the two main experimental setups used to conduct the measurements are presented,
requiring to provide ion beams in a large dynamical range of currents. Finally, the

data acquisition systems such as diagnostics and software applications are detailed.

5.2.1 Measurement Zone

An ion source located at the entrance of the post-accelerator section (Figure
serves at producing stable ion beams, with enough flexibility to vary the intensity of
the singly-charged ion beam resulting from thermal ionization, which is a mixture
of predominantly 39-potassium with traces of 133-cesium. After accumulation and
transverse cooling in the REXTRAP Penning trap, the beam is transferred to
REXEBIS, to increase its charge state by successive electron-impact ionization. A
beam with a mass-to-charge ratio A/q of interest is selected through a spectrometer

of Nier-type and sent towards the linac, as described in the Chapter 2.

400 mm

Figure 5.2. Detailed schematic of the measurement section presented in Figure
Diagnostic boxes (DB) gather slits, a Faraday cup (FC) and for one of them a large
aperture silicon detector (SD).

The zone of interest for transverse beam properties measurements follows the

linac and is located in the straight section before the three high-energy beam transfer
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Figure 5.3. Schematic of REX/HIE-ISOLDE post-accelerator at the time of the measurements, from the low-energy trapping and charge-breeding
sections to experimental stations. All measurements of transverse beam properties were achieved within the zone delimited with a colored dash
line.
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lines to the experimental stations. In the Figure the three consecutive diagnostic
boxes, DB.1 located at zy, DB.2 in z4 and DB.3 in zg along the measurement zone,
offer the necessary tools for measuring transverse beam properties. The defocusing
and focusing quadrupoles are represented using the analogy of optical lenses, the

center of their magnetic lengths are noted z1, 22, 23, 25 and z7.

5.2.2 Main Beam Setups

The validity of results obtained with the newly developed technique was tested
with measurements using beam currents three orders of magnitude higher. Two
setups were used for either obtaining 50 epA of 39K!°F or 1 efA of the same beam
at the measurement zone (Figure . Several steps were verified so that the
change of intensity would not influence the transverse beam properties measured
after acceleration. The maximum injected current into REXTRAP was kept two
orders of magnitude below the trap charge capacity, so that the emittances of the
singly-charged ion beams injected into REXEBIS for the two mentioned setups are
comparable. The charge-breeding conditions are also kept constant in between the
two setups and the difference in the compensation of the electron beam is negligible
compared to its total capacity. In the conditions of the measurements, the extracted
charge from REXEBIS is dominated by the ionization of various residual gases, the
most abundant being neon, used as a buffer gas for the trap.

The cleanest A/q for 39-potassium within the linac acceptance is at the charge
state 10+, however not all contamination is suppressed, a background of around 100
pps of #C17* is still present in the measurement zone. Because even at very-low
intensity, producing enough 39-potassium beam to make the 35-chlorine contam-
ination from REXEBIS negligible is necessary, we chose to attenuate the current
before the RFQ by a factor 20 using a pepperpot filter. The diameter of the holes
on the attenuation filter is about a factor 100 smaller than the beam size. The use
of an attenuation filter is subject to caution since it is not excluded that it may
influence the beam properties measured downstream. Generally, the RFQ mixes
the beam transverse components enough to make the beam properties transparent

from the use of the filter. This question is discussed further in the chapter. Five
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Table 5.2. Main REX/HIE-ISOLDE beam setups used for proving the capability of
measuring the transverse beam properties of very low intensity ions beams.

Parameter Setup 1 Setup 2
Ton 39+ 39+
Ion source  Filament heating 30 W 40 W
Intensity 15 fA 45 pA
Trapping rate 20 Hz 20 Hz
Low eneray Breeding time 20 ms 20 ms
Efficiency 12 % 12 %
Attenuation 95 % none
Ton 39110+ 3910+
High energy Energy 3.8 MeV/u 3.8 MeV/u
Efficiency 75 % 75 %
Typical intensity 1 efA 50 epA

superconducting cavities were operated at 90 % of their maximum gradient field,
accelerating the beam to a final energy of 3.8 MeV /u. As explained in the Chapter 2,
the count-rate is limited by the total beam energy deposited on the silicon detector

per pulse, which is kept below the saturation limit of the preamplifier.

5.2.3 Beam Diagnostics

Two types of beam diagnostics were employed for the measurement of transverse
properties, depending on the ion beam intensity. Ion beams with current in the
epA range are probed using Faraday cups of 30 mm-diameter, present in all three
diagnostic boxes (DB.1, DB.2 and DB.3) of the measurement zone in Figure
Measurements of the transverse properties are hereafter based on multiple phase
space projections or beam slices from a pair of slits, vertical and horizontal with 1 mm-
opening, available in all DB. On the other scale of beam intensity, for currents below
the efA range, a solid-state 300 pm-thick partially-depleted Passivated Implanted
Planar Silicon (PIPS) detector is utilized. The silicon detector installed in DB.3
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has a diameter of 28 mm, which is an aperture large enough to capture all the
beam or beamlets. The technical specifications of the detector are presented in
Table [2.10] (Type 3). The use of silicon detectors is not only beneficial for single-ion
detection but also for drastically reducing the impact of noise and background
current. The acquisition of the count-rate is analogous to a digital signal. Typically
a silicon detector rejects all counts below a threshold energy, to eliminate for instance
secondary electrons or the E-M radiation emitted by accelerating structures. As the
natural time structure of the beam is relatively short when extracted from REXEBIS
(about 100 ps), a slow extraction mode was applied to avoid pile-up effect on silicon

detectors by stretching the time distribution to 1 ms.

5.2.4 Data Acquisition Tools

The different techniques involved for the measurement of beam properties are fitted
for the use of Automation application, presented in the Chapter 2, which has
been specifically designed for such type of extensively scripted measurements. The
procedure consists in defining the technique(s) that will be used and the diagnostic
tools associated: slits, beam collectors, focusing elements, etc. The application
takes care of assigning the chosen devices to the technique used with flexibility.
Each technique used for the characterization of transverse beam properties requires
slit-scans, which can be easily adjusted for different length of step during the slit
movement, current collection time-lengths and total transverse widths swept. In
general, the collection of beam current is synchronized with the slit movement, so
that only beam pulses passing when the slit is stopped are acquired, reducing the
uncertainty on the slit position. Checkpoints are added to the script for verifying that
the transmission does not fluctuate during the measurement, by typically recording
the total current at the entrance of the linac and in the measurement zone. When
using silicon detectors, the data acquired include the count-rate but also the raw
analog and digital signals provided by the digitizer and time-to-digital converter, so
that the quality of the acquisition is controlled. Indeed, it is necessary to verify that
the silicon detector does not saturate or that impinging ions are enough separated

in time to be discriminated by their energies.
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The Automation application offers flexible programming of the individual tasks
of full transverse characterization measurements, which may take in average between
5 to 30 minutes. The application also facilitates the looping of the full transverse
characterization measurement, in order to obtain a more complete statistical de-
scription of the accuracy the method or the evaluation of the beam stability. Such

scripting may require several hours-long automated measurements.



5.3 Transverse Beam Profiles at Very Low Intensity 139

5.3 Transverse Beam Profiles at Very Low Intensity

The quadrupole-scan and the double-slit methods rely on the measurement of
intensity profiles using vertical and horizontal slits at a front position, although
with different rear apparatus. Position-density distributions give access to the first
element of the o-matrix o171, so in Equation when u; and u; are both equal
x or y. The process for measuring beam slices is made similar for the two ranges
of intensity, except in one case, the current is measured in epA, and in the other
case, the count-rate (along with energy information) is acquired in terms of particles
per second (pps). It is first chosen to verify the capability of measuring similar

transverse beam profiles with both types of beam collector.

5.3.1 Data Treatment

The main advantage of using silicon detectors in a count rate mode is to resolve each
count digitally. Intrinsically, the influence of electrical noise is drastically reduced
compared to Faraday cups. A measurement of the bias when using Faraday cups
is necessary, substracting it to the data. In order to allow for the deduction of the
background bias, it was decided to extend each beam profile scan beyond the beam
distribution and to conduct series of slit-scans without beam. An average value of
the noise is calculated from slit-scans without beam and, importantly, must avoid
showing any pattern of mechanical resonance in the drive of the slit.

During the acquisition of a transverse profile, the slit moves with constant
stepping, equalling a fifth of its opening width. When the slit movement stops
at a position, the measured intensity is averaged over a certain number of beam
pulses. The convergence of an RMS measure on a beam slice was evaluated for each
technique by measuring the number of pulses integrated at each slit-position step,
required to reach the 1 %-confidence zone. Considering the beam current enunciated
in Table and a typical case of beam profile with a window size of five times the
beam size, the integration time needed when using the silicon detector was twice
higher (8 beam pulses per slit step) than for measurements with the Faraday cup in

DB.2.
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Figure 5.4. Histograms of the noise acquired by Faraday cups located in DB.2 and DB.3.

