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Abstract

Beam diagnostics systems are essential constituents of any particle accelerator; they reveal
the properties of a beam and how it behaves in the machinan@luides synchrotron light
sources andree-electronlasers;high energy accelerators for palgighysics experiments
high-intensityhadron accelerators for the generation of exotic beams and spallation sources
much smaller accelerator facilities where cooled beams of specific (exotic) particles are
provided for precision experiments and fundarabRhysicsstudies. Without an appropriate
set of diagnostic elements, it would simply be impossible to operate any accelerator complex,

let aloneoptimise its performance

This thesis covermvestigatiors into two different beam diagnostics methods. Tihs
part describes work carried out at RIKEN Radioactive Isotope Beam Factory (RIBF) in Japan
during October 2013 January 2016. It deals with the development of an omimitance
monitor for an ECR ion source that produces low energy beams of vafea®s ranging
from protons up to heavi@nssuch as kryptorThe monitor was initially based on an earlier
RIKEN prototype which had insufficient performance. After four design iterations and
multiple experimental tests the final prototype wiategrded at the ion sourcend
experimental measurements were carried Ouie of the major challenges was to identify
suitable scintillating materials that do not heavily degrade after irradiation with low energy
ion beamsAdditionally to the emittance monitowork also focused on optimising the ECR

ion source and increasing the beam current by improving the ion extraction.

The first and the last year of this PhD were spent at the Cockcroft Institute/Voik.
donethereis presenteth the second part of this thesis which delves into aineasivereal
time beam profile monito based on a supersonic gas jEhis monitor was originally
conceived and developed hythe Cockcroft Institutebut was never operated successfully in
the gasjet modebut only as a residual gas monit@uring this PhD, the monitor was
commissionedn gas jet modealignment issues that preventpreviousoperation were
identified and addressed and the first experimental results were obtained. Moreover, the
vaauum dynamics of the system were explored and additional diagnostics instrumentation for

the measurement of the gas jet properties was developed and installed.

Thisthesispresents the design of bdieam diagnostiamiethodsfor transverse emittance
and tansverse profile determinatipresults from measurements with various bepecies
and a detailed analysis of their performartagrthermore,tihighlights the challenges of the

design, integration, optimisation arehl timeoperation for both instrumest
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1. Introduction

The purpose of this chapter is to introduce the main condisisssed in thighesis which
are transverse beam emittance measurements and transverse beam profile measurements.
Section 1.1 of this chapter is an introducttonbeam diagnosts techniquesSection 1.2
presents a method fabsolutebeam current measuremeBection 13 discusses transverse
beam profile monitors and focuses on least invasive methods introducing the idea of lonisation
Profile Monitors(IPM) whicharerelevant tahe supersonic gas jet based beam profile monitor
presented in chapter Binally, the chaptemtroduces the concept of beam emittance and
presents various methods for emittance measurements focusing more on pepperpot based

systems.

1.1 Background

It has been said thdiian accelerator is as good as its diagnogiics  $ehténse reveals
the importance of beam diagnostics for the operation of particle accelerators. Beam diagnostics
deal with the real beam conditions including any imperfections that have not been foreseen
during the design phase. Without adequdiagnostts, it would simply be impossible to
operate a large scale accelerator facility let alomgtionise it. The followingsection is based
on an overview of beam diagnostlestures fromJUAS and CAS school4]1 [3].

There arefour quasidiscrete categories of diagnostics reéud particle accelerator

facilities;

1. Complex instrumentation for the commissioning phases of an accelerator, for
acceleratooptimisationto solve more complex issues in case of a malfunction.
Devices in this category may be destructive for the beam and complex i@ us
comparison with a single knob operatiivam category 2. They should allow a
clearinterpretation of a complex phenomenon and provide reliable information.
An example here is the determination of beam emittance for the commissioning
phase or for bearoning

2. Instrumentation forn daily check of accelerator performance atability or the
control of specific parameters. An example wobkl a beam profile monitor
usually (but not limited to)operatingin a destructive wayy intercepting and
stopping he particle beam

3. Active influence of the particle beam after the beam properties are defined by the
diagnostics. In thigategory we find active or passive feedback systems where

the value of the measured parameter is used to make adjustifentample
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here is a beam position monitor that provides a reading useful for the correction
of the beam orbit.

4. Fast and reliable measurements to determine operating parameters of the
acceleratorby means of a quick check of its functionality. Such methodallys
provide a single number as a reading or a simple plot. They should-evasive
in order to allow for online operation without disturbing the beam. One example
is a beanturrent measurement using an Integrating Current Transformer (ICT)
or Fast Cuent transformer (FCT#].

It shoud be noted that there are Bolid frontiers among thesmategoriegather than
smooth transitionfrom one category to the othand overlap between themTherearea
large number of beam parameters to be medsuhich also differ for different machines. To
showcase this with an example, ilireear acceleratoor a transfer line the beam passes only
once but at a synchrotron or storam, it passes several times. For synchrotrons or storage
rings, norinvasve methods are preferred for beam monitoring. Electron beams are quite
different than proton or ion beams as they become relativistic at quite lower energies.
Therefore, at the first stages of an electiinac, one has to deal with relativistic electrons
while protons or ions would still be moving much slowi&ablel shows an overview of some
beam parameters and diagnostics for different types of machines. Diagjugsiatly require
about 3% to 10% of the total cost of an accelerator and usually about 10% to 20 % of the

availablemanpower

Figurel illustrates a selection of various beam diagnostics assembletesinstand that
has been usefdr commissioningof the high current RFQ at GSThis setupallows for the
measurement of all the relevant beam parameters. Quantities of interest hewararg,
transverse profile, transverse emittance, energy, bunch position and structure, in dependence
on a range of operating parameters settifigidole 1 summarses various particle beam
parameters and traditionally used diagnostics methiatsle 2 lists the physical processes

involved in specific diagnostics methods.
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Tablel: Beam parameters and traditionally used diagnosfleshods more relevant to the work covered in this
thesis are in bold.

Beam parameter Linac, transfer line Synchrotron
Beam airrent Faraday cup ICT (integrating currentransformer)
WCM (wall current monitor)
Beam msition Cavity BPM Cavity BPM(beam position monitor
Beam profile SEM grid Residual gas monitor
Wire scanner Synchrotron radiation
Viewing screen | Wire scanner
OTR screen Laser wire
Laser wire
Transverseemittance | Slit grid Residual gas monitor
Quadrupole scan | Wire scanner
Pepperpot

[pick—upl Islit—grid emittancel
| residual gas monitor\

ﬁ:g i@ . Ipepper—pot emittanceL.
(RGN B155 3 |
ik ‘l::';‘ .'

__N bunch shapef ‘

Figurel: Movable test bench with diagnostics for commissioning of the high current RFQ E&]JS].
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Table2: Relevant pysical processdsr beam diagnostics.

Phenomenon Physics Quantity Example
Electromagnetic Classical Voltage Beam transformers
influence by moving  electrodynamics Current BP MG s

charges frequencies

Coulomb interaction of atomic and solid Current Scintillators
chargedparticles with  state physics Optics Viewing screens

matter

Particle detectors

lonisation chambers

Residual gas
monitors
Laserscanners,
polarimeters,
photodetachmerior
H- beams
Synchrotron
radiation monitors

Interaction of particles
with photons

optics, lasers optical techniques,

particle detectors

Emission of photon by
accelerated charges
(mainly for electrons)
Nuclear or elementary
particle physics
interactions

optics optical techniques

(from visible to x

ray)
particle detectors

beam loss monitors
polarimeters
luminosity monitors

nuclear physics

In therest of this chaptesome of the most widely used beam diagnostic methods will be
discussed with emphasis on tiiegnosticgelevant to this workvhich are transverse beam

profile monitors, beam emittance monitors and beam current monitors

1.2 Beam current measurements

The total number of particles in a beam expressed as the beam maireatyimportant
parametein particle accelerator operation. An electric current measurement is a daily routine
for all accelerator operators and users. One of the most popular methods to directly measure
with precisionthebeam current even from the early dayaafelerators iwith aFaraday cup.

For very high beam currents this destructive metbad be scaled up in size resulting in
massive watecooled Faraday cups which can withstand very high potvéraraday cup
collects all primary and secondary charges generated byettra bnd passes the electrical

signal to a current meter or amplifier.
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Figure2: Two Faraday cup designs are shown here.: Sbprt Faraday cupptimisedfor low energy ion beams
used at ISOLDE facility at CER[6]. Bottom Faraday cup design for low enelgy-intensityproton beamshat
will be usedduringthe commissioning phase of the UER

An important aspectfd-araday cup design is the secondary electron suppression. When a
charged particle hits the surfacgecondary electrons are generated. The electron flux is
proportional tocos(), with d beingthe angle between the impinging particle trajectory and
thenor mal to the Faraday cupOds sppresksecoadary T he
electrons are to makeng and small in diameter Faraday ctipst minimize the number of
escaping secondary chargese thigh voltage suppression near the cup entraatéthbove
the mean secondary electron eneaigy finally to e a permanent magnet that will force the

electrons to spiral around the magnetic field lines and return to the surface.

1.3 Transverse beam profilemonitors

The particle beam density distriimrt alongone of the 3 Cartesian spamgordinatess
call ed a O¢Bearapnofilgpdeterfinatioa &nd monitoring is critical during routine
accelerator operatiggommissioningnd accelerator tuning for experimental user groeps.
the first, knavledge of the beam profile is crucial to ensure good performance of the
accelerator and safe operation. For the latter, it is absolutely necessary for proper interpretation
of the experimental datdn accelerator physics, it is common to separate trassvand
longitudinal directions. The longitudinal direction expands altimg beams trajectory
measurements of the longitudinal beam profileusside the scope of this thesisansverse
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beam profiles can be measured using a number of different metbibdsiasive and non
invasive In the rest of this section, the most common ways to measure transverse beas profile
will be presented. They range from scintillating screenssilyaificantly attenuatthe particle

beam, Secondary Emission Monitors (S§thatoperatan an almost nofnvasive way and
Residual Gas Monitors (RGH1 which can be a fully parasitical methodGM includes
lonisation Profile Monitors (IPlg) and Beam Induced Fluorescence (BIF) monitors.

1.3.1 Scintillating screens

Scintillating €£reens are the most direct, simple and cost effective way for a transverse

beam profile monitof3].

| Camera I

Figure3: Principle of scintillator based beam profile monitor

In its simplest configuration, as shown kigure 3, a scintillator screen based profile
monitor consists of a scintillating screen that intercepts the primary particle beam at an angle
of 45" Usually, the screen can be moved in and out eftieamline by means apneumatic
or steppemotor based feedthrough. Scintillation light emitted from the screen is recorded by
a camera that sits usually outside the vacuum chamber and behind a viewport. These devices
are installed nearly at eveagceératorfor beam profile evaluation at different locatidmng
they are limited to relatively low beam intensiti€gintillators can be used to measure beams
with low currents and if combined with MCPs or photomultipliers, they can be used for single
particle detection. When a charged particle impacts the scintillator it loses energy which is
transformed (not fully) to scintillation light. Various materials exhibit different properties, the

most desired of them are
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High light yield.
High dynamic range and linearity, the light output should be linearly proportional
to thenumberof charged particlesripinging a the scintillator

1 No light absorption, the scintillator material should be transparent for the
scintillation light wavelengtifior applications where the beam profile is observed
from the rear side of the scintillating screen
Mechani@l stability and rigidity.
Fast decay time, the scintillation light should decay as fast as possible to allow
good time resolution

1 Radiation hardess.

1.3.2 Secondary Emission MonitoSEM)

In the case of &aradaycup, the generation of secondary electr@na problem to deal
with. The SEM grid takes advantage of that effect. As can be seBigime4, the SEM grid
consists of a series of parallel and perpendicular wires with individual electronic readout. This
is an electronic equivalenf a scintillating screen with the benefits of being least invaside a
having a higher dynamic range. When the particle beam ptsseghthe SEM grid and
impacts the wires, secondary electrons are emitted and collected from the wires. Every channel
of the SEM that corresponds to one wire has an individual amplifiea andrentto-voltage

converter8].