The statistical chain of periodic and random deviations of the post-accelerator
structures influencing the transverse beam dynamics defines the lower boundary of
uncertainties for the set of ¢;. The silicon detector and its electronics are carefully op-
erated far from pile-up, saturation and dead-time effects, with ad hoc post-treatment
discarding unresolved events. It is then possible to consider that such collector
system does not introduce additional uncertainties. The statistical uncertainties
related to the use of Faraday cups include amplified electronics noise superimposed
with background picked-up currents. The Faraday cups present in DB.2 and DB.3
are of different depth and display disparate behavior when analysing histograms of
background projections. Histograms of the background allow to estimate the mean
noise value p(N), called bias, and its RMS o(N). On another hand, deriving the
frequency-weighted mean value of the beamlet intensity 1(S) serves at approximating
a signal-to-noise ratio SNR = p(S)/o(N). The bias is the subtracted at beam pro-
files acquired with Faraday cups. In DB.2 the Faraday cup typically shows o(N) =
1.5 efA meanwhile in DB.3 the RMS of the noise is twice higher . A SNR in the
range of 1e3 with both DB is largely sufficient for probing the projections of single
beam slices, as shown in Figure [5.6| and later with quadrupole-scans. Nevertheless

when making use of two pairs of slits, so achieving a double slicing of the phase
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Figure 5.5. Comparison between the raw and treated data obtained from transverse beam
profiles using either a Faraday cup or a silicon detector as collector. The beam used was
39K10+ at 3.8 MeV /u, with absolute intensities indicated on the right y-axis.

space, we decided not to use the Faraday cup in DB.3 and to prefer DB.2 therefore

guaranteeing a SNR always above 100.

The measures of RMS on beam or beanlet-sizes above 1 mm are considered not
affected by the slit opening-size and it was purposefully chosen to stay in those
conditions so that an additional uncertainty is not introduced. Nevertheless when
necessary a scaling factor on the projection scale is applied. The uncertainty related
to the the slit opening-width is in that case dependent on the beam density profile
as it will increase when digressing from the Gaussian model used to deconvolute the

real beam-size from the measured one.

5.3.2 Results

A direct comparison of the transverse beam profile was made using the Setup 1 and
2 presented in Table 5.2} It is demonstrated that the silicon detector can be used as
a beam collector for this type of measurement. In order to evaluate the consistency
between results obtained using a silicon detector and a Faraday cup one can evaluate
the shape of the relative residuals. This shape resembles a uniform distribution and
allows to rule out the hypothesis of the count rate acquired is not linear across all
the dynamical range of beam intensity. The Chi? is comparable to one meaning

that the comparison is satisfactory, it is within the confidence interval.
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Figure 5.6. Area-normalized transverse beam profile, on the z-plane and at two different
intensity scales, with the use of a silicon detector (SD) or a Faraday cup (FC) as beam
collector.
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5.4 Comparison of Measurement Techniques

Transverse beam properties of ion beams in the linac may be deduced from diverse
methods, some of which require the design of a specific device, for instance an
Allison-scanner, or a system with a peppertpot filter and a Micro-Channel Plate
(MCP) [Pitters et al., 2019]. Two different methods were used in this section: the
quadrupole-scan and the double-slit method, each of them is applied to both the
Setup 1 or to the Setup 2 presented in Table These two methods are relatively
convenient to employ, as they make use of typical beam-line instrumentation: beam
monitors, scanning-slits, and the focusing elements.

The simple fact of using two different types of beam collectors already leads
to tackle uncertainties separately, adding another method decouples further such
treatment. When measuring transverse beam properties, few uncertainties are
purely systematic, in fact only drift lengths and the optical modeling of quadrupoles
will be considered as such. Uncertainties dependent on the sample number N are
called statistical, as opposed to systematic, and it is fundamentally the case for
any measured current, as well as uncertainties related to the nature of the method
employed. In order to estimate the influence of the beam intensity and background
uncertainties, on the measure of o-matrix elements, it is chosen to first analyze the
simplified case of transverse density characterization, operating with the Setup 1
and the Setup 2. The inherent spread introduced by the measurement apparatus
depends on the input phase distribution, so the number of samples, and cannot be

treated as a systematic uncertainty.

5.4.1 Data Treatment

The bias measured from scans without beam is subtracted to the beam profiles.
It is then useful to define a threshold, especially for measurements involving a
Faraday cup. The threshold ¢ defines the cut-off of what is considered as noise. The
threshold is used as the boundary of an exclusion ellipse when the measurement
allow for a full reconstruction of the phase space (double-slit scan). However, with

the quadrupole-scan the threshold is calculated as a percentage of the peak intensity.
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Figure 5.7. Evolution of Twiss parameters and their second derivative as a function of the
threshold £ chosen for each the beamlet profiles measured with the double slit method.
The measurements were performed with the Faraday cup in DB.2, and the threshold is

chosen at approximately 4%.

By analyzing when the second derivative of the Twiss parameters, as a function
of the threshold, becomes close from zero, the ideal threshold can be chosen. A
typical example is shown in Figure where the threshold was selected to be 4 %.

This is the limit after which the threshold reduces linearly the Twiss parameters.

5.4.2 Phase Space Reconstruction from the Double-Slit Method

The method presented is the most evident to comprehend in terms of geometrical
reconstruction of the phase space. A first slit filter the beam at a position uy,
while a second slit is used to filter the resulting beamlet position v at a distance L
downstream. The current ¢ acquired directly after the front pair of slits is a result of
a first slicing of the phase space around the position u; and a second slicing centered

in uj, = arctan(vg — ug)/L. In other words, the position of the front slit scanning
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the beamlet, is translated into an angular variable of the beam impinging the rear slit.

It was considered practical and coherent to increase the total beam intensity of
the Setup 1 to 5 efA, prior to the double-slicing, so that the convergence towards a
measure of the RMS within 1 % stays at about 8 pulses per slit-step with a silicon
detector. As explained earlier, any measurement using the Faraday cup is subtracted
from its bias, that is selected after analysis of the frequency-weighted histogram of
background currents. To preserve the phase space reconstruction from improper
grid spacing, the steps are ideally chosen with similar ratios of |ug11 — ug| and
|y, 11— uj| divided by their respective second moment, \/o11 and /o22. The phase
space grid resolution is adjusted during post-treatment by processing a Delaunay
triangulation on the measured phase space and by applying an interpolation on the
new meshing. The next step in the treatment consists in determining the exclusion
ellipse &p, as described in [Stockli, 2006], by iterating on its area and setting all
values ¢((u,u') ¢ o) = 0. At each iteration, the exclusion-ellipse is calculated from
the Twiss-ellipse parameters of the previous iteration except for a larger emittance.
A threshold to stop the iterations was arbitrarily defined when the emittance reaches
a confidence zone within 3 % of the mean value in the convergence plateau. The
contribution of the finite slit width is analyzed following the formulas derived in
[D’Arcy and Shemyakin, 2015] to disentangle the real o-matrix elements from the
measured ones. In the typical case of Twiss parameters shown in Figure (a), the
relative uncertainties due to the apparatus is 1.1 % on average. In order to simulate
the effect of nonparallel slits, one can artificially increase the slit sizes using the
previous model. Once the Twiss parameters are derived, two other indicators are
calculated: (cg)s, the mean intensity in the Twiss-ellipse &, and F'(&), the fraction

of beam within the same boundaries.

Series of multiple measurements were conducted to directly evaluate the standard
deviation of the double-slit method for the two types of current collectors. The
relative uncertainties gathered from series of the same measurement span over a

longer time-scale and the stability of the beam in itself must be checked repeatedly
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Figure 5.8. Comparison of phase space reconstruction obtained from the double-slit method
using a beam of 39K'°" at 3.8 MeV /u, either at very low intensity (5 efA) or higher
current (50 epA). The measurement using a silicon detector is reconstructed in location
z4 and presented for a-plane (a) and y-plane (b). Higher intensity measurements using a
Faraday cup are reconstructed in zg and transfered to z for a-plane (¢) and y-plane (d).

along the linac in order to observe if possible long-term trends appear. After a series
of ten batches of measurements the evaluated standard deviation for each technique is
already comparable with their total statistical uncertainties. The averaged results are
shown on Figure[5.8] for z and y planes at two distinct ranges of beam intensity. The
phase space reconstruction obtained using the Faraday cup with the least noise (in
DB.2) had to be transferred from z to z4, which is the location of the reconstructed
measurement using the silicon detector. Such transfer from Equation [5.29|implies an
increase on the uncertainties of the Twiss parameters derived at the new location, by
including systematic uncertainties on the lengths and quadrupole strengths within
the R-matrix. A table gathering all results for z-plane measurements, along with

additional information is presented in the next section (Table [5.3). The consistency
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of the measurements between the two ranges of beam intensity is satisfactory as
they fall in each other’s standard deviation. The silicon detector appears to be a
perfectly viable solution as a beam collector in the double-slit method, allowing to
probe very low intensity ion beams with in our case a total intensity before slicing

of 3.10% pps.

5.4.3 Response to Quadrupole-Scan Method

The quadrupole-scan method consist in measuring the variance o1 for at least three
independent beta functions. In practice, the focusing strength of a quadrupole at
locations z3 or z5 (Figure was varied while probing the 011 element on x-plane
or y-plane after the beam had drifted to the diagnostic box DB.3 in zg. The transfer
matrix noted R in Equation depends on the focusing strength.

R = RL(Z5 + Lm/2’28).’RQF (5.34)

In the thin lens approximation o1 is quadratic as a function of the focusing
strength. It was instead decided to derive the Twiss parameters using a thick model
as defined with Equations or and to solve the system of nonlinear equations

built from Equation [5.35] and for several values of the matrix R.

011(28) =& (R%l 2R11R12 R%) a (5.35)

v

25

The mean relative standard deviation between the solution of the system and
the measured values of o171 is typically 1 % for the data presented hereafter.

The data treatment of each individual profile is similar to the description made
in the previous section, with notably the subtraction of a bias on the data acquired
with Faraday cups. Unlike with the double-slit method, there no direct access when
combining all profiles together to a self-consistent threshold from exclusion-ellipses

(Figure . It was decided to use a threshold based on the percentage of the peak



148 5. Transverse Beam Properties Characterization

1 -3
72107 5.3
6 | .

— 51

5

S,

>

2 ls
N

£ E

© x>

I 1 4.8

S

£

[e]

< 4.6

4.4

Position [mm]

Figure 5.9. Typical transverse beam profiles obtained using a silicon detector as beam
collector, during a quadrupole-scan. The color scale is the focusing strength k£ on the
y-axis in that case.

intensity and to examine the evolution of Twiss parameters. The threshold is chosen
similarly as a function of a variation of the second derivative of the Twiss parameters.
The uncertainties related to the quadrupole model and drift length are in that case

statistical because dependent on the measure of the Twiss parameters.

Series of quadrupole-scans were performed to estimate the uncertainties related
to the method and statistical uncertainties. The number of scans per batch of
measurement was chosen to be twenty and after eight repeated measurement, the
standard deviation between the obtained Twiss parameters already converge into the
zone of estimated total statistical uncertainties. Results for series of five quadrupole-
scans are presented in the Figure with associated uncertainties represented by
the trace thickness. The Twiss parameters derived for the x-plane and the y-plane
are finally transferred to the location z4, and displayed in Table along with the
correlation factor between the two technique of beam capture. The comparison of
results is satisfactory however limited compared to a full phase space reconstruction,

which logically leads to investigate beam tomography techniques.
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Figure 5.10. Comparison of quadrupole-scans on the x-plane (a) and the y-plane (b), at
two ranges of intensity using a Faraday cup (FC) or a silicon detector (SD).

Table 5.3. Comparison of Twiss parameters transfered to z4 and of the correlation parameter
between quadrupole-scans acquired with a silicon detector (SD) and a Faraday cup (FC).

Plane Parameter Value SD Value FC
g, [m.mm.mrad] 0.80(5) 0.82(5)
oy —0.10(15) 0.05(15)

x-plane (a) 3, [mm.mrad—] 4.8(5) 5.1(5)
vz [mrad.mm—!] 0.21(3) 0.20(3)
o reloh) 0.988
gy [m.mm.mrad] 0.71(5) 0.75(0.5)
Qy —0.64(15)  —0.60(15)

y-plane (b) 3, mmrad™l]  24(3)  2.8(3)
Yy [mrad.mm1] 0.25(11) 0.23(9)
Xépro(0t1) 0.984

5.4.4 Beam Tomography from Quadrupole-Scans

The objective underlying to beam tomography is the reconstruction of the phase

space distribution from multiple transformed projections. The beam profiles acquired
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during quadrupole-scan measurements are rotated and compressed back-projections
of the phase space at the quadrupole location. The coordinates of the phase space
sliced at the scanning slit location are transfered back to the entrance of the apparatus.
The transfer matrix R from Equation is characterized by a rotation angle 6 and a

homothety factor s, following the same formalism as developed in [Hock et al., 2014].

R
tan(f) = R—i s=1/y/R% + R, (5.36)

Let’s call the searched beam phase space distribution f(u,u’), entering the
quadrupole-scan apparatus. The count-rate or current measured at the collector

c(0) is a projection along the coordinate t at the slit-position k,

cr = / F(k, t)dt (5.37)
R
The transformation from the coordinates (u,u’) before the quadrupole and the

coordinates (k,t) at the location of the collector is given by,

U cosf) —sind k
=3 (5.38)

U sinf cos@ t

Pa(R12q, Rn2q)'

u
//// '
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'

Figure 5.11. Drawing showing the transformation of the phase space ellipse and the
tomography variables.

An algorithm was developed to reconstruct the phase space distribution f(u,u')

from rotated back-projections, by making use principally of the inverse Radon
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transform and a re-scaling of the axis. The total angular amplitude swept during the
quadrupole-scan measurements presented in the previous section are Af, = 50 deg
and Af, = 20deg. It was chosen not to perform any tomography on the y-plane
as the angular amplitude does not allow for enough coverage of the beam features,
drastically weakening the coherency of reconstruction through the algorithm. The
result of tomographic reconstruction of the quadrupole-scan measurement on the
z-plane at very low intensity, is displayed in the Figure Already with A8, =
50 deg, the reconstruction shows patterns of irregular noise distribution (the beam
appears slightly pinched) due to the impartial sweeping of the phase space. In fact
the angular amplitude of the sweeping defect is particularly visible on the raw data
obtained after processing the inverse Radon transform. An additional threshold of 4
% of the maximum intensity was eventually introduced in order to arbitrarily match

the resulting measure of the emittance with the value derived prior reconstruction.
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Figure 5.12. Tomography from quadrupole-scans measurement using a beam of 39K+ at
a sub-efA intensity.

The additional uncertainties introduced by tomographic reconstruction and
inherent to the algorithm or the measurement apparatus and especially the angular
amplitude A#,, considerably increased the error-bars on the derived Twiss parameters.
However the tomographic reconstruction does not directly suffer from the use of

a silicon detector as a beam collector, or from the simple fact of probing very low
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intensity ion beams. The uncertainties could be reduced by improving the algorithm
and for instance by including maximum-entropy optimization [Minerbo, 1979]. The
dependence of the tomographic reconstruction quality, strictly on the apparatus
and angular amplitude A#, may also indicate a level of confidence to derived Twiss

parameters from the regular quadrupole-scan method.

5.4.5 Consistency and Convergence

The Twiss parameters that were calculated for the z-plane using two ranges of ion
beam intensity and different methods of reconstruction are summarized in Table [5.4]
The only values directly reconstructed at the location z4 are from the double-slit
measurements, otherwise the Twiss parameters or phase space coordinates were
transferred to match the same beam optics. The global consistency between the
methods reinforce the trust in the viability of using a silicon detector to collect the
beam current and the feasibility to probe the transverse ion beam intensity in sub-efA
range. The statistical and systemic uncertainties measured from series of the same
type of measurement are coherent with what is to be expected from the analytical
models used and from the apparatus finite resolution. So far we have considered the
deviations introduced by the different apparatus of quadrupole-scans or double-slit
method as purely statistical because dependent on the set of data points, nevertheless
when strictly comparing one method, for instance quadrupole-scans proceeded the
same way and only changing the type of beam collector, the agreement between
results is generally below one standard-deviation. In such case the uncertainties
due to the model of the apparatus can be considered as systematic and influencing
the Twiss parameters derivation the same way independently from the technique

engaged in the beam collection.