Figure4: SEM grids imagetaken from[3].

The spacing and diameter of thereg defines the beam attenuation and thus can be
tailored depending on particle beam to be measusaklly, a multiplexer is used to connect
all these outputs to an ADC for voltage measurements. SEM readout can be very fast, limited

only by the performace of the readout circuit.

A different configuration of a SEM monitor calls for three or more parallel metallic plates

of asizelarger than the particle beathjcknessof a few micrometes and spacing o few
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millimetres The main beam passes throtigh plates; secondary electrons are generated from
the surfaces of the foils and collected by appropriate voltages betwee[9them

Instead of using an array of wires where the resolution is limiteétle spacing which in
turn is limited by the acceptable beam attenuation, a single scanning wire can d®lused
this case, theesolution can be very high and it depends only on the scan speed and the wire
diameter which can be somecrometes. A photograph of a wire scanner is showirigure
5. The single wire in this beam profile monitemoved across the particleeam by aexternal
motor. The position of the wire is calculated from feedback by the motor rotation. The readout
can be (i) from the wire itself by direct current measurements, (i) from a
scintillator/photomultiplier outside of the vacuum for higher energy pathieams or (iii) any
other typeof beam loss monitor that is availafl®]. For the determination of the beam profile,
the readout signal is plotted against the position of the actuator during the scanning of the

beam.

One of the disadvantages of the wire scanner is that it cannot measure pulsed beams
because of the time needed to complete a full scan. Another concern is that even for a DC
beam the wire will sample the beam profile at different locatamkfferert times[9]. The
main limitation of this method similar to the scintillating screens is that it cannot be applied to
very high-densitybeams.

Figure5: Wire scannertheimagewastakenfrom [3].
1.3.3 Residual gas monitors

Possible candidates faminimally-invasive beam profile measurements are usually
residual gadonisationpr of i | e mo n[8]-f1D arsd bearh Mddded Jluorescence
monitors (BIF)[10], [12]-[14]. Theformeroperate by usingnexternalelectric field to collect
the ions or electrons produced by the interaction of the main beam with the residual gas in the

vacuum chambeiThe latter usefluorescence light emitted after the excitation of the residual
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gas by the beam. For IPMs used to measure the beam profile of low current beams, residual
gas ion detection is preferreder electron detection. Tireomentuntransferto the residual

gas iongenerated by ionisation from the primary beamuch smallefor acceleratedons
when compared to electrodge to théargemass differenckeading to smaller velocity spread
and smaller image distortiomhe image broadening by the transverse thespralad could be
minimised by applying a higher collecting voltage to reduce ¢biectiontime or reducing

the distance the ions have to travel until they reach the det€otobtain both beam gites,

it is necessary to have tvBMs rotated by 90with respect to each othgi5]. Nevertheless,

in a verylow-pressureenvironment, such a device is limited in both acquisition speed and
resolution due tthe verylow-level signals produced by the low number density residual gas.
For BeamInducedFluorescence (BIFnonitors, since photons are emittatlall angles and

are detected by the camera in a solid angle of abotsté@adiansthe signal is lower than
that of an IPM equipped with an MCP by about 5 to 6 orders of magmiggdéingin high

integration time per measurement

N,-fluorescent gas
equally distributed

Lens, Image-Intensifier
and CCD FireWire-Camera

Figure6: Left: IPM installation athe GSI storage ring wittwo monitors at right angles for horizontal and
vertical beam profile measurement, Rigitheme of a beam induced fluor@sce monitor for horizontal profile
determination. Both imagesetakenfrom [15].

Applications ofthesebeam monitoring methods are found in maogeterator facilities.
The SIS18 heavy ion synchrotron at GSI accelerates beams of various species up to Uranium.
Typically for the warm dense matter (WDM) experiments a bearf®df’* ions with an
energyof 300400 MeV /u is used. Up to 4xins are divered in bunches of 70300 ns.
The ionisation profile monitor acquires 100 profiles/s and consists of 2 identical devices

orientedat 90*to each other for the acquisitiof horizontal and verticddeam profileg11].

The residual gas fluorescence monitbthee Relativistic Heavy lon CollidgiRHIC) is
empbyedto measure the profiles of fully stripped gold, copper and uranikesmb at 100,

99.9 and 96.4 GeV/nucleoifhe passage of the beam excites the residual gas present in the
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vacuum duct which consists mainly of hydrogen. During tieexcitation it emits
fluorescence light which is captured by a camera. The operating pressure is ardoizhi 0
but the measurement time is 6[18].

As a final exampleatthe SpallationNeutronSource (SNSaccumulator ring, Oak Ridge
National Laboratorythe design of a newonisation beam profile monitor has recently been
implemented. It will be used to measure proton beam profiles in the 248 m accumulator ring
after the 1GeV linear accelerator. The monitor will operate pressure of around $@nbar
but the geometry of the detect(slit size of 4mm) will require to scan it across the beam and

leading to larger measurement tifid].

A feasible solution arounthe limitations of Residual Gas Monitors (RGM); namely
longer acquisition time, low signahtensity and image broadenirig a cold (20 K)
supersonic gas jet shaped into a thin curtain which allows-ébm2nsional beam profile
imaging[18] in the same way an interceptisereerwould do. Such a monitor could be seen
as an enhanced IPM where additiogak injection improves the reaction rate and thus the

acquisition time and resolution.

1.4 Transverse beam emittancenonitors

1.4.1 Emittance definitions

Emittance is a property of a particle beam used in accelerator physicesotese beam
quality. It represents the area of the phase space occupied by the particle distribution which is
generally an ellipse. Emittance is preferred over the beam phybinahsions for beam
characterigtionbecause@ac or di ng t o L ithe areai(dr volernef a pafiideo r e m,

distribution in the phase space remains invatigoker conservative forcg9].

In an ideal machinethe longitudinal motion along the beam axis is decoupled from
transversemotion The result ofthis is that transverse 49 phase spacean be studied
separatelyWith the assumption of ideal machingsnsverse phase space can decompase in
two orthogonal dimensions and thus into tw® 2ransverse suphase spaces. The phase
space area consenaiiis valid for each of thdecomposeghase spaces. For théd2phase
spaces the coordinates are represented as x (or y) in units of lengthdosittma nd x & ( or

y6) in wunits of radians for the angul ar divergen

In acceleratoravith very preciselyknown beamline optics the lattice functions (Twiss
parameters) b, 9) in combination with beam profile measurements are used to calculate beam

emittance. The Twiss parameters relate emittance to beam parameters as skmveation
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( 1) where the bracketdenote averag&eam motion then can be described in the transverse
phase space by the emittance ellideéned in equation( 2). Figure7 shows how the Twiss
parameters and beam emittance relate in a phase space plot.

()=, @
(xi*)=g, Cp )
a’= 4 Qg1

gxXt+2a x4 + i 5 (2)

«

_ 20
\/YT —tan(2(p)— Y-B

Ve X

Figure7: Emittance ellipse and Twiss parameters
1.4.2 Statistical emittance

In applicationssuch as beam produced bye&ron Cyclotron Resonance (ECRipn
sources with irregular beasize it is preferred to determine the emittanceistagally based
on the particle distribution in the phase space. The statistical emittance, introduced by
Chasmarj20] and later refined by Lapostol[21] is calculated using the equatiop) and
(4 [19].

The brackets denote the weighted average

order moments. The parameteislproportional to the intensity of the beam. Following

equationg 3) and(4) one can calcula® or €, .
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1.4.3 4-D emittance

The following analysis i s ba22paddwarksdoe. Wol s ki 6s
by L. Groening et a[23]i[26]. A 4-dimensional symmetric beam matrix C contairts 1

elements. The diagonal blocks (green) describe the projections orxheo&zontal and

vertical phas spaceg, and €, respectively while theoff-diagonal blocks (purple)the

interplane couplingUsing a pepperpot based emittance monitor all the elements of C matrix

can be acquired in a single measurement.
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The Eigeremittancesor intrinsic emittancesare calculated as the eigenvaluesos)
where Js definedas

e0 1 0 Og
é 0

J_gl0 0 0 5
€60 0 0 11U (3
€0 0 -1 0y

Eigenemittances are invariant under symplectic transformations and they are equal to

and €, in the case of no interplane coupling.

1.4.4 Emittance measurement methods

The knowledge of the transverse emittance oirtant for a number of reasons. Firstly is
needed to evaluate the beam quality of new particle sewueh as electron guns aiod
source. It is very useful during the commissioning of an accelerator when the beam energy is
slowly increased while monitoring the beam evolution. In existing and already operating
machine emittance measurements can be usegititnise the performance and incisathe
beam quality. Furthermore, emittance estimation and experimental measurements are required
to match the beam to the beamline geometrical acceptance. Finally, emittance measurements
are required to provide the requested beam quality for particle &ea@niments where the
requirements for beamspot size and divergence can be very tight.

The mostwidely used methods for the determination of the transverse emittance are the
slit i grid methodthe pepperpot methodnd thequadrupole scamethod Themostrelevant

to this thesis, the pepperpot method is further analysed in the following section.

Pepperpot method

The main disadvantage of the $ligrid method is that it isme-consumingas it has to be
scanned across the beam in small steps and acqtaratdeach step. For pulsed machines,
only 1 step can be performed during a single pulse. Byngaan array of holes instead of a
slit the emittance measurements can be done in a single shot for both transverse planes. In
addition, for ion sources that smhave fluctuations from pulse to pulse but also in continuous

operation, this method is more suitable as it can capture the beam emittance if&tantly

A pepperpobasedemittance consists of a thin metal foil with an array of holes Qitin,
a thicker plate is positioned in front of the pepperpot with a similar array of holes but with

largerdiameter as a beam attenuafidre foil intercepts the particle beam and splits it to small
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beamlets that are projected on the followsuntillating screen. Similarly to the slit grid

met hod,

t he

position is

de f

ined by

calculated from the projected beamlet on the sciB@mmain benefit of the pepperpot method

is the ability for singleshot measurement of both transverse planes simultaneously.

The operating principle of a pepperpot based beam profile monitor is shdwroih

eference source not found.
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Figure8 Pepperpot operating principle. Particle beam (blue spot) impinges in the pepperpot mask splits to small
beamlets. Beamlets impact on the phosphor saedmproduce visible light that is reflected on theneravia a

tilted mirror. The array of pepperpot holes has spatial coordinatesof. Xhebeamspotoordinates on the

phosphor screen are,Xs. The coordinates on the reflected image on the cacharage to X Yc.The
coordinate®nthe camera sensor are translated to spatial coordinated using calibration images. Beam divergence
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the mask and the following scintillating screen and thus can safely be considered as a point

source.
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The pepperpot mask splits the beam into small beamlets that drift for a length L until they
reach the transparent scintillating screen. Upon impastbl® light is produced and
transported outside the vacuum chamber after reflecting orf #ltd8 mirror. Using the
known locations of the holes, the distance L and the measured positiondeéthepotsn
the scintillating screen the beam emittance can be calculated from eq&)iansi( 4).