The value I in Table corresponds to the intensity of 3*K!%* beam entering
the measurement zone (in Figure . As the average beam intensity in the Twiss-
ellipse (cg)¢ is naturally more reduced with the double-slit method than with the
quadrupole-scan, the input intensity was adjusted for measurements using a silicon

detector so that (cx)s are comparable, and with the aim of comparing the respective
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duration to reach the quoted precision. Between the two methods only the number
of scans would differ, meaning that quadrupole-scans were done for twenty different
values of focusing strengths, the double-slit method achieved with forty different
position of the rear slit. Fundamentally the double-slit method requires more time
because of the full phase space reconstruction and in our case twice more time than
the quadrupole-scan method to reach similar uncertainties. In terms of absolute
uncertainties however, the latter statement is limited to beam with phase space
distributions close to an ellipse. As observed with tomographic reconstruction, the
quadrupole-scan method convergence depends notably on the angular width swept on
the phase space, in that context similarly to the double-slit method, so the derivation
of Twiss parameters would quickly diverge from reality with a non-elliptic beam and
limited angular coverage. All convergence times quoted depend on /{cx)es and the
repetition rate of the post-accelerator (20 Hz), but the duration of quadrupole-scans

is also a consequence of the type of beam phase space distribution.
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Table 5.4. Summary of results obtained with different methods of transverse characterization and using two main ranges of current for 3K+

beam, at 3.8 MeV /u.

Method I [epA] (ck)e [pps] &z [r.mm.mrad] az B mmmrad~!] 4, [mradmm™!] F.(&) [%] Time [mn]
Double-slit 50 1.4 x 107 0.76(6)  0.01(15) 5.5(8) 0.18(3) 39 20
Double-slit 1 x 1073 20 0.81(6)  0.08(15) 4.4(8) 0.23(5) 41 40
Quad-scan 50 7.2 x 107 0.82(5)  0.05(15) 5.1(5) 0.20(3) ; 10
Quad-scan 3 x 1074 30 0.80(5) —0.10(15) 4.8(5) 0.21(3) - 20
Tomography 3 x 10~ 30 0.80(10)  0.25(40) 6.1(30) 0.15(15) 35 20
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5.5 Variations of Transverse Beam Properties

Several tests were done for consolidating the new methodologies of transverse beam
properties characterization. The first test consists in emulating an emittance growth
by varying the breeding time of REXEBIS. Finally, the transverse emittances of very
low intensity ion beams are measured for different energies accessible by HIE-ISOLDE

linac.

5.5.1 Changes of Initial Ion Temperatures

It was chosen to put into application the newly developed methodologies with a
practical case that can highlight variations of the transverse beam properties. An
emittance growth occurs when the temperature of ions inside the REXEBIS charge
breeder is increased due to Spitzer heating, as was demonstrated in Chapter 2. A
way to emulate an emittance growth is to increase the trapping time of REXEBIS.
Furthermore, the composition of the beam changes when the trapping time deviates
from the optimal value for the stable beam that was used, 3°K!'9*. In particular,
with trapping times above 30 ms another beam of 33Cs3** coming from the same
ion source is now accelerated and mixed with the 3K beam.
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Figure 5.13. Raw results of the quadrupole scans operated using a 1 efA beam of 39K+
and 133Cs?** at 3.8 MeV /u for different REXEBIS trapping periods.
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The electron beam current of REXEBIS was at 160 mA during those mea-
surements. Several batches of quadrupole-scans were acquired when varying the
breeding time from 25 to 95 ms. It is to be noted that the conditions of the charge
breeding and heating of the ion source were different from the previous section
- strictly dedicated to comparison with regular techniques - resulting in different
Twiss parameters although the beam energy is similar. The quadrupole-scans in
Figure [5.13| are presented without treatment of the threshold but already display a
clear tendency. After selecting the adequate threshold, the Twiss parameters are
derived. Silicon detectors also offer the potential to record the energy information of
incoming ions. It is then possible to determine the composition of the beam during
the transverse emittance scans. The fraction F of 3*K!9+ inside the beam varies

from 95 % to less than 50 % when increasing the breeding time of REXEBIS.

0.5 : : : : : : 6
W 550
qF ]
st
181 Bas
: £
-2F E 4r
= 1
= 35
2.5F —a
af
s —_—
i p— L L L L L L 25 L L L L L L L
30 40 5 60 70 80 90 30 40 5 60 70 80 90
Breeding Time [ms] Breeding Time [ms]
(a) Twiss parameter a. (b) Twiss parameter §.

35— . . . . . ! 100

_ F(ISSCSS‘H)
_ F(39K|0+)

80+

|

Fraction F [%)]

IS
=)
T

e [r.mm.mrad]
r

20

30 40 50 60 70 80 90 30 40 50 60 70 80 90

Breeding Time [ms] Breeding Time [ms]
(c) Emittance e. (d) Purity Fraction F'.

Figure 5.14. Evolution of Twiss parameters and emittance when varying the REXEBIS
charge breeding time, resulting in change of the fraction of 133Cs34* and 39K10+,

The emittance on the z-axis increases by 20 % while the emittance on the y-axis

increases by 60 %. Those discrepancies may be explained by the different apertures
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along the linac, starting from the vertical slit of the A/g-Separator. A proper
investigation of the effect of the charge breeding conditions on the beam emittance
would require performing the quadrupole scans as close as possible from the EBIS.
However, those measurements indicate that the resolution of the quadrupole-scan
using a beam collector measurement allows identifying the trend of the emittance

growth during the typical conditions of operation.

5.5.2 Normalized Emittance and Beam Energy

The beam energy used for the previous measurements was 3.8 MeV /u, which was an
arbitrary choice representative of a typical energy reachable by HIE-ISOLDE linac.
The capabilities of silicon detectors for transverse beam property characterization
were then demonstrated for higher energies. The total energy deposited on the silicon
detectors must remain bellow the saturation of the detector and its preamplifier.
When the measurements were conducted, the preamplifier was with a saturation

limit at 500 MeV and was later changed for a more optimized limit of 2 GeV.
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Figure 5.15. Measurement of the normalized emittance of 39K!°* beam using the
quadrupole-scan method for different beam energies. The average intensity of the
beam was approximately 1 efA.

The corresponding curves of the accessible masses per beam energy are shown

in Chaper 2 (figure [2.27)). The interest is this time driven by the analysis of the
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emittance rather the Twiss parameters, and more particularly the variations, if any,
of the normalized emittance. The beam used was similar as the Setup 1 presented in
Table 39K10+ with an intensity of 0.6 efA but this time different beam energies.
The number of superconducting cavities used for acceleration is varied, between zero
(2.8 MeV /u) and thirteen (7.3 MeV /u). Six different setup of the linac were used,
and quadrupole-scans performed using the silicon detector in DB.3 (Figure .
The normalized emittance tends to increase when utilizing more superconducing
RF cavities but remains below 0.12 7.mm.mrad (Figure . The relative energy
spread varied between 0.8 % and 1.1 % for the different setups. The beam energy

distributions were measured using the technique presented in the next chapter.
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CHAPTER

Longitudinal Beam Properties Characterization

Beam energy measurements are essential to demonstrate the performance of particle
accelerators. Another aspect justifying on its own to examine the energy of the beam
delivered to experimental stations is the paramount influence on the underlying data
analysis. Knowing the average beam energy is necessary, however often not sufficient
and must be accompanied with a statistical description of uncertainties or relative
deviations. Due to the relatively low yields in the context of exotic RIBs, the precise
characterization of the energy distribution reveals to be challenging. The first section
of this chapter will review the three available techniques at REX/HIE-ISOLDE
for measuring the beam energy. The limits and uncertainties associated with the
chosen methodology are discussed. We present results of the measured RIBs energy
distributions during a typical year of Physics campaign.

Minimizing the beam energy spread or trying to optimize it is a great leap from
the simple characterization of the energy profile; nevertheless, an initial velocity
spread is undesirable for probing nuclear mechanisms. A current example is the
ISOLDE Superconducting Solenoid apparatus resolution (ISS experimental station),
which notably relies on a low beam energy spread. The first step to reducing the
beam energy spread at experimental stations is to apprehend the evolution of the
longitudinal beam properties through the linac. Based on the possibilities offered by
HIE-ISOLDE superconducting cavities, we will describe two experimental methods

allowing the characterization of longitudinal beam properties for very low-intensity
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ion beams. The consecutive sections will concern the measurement results, analysis

of uncertainties and comparison between methods.
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6.1 Energy Measurement of Radioactive Ion Beams

Beam energy measurements are of fundamental interest for the validation of linac
performance and, later, to analyse the Physics campaign data. Similarly to previous
chapters concerning beam intensity and transverse beam properties measurements,
the capability of measuring weak beams will be at the centre of the demonstration.
The silicon detectors installed along the linac allow for direct and indirect measure-
ment of the beam energy. Indirect measurement with a silicon detector implies using
other instruments to achieve a measure of the beam energy distribution. Three
different techniques to probe the energy distribution were identified, although only
one method is preferred during operation. This introductory section aims at giving
an overview of the available techniques and at explaining the reasons which lead to

consider the energy spectrometer method as the most efficient.

6.1.1 Direct Silicon Detector Measurement

The deposition of a charged particle impinging on a silicon detector creates an
analogue signal that translates into a measure of the particle energy after calibration.
During the preliminary studies for the HIE-ISOLDE project, an agreement was
reached on a specific silicon detector model and judging that it would be out of the
scope of those studies, the solid-state physics phenomena governing the detector will
not be reported hereafter. Canberra, the silicon detector manufacturer, provides
data-sheets with information related to the energy resolution (FWHM) given for
241 Am 5.486 MeV alpha particles (Table .

Several tests were initiated to evaluate the possibility of using the direct energy
measure provided by silicon detectors. By using a beam composed of different masses
at A/q = 4, one reads the dispersion in the resolved energy per mass from the raw
energy histogram obtained from the digitizer. The dispersion is not regular as a
function of the mass and not easily readable (Figure (b)). In fact, each silicon
detector of the post-accelerator shows different behaviour in terms of absolute energy
response and would require individual calibration. The reliability is additionally put

at strain by the radiation damage on the silicon. A uniform deterioration of the
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Figure 6.1. Analysis of the raw energy histogram measured for a beam at A/q = 4 with
an energy W = 2.8MeV/u. An energy bin corresponds to 7.6 keV.

silicon results in a larger energy resolution and shift in absolute energy output. A

silicon detector installed in the HEBT lines showed an irregular deterioration of the

silicon on its surface, probably due to a damaging exposure to a focused beam. By

using a 1 mm-diameter collimator, we scanned the detector surface with a beam at

an energy of 2 MeV /u.
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Figure 6.2. Energy spectra acquired from 4N beam at Wy = 2MeV /u through a 1
mm-diameter collimator with a displacement off-axis noted ;.

The resulting energy spectra show an apparent discrepancy when exposing the

damaged spot of the silicon detector. The relative energy deviation is approximately
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3.5 % which is several times above the expected energy spread of the beam (Figure
. The absolute value of the beam energy is not measured with enough certainty
from the silicon detectors installed at REX/HIE-ISOLDE to use this method. The
resolution of the detector (measured energy spread) is also not linear as a function

of the mass, which complicates further the use of such a method.

6.1.2 Relative Time-of-Flight measurement

Silicon detectors also allow measuring the Time-of-Flight (ToF') of impinging ions
with precision down to RF-bucket structure. By using two silicon detector spaced
by a distance L along the HEBT line, the average velocity is determined from the
difference in ToF. Typically with a relativistic beta factor 8 = 10 %, the difference
between the arrival times is At[f = 0.1] ~ 33.4 ns/m. In order to proceed to
this type of measurement, the effective cable lengths between the detectors and
the front-end were measured to assure similar transmissions of the signals. The
resolution of the measurement is limited by the minimum sampling precision of 50
ps achievable by the Time-to-Digital Converter. One may calculate the minimal
underlying energy resolving power. The first relativistic derivative of time relate to

the velocity by,

woa(L)o L o1

Then we can change variables from relativistic velocity to kinetic energy W by

expressing the (logarithmic) first derivative of 5 in such a way,

451w

B oAty+1) W (6.2)

For 8 = 0.1, and dt = 50 ps, the minimum resolution achievable of relative
energy distribution per meter between the detectors is dW/(WL) ~ 3.1073 m~!.
This resolution is a lower boundary of the uncertainty associated with the measured
beam energy. Globally, the method has revealed to be reliable for absolute energy

measurement but with uncertainties limiting the energy spread resolution.
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6.1.3 Energy Spectrometer Measurement

The methodology that is deemed the most reliable for measuring the beam energy
distribution at REX/HIE-ISOLDE is a type of spectrometry using a dipole magnet.
After presenting several results of energy measurements, we will outline the associated

uncertainties with the help of simulations.

a Experimental Setup

At this stage, the beam energy and intensity are sufficiently low to use slits without
risking damaging the material. By inserting two vertical slits (VS1 and VS2) in
the linear part of the HEBT line, before one of the three bending dipoles, we slice
the beam into a thin beamlet. Then we make use of the first dipole of the bending
lattices similarly to an energy spectrometer. A third vertical slit (VS3) is inserted
after the dipole and right before a silicon detector to assure that the acquired
resulting beamlet is centred horizontally relative to the detector (Figure . The
triplet before the first slit is turned off, as well as the focusing and steering elements
to the detector, to reduce the induced spread by measurement apparatus. The

silicon detector is operated far from saturation, in count rate mode, and provides
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Figure 6.3. Experimental setup for beam energy measurement representing one branch
of REX/HIE-ISOLDE HEBT lines. The three vertical slits, the dipole magnet and the
silicon detector are grayed.

The number of ions detected on the silicon detector is measured as a function of
the dipole magnetic field. As the product of relativistic factors 87 is directly related

to the momentum and the rest energy of the particle Ey, one can rewrite the dipole
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equation (Equation . The relation obtained involves an implicit quantifiable of
the beam energy, as a function of the magnetic field of the dipole B, its effective
radius p, the mass-to-charge ratio A/q, the equivalent rest energy of an atomic mass
unit £} and the speed of light in vacuum (Equation . From the product of

relativistic terms (7, one can extract the total energy W.

b= =504 (63)

The procedure for performing a beam energy scan is implemented in a stand-
alone application ([E. Matli, 2019]) and is available as a programmable script for
the Automation application described in Chapter 2. The dipole magnet is field
regulated, and one generally sweep around the optimal field value by steps between

of 0.5 to 2 mT. The acquisition of the particle count rate is synchronized with the

read magnetic field value during the post-treatment.

b Identified Uncertainties

The energy spectrometer method using the dipole and three vertical slits and silicon
detector acquisition does not give a direct measurement of the beam energy distribu-
tion. The measured energy distribution is a convolution of the real distribution and
the spread introduced by the measurement apparatus. Ideally, one would want the
measurement apparatus - the probing tool - to be similar to a Dirac function, pre-
cisely measuring the actual energy distribution. However, due to the finite opening
of the slit width (1 mm) combined with the horizontal emittance of the beam, the
measurement channel introduces an inevitable spread that needs to be determined.
This inherent spread of the energy spectrometer is dependent on the initial beam
energy distribution. A Monte Carlo method was developed using Matlab to estimate
the product of convolution introduced by the measurement channel. The dipole
characteristics and its effective dipole radius are taken from Table 2.9] An example
of the tracking is given in Figure for arbitrary dimensions.

The magnetic field model implemented in the simulations is with hard-edges
delimited by the pole-face rotations, which are visually represented by black dashed
lines in Figure Considering the length between the two first slits and the typical
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Figure 6.4. Monte Carlo trajectory tracking simulations of the energy distribution mea-
surement apparatus, using arbitrary dimensions and beam properties for visual represen-
tativeness.

transverse beam emittance at REX/HIE-ISOLDE, it is considered that the beam fills
the horizontal phase space acceptance of each slit. We choose to examine the energy
distribution at the collector from an initial beam with uniform energy distribution.
The output energy distribution, measured at the collector, resembles a Gaussian
with a characteristic standard deviation noted o. To a certain extent, this response is
analogous to a Point Spread Function for the spectrometer system. The determined
o is the maximum spread introduced by the slit width and the global geometry of
the system coupled with the transverse beam characteristics. When varying the
distance between the first two slits, from a configuration using VS.1 and VS.2 to an
arrangement with VS.0 and VS.2, the spread introduced by the system reduces as

expected. The benefit of using a long distance between the first two slits is shown in
Figure (a).

The Monte Carlo methods allow to easily test the impact of a misalignment
of the slits or the uncertainty related to the magnetic field probe. This latter

uncertainty is simulated to be negligible in our context. The uncertainty on the

slit position, which is estimated to be 0.1 mm from alignment studies, necessarily
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Figure 6.5. Results from simulations on the influence of slit geometry (a) and deconvolution
of a measurement of a 22Rn’2* beam at 5.98 MeV /u (b).

affects the spread introduced by the energy spectrometer. Rigorously, one defines
an effective slit opening in the simulation model that emulates the influence of
misalignment. Finally, the measured beam energy distribution may be deconvoluted
by using an iterative process aiming at minimizing the residuals between the initial
spectra and the reconvolution of the results. A typical result of deconvolution from
measured data using a beam of 22Rn®2* (W = 5.98 MeV /u) is presented in Figure
(b). The variations of the initial distribution strongly impact the efficiency of
the deconvolution, so it is common to use noise reduction in the frequency domain,

which visibly results in smoothing.