Other commonly used configurations of this basic design include:

1 A tilted, nontransparent scintillating screen instead of a transparent screen and
mirror.

0 The drawback of this configuration is that it requires image correction in
the pstprocessing for the distortion caused by the tilted plane of the
scintillating screen.

1 A transparent screen and a vacuum viewport right behind it.
0 Much simpler but special arrangements have to be made in the beamline.
1 Use an MCP instead of scintillatiregreen to increase the sensitivity for low
current and low energy beams.

0 The increaseccost of the MCP compared to scintillating screens and
added complexity but unavoidable if the extra sensitivity is needed.

0 More reliable operations because scintillgtiscreens tend to degrade

quickly when used with heavy iofia7]i [30].
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2. Pepperpot based emittanc®nitor

This chapter describes the development of an emittance monitor for low energy beams
produced by an Electron Cyclotron Resonance (ECR) ion source. The first section discusses
the motivation behind the emittance meter devaien.

The chapter then proceeds by presenting the ion s@mdethe Low Energy Beam
Transfer (LEBT)line where the emittance meter is installed and operated. Background on the
operating principle of ECR ion sources is given followed by design detail$ ¢ RINIB
GHz superconductingSC ECR ion sourcethe relevant modificatioarequired to improve

beam qualityand beam transport studies.

The chapter thedelves into the development of the emittance monitor and presents all
the design details. An important part of this device is the operating algorithm which starting
from raw imagesacquired bythe camera calculates the beam emittance in real time with a

maximum frame rate of up to 5 fps.

The last section presents experimentsililts acquired from proton dheavier ion beams.
The first part discusses the performance of scintillating screens under irradiation with various
beams and how the screen performance affects the measured emittance. Finally, emittance
measurements and celations with various ion source operating parameters are shown and

discussed.

2.1 Motivation

RI KEN6s Radi oact i v eutliBesam d8sGHEGRIGN lsaurcegBl]to RI B F)
produce highly charged ion beams. Firstr use in the Azimuthally Varying Field (AVF)
cyclotron for standalone experimentsand also for the subsequent Riken Ring Cyclotron

(RRC) and the Superconducting Ring Cyclotron (SR@)gher beam energies are required.

User experience has shown that the transport efficignoythe ion source to the AVIB
much lowemwhencompared to the use of RIKEN'searACceleratol(RILAC) asaninjector.
Moreover it has been confirmed experimentddly usinga scintillating screen at the entrance
of the LEBT, that the beam size is larger than the LEBT aperaswating in unwanted
collimation and beam lossddoreover, preliminary beam dynamics studies suggested that the
transport efficiencyfrom the ECR ion source to the LEB$ about 186 and the beam
emittance blows up in the area beem the ion source and LERITe to the intense fringe of
the ECR solenoid.
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The demand for higher beam intensities and more efficient beam transport triggeeed
extensivesimulatiorsand experimental studies into LEBT efficiency apiimisation as well
as R&D into the emittanameasurement itself.

Work donein the context of this thesfecusal mainly on two areas

1 Development and operation of pepperpot based emittance Mié&eemittance
meter development covered also extensive studiesthe performance of
scintillating mateials in order to find the most suitable for low energy ion beams.

1 Experimental studies into LEBTincluding ECR magnetic field measurement,
optimisation of the ionydraction geometry and the design of an apparatus for

directionbeam current measurements.

2.2ECR ion source and LEBT study

This section starts by describing the operating principle of ECR ion sources. It then moves
forward to describe RIKENOGS ECR ion source
experimental results of the ECR magnetic fisldasurements are shown and ion tracking
simulations are discussed. Finally, the section closes presenting modificationisobthace

extraction geometrgnd a novel design for a beam current measurement apparatus.

2.2.1 Operating principle of an ECRN source

The main building blocks and requirements oE&Rion source include the following.

A vacuum vessel with low background pressure that allows the productionltbly
chargedons byminimising recombination and charge exchange. In previ@acades a two
stage vacuum system was implemented for ECRaainces witta higher pressure area and a
lower pressure aagdor the beam extraction. Nowadays a single stage high vacuum chamber
is the standar{B2].

A well designed magnetic field structure confioegh ions anatlectrons in a magnetic
bottle structure. The field is provided by superimposing an axial field generatetbbgide
and a radiafield produced by a sextupole (@nother multipole) magnet. An atom injection
system is injectingiasedrom a gas reservoir aondensablegrom ahigh-temperatur@ven.
The confinecelectrans gain kinetic energy from an RF fieldi¢etron heating) anbnise the
gas atoms through the process of impact ionisation. Lost energy during ionisation is replaced
by the RF field and this cycleepeatsmultiple times leading to the production of mulépl

chargedons.
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An extraction area that allows for beam extraction has usually the form of a conical biased
electrode with a small aperture. By applyingigh voltage to the electrode or grounding the
electrode and applyinghagh voltage to the ion source chamber ioims are extracted. The
confining magnetic field has a small asymmetry on the extraction side to ease ion extraction.

The most critical processes in an ECR ion source are the magnetic field confinement and
the electron heating. Confinement ensures thal#wrons and ions are contained in a defined
volume and leads to the production of stable plasma. Electron heating is required to sustain

the plasma and produce high charge states by multiple ionisations.

2.2.2 ECR nagnetic field

ECR ion sources feature sophisticated magnetic field structure that can confine the
plasma. It is a combination of an axially confining field and a radially confining field. The
axial confinement is achieved by using two or three or more axial coils around the plasma
chamber aindicated inFigure 9a. Figure 9b showvs the three solenoids uéo producethe
axial field and the confining field. The current in the middle coil is opposed to the other two
coils to create the dip in the overall magnetic field strength. The radial confinement is done
usually by a sextupole magnet as showhigure9c. TheBmedin Figure9a is also known as

theminimum:B field.

inj:

a) Axial l;vlirror
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Figure9: a) Axially confining magnetic field in an ECR ion soufoet RIKEN ECR)produced by a set of 3
coils, b) Hexapole magnet used to produce the axially confining[88]d

L 5| z

Hexapole with 36 permanent magnets
30° rotation per magnet
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The exact values @inj ,Bmin ,Bext andthe radial field R aresuggestedby the secalled
ECRIS Standard Mode]34] which has been used for the past decade in ion source design.
The main ules of this model can lmimmarsedas

1. Brad OZBECR
2. Binj é 3 Becr
3. 035< Bmin/ Brad <045
4. Bexté- Brad-
2.2.3 ECRelectronheating

The free electrons in the plasma chamber are trapped in the magnetic field and move in
spiral trajectories along thmagnetic field lines. Therotationfrequency is called cyclotron

frequency and igiven by

WhereB is the magnetic fielde the electron charge and the electron mass. When
injecting microwaves with frequengy the electrons are accelerated or decelerated
depending on the phase of their cyclotron motion and the local RF field. This phenomenon
takes place at the so called resonance sudiaE€R zonavhich is defined by the condition

eB

Woe = W
RF m

For a 18 GHz microwavdrequency the corresponding magnetic field strength on the
resonance surface is 0.64 Higure 10 depicts the ECR electron heating process. Electrons
trapped in the magnetic mirror cross the resonant surface several times and depending on the
phase difference between their motion and the RF field they gain or lose éhexpll, there
is a net enenggain called stochastic ECR heatif8p] that allows the electrons to reach
energies up to s ev eaniekthe dagproduxinganalibly sharged iens.s i v e |
This repeats continuously as the electrons are reflected back and forth in the confining field.
Electrondoseenergy during iorsation and gain energy during the passageughthe ECR
zone. If moe than one microwave frequenisyused then several resonant surfaces can form
leading to ahigherdensity of hot electrons and improved production of high charged states
[34].

41



Bin ECR zone

Bext

Y

distance (r)

Figurel10: Electron motion in an ECR ion source. When passing through the ECR zone electrons gain energy
from the RF field. Thigprocess repeats as the electrons are reflected back and forth in the confining magnetic
field.

The magnetic field confinement is not symmetnian ECR ion source; the field strength
is lower on the extraction side easing the extraction of beams.

At the extraction side of the plasn@ambeythere is a biased electrode to attract the
positively charged ions. When plasma comes in contact with the extraction electrode, a sheath
of submillimeter thickness is formed. The emitting surface intie boundarypetween the
sheath and the ion beam;called plasma menisc(i86]. The meniscus and thus the quality
of the ion beam strongly dependn the geometry of the extraction electrode, extraction
voltage, presence of electric and magnetic fields and plasma dédgiimisation of beam
extraction is a very complex process and does not have a single solution; it rather depends on

the operating conditions and the required beam species.

224 RIKEN 18 GHz S€ECRandbeamtransport
Devel opment on RI-BCR Nbb sourde StatGlhek inS189937].

Currently the ECR ion source provides light and heavy ion beams of mainly gaseous elements
to the Azimuthally Varying Field (AVF) cyclotrof38] which is used for Radioactive Isotope

(RI) production, low energy nuclear physics studies and also as aroinjecthe RIKEN
Radioactive Isotope Beam Factory (RI§B9], [40].

The specificationsf the 18GHz SGECRIS aresummarsedin Table3 and a schematic
of the ion source and the beam transport line are shofigumel1l. The length and diameter
of the plasma chamber are 3mWé&n and 70mm, respectively. The plasma chamber is
encapsulated by sextupolepermanent magneif which the magnetic field i4.1T at the

surface A set offour superconductingolenoids is used to achieve the minimBrondition.
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A movablebiased disc with a dmeter of 3dnm is installed, to which a negative voltage of a
few hundred volts with respect to the plasma chamber can be applied &séntne mulki
chargedonsflux. The effect of the biased disc and the material of the interior of the plasma
chamber have been studied previously @pttmised[41], [42]. A 750W TWTA RF amplifier

[43] connected tan 18 GHz reference sooeis installed to generate the GHz microwaves
thatinducethe ECR heating

Table3: Design pecifications of the 18 GHz SECR ion source

Superconducting material Nb-Ti Analysng magnet

Bore 220 mm Pole gap 80mm
Radius ofplasma chamber 70 mm Radius of curvaturg 500mm
Length of plasma chamber 378 mm Bending angle S[0a
Length of sextupole magnet 380 mm Bimax 0.15T
Binj (z=- 200 mm) 30T Edge angle 29.6¢
Bmin (zZ= 0 mm 06T

Bext (z= 200 mm) 20T

Brad 10T

Microwave frequency 18 GHz

Microwave power ( max) 700 W

Typical extraction voltage 10 kv

The ions are extracted and accelerated towardsoanded extraction electrode by
applying a high voltagef typically 10 K/ to the plasma chamber. The extractedhieam is
focused bypasing through an Einzel lens installed just behthd extraction electrodédt is
then passethroughthe analysing magnetf the LEBTwhere the required ions are selected

based on theithargeto-mass ratioA typical ion spectrum is shown Figurel12.