¢ Commissioning of the Methodology

The energy spectrometer method was commissioned using pilot beams in order to
evaluate the statistical requirements for reaching a satisfactory standard deviation
on the measured distribution. The beam intensity is modulated using attenuation
foils inserted before the RFQ, so that the intensity at the silicon detector remains
below the saturation limit. The method was commissioned using a well optimized
post-accelerator setup for a beam of 2°Ne®t accelerated by ten superconducting
cavities. The typical peak intensity at the collector was kept below 40 pps, It is
usually prefered to repeat several scans of, for instance, few minutes and accumulate

the data, rather than perform slow scans. After a series of five scans of two minutes
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each, the standard deviation is within 1 % confidence interval.
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Figure 6.6. Measurement of the beam energy distribution of 20Ne8* using a dipole as a
spectrometer and acquiring the intensity with a silicon detector.

The raw data of such accumulated scans is displayed in Figure with the

standard deviation associated with each data point.
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Figure 6.7. Comparisons of the energy distribution of 20Ne®", measured using each of
three HEBT lines dipoles.

As three dipole magnets in combination with silicon detectors are available, it is
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practical to observe the matching between the energy distributions measured from
each spectrometer of the HEBT lines. The agreement between the measurements,
as presented in Figure demonstrate the reliability of such a method. Despite
the difference in the slit positioning of each energy spectrometer apparatus, the

measured distributions fall within each other statistical confidence interval.

d Energy Distributions of Radioactive Ion Beams

Beam energy characterizations were done routinely during the physics campaign,
with at least one energy distribution measurement per high-energy physics run.
They are representative cases of the difficulty to probe exotic ion beams. Two
energy distributions are illustrated in Figure for 196Sn26+ (a) and 2Mg* (b)
with average energies of, respectively, 4.41 MeV /u and 9.49 MeV /u. Before slicing
those RIBs with three vertical slits, the intensities were between 10° and 10° pps.
Therefore, it was necessary to modulate this intensity to avoid saturation of the
detection system. The preamplifier used at the time of the measurement was
limited to 500 MeV /pulse, which in the case of masses higher than 100 atomic mass
unit basically limits the count rate to a single ion per pulse. The duration of the
measurement is consequently extended to meet the statistical requirements in terms
of accuracy, which are generally a 0.1 % precision on the average energy and 10 %

on the standard deviation.

25 T T T T T 20

T T
—— 106g[26+ —_— 28M99+
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Intensity [pps]
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4.39 4.395 44 4.405 4.41 4.415 4.42 9.44 9.46 9.48 9.5 9.52 9.54
Energy [MeV/u] Energy [MeV/u]

(a) 106Sn26+ (b) QSMgQ—i-

Figure 6.8. Energy distribution measurements of two RIBs acquired using a dipole as a
spectrometer and a silicon detector as beam collector.

The results of energy measurement for eight of the ten RIBs were compared
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with the pilot beams used for setting up the post-accelerator (Table . In several
cases, the discrepancies between the average energies measured for pilot beam
and RIBs exceed the confidence interval of 0.1 %. The complexity of the post-
accelerator sub-systems makes the task of identifying the source of discrepancies
difficult within the frame of this thesis. Nevertheless, it justifies the motivation
for directly probing RIB in situ rather than relying on measurements using pilot
beams of higher intensities. We did not identify a direct correlation between the
A(A/q) required by the scaling of the post-accelerator from the pilot beam to RIB
and the deviations measured in terms of average energy or standard deviation. In
fact, during a year of physics campaign, the energy spread of the RIB was not
necessarily optimized each time. For instance, the measured standard deviations
of 222Ra’'* and ?2?Rn’'* are different by a factor of three despite the similarity
of the beam in terms of A/g-ratio. This is because a specific work was made to
reduce the energy spread for the beam of 222Rn®'*. With the growing maturity
of REX/HIE-ISOLDE linac, the stability of the accelerating cavities will improve.
At the time of the measurement, various issues were being assessed concerning the
operation of the 9GAP TH-Structure and the stability of a few of the newly installed
superconducting cavities. Those questions were progressively solved during the year
but necessarily resulted in discrepancies between the longitudinal characteristics of
the RIBs delivered to experimental stations. The methodology for measuring the
energy distribution of RIBs met all requirements in terms of reliability and accuracy

and revealed to be essential during the conduct of the physics campaign.
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Table 6.1. Non-exhaustive list of average energies and spread, for RIB and the associated
pilot beam measured during a year of physics campaign. The pilot beams noted with an
asterisk (*) are superimposed with 2C37.

RIB energy profiles

Pilot beam energy profiles

Isotope  p [MeV/u] o [keV/u] I [pps] | Isotope p [MeV/u] o [keV/u]
BMgt  9.486(9) 14(2) 1.106 | 22Ne™  9.438(9) 6(1)
20646+ 7.374(8) 17(2) 1.106 | 40Ar%  7.388(8) 10(2)
24Rn%2t  5.082(5) 19(2) 1.10° | ¥29Xe30t  5.060(5) 19(2)
W23+ 4.723(5) 13(2) 3.10% | 1299Xe31t  4.705(5) 14(2)
1068026+ 4.406(5) 4(1) 1.10° | 100%*  4.408(5) 21(2)
2L2Rn%0F  4.354(5) 24(3) 1.107 | 1604 4.361(5) 18(2)
28Ra%t  4.314(5) 15(2) 3.105 | 10AL9T  4.310(5) 13(2)
222RaS1t 4.308(5) 21(3) 6.105 | 40Ar9*t  4.310(5) 13(2)
22Rn%t  4.230(5) 5(1) 6.105 - - -
M2Ba33T  4.192(5) 17(2) 1.106 - - -
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6.2 Longitudinal Beam Properties Measurements

The objective of reducing the beam energy spread at the end of the HEBT lines
starts by characterizing the longitudinal properties of the beam. Two methods are
validated, relying on repeated measurements of the energy or of the ToF, for different
configurations of the phase space ellipse. The assumptions stemming from the theory
of beam physics are equivalent to the ones expressed in Chapter 5. Two methods
are presented that allow for the longitudinal characterization of very low-intensity

ion beams.

6.2.1 Longitudinal Phase Space

The description of the longitudinal motion of charged particles accelerated through
REX/HIE-ISOLDE linac provides the analytical tools to quantify the evolution
of the beam energy and ToF. Equivalently to what is presented in Chapter 5, the
beam properties are derived from multiple known transformations of the phase space

ellipse and the measurements of projections.

a o-Matrix

The longitudinal phase space is treated independently from the transverse motion.
In the same way that the coupling from longitudinal motion to the transverse
motion was considered negligible in Chapter 5, the reciprocal is also true within this
chapter. The longitudinal o-matrix, is treated in dimension two using the following

parameters:

B —a.
0, =€, (6.4)

—OQy Yz

The variables chosen to describe the phase space or trace space are all equivalent
possibilities of couples of independent physics variables that fully generate the vector
space. For instance and non-exhaustively, one can describe the longitudinal trace

space using the spatial bunch length (As) and the longitudinal momentum spread
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(Ap) or the bunch phase spread (A®) and the relative longitudinal momentum
spread (Ap/p). The transformation between the previously enunciated bases is
simply homothetic. It is generally practical to represent the second momentum using
a relative (normalized) variable due to the variety of beam energies used for RIB
experiments. For longitudinal beam properties description, we choose as a couple of
variables: the temporal bunch length noted At, in ns units, and AW/A, and the
energy spread per atomic mass expressed in keV /u. Using such convention seems
common within the linac community dedicated to RIB. It is also justified here by the
linac design orders of magnitude (7 nskeV/u) derived in a comprehensive dimension
for the longitudinal emittance. All longitudinal trace space transfer matrices will be
consistently presented in a basis (At,, AW,/A) at a position z along the ideal beam
path.

b R-Matrix

Before developing the reduction, which allows determining the longitudinal properties,
the same procedure as the transverse phase space analysis is applied by defining
useful beam transfer matrices. The linearized transport through n beam matrix

elements is defined as follows,

At, Aty
~ (IR (65)

AW, /A ’ AW, /A

Drift Transfer Matrix
To the first-order and as long as the beam does not cross an accelerating structure,
the optical transverse focusing elements will be seen by the longitudinal phase-space
distribution as a drift section. We briefly derive here the longitudinal transfer matrix
for a drift section of length L, by using equations and and applying those
variations to the longitudinal phase space parameters during beam transport,
LAB —L AW

e G N (6.6)
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Finally leads to the longitudinal phase space drift matrix,

L soitar
Ro(L) = y(v+1)c (6.7)
0 1

RF Gap Transfer Matrix

The gain of work of a charged particle in an electromagnetic field classically
expressed by the path integral of Lorentz force and applied to an RF gap of length
g and periodicity L (0.3m). The Figure shows the typical magnetic field
longitudinal distribution inside the quarter-wave resonators (non-seamless design),

which is simplified by a uniform model.

\ ofr ezJ

VY f Vi
\

-L/2

Figure 6.9. Schematic of a quarter-wave resonator with fields (adapted from [Fraser, 2012])

The cross-field contribution |v,B,| << |E,| is considered negligible and we
consider an uniform radial energy distribution with a mean on » = 0. The time of
arrival of the synchronous particle is noted t; and one may decouple its differential
into two parts: ¢ the phase at the origin (z = 0) and the longitudinal phase number

k. = 2w /(AB). Then, the differential of the phase of the field oscillations di) appears
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in the equation,

wdts = ps +

w
6(z>cdz = @5+ k,(2)dz = ps + dy (6.8)

The field felt by the charged particle is expressed as a function of the RF-gap field

E,,

E.(2,1) = Ey(2) cos(wts(2)) = Ey(2)[cos(ps) cos(y) — sin(ps) sin(y)]  (6.9)

Only under the assumption that the mean path integral of E,(z) has an average at
the center of each gap, we may call s the synchronous phase. We introduce the
TTF term (T) from Equation and the equivalent accelerating field Ey = V/ Ly,
using Vp from Equation 278 and the active length of acceleration L,. The average
energy gain through an accelerating gap is given by Equation [6.10f The variation
of the energy spread, from AW, (entering the gap) to AW, (exiting the gap) is

expressed by the change in energy relative to the synchronous particle,
AW, — AWy = AW — Ws) = qEo LT (cos(ps + App) — cos @s) (6.10)

With the thin lens cavity approximation, i.e. for low rate of acceleration and small
oscillation, the term di) < 1. The expression of the change in energy spread is then
simplified,

AW — AWy = AW — Ws) = —qEoL T Apg sin(ps) (6.11)

One can finally deduce the transfer matrix of an equivalent quarter-wave resonator

in the longitudinal trace space (At, AW/A),

Rrr(Ep) = (6.12)
1 =21 f%4EoTL,sin(ps)

Total Transfer Matrix

In order to simplify the expression of the total transfer matrix, consisting on the
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drift and the RF-gap matrices, we introduce the terms,

 -AL
By(y + 1)eW (6.13)
Ko =—2n f%EOTLa sin(ips)

Kp

The total transfer matrix from the center of a quarter-wave resonator to down-

stream location is,

1+ KpKg Kp
R =Rrr-Rp = (6.14)

Kg 1

It is also convenient for the derivations using the three-gradient method to

introduce the variable K¢, such that Kp = KgFEj.

6.2.2 Three-gradient Method

As its name indicates, the three-gradient method consists of measuring multiple
(at least three) energy or ToF distribution for different gradients of a cavity. The
procedure first consists of determining the zero-crossing phase of the cavity that
is operated as a buncher. When operating a quarter-wave resonator at the zero-
crossing (s = m/2) and if the bunch length is small compared to the RF-period,
the assumption of using the thin gap transfer matrix is justified. The transport of
the longitudinal coordinates from the buncher cavity (zg) to the experimental setup

used to measure the energy or the ToF distribution (z7) is,
o(z1) =R -o(x) 'R (6.15)

The derivation of the ellipse equation from the Courant-Snyder invariant is shown
in Chapter 5. In the longitudinal trace space and at the location zy, the ellipse

equation is,

E(20) : V2(AY)? + 20, AtAW/A + B, (AW/A)? = ¢, (6.16)
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The Twiss parameters in the longitudinal direction are noted (a., 3,7.) and the

emittance ¢,.

Three-Gradient from At

By calculating the element o11(z1), one obtains a quadratic relation as a function

of the equivalent cavity gradient Ejy,

At(21) = BJ[KEKDe.B:| +Ey [2KaKpe.f. — 2K Kpe-as

a —2ab

ct+ab?

The ToF spread at the detector location z1, At?(zy), is measured when varying
the equivalent gradient Ejy and the result is fitted with a quadratic curve using the
variables (a, b, ¢) as shown in Equation The Twiss parameters and emittance

are then accessible from the follow equations,

Jac

€z

- K}|Kdl
7 U o)
oy = ———=— =
eK3K KpK.
DG pRe (6.18)
B = —=5r
T e KAK}

L e+ <b+ ! )2
= —5 | C a =
=T KD KoKp

Three-Gradient from AW

In this case, the element 22(21) is derived as a function of the equivalent cavity

gradient FEj,

AW} = B3| K3eB| +Eo |~2Kqea + & (6.19)
—— —_—— 4
a b

The Twiss parameters and the emittance are trivially derived from the fitting
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parameters (a, b, c),

1 b2
€= = ac— —
b
Ay = ————
2e.Kq (6.20)
a
/BZ gzk%
C
Yz = —
€z

6.2.3 Experimental Setup

The energy distribution is measured using the procedure described in the previous
section. The bunch structure is measured at a location in the straight section
of the HEBT line (Figure . We have two distinct ways to quantify the same
information, and naturally, one wants to use the same beam in both cases to compare
the results. A beam of 2°Ne®t+ was accelerated using ten superconducting cavities
at an average energy of 6.56 MeV /u. The first quarter-wave resonator (QWR) of
the fourth cryomodule is used as a buncher (Figure . The buncher cavity must
offer the possibility to observe the waist of the energy or ToF spread at the detector.
It is crucial for the quality of the fitting. The energy distribution measurements
imply using three vertical slits, so the intensity required is different than when
measuring the ToF. We used an attenuation foil of 0.1 % transparency inserted
before the RFQ for the ToF measurement and no attenuation in the case of the
energy characterization. The beam intensity was then limited to about 50 pps on the
detector for both cases. The gradient of the buncher cavity is varied to a maximum

value of Ep = 5MV/m.

The measurements of the average energy or the average ToF while varying the
buncher gradient are within a narrow relative interval of 0.5 % confidence zone.
Additionaly, the measured variations of those average values appear random as a
function of the buncher gradient, so it can be considered that there is effectively no

acceleration (or deceleration) and the zero-crossing was accurately determined.
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Figure 6.10. Experimental setup for the longitudinal phase space characterization mea-
surements.

6.2.4 Results and Comparison

The uncertainties associated with both measurement type (energy and ToF) are
presented in the previous section. Durations of each measurement are chosen so that
the values At and AW are within a confidence interval of 1 %. Several series of entire
longitudinal characterization measurements were performed to evaluate the standard
deviations on the Twiss parameters and emittance results. We first present typical
results from the three-gradient scans; the ToF and energy distributions obtained
from different values of the buncher gradient are shown in Figure [6.11] The average
value and standard deviation are calculated from each scan, which implies that the

emittance and Twiss parameters extrapolated relate to 1-rms.
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(a) Energy distribution measurement. (b) Bunch structure measurement.

Figure 6.11. Measured variations of the energy spread and time-of-flight spread when
varying the gradient of the buncher cavity for a beam 2°Ne®T at an average energy of
6.56 MeV /u
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Three-Gradient from AW

The energy spread is measured for nine different values of the cavity gradient.
Each energy scan lasts about 6 min 40 s to ensure the prerequisites in terms of
accuracy. The results are shown in Figure [6.12] The minimal value of the energy
spread reached is 8 keV /u, which translates into an energy spread of 0.12 %. The
r2 of the fitting is deemed satisfactory for modelling the measurement with the
Equation [6.17, and the Twiss parameters and emittance can be derived. The absolute

uncertainties on those parameters are estimated by repeating the entire procedure

ten times.
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Figure 6.12. Square of the energy distribution’s standard deviation, when varying the
buncher cavity gradient, for a beam 2°Ne®* at an average energy of 6.56 MeV /u.

Three-Gradient from At

When using the silicon detector for measuring the bunch length of the beam,
the integration time needed to reach a measure of At within 1 % is, in theory, lower
than with the energy spectrometry technique. We chose to record for 3 min the ToF
of the beam for twenty different gradient values around the waist. Statistically both
methods yield a R? very close from one and we cannot claim that one technique

is better than the other (Figure [6.13]). However it is observable that the bunch
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structure measurement suffers from a discrepancy with the parabolic model at high
gradient field. Although the measure of At stabilizes within a 1 % confidence interval,
an unknown systematic seems to remain. The residuals of the fitting inexplicably
deviate from the measurement for Ey > 4MV/m. Using the fitting parameters
from Equation [6.19] one may determine the Twiss parameters and emittance. The
uncertainties on those parameters were estimated by repeating the entire three-
gradient method measurement ten times and calculating the standard deviation

from all the batches of measurements.
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Figure 6.13. Spread of the bunch structure when varying the buncher cavity gradient for
a beam 2°Ne®t at an average energy of 6.56 MeV /u.