The gas supply of the ion source is done by two precision valves that allow for a single
gas or mxture of gases to be used. There is albigh-temperatureven available for solid
materialsTherest of theLEBT consists of diagnosics chambertwo steeringnagnetsand
a solenoid. The steering magnets are used to make small adjustments tartheajeetory
and the solenoid at the end to focus the ion beam. The diagnostics chamber eomi@ns
scanner based begofile monitor, a set of horizontal and verticslits for beam collimation
and aFaradaycup [44]. The Faraday cup serves as an absolute current measurement device
and is very frequently used to tune the analysing magnet in order to obtain the highest beam
current for a given charge statét the end of th&EBT, there & a dipole magnet that bends

the beam by 9%and directs it to the AVF cyclotron located one floor below.
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SC coil

Beam extractio

Einzell lers

EEH% To AVF Cyclotron
(=]

Bending magnet / \
Solenoid

Steerer magnet Steerer magnet

Diagnostics chamber

Figurell: ECR ion source details and LEBT. Thel 2irawings have been created based on printed mechanical
drawings by TNagatomo and the author. Thel2irawings have been created by the author
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Figure12: Spectrum of the ion source with Argon gas. Analysing magnet current is scanned up to 100 A and the
beam current is measured by feradaycupat the diagnostics chamber
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2.2.5 MagneticField Measurement

The confining magnetic field of the ECR ion source is a critical parameter for its operation.
Mainly it confines the electrons and ions but it has secondary effects on the beam quality as
has keen observed during beam emittance measurements. In the context of this thesis a

measurement of the magnetic field of the ECR ion source was done.
The measurement of the magnetic field was carried out in order to examine if

1. The design valueorrespondto the measured value

2. The ion source design follows the ECR standard model

The measurement was done using a-df#ct sensor and an aluminium structure to
allow insertion in the ion source and controllable movement. The sensor was tHetLPT
with the DTM-151 unit supplied from Grogd45]. It features adjustable ranges from 0.3 up
to 3 Tesla scales with an accuracyNbf01% maximum error. The details of the setup used
for the magnetic field measurements can be founiderappendiA.

With the plasma chamber open the probe can be inserted and measure both the axial and
radial magnetic fields. The orientation of the probe needs to change for these 2 measurements
because its surface must be perpendicular to the magnetic field linexidlheagnetic field
was measured at first only for the sextupole magnet with the superconducting solenoids being

switched off and then with the solenoids energised. Results are shéwuiial3.

A small irregularity of the sextupole magnetic field was found ibig a very small
contribution of about 150 200Gauss at the maximum when compared with the magnetic
field induced by the solenoids (abou®4) and it cannbaffect the overall magnetic field.
Figure 13 shows the measured magnetic field in the ion source. With reference to the blue
curve, theright-hand side is the injetion andleft-hand side is the extraction. The peak
magnetic field is smaller on the extraction side allowing beams to be extracted. The dip in the
magnetic field strength in theente enhances the trapping efficiency and the production of

high charge stas.

The radial magnetic field was measured by changing the orientation of the Hall Effect
sensor and rotating it inside the plasma chamber. The sextupole magnet consists of 24
permanent magnets arranged in an annular shape as shbigarial4b. Themagnetsation
of every segment rotates by“&hd overall it produces the known sextupole magnetic field.
Figurel4a shows the measured magnetic fields from 2 segments with oppagitetsation

(red and blue curves) while moving the sensor across the plasma chamber. The measurements
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stop abruptly on theight-handside of the plotbeause t he geometry didnot
support of the sensdfigure14b shows the radial field as measured attgmwe of the plasma
chamber while rotating the sensor.

0 Beam direction

28 1 e SC magnet
measured

2.0 -

1.5 1 200

Tesla

=wy= Hexapole
measured

Figure13 Measurements of the magnetic field in the ECR ion source. Blue curve and blue axis show the

combined axial magnetic field from the solenoids and the permanent sexto@ghet. Brown curve and axis
show the axial magnetic field from the sextupole magnet only

Magnetic field (T

Distance (cm)

Figurel4: Measurement of the radial magnetic field from the permanent sextupole magnet

Table4 summarises the measured magnetic field values and compares against the design
values.TheBmin has a value of 0.1B lowerthan the design value and its location is used as a
reference for the position 8k andBin. The measureBexoccurs 190nm fromBmin instead
of 200mm having a value of 1.5Dwhich is 0.5T lower than the design value. Theasured

Binj occurs220 mm fromBmin instead of 200nm. Its value is 2.4T and thusabout 0.5T
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lower thanthe design value of B. The measured radial field8has a range of values from
0.6 T to 0.85T in the plateau region instead of th& &ccording to the design value.

The measurement error due to the hall probe is less\(h@h% and insignificant ithese
measurements. The main error comes from the positioning of the probe. For the case of the
radial field, the probe could not reach exactly on the surface of the ECR chamber due to a thin
(2 mm) aluminium sleeve inserted in the ion source and alstodbe thickness of the probes
aluminium mount (Inm). Both otthese erraaccount for an underestimation of the measured

radial field ofno more tha®.1 T.

For the case of the axifi¢ld, the error is due to the rough probe positioning again and the
inability to guarantee a very good alignment along the entire measurement length.
Nevertheless, after varioueasuremenist adifferentlocation it was estimateéthat this error

d o e s n ant foranoretban Q.T of the meagred fieldalong thecentreline.

Table4: Comparisorbetween ECR magnetic field design values and measured values.

Design values Measure values

Bin (z=-200mm) | 3.0T Binj (z=- 247N AT
220mm) _
Bmin (z= O0mm 0.6T Bmin (z= 0mm 0.47N AT
Bext (z= 200mm) | 2.0T Bext (z= 190mm) | 1.50N QLT
Brad 1.0T Brad 0.6-0.85N QL T plateau value

When comparing the magnetic field measurements with the ECR standard model it can be
seen that the standard model guidelines have not been followed prdcdddh summarises
the measured magnetic field values and present a comparison between the ECR ion source

against the ECR standard model.

Table5:Compari son of RIKEN6és 18 GHz SC ECR with the ECR

ECR standard model RI KEN6s 18

ECR
1 Brad O2Becr. Brad =1.3Becr.

2 Binj & 3 Becr. Binj & 3 Becr.

3 0.35< Buin/ Brad<0.45. | Bmin/ Brag=0.55
4 Bext & Brad. Bext 81.8 Braa.
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Only the second rule of the standard model is followed here. Nevertheless, the standard
model is an empirical model based on experimental data ¥amousion sources and
simulation studies. It does not exclude other magnetic field values but it states a set of optimal
parameters. For RIKENOGs 18 GHz ion source some
The sextupole magnet which defines the radial fielthoachange and thezgkis restricted
by the currently used RF source so the ion source cannot be made to comply with the first rule.
The Binj, Bmin and B depend only on the current fed to the independent solenoids and thus
can be altered so the rearirents by rules 3 and 4 can be met leagimgrule 1 not to comply

with the standard model.

After the magnetic field measurement the aluminium sleeve, biased disc and emdrnelug
replaced Figure 15 show the etching marks on them caused by contact withaty@asma.

They correspond to the three lobes of the magnetic fieldsFigune 14b.

End plug Biased disc

| — . .}

~Aluminium sleeve

Figurel5: Etching marks from hot plasma on the end plug, biased disc and aluminium sleeve inside the ECR ion
source.

Similar etching marks have been observed on other ECR ion sourcesnarkg
especially on theiased disc and the end plugih be used as input or to benchmark results of

ion extraction simulations for ECR ion sour¢46]i [50].

2.26 lon Extraction
The ion extraction is another critical aspect of the ECR ion source operation. Tibe qual
of the extracted beams depends on a number of paranetigestion electrode sizehape

and location; plasma chamber end plug shap&action voltageand Einzel lens voltage.
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Without implementing extended design changes, the only parametersathabe easily
manipulated are th&inzel lens voltage, extraction voltage and the extracéi@ctroe

longitudinal position within a range of 40m.

A simulation of the ion extraction and transport in the LEBT was done by T. Nagatomo in
Geant4[51] using 3D magnetic field maps calculated with the TOSCA package of Opera3D
[52]. The first part of the simulation was to calculate the particle motion in the ion source
under the influence of the magnetic fields. The patrticles ¢ps)tstarting position was a
uniform 25 mm x 25 mm surface at the minimum point of the magnetic field with a uniform
emission in P towards the forward direction. Particle initial energy was 1 eV. The patrticle
distribution at the end of the plasma chambeshown inFigure 16b. Figure 16a shows the
plasma etching marks at the same location as have been previously olseRigare 16c
the patrticle distribution is overlaid on the photograph of the plasma etching on the end plug
The etcling marks match very well with the particle distriton verifying that the simulation

model approximated to a high degree paeticle motion in the ion source

30 4

20

Y (mm)
o

-20 4

-30 4

30 20 10 0

a)

Figurel6: a) plasma etching mark at the end plug of the plasma chamber, b) results from ion motion simulation
in theion source using Geant4 and TOSCA done by T. Nagatomo. The red circle represents the extraction
aperture c) overlay ofplot b onthe picturea.

The second part of the simulation included beam extractionamigxtraction voltage of
6.52 kV and patrticldéracking until the last chamber before the analysing magnet. Particle

tracking and emittance evolution are showfigurel17.

Particle extraction takes place underintense magnetic field (1.2 T at the tip of the
extraction electrode). The emittance starts increasing as the particles leave the solenoid fringe
field and eventuallguadrupés at around 800 mm from tlegtraction As the beam enters the
last chambethe particle numbestatsr e duci ng due to coll i mation |

walls.
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These results could not bgperimentallytested in a precise way because of the geometry
of the LEBT that does not allow for installation of an imaging device. Fomgles
measurement only, a transparent scintillating screen was manually inserted in front of the
LEBT aperture and was obsedvegom around Im away through a viewport just before the
bending magnet. The screen size was slightly smaller than the LEBTragdart it was fully
illuminatedby the light produced by the proton bearacreen interactiononfirming that the
beam size is larger than the LEBT aperture.

z=0 | | To analyser magnet

—'—
|

o Particle Numbers

250 |

150

Q)  Red:ex, Blue:ey (mm+mrad)

R S B S S S W——

600 800 1000
Z (mm)

200 400

Figurel7: Particle extraction simulation by T. Nagatomo. a) emitaewolution, b) particle number evolution,
c)magnetic field strength, d)geometry of the extraction, e) particle distribution at the entrance of the last vacuum
section before the analysing magnet, plot scales are if68Im
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The existing Einzel lens at the extraction sidednaely small effect on focusing thean.
It was assumed that the Einzel lens operation was impeded by the intense magnetic field at the
extraction region and thus had to be modified. In ordeptimisethe current productigrthe
extraction electrode has been redesigned in order to allowitizel Bens to be positioned
further away in an area with almost zero magnetic fields. At theomation the Einzel lens
is fully operational and changes in the bias voltage are reflected on beam current and beam

emittance.

As shown inFigure 18, originally the Einzel lens was at a distance of 150 mm from the
tip of the extraction electrode. After thaodification the Einzellens sat at 430 mm from the
extraction comletely outside of the fringe field. In addition, the extension cylinder featured

oval cutouts that improved the evacuation of the volume inside the cylinder.

After theextractionmodification, the beam curreatmost doubleds measured withn
oxygen feam. Similar extreme improvements in beam intensity have been reported by
V.Toivanen[54]after using a s@meemployinga double Einzel lens at the extraction of the

JYFL 14 GHz ECR ion source increasing the beam current by 90%

430 mm

Cutouts for better evacuation

150 mm
Qmm- - U= —
Figurel18: Extraction electrode ardinzellens (purple).

2.3 Pepperpot based mittance meter

This section starts by describing the development process of #mittancemonitor
designed for RIKEN6s ECR ion source and di s
hardware description, the algorithm for the control of the device arahiltancecalcuation
is analysed in detail. The section then discusses the theory behind scintillating screens that are
used as the imaging mediums for this application. Finally, the process for image calibration,

resolution and error estimation is presented at the#asbf this section.
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2.3.1 Development process
The development of the pepperpot based emittance meter began based on an already
existing device made by Yotaka[55] from the Centefor NuclearScience (CNS) of the
University of Tokyo .It served as a basis to develop software, identify possible design issues
and define the requirements for the next instrument generation. This device, shégurén
19 was originally made to measure threuremi ttance
design iterations with minor or major changes arose during this work and they are briefly
discussed in the following. Aetailed design analysis will only be presented for thantl

final prototype of the emittance monitor in the secfi@i2 HardwareDesignDetails

Pepper-pot

plate with holes arranged in a
square lattice Detector

x1.yl x2.y2, |

hole Pepper-pot
Viewer plate

Figure19: Emittance monitor of the HYPER ECR ion soufg8].

It was quickly observed that the first device could be greatly improved on structural
stability, resolution and ease d@lculations. The pepperpot screen has largendidiameter
holes spaced atf@m intervals. It is mounted on a metal plate held in place with tension springs
composing a folding mechanism to ease insertion in the chamber because of spatial restrictions.
The large hole pitch lead to reduced resolution and the spring support in poor stiffness.
Furthermore, the emittance meter was positioned at an angle in the beamline so in the data

processing this had to be corrected in addition to thef4Be scintillathg screen.

The second design iterationgsownin Figure20 and greatly improved the stability and
rigidity of the system by using a solid structure withmi® diaméer aluminium rods. The
major difference in comparison to the previous design was the use of a transparent scintillating

screen and a 46lted mirror to transport the light out of the vacuum chamber.
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Figure20: Emittance mete2™ prototype

The pepperpot mask used was a thin (@) copper foil measuring #m x 70mm. It
contained an array of Orim diameter holes with a pitch ofn2m and sat 56hm from the
scintillator. Behind the scintillator, a tilted mirror reflected ligbt towards a camera through

a transparent viewport aDN200 flange.

The 3¥iteration shown irFigure2lintroduced an aluminium camera mount that replaced
the previous one which was 3D printed from ABS plastic. The new mount included a custom

water cooling solution for the camera that significantly reduced the thermal noise background.

. I '

scintillating screen

Figure21: Emittance monitor, '8 prototype

For the previous three desigiterations the emittance monitor was located in the
diagnostics chamber of the LEBT and did not include an insertion mechanism. Fbatite 4
final designiteration a custom chamber was made and placed at the end of the EfBEing
avacuum duct of equal length. The improvements of theedsion included the addition of a
linear motion feedthrough for device insertion, a vacuum compatible stepper motor for
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independent movement of the pepperpot mask only and the optg@naf an MCP for higher
sensitivity.

2.3.2 HardwareDesignDetails

Design overview

The new diagnostics chamber accommodating the emittance meter is built around a
standard DN200-6vay cross with a length of 328m. The side holding the emittance meter
is modified to allow a distance of 210n8m from the face of the flange to thente of the
chamber. The reason for this modification is to enable the previous prototypes without the
retraction mechanism to be used interchangeably in the new chamber altidiagnostics
chamber should this be requirddhe 4" version of the emittance meter and the new chamber
are shown ifrigure22. All the components of the emittammonitor are mounted on a DN200
flange and can be removed from the chamber in one piece.

linear motion

/feedthough support rods

\

stepper
motor /
§
camera &/

MCP power / j
/

vacuum stepper

electrical connections pepperpot
plate

MCP

beam diregtion

6-%2y chamber

Figure22: Emittance meter®@prototype

Pepperpot suassembly

The pepperpot sudssembly shown ifigure 23 is the moving part of the system. The
subassembly is mounted @m 114 mmx75mm aluminium plate. On the bottom side of the
plate there is the ultrdaigh vacuum compatible stepper motor (D35.1, Arun microelectronics
[56] and one of the three bushing housings. The motor specifications allow use in vacuum up
to 1x10“mbar andakeoutup to 206 C.
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The mot or 0 sthroaghtagbase gatesasdecsnnects t@earrack system by
KOHARA gears for the separate movementthe pepperpot plate. The rafk7] is the
SRGO0_5100 model with module 0.8nd length of 100nm. The geaf58] is the SSGO0-B0A
with module 0.5, 3@eeth and outside diameter of m@n. The bushing housings are custom
made based on MISUMI MHCTS10 body. The oil fré@mm inner diameter bushings are
provided by DAIDO metal, series DDK(@59]. The inner surface is coated with PTFE for low

friction and vacuum compatibility.

On the top side of theub-assemblythere are two more identical bushing housings for the
other two support rods. The entire system is compact and movethgnalong the support
rods. The last component of the top side is a support (rféijime 23) for the top slider rail.
The top and bottom raild-i{gure 23 b) allow the pepperpot plate to move along the beam
direction and vary the pepperpot to scintillating screen distance. The top and bottom sliders
are provided by MISUMI (model SROMSTH® rail, SROMS15 slidej60]). The original
rails are made of aluminium and left unalter€de original nylon sliders fit poorly and were
not vacuum compatible. Custom sliders for tighter fitting and vacuum compatibility were

made with nickel coatesteel.
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/ frame 1 frame 2
b) vacuum C)
stepper

Figure23: Different views of thepepperpot suiassembly
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Thepepperpot plate has the same size as in the prototypes 2 and 3. It is made finom 0.2
thick copper foil, 7dnmx 70mm in size with a 2% 25array of 0.2nm in diameter holes
with 2mm pitch. The default pepperpot to screen distance isirb2as in the gvious
prototypes. The pepperpot is fixed on frame2 witmit longceramicspacers for electrical
isolation allowing for beam current measurements directly from the pepperpot. Absolute
current measurements are not possible due to the lack of secomagamyresuppression but it

is a useful feature to examine beam stability.

Behind the pepperpot mask on the mairucture there is a support for scintillating
screens. The scintillating screens used here measumen6&64 mmx 2 mm with a usable
surface 850 mmx 50 mm. Materials used are transparent crystals of Csl(Tl) , KBR, &i@

AlOs. Screens can be exchanged without removing the emittance meter from the chamber. The
top DN200 flange can be removed and the crystalsnaeatal in position. Followng the
scintillator, a 48'tilted mirror made of an aluminium coating on glass reflects the light towards

the camera for image capturing.

The front side of the scintillator support in combination with a smaller support on the
bottom side of thsubassembly can hold an aluminium ring for an optional MCP detector.
The MCP choice came later in the design process and after experiments with heavy ion beams
where it was seen that the degradation of the scintillators was substantial. The use of MCP
required several changes on the design and also contributed towards the development of a
system with a movable pepperpot. The entire system could not physically fit in the chamber
with the pepperpot being at the default distance from the scintillating screen.

2.3.3 Motion and manipulation

There are 2 linear manipulation systems on the emittance monitor.

1. Linear manipulator for insertion in the beam line.

2. In vacuum stepper motor for pepperpaicintillator distance adjustment.

Linear Manipulator

The lineamotion feedthrough is provided by MDC vacuum. It is theleh660010, which
features 100nm stroke length. It is mounted on a DN35 flafgg]. Originally this model
was equipped with only manual contimit it was updated to a custom setup with a stepper
motor. The stepper motor is the PKP225DagA2] from Oriental Motors. It is a twphase

small frame motor with 1’®er step and maximumcurrent of 0.85A per phase.
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Figure24: Linear motion fedthrough

The dignmentof the pepperpawith the beamlineente was carried out with a laser and
using existing alignment fiducials. The custom hardware and software control is based on a
microcontroller board, the DRV DRV8834 stepper motor driver intedgraircuit and

Labview.

Movable pepperpot

For the pepperpot manipulation the DN35model,vacuum compatible stepper motor
and a standalone controller (SMD 210) were empld$éd, [63]. The motor controller is
interfaced with the data acquisition computer via a serial port connection. For remote control,
a Labview algorithm has been developed based on the ZMDfirmware commands
provided by the manufacturer.

Figure25: Movable pepperpot setup a) CAD schematic, b) real device

The motor controller stores in a ngolatile memorythe position of the motor so it is not
erased after shut down. For #mittancecalculation the exact distance from the pepperpot to
thescintillatingscreen is required. The calibration process to obtain the distances consisted of
moving the motor in fixed increments and measuring the pepperpot to screen distance.
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From the calibration measurements showRigure26, the step to mm conversion factor
which is also the movement resolution was obtained by a linear fit and was found to be
0.24ND.02mm/step. For the optional MCP, the MCP to scintillating screen distaas taken
into account in the distance calculatiGigure26 shows the measured and calculated data for
the step to mm conversion for the use of MCP or scintitisdcreen. The calculated data are
producedby the gear and motor specifications. The pepperpot travelftdr rbtation of the
t hnam) gp ¢he distasce tpavetled in oné 1 5
step is 0.2360.068mm for the200steps per rotatioaf themotor which is in agreement with

stepper motoris 47.28m gi ven by

the value calculated from the measurement&igiire 26.
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Figure26: Steppemotor calibration

2.3.4 Camera setup

The camera used here is the BFPGE13E4M-CS model from Point Graj64]. It
the 1/ 1.8060 e 2apixeEsizé & 6.&r6. ThisCahers

belongs to a new series of cameras called scientific Cleid$bining high image quality

contains sensor
equivalent of CCDs and lower cost because of the CMOS technology. The sensor resolution

is 1280x 1024at 60 fps. It also offers higher frame rates at reduced resolution. The output

images are monochrome (black and white) vetlectable8 or 16-bit colour depth. The

exposure time is adjustable up to 988. The camera comes in rainiature package of

29x29x30 mm. Connection with a computer is available using a 10/100/1000 Mbit/s Ethernet

port which also powers the camera ugtager over EtherndPoE). The camera is compatible

with universal GIigE drivers that support a wide rangeethfernetbasedimaging devices

providing a common framework for software developm@n€omputarl2-36 mm varifocal
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lens[65] is atached to the camepaovidinga field of view slightly larger thathe pepperpot
usable area (50 x 50 mm).

The camera assembly is mounted behind the viewport of the support flange and located
on a custom made support showrrigure27. It is fixedto the flange by 4 rods bringing the
front side of the lens-3 mm away from the viewport.

During operation, long exposure times are usually required, of the order of a few Isundred
of ms.For high exposuréme,t he i mage noi se is dominated by
leading to poor image quality whémelight intensityproduced by the scintillator is very low.
In theseconditions it is very difficult to discriminate the beam induced signal from the noise.
Background subtraction and image averaging can improve the signal to noise ratio but only up

to a certain limit.

To rectify the noise issue a custom cooling system has been devised. As skayunan
27, the camera mount holds two copper blocks which allow water to be circulated through
them. The blocks are connected to a chiller for water temperature control. The camera was
disassembled and a thin (0.2mm) coppemadl s i nserted right behind
Thermal contact was ensured blyigh-qualitythermal paste and additional electrical isolation

by a silicon insulating spray.

This modification greatly improved the signal to noise ratio as it drastically reduced the
thermal noiseFigure 28 shows a plot where the background noise is meadyrésblating
the camera from any light sources. Pixel mean intensity was averaged in four different areas
on the image. The plot represents the mean and the maximum of grayscale intensities in the

regions of interest.