Comparison

The results of the derived Twiss parameters and emittance from each type of
measurement are shown in Table [6.2] The Twiss parameters in differ for each
method, however the emittance values fall within each other confidence interval. The
derivation of Twiss parameters using the measurement of the bunch length is sensitive
to the drift length between the buncher cavity and the detector. We calculate that
a change of 20 cm from the theoretical (design model) distance yields to Twiss

parameters within the confidence zone of the energy spread method. The value of
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20 cm is less than the cavity length, and it is likely that the deduction of the Twiss
parameters from the bunch length measurement needs to be consolidated by more
precise estimations of distances. Apart from the determination of the longitudinal
trace space ellipse parameters, it was also indirectly confirmed that one might use a
quarter-wave resonator as a buncher for decreasing the energy spread. The typical
duration of a longitudinal characterization of the beam, from the measurements
of AW or At, was 60 min. The results obtained using the energy spectrometer
technique shows more minor uncertainties from repeated series of measurements.
The comparison between the Twiss parameters measured show discrepancies that
remain to be fully understood. One perspective is to precisely measure the distance
between the superconducting cavities and the detectors. Another option is to
use the simulation model developed during the REX/HIE-ISOLDE linac design
([Fraser, 2012]), and first adjust this model to the current situation of the linac, in
order draw a comparison with the measurements. The comparison with simulation
can help in better understanding which measurement method is the closest from

expectations and lead the investigation to improve the quality of the other.

Table 6.2. Comparison of the longitudinal 1-rms beam properties of a 2°Ne®t beam at an
average energy of 6.56 MeV /u measured using the three-gradient method.

Beam Property From AW From At

e, [m.ns.keV /u] 1.25(8) 1.18(10)
o -3.54(30)  -4.68(50)
B. [ns.(keV/u)~']  0.0183(20)  0.0194(30)
7, [keV /u.ns™1] 970(40) 1110(50)

Fitting r? 0.992 0.989
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CHAPTER

Conclusion

The studies presented in this thesis encompass several themes related to beam quality
at REX/HIE-ISOLDE post-accelerator. As the beam intensities encountered from
exotic isotope production are often below the detection capability of traditional
beamline instruments, we have developed new methodologies to characterize radioac-
tive ion beams in situ. The novelty of the work presented in this thesis resides in the
demonstration of the capability to probe beam properties for any range of intensity.
The measurement of the following properties are now possible at REX/HIE-ISOLDE

linac:

1. The beam intensity can be measured absolutely, which notably allows to fine

tune accelerating cavities using RIB.

2. The beam purity can be estimated down to single-ion detection for a large

range of A/q.
3. The transverse beam properties can be determined directly using RIB.

4. The longitudinal beam properties can be deduced from energy spread or bunch

structure measurements.

In parallel, we show direct applications of those methods, contextualized with the
operational use of the post-accelerator. Accelerating structures, such as the RFQ,

can be tuned with very low-intensity beams. Moreover, we are capable of assessing
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that the emitted material from the cathode does not significantly impact the beam
purity. The longitudinal and transverse beam properties are measured using very
low-intensity beams of less than 0.1 efA. We correlate the results obtained using
multiple techniques: the double-slit and quadrupole-scans for transverse properties
and energy spread or bunch length measurements for the longitudinal plane. One
perspective would be to compare the measured emittance with the simulation model,
which was initially developed during the design of REX/HIE linac. This would
help in fully validating the optics model and to better apprehend the validity of the
measurements.

We furthermore detail an analytical frame that serves at evaluating the performance
of the REXEBIS charge-breeder. A method for scanning the axial energy of the
extracted beam is presented. One direct application is the Slow Extraction of ions
from the EBIS to reduce the instantaneous rate. We show that the overlap factor
between ions and the electron beam can also be deduced from axial energy scans.
This information is put in perspective with measured charge state distributions and

the extrapolation of the effective electron current density.
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APPENDIX

EBIS Cross Sections

A.1 Electron Impact Ionization

The collision between an electron and ion may result in ionization if the electron
energy F is higher than the energy Ej of a bound electron. The sum of the energies
of the two emitted electrons corresponds to the difference between the impacting

electron energy and the (negative) binding energy.

AT 4 e (E.) = ATV 4 o= (B) 4+ e (By)
(A1)
Ee — Ey = E1 + E»

The electron-impact ionization cross section is then a function of the electron beam

energy. Lotz formula approximates cross section [Lotz, 1967],

Nk log (Ee/Eng)

EI 2 —14 Z
o Ee m-°| ~4.5-10
( ) [C ] EeEb,k[eV 2]

V]C:E6>Eb7k

(A.2)

with Nj the number of electrons in shell £ = (n,l). The required electron beam
energy for the ionization of neutral atoms is a few eV, meanwhile for H-like uranium
it is up to about 115 keV. The maximum of electron impact ionization cross sections

occur at 2 to 3 times the binding energy FEj. The cross sections for Xe?" are shown

in Figure [A]
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Figure A.1l. Electron impact ionization cross sections for 54-xenon. Calculated from Lotz
formula and plotted using EBISIM.
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A.2 Radiative Recombination

The radiative recombination process implies the capture of an electron from the beam
and simultaneous emission of a photon. This process is the reverse of photoionization
and may happen at any electron beam energy. The energy of the emitted photon is

the sum of the electron energy and the binding energy.

AT 4 e (E.) — AU 4
(A.3)
hw = FE. + I

The cross sections are computed using Kim and Pratt estimations of direct

radiative recombination [Kim and Pratt, 1983],

8ra [ B \? X

RR

AR () = O ( ) \log (1 + ) (A4)
3v/3 \mec 2”(2)7 off

where « is the fine-structure constant, and

R Z +
X = 2Ze25 Fya Lot = Tq
e (A.5)

no, ef = no + (1 —wp,) — 0.3

with Ry the Rydberg constant and wy,, the fraction of occupied states in valence

shell ng. The cross sections for Xe?" are shown in Figure
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Figure A.2. Radiative recombination cross sections for 54-xenon. Calculated from Kim
and Pratt formula and plotted using EBISIM.
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A.3 Dielectronic Recombination

Dielectronic recomination is a resonant process, which similarly to the radiative
recombination process involves the initial capture of an electron. However, when the
electron beam energy is close from the energy required for a bound electron to be
promoted to another shell, the ion enters a doubly excited intermediate state. The
ion decays from this excited stated state through the emission of a photon or Auger
emission.

AT e (Be) = [ADH]T 5 4 A@DT 4 (A.6)

We do not apply a general model used for calculating all possible branching
ratios as it is computationally heavy. Only KLL-dielectronic recombination processes
are considered, so the promotion of a K shell-electron in the L shell following the
capture of an electron in that same shell. The effective dielectronic capture cross
section are derived from the branching ratios between radiative and auto-ionizing

decay computed with Flexible Atomic Code [Gu, 200§].
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A.4 Charge Exchange

During collisions with neutral atoms, ions can gain an electron from the atom.
The electron capture may result in the excitation of the ion which decays with the

emission of a photon.

AT+ B [ACDH] L BT A 4 B 4y (A7)

The charge exchange cross section depends on the ion charge and the ionization
potential of the neutral gas, and is independent of the energy of the projectiles
[Miiller and Salzborn, 1976]. The empirical charge exchange cross sections for col-
lision energies below 25 keV /u, can be estimated using Mulller-Salzborn formula
[Miiller and Salzborn, 1977],

0¥ [em?] & (1.43 £0.76 - 10 12)g" 17 (1, [eV]) 7> (A.8)

where I, is the ionisation potential of the neutral atom, which is computed using

Flexible Atomic Code.
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APPENDIX

Longitudinal Loss Frequency

An expression of the longitudinal escape rate of ions inside an EBIS is shown in
[Marrs, 1999]. It uses the escape rate calculated from the Fokker-Planck equation
in the context of an arbitrary magnetic-mirror confinement [Khudik, 1997]. In this
later reference, the escape rate is expressed for an ion of charge ; and temperature

T; and uses a Taylor development for high values of w,

Qi Uwell
i = B.1
wi= T (B.1)

with Usgen the longitudinal trapping potential which corresponds to the difference

between the minimum outer barrier potential and the maximum drift tube potential.

4t (1 A A 1
— Y14+ =4= — B.2
VK ﬁwiCR <2> ( + ws; * w-2 +O( 12)> ( )

with ©; the average ion-ion collision rate. For a unitary magnetic mirror (B, =

Biax), the constant coefficients are

Cr=0924 A; =145 A, =346 (B.3)

The longitudinal losses per unit time and volume is finally n; - vg, with n; the

ion density.
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