For the measurement shownhkigure 28, the sensor was initially cooled and while the
measurement was ongoing the cooling was stopped allowing the sensor to heat up to its normal
operating temperature. Fwoater temperature of approximatef@ the camera temperature
was about 18C as measurduy the orboard sensor. A small background noise inhomogeneity
was observedith the lower part of the image being noisier than the rastDiiis wascausel

byt emperature inhomogeneity due to the | ocati
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2.3.5 Electronics and catrols

A single Labview programme controls the emittance metemsodiules for the various

components. The main structure is

=A =4 =4 4 =4 =9

Camera control, image acquisition and processing

Emittance calculation

Beam chopper control

Motion control

Current measurements

EPICS interface for various beamline elements (magnets, RF power, inlet gas

pressure)

From the abovdunctionality, current measurement and motion cordrelhandled by

external hardware while the rest is controlled programmatically via the main algorithm

External microcontroller based hardware

The external hardware is responsible for current measurements directly from the pepperpot

plate and control of the pepperpot insertion in the beamline. It is compbsedumber of

discrete devices which are

Microcontroller board based on ATMega 328p low power microcontroller from
Atmel [66]

Ethernet interface board based on the Wiznet W5100 Ethernd6chip

ADC board based on the ADS1015 12 bit ADC chip by Texas Instrurf@sjts

Stepper controller board based on the DRV8834 chip by Texas Instryéf@nts

These boards are placed on a passive base board with interconnections and power

distribution from a 1.5A 5V power supply.

Microcontroller firmware

The firmware on the microcontroller runs an Ethernet server and communicates with the

computer exchanging TCP protocol based messages. The block diagram of the firmware is

shown inFigure29.
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Initialisation
Initialize web-server
Initialize ADC

l l

Connect to client
If a client is available read the message

1 :

Move stepper

Move the stepper according to the message
Check the state of the end of travel switches
if end of travel reached stop moving

else move number of steps

l l

Read ADC
Request ADC value
convert to voltage value
send to computer

Figure29: Firmware block diagram

At first, a server is created and initializedan allocated IP address followed by the ADC
initialization. Several registers are initialized for the motor controller and the ADC operation.
The server seeks for available clients and if one is found (only 1 client available here) it
establishes a link and starts reading messages. The messages origimatesdbwiew module
running on the computer, consisting of the number of steps and direction for the stepper motor
to move. The firmware then starts sending step commands to the controller and checks if the
end of travel is reached. End of travel sigratstriggered by two switches appropriately
positioned on the body of the linear motion feedthrough. The movement continues until the
motor reaches the required number of steps or the end of travel. poithidt sends back a

confirmation message to tkemputer.

The second function of the firmware is to read the ADC and send the values back to the
computer. The ADC measurtee voltagedrop across a resistor connected between its inputs
and the pepperpot plate. If there is no step command the Ai@&dsut continuously with a
frequency of about 100Hz. The microcontroller and all the related components are assembled
and placed in a plastic enclosure as showkrigare30. BNC type connections are available
for current measurements (2 currently used and 2 spares) while the stepper connections are
terminal block type. The control unit is modular sehiecaseof failure the faulty component
can be replaced without affecting the functionality of the others. The circuit design was done
in National Instruments Multisim and the board layout in Ultiboard. The fabrication of this

unit took place orthe siteexceptfor the purchased boards.
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Figure30: Control unit assembly

Computer related software
ThelLabVIEW module runningnthe computer is a standalone routine and also exchanges
information with the main control routine. It is structdiia two parallel loops

A. Device insertion and beam current measurements

B. Pepperpot motion.

TheLoop A sends the number of steps and the direcfionh e i nser ti on after
In parallel it displays the beam current as measured by the ADCL®bp B communicates
with the vacuum stepper motor \ize Serialinterface and moves the pepperpot plate to the
required position. The imacuum motion system does not héveendof travel switches but

software limits are set in the algorithm after meamants of the actual motion limits.

EPICS link

The overall ion source and the LEBT control system is based on ERIC&nd links all
thebeamlineparameters to a local network. Several operating parameters of the beam line, for
instance bending magnet current, solenoid magnet current, RF power etc. are occasionally
needed during emittance measurements. For this purpose an external library that allows
interfacing Labview and EPICS and establishega® communication was used. The CA Lab

library [71] was developed at BESSY Berlin and used there since 2009 for beamline.control
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2.3.6 Emittance monitosoftware

The main control software of the emittance monitor runs on a Windows 7 computer with
Labview 2014 64 bit and National InstrumeNision installed. Vision offers several image
processing preompiled libraries which can execute operations quickly and efficiently in
terms of computational resources. Several otHgyaBty libraries were needed especially for
convenient array manipulans. Labview is an excellent option fi@attime applications and
direct interface with hardware. For the particular case of Etheanatrasthe universal GigE
drivers give access to the most commonly used camera functions. Functionality that is not
accessible this way can be added by direct register manipulationlasitgyvel programming.

There aretwo instances of the main algorithm, one that is used for real time emittance

measurements and the other for offline data processing.
The algorithm catve loosely brokemto 7 parts

Image acquisition and camera settings
Filtering and processing
Extract pepperpot holes locations

oo ®w >

Cal cul at andbeam émittancy, 6y i s t he position,
and | the grayscale intensity

m

Plotting
Control of peripheral devices (pepperpot motion, current measurements, beam

chopper)

AT F takes placeequentiallyG is controlleddirectly by the user and runs in parallel with

the other processes.

A.lmage acquisition and camera settings

The camera settgs (gain and exposure time) are adjusted by the user from the GUI. The
colour depth is usually-Bit but it can be set to 16t as well. The exposure time is about 900
ms for the Si@scintillator and a few 10s of ms fQSI. Gain is kept relatively higto about
80%-90% of the maximum. The acquisition frame rate is adjusted by a delay setting but the
maximum achievable here is54 ps. Images can be saved by with beam type, current and

optionally other information embedded in the filename.

B. Filtering and processing
Basic filtering methods are used and include a median filter and background subtraction.

The background image can be refreshed by a button in the GUI. There is an option to apply a
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rotation to the image in case the pepperpot is tilted. Feerexuction a threshold can be set
and all the pixels with a value lower than the threshold are remdhedhresholdis rarely
used as greatportion of the thermal camera noise has been removed by cooling.

C. Beamspot identification

Identification d the beamspots is usually done by generating a grid and overlaying on the
image with the beamspofg2]. The grid iscentredto the cente of the pepperpot having as
reference the blocked hole at the peppenastre. Every cell of the grid then covers the
sensitive area around a unique beamspot. This approach works well in cases of small
beamspots with good separation amongrtheor the device discussed in thigesis the grid
approach did not work because often the beamspots did not allow to contain them in the grid
cell of the cell would cut through a beamspot causing errors ientlittancecalculation.

The approach taken hemgas to detect every beamspiodividually using image
processing methods. Following the image filtering stbp, dcquired image is duplicated
resultingin 2 identical copies, copy A and copy B. Copy A is converted to a binary image
based on a user seledtfireshold so the beamspots can be clearly visible. A dilation operation
inflates the size of the beamspdisentually all the pixels on copy A have zero value except
the ones representing the inflated beamspots which have a value of one. Followingj<op
used as a mask on copy B so all the area between beamspots is removed. The operation that
takes place is multiplication so the pixels on copy B that are multiplied by zero become zero

and those multiplied by one maintain their value.

The direct berfi of this method is that no cut thresholdats to be applied to the image
and it is less sensitive than the grid method to irregular beamspot sizes and beamspot
distribution in the image anHow high the cut level should be and how it affects thetange
measurement should be calculated carefifi}. It also reduces the amount of data to be
processed making the algorithm fastEne abovementionedorocesses are shown fiigure
3lstep by step. The | ast cehte mortieeto wsetheentet o f i n
of the pepperpot asraferencethe orresponding to theente hole has been blocked. The
algorithm then searches for a dark area neacénee of the image and fits a circle there

returning itscente.
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Figure31 Steps of the operations on the image a) originalge, b) binary image used amask c) detected
beamspots, d) magnifiedew of the selected area of
D. Extract pepperpot hole locations

The bounding boxes iRigure31c are used to extract the pepperpot holes locations. Only
the pixels inside the bounding box participate in the calculation and they are related to one
specific pepperpot hole per bounding box. The locations of the holes are known but they must
be correlagd with the bright spots on the image. For thisposea function has been created
that takes theente of the bounding boxes iRigure 31c and fits them to a 2x2 mm grid
representing the pepperpot pitch. By doing so a pepperpot hole can be directly related to one
beamspot as it appears on the imageerification step cosists of plotting the positiorsf

the hole as shown frigure32 and examine if they arspread across tH#x2 mm grid.
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Figure32 Positions of the pepperpot holes.

E. Calculation ok , x 0 angl beand emittance

The data used in this stapepepperpot hole location, beamspot bounding box and image
array. The algorithm moves sequentially from one hole to the next, takes the corresponding
bounding box and for every pi xeatedaceordibgicer e t h
equation( 4). Beam emittance is calculated frg@rB).

F. Plotting
Two plots of the pairs ahe phase space components ( x, x6) , Figwe33 y6), s

are generated and updated in real time with everyimage acquisition
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Figure33: Sample emittance plots of the phase space componeriis (¥6yx), (V& x8, (XE y), (y, X) and (¥ x).
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G. Control of peripheratlevices

A number of other taskake placén parallelwith emittancecalculations. A beam chopper
is synchronsed with the camera so it deflects the beam away from the pepperpot in the
intervals between image acquisitiofi$is helps to preserve the stiator and increase its
lifetime. The control of the pepperpot motion and device insertion is done from a separate
window which also displays direct current measurements from the pepperpot. Other devices

of the beamline can be controlled by the link RIES.

To summarse this section, the key points of the approach used in this algorithm are the
real time operation, no need to defin¢heesholdin the image for noise reduction and the

relative immunity orbeamsposize and shape in theamspotetectia.

2.3.7 Scintillating screens

Scintillating screens rely mainly on the process of fluoresgdnteother processes are
also involved in thdight production (phosphorescence, delayed fluorescembe)theory of
scintillators is well studied and icdoefound in severaleviews|75] manufacturers datasheets
and white paper§r6]i[78]. Scintillating materials are broadbategorsed as organic and
inorganic.In organicscintillators the fluorescence arises from transitions in energy levels of
a singleatomand can thus be observed from given molecular species independent of their
physical state. Anthracene, which is used as a lighd yeference for organic scintillatois
observed to fluoresce either as a solid, vapour or part of a compound substance. Plastic

scintillators are made from organic scintillators dissolved in a solvent angdhanerised

Inorganic scintillators on the other handrequire a crystal lattice as a basis for the
scintillation processedn this casethe scintillation mechanism depends on the energy states
dictated by the crystal lattice. In tloeystal electrons have discrete available energy bands
tha can be occupied. THewer (valence) band is occupied by electrons bound in the lattice
while the conduction band is populated by free and more energetic electrons. Between these
two bandsthere is a forbidden band that electrons cannot occupy. Ftatistionfrom the

valence band to the conductiband,they have to acquire enough energy.

To increase the light production in crystal scintillators, impurities known as activators are
often introduced in the lattice forming intermediate energy banda. rasult, there are new
intermediate energy states in the previously forbidden band, which the electrons are allowed
to occupy and dexcite back from them to the valence band followed by photon emission.

These deexcitation sites are called luminescegeatres.
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Recently, transparent ceramic (Al@mily) [79], [80] and glass scintillatorf81], [82]
have been developed. The ceramic ones are made by sintering nanocrystals on a
polycrystalline solid sthey can be made to size without having to grow large crystals

Scintillators suffer fronradiationinduceddamage which deteriorates the material and
reduces the light output. A very good description of radiation damage on crystal scintillators
has beerdone by Zhu83], [84] . The most common damage in crystal scintillators is the
formation ofcolour centres and lattice displacements due to ion beam bombardment. Colour
centres may or may not reduce the light yield depending on the radiation type. Lattice
displacementson the other handeduce light yield as they cause light absorption ingide t

crystal by the damaged regions.

When under irradiation, two competing processes happen in the crystal, which are
scintillation and displacement damadefects.Scintillation depends on energy absorption
causing electrons to occupy different energy stabésplacement damage creation depends
on the beam species. Hedons are more likelyo cause crystal defe8&] due to the higher

mass.

There is a large number of studies on scintillating materials performance and radiation
induced degradation but mostly focused on intermediate or high energy beams. A very good
selection of such studies was presented at the &atiinijj screen workshop at GSI in 2011
showing applications with various types of particle beams ranging from electrons up to heavy
ions. Buck et al reported on the use of plastic scintillators for a bunched 40 MeV electron beam
showing excellent linearitpver four orders of magnitude of light yield but with significant
discrepancies on materialdependedesolution[86]. Lumpkin from Fermilab presented a
study of YAG: Ce powder coated and crystal screens that confirmed a dependence of the
resolution on the screen thickness and alssahgratiorof the light yield for charge densities
over 10fC¢m [87].

Studies wereloneat GSI using a variety of scintillating screens includinga| CSI: TI,
Chromox P43, YAG: Ce, Herasil and others irradiated by a 269 MeV/u uranium beam. They
confirmed the variation in the light yield and beam profile estimation among the screens. Some
of the screens greatly overestimated the beam profile which is attributed to reflection from the
rear side of the screen and absorption arghmession within the bkl material[88]Another
GSI lead study with lower energy ions beams of up to 11.4 MeV/u showed similar trends in
light yield variation and beam profile estimation depending on the screen material. In addition,

this study presented dependence of the light yield on the scintillator tempé88iure
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Perdikakis from the Michigan State Univerd®0] reports on using scintillating screens
with a low current (1 nA) 48 keV helium beam. The material of choice wasoBaftal stating
that the light yield degradation is approximated by a-¢temponent mechanism (slow and
fast) similar to the finding of the avk presenteh this thesis.

Jan Maeder from G391] presented a method of spregating scintillating materials of
substrates similar to the use of KBR and CSI presented in this thesis.Finally, Strdroneie
LBNL [92] presented a study on the performance of scintillators for a low energiovand
intensityoxygen and argon beams comparable with the beamsusied current study. He
stated the challenges posed by the material degradation under irradiation and the need for a

new way to overcome these challenges.

The above studies have in common the material degradation and the material dependence
uncertainty inbeam profile estimation. The degradation differs greatly for various beam

species and different screens but updwy, there is no way to overcome it.

A summary of the scintillating materials used here is showrabie6. All the materials
in the table are commercially available. In addition to them, some other scintillators were used
made by a different manufacturing process. KBR crystal powdsdissolved in purigd
water, which was then was sprayed onto glass and metal substrates which were placed on a
heating element to evaporate the water. A similar process was followed @&hsample
scintillator being dissolved in purifiegater, which was thespraypaintedon a glass substrate.
This process isiot well controlledand the layer thickness agdality areinconsistent from
sample to samplédowever it demonstrateshe different lightyield and radiation induced
degradation between a materialfie tcrystal form and eoatng layer on aglasssubstrate.

Table6: Characteristics of scintillating materials

Scintillators characteristics

Scintillator  Light yield (photons/keV) Decay time Refractive Emission
indicative values (ns) index wavelength(nm

CsI(TI) 54 1000 2 550

Sio2 -- - 1.46 --

CaF2 59 940 1.47 435

KBR -- - 1.56 -

BC400 10 200 1.58 423

AlO3 16 300 1.94 385
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2.3.8 Multi ChannelPlate (MCP) detector

After the measurements using various scintillators it became apparent that image
degradation was aimportantissue. For thisan MCP was used to provide high sensitivity
along with reliable and stable operatitmthe MCP, the heavy ions do not come dmtact
directly with the scintillating material and thus the degradation can be avdidednodel
chosen here is the AF222081E from Hamamatsf93].

The MCP operates as a signal multiplier. Charged particleshi{emgsenter the channels
of the MCP and upon impact on the walls electrons are releasedleElrans are accelerated
between the front and rear surface of the MCRaklyigh voltage producing a cascade of
electrons. After exiting the MCP, electrons still accelerate and impinge on a phosphor screen
producing visible light. This way the heavy ions do not come in contact with the phosphor
screen and thus the degradatiolinsted

The channels compogirthe MCP have a diameter of 28 and are tilted at an angle of
usually around 14 20* The tilt enhances the electron production by forcing multiple impacts
on the walls. According to the specificaticetasheetthe miimum guaranteed gain is 1.0
which means that for every ion entering the channélsl&6trons will be produced. Tigain,
of coursejs adjustable and based on the accelerating voltage. A brief list of the specifications
can be found iMable7. The maimum allowed high voltage is KV between the front and
rear surface of the MCP ank¥ between the substrate and the MCP input of the phosphor
screen. The biasonfiguration of the MCP is flexible and depends on the beam species. For
positively charged ions the preferred configuration is to apply a negative voltage or ground to
the input of the MCP, a positive voltage to the output, so it attracts the electcbashagher

positive voltage to the phosphor screen.

The resolution is quoted as M by the manufacturer. Eventife channel size B5¢ m
the tilt angle must be considered and also the fact that the electrons exit the channels in a cone
which leads taeduced resolution compared to the nominal channel size. katsef two
MCPs stacked together in a chevron configuration for higher gain up’ teh&®@esolution

reduces to 80 100sm.
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Table7: MCP characteristics

MCP assenbly characteristics
Model AF2226:A081E, Hamamatsu PhotonicH

Outer diameter 123 mm

Effective diameter 77 mm

Channel diameter 25em

Phosphor type P46, 510 nm emission
# of MCPs 1

Gain 10* min

Resolution 50em

2.3.9 Image calibratiorand resolution

A. Imagecalibration

For the calibration of thdevice a metal plate with a circular hole of 35 mm in diameter
was used. The same plate was used in the early stages of the development to hold sample
scintillators in place. The plate sits at the same positions as the scintillators in the emittance
meter. A difused light source waglacel at the other side of the plate and the camera was
focused on the edge of the hole for the reference image to be taken.

From the known diameter of the hole and the measured size in pixels the pixel to mm

conversion factor wadetermined as 5d4m/pixel.

Center X Posi| Center Y Posi| Radius Deviation Strength Average SNR|

609.41 527.52 322.46 0.98 157.32 42.69
pixels pixels pixels pixels dB

Figure34: Pictureof the imagecalibrationprocessA circle is fitted to the plate aperture and teatre and
radiusis shown in the table attached to the figure.
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B. Pepperpot rotation

An LED-basedight source with aiffuser illuminated he pepperpot from the rear side,
the camera was focused on the pepperpot mask instead of the screen and a pitalkenwas
as shown irFigure35a. The imagevasthenconverted to binary and the circular bright spots
representing the holes were detectedyfre 35b) and assigned an idemtéition number
according to their position. For vertical and horizontal rows and columns respectively the 2
most distant bright spots were connected foemie to centein order to measure the rotation
angle.Usually, this is less than 0.5 degree. Inedlis is larger due to assembly errors it can

be corrected in the image processing algorithm.

C. Pepperpot pitch spacing

To evaluate the array pitch of 2 mm the spot to spot distances horizontally and vertically
were measured for 221 hole pairs evenlhtriisted across the pepperpot area for each
direction.The results are shown kigure36.a for horizontal an#igure36.b for vertical. The
units in the bin size are in pixels. From thesasurementshe vertical and horizontal pitch
can be calculated as pitelr2.02K0.03 mm and pitch,=1.99N0.04 mm.

D. Magnification

Lastly, the magnification of the imaging system can be found by comparing a known
dimension on an image (hole diameteFigure34) with its apparent ge on the sensor. Here
the hole diameter is 33m and measured by the camera as@#éls. The CMOS sensor
pixel size is 5.4x5.4m?. The product of these two quantities, hole size in pixels and pixel
physical size irem is 3.5 mm and thus 10 times smallean the original hole diameter of

35mm. From the above, the magnification is 1/10 or 0.1.

Figure35: Original pepperpoarrayon the left. Processed image on the right with the pepperpot holes registered
by the algorithm andeference lines (red) connecting the holes. The reference lines are used to measure the
rotation of the pepperpot.
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Figure36: Vertical and horizontal pepperpot array pitch

D. Pepperpot resolution

The position measurement resauat of the pepperpot device depends only on the
pepperpot pitchin this casethe pitch size is the equivalent of a pixel size if a camera is used
to image the beam directly on a screéthe standard deviation of the pithnot know it
can be defing by equatior{ 6) considering the pitch as a uniform distribution whklength
of 2mm, In this casethe variance is given by the square of this length divi@edie second
term of equatiorf 6) which comes from the camera resolution is much smallecamigibutes

less than 19%o0 itcan safely be removed.

hole pitch? ( resolutio
Sx=T % j/( 12 L A (6)

12

For the pepperpot discussed here with pitch mihn2the resolution according to equation
(6)is

2.0080.58 mm forboth X and Y axis.

If the direct measurement of the pitch is used as mentioned previously, then the error can

be minimisedby about arorderof magnitudeThe resolution in this case is

2.02+0.03 mm for X axis , 1.99+0.04mfor Y axis

The angular resolution depends on the camera resolution and the pepperpot to screen
distanceand can be calculated as the inverse tangent (ATAN) of the ratio of cpixeraize
overthescreerto pepperpot distance. For smatiglesit is simply theratio of the above two

gquantitiesas shown in equation (7).
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Using the camera resolution as calculated by the image calibration and the screen to

pepperpot distanagf 50 mmthe angular resolution is

1.04° 0.30nrad

E. Error estimation

The errors in position and angular resolution have been discussed in the previous section.
Anothererror contribution in emittance measurements comes from beam noise and the image
noise (thermal noise). The image noise has been minimised after the camera cooling has been
implemented and as shownRigure28the average pixel intensity due to otigermal noise

is almost zero.

The beam noise contribution depends mainly on the current fluctuations during the
measurement and is expressed as the standard deviation of the pixel ihtBesityse of the
relatively long exposure time, the large variation in beam current (up to 15%) is smoothed out
and its effect on the light intensity variation is much smalNewerthelesst also depends on
the operating conditions of the ion soufoe different beam species and curreatd it is
difficult to narrow it down to one specific value. Measurements shown in the next chapter
reveal that the standard deviation in pixels intensity is usually I@®¥gx<for stable ion beams

but it is safer to assne a value ob % to cover even the worst case

For beams with small emittances (sin x mrad) as reported by Jolfgr the Front End
Test Stand (FETS) at Rutherford Appleton Laboratory (RA24] and Hoffmanf95], [96]
for the HITRAP system at GShe contrilution of theabovementionecerrors in the emittance
estimation is 4.86 and 3.9%6 respectively. For the emittance meter discussed here with better

resolution in position and angle than the FETS emittance monitor and emittance values in the
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order of a fewtens of mnmx mrad, the contribution of the error in emittenestimation
accounts fofess than 26 and thus considered negligibleable8 summarises the pepperpot

resolution and error terms from the various contributions.

Table8: Summary of resolution and error terms

Pepperpot resolution

Parameter AXxis measurement )

N _ X axis 2.02mm N0.03mm
Position resolution -

Y axis 1.99mm NO.0O4mm

Angle resolution 1.04mrad N0.30mrad
Beam noise 10% of max 0.1
Image noise ~0 ~0
Emittance ~20-40mmx mrad <<1

2 4 Experimental results

In this section the experimental results with the pepperpot emittance monitor will be
discussed. Before making any emittance measurements the ion source needs to be tuned. In
the firstpart of the sectigra basic ion source tuning is described including parameter scans

that maximise the beam current. The measurements shown here are for a proton beam.

The next part ofthe section describes investigations into scintillating screens under
irradiation with proton and heavier ion beams. Scintillating screens are a crucjzbroenmn
of the emittance monitor. Generally, requirements for scintillators are high light yield and low
degradation. The first part of the investigation discusses the effect of the different screen
materials on the beam profile size estimation using apre¢am. For thimeasurementhe
emittance monitor is used without the pepperpot mask and basically operates as a transverse
beam profile monitor. The second part discusses the performance of various materials under
irradiation emphasiing on the deterimtion of the material. The visible effect of the
deterioration is reduced light yield. Depending on the material the reduction can be quite large
and quick rendering the scintillator unusable. Smaller deterioration can be tolerated as long as
it is linearand slowor the light yield reaches a stable plateau. These measurements were
carried out with the pepperpot mask on the emittance meter. Parameters monitored were the
beam current measured directly with the pepperpot to verify current stability, kdghtfom

selected beamspots dretimage and area of beamspots.
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The section endshowingemittance measurements with a proton bedrich is the final
project goal for developing this devicéarious parameter scans are presented such as beam
current, extration voltage, ECR magnetic fiel&nd their effects on beam emittance is
discussed

24.1 lon source parameters scand tuning

When the ion source is prepared to provide beams for experiments a tuning procedure is
carried out. It is mostly based on opg@raal experience and it is a ratht@ne-consuming
process taking away valuable time from the experiments. Such a process is very difficult to
optimise and standardise as there are many operating parameters involved and several different
beam species. The basic aim though is clear and it is to provid@#eum current. The rest
of this section consists ofvealk throughsome of the steps typically followed before a beam
experiment. The main variables here are the Einzel lens voltage and its effect on beam current
and size, gas pressure and RF power iendffects on beam current and finally the beam
current stability during operatioiihe following process was carried out in order to provide a
proton beamThe last part about the current stability refers to an oxygen beam because of the

availability ofdata over a much longer period of operation.

Beam current and size dependence on Einzel lens voltage

In order to see the effect of the Einzel lens on the beam sieenittance metevasused
here as a beam profile monitay simply removingthe pepperpoplate.A proton beam with
an energyof 6.52keV was used and the measurement location was approximately 5
downstream the extractionuring thismeasurementheintegratecbeam profile was irregular
as shown irFigure 37 having two discrete peaks along the horizontal.drighis caseit
makes more sense to use the beam area expressed as the number ofquipeds by the
beam on the imagastead of the actudleam profile Here he beam area expresseds the

number of pixels with &aluehigher than ahreshold of abou®% of the maximum.

Figure 38 shows thedependence of beam area and beam current on the Einzel lens
potential. Both thdbeam area and current show a linear dependence on the Einzel lens bias

voltage which varies from, 518 7.2kV.
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Figure38 Beam area and beam current for a proton beam as a function of the Einzel lens voltage

For a better interpretation of the results showrkigure 38 but also for some of the
following results the plasma formation near the extraction location musirisedered. The
trajectories of the ions extracted from an ECR ion source cannot be described only in terms of
beam optics after the extraction. These trajectories are affected by several factors such as the
strength of the solenoid magnetic field neargkiaction, the shape dig plasma boundary

layer and itgnteraction with the extraction electric field and the solenoid fringe 8l
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Figure39: Extraction of an ECR ion source showing the plasma boundary layer (plasma sheath) ifofroimg
of the extraction electrode and the plasma meniscus in front of the extraction aperture. Pictured rdubesigned
an illustration fron98].

The layer between the plasma and the extracted ion beam just behind the extraction
aperture is called the plasma meniscus as shotwigime39. Its shape can vafyom concave
to convexdepending on the plasma density and other parameters and it cannot be predicted
[98]. The most favourable shape for ion extraction is a concave meniscus asishben
above figure

The results shown iRigure38 can be interpreted by assuming a convex meniscus and a
highly diverging ion beam entering the Einzel lens. Higher Einzel lens voltage letds to
betterfocusing of the ion beam, reduced trelsses and more efficient transfer through the
lens and the following analyser magnet.

Beam current dependence on RF power and gas supply

The beam current depends on the ion source gas supply and the RF power for the ECR
heating.The gas supplied to then sourcds chosen baseoh the desired ion species; here it
is hydrogen gas for proton beam production. Because the gas flow is very low and impossible
to measure and regulate withcammercialflow meter, a precision valve based on stepper
motor is usd. This method provided extremely precise control of the gas flow but there is no

information of the actual gas flow.

At the time of this measurement the control of the RF amplifier was not working properly
so the output power was set via a dial withbating exact knowledge of the power but it
approximately covers the entire range of the amplifiggure 40 shows the beam current
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dependence on the RF power. Thevpowas adjusted using tladovementioneddials and

the current was measured with a Faraday cupndd®wnstream the extraction. At every step

of the RFpower, the gas supply was slightly adjusted when needed to ensure stable plasma.
The error bars represt the beam current range for fixed power and small variation of the gas
supply required to achieve stable plasma.
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Figure40: Particle beam current as a function of RF powée error bars come from various settings of the gas
supply for the same RF power.

Figure40presents the dependence of beam current on the gas supply. The gas supply itself
is not known so the needle valve positiommm isused. AgFigure41 shows, similar values
of beam current can be achieved either with low RF power and lower gas supply of higher RF
power and higher gas suppMhat is not shown in the plot but suggested by the points
enclosed in thbrownarea is the stability. For higher RF power the beam current scales almost
linearly with the gas supply but for lower RF power it is man@redictable and difficulio
reach gable ion source operation. The stability is usually examined experimentally during the

ion source tuning and adequate RF power and gas supply values are chosen.

Generally, beam current increases with higher RF power or gas supply but these two
parametersre notindependentf each other. Higher gas flow increases the beam current due
to more ionisation but higher plasma density requires higher RF power to keep increasing the
ionisation ratf99]. For higher gas pressure than showhigure41, theplasma becomes over

dense and the beam current reduces significantly.
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Figure4l: Dependence of beam current on gas supply for two RF power values

Beam current stability

To examine the beam current stabilign Oxygen beam was used and beam current
measurements were taken eveyudsing the faraday cwgi the end of the LEBTor a period
of about 10 h. Measurement results are showkigare42. The reduction of beam current at
around 180 minutes of operatibas been repeatedly observed over long measurement periods.
It is possibé due to small temperature and humidity changes dihiaglay even though the
ion source is located in a temperature controlled room. The precise behaviour of the power
amplifier with respect to environmental conditions is not very well knoMre ian source
stability is also examined by observing the beament stability and also by monitoring the
visible light from he plasma chamber with a camera during operation. The random variation
in beam current due to plasma fluctuations is about 10% as shown here but it ranges from 5%

to 15% according tmany preiousobservatioswith various beams and operating parameters.
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Figure42 Current measurement with an Oxygen beam
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2.4.2 Sintillating screensevaluation

The available literature for scintillating screens used with low eraapn orheavy ion
beams is limitedo in the context of developing the emittance meter a measurement campaign
to examine commercially available scintillating material was carriedlbetmain objectives
of this study were to investigate the degradatibtihe materials and the beam size estimation.
A summary of the materials used here is givehahle6. Some of the screens were not used
for the beam profile estiman measurements due to the small crystal size (smaller than the

beam).

A preliminary study on the performance of scintillating screens was carried out in the
summer of 2015100]. During that study, the scintillating screens were continuously exposed
to a proton beam and thus degraded quickly with the only exception being thinSi@htrast
to all other materials, the light yield from Si®as increasing with respect to irradiation time.
Following that study, a beam chopper was added and synchraviibetie image acquisition
so the scintillators were exposed only for a short teading to improved longevity.

A. Beam size estimation

For the beam size estimation, a proton beam of 6.52 keV was used. To investigate how the
beam size changes with diféat beam currents the ion source was tuned and five different
stable beam currersettingswere attained. The parameters and vacuum conditions of each
setting are shown iimable9. The RF power during the measurements was adjusted by an
external dial and not by directly choosing the output power due to a small problem on the

touch screen interface of the RF amplifier.

Table9: lon source paranters for beam size estimation using scintillating screens

# RF power GasNeedle current (€A)  1ststagevacuum  2nd stagevacuum

dial valve (10* mbar) (10° mbar)
1 12.2 135 142 2.30 1.30
2 12.2 125 122 1.7 1.2
3 7.16 124 120 1.6 102
4 3.85 123 61 1.7 1.2
5 2.54 120 48 1.7 1.2

The materials used for this test wegO,, AlO; crystals, BC400 plastic scintillator and
KBR coated on a glass substrasl(TI) was not used in this test due to the very small sample

crystal size that was available. The emittance meter was used as a profile monitor by simply
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removing the pepperpot mask and exposing the scintillator directly to the Deamiifferent
screens were exchanged by venting only the small diagnostics chamber while isolating the rest
of the beamline and the ion source.

For everysetting according toTable 9, several images were taken and averaged. The
comparison on the beam size estimation among the available scintillating screens is shown in
Figure43 andFigure44for horizontal and vertical profiles respectively.

According to the measurements presented in these two figures the estimated beam size
shows a dependence on the beaunrent and the different scintillating materials. The
dependence on beam current is due to the physical beam size changing for different ion source
operating conditions that are required to provide different beam currents. Such dependence
has also beeroofirmed by otherf89] For the same ion souraettingsthough, the difference

in beam size estimation must be only duthproperties of the scintillating screen
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Figure43: Horizontal beam size estimatiéor a variety of scintillating screens.

An additionaluncertairty was introduced here because the experimental conditions were
slightly different for every screen. During screexchangethe experimental chamber was
vented and the settings describedatle9 were not exactly the same for every scrégeally,
this experiment would be performed using a ladder where all the screens would be mounted
and inserted in the beam line one after the other. Ieffest is ignored then the measurements
show a similar trend to measurement done at GSI investigating scintillating screens for higher

energy heavy ion beaniB01]. According to the GS$tudy, the maximum variation in profile
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estimation was about 28%. For the measurements shergrthe maximum variation is 32%
for the FWHM horizontal profile and 19% for the vertical. At the time the experiment was
carried out, there were no means to precisely measure the real beam size and compare against

the estimated size from the scintillators.
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Figure44: Vertical beam size estimatidar a variety of scintillating screens

The difference between the vertical and horizontal profile sizes is attributed to the better
imaging of beam halo for some materiafégure 45 shows the images of beam profiles
acquired with the 4 different crystals and the integrated profiles along X and Y axis (horizontal
and vertical profiles). &), and BC400 are lens sensitive and the imaged beam halo is minimal
resulting in smaller estimated beam profiles. On the dthed the AlO; clearly images the
beam halo anthe KBR shows a more pronounced vertical halo formation. The beam image

on the AlQ appearsnore shifted to the top so the vertical halo formation was collimated.

Table10 summarsesthe FWHM size measurements for the configuratt8ifrom Table
9. In Table 10 the differences in profile size are less pronounced. The horizontal profile
FWHM size is almost constant for all material but the vertical profile follows the trend of
Figure43.
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Figure45: Profiles of a proton beam imaged by four different scintillators.

Table10: FWHM vertical and horizontal profile size for a proton beam imaged with four scintillators.

Material FWHM horizontal FWHM vertical Beam current

(mm) (mm) e1)

AlO3 203MN0. 11 16.8IN0 . 13 123
SiO 153N 0. 08 17.08N0 . 0 4 117
KBR glass 18NO0. 12 20AMNO0. 17 116
BC400 18MNO0. 09 16.3N0. 18 116
Max variation % 32% 19%

B. Scintillating screens performan¢eProton beam

To examine how the light yield from the scintillators change with time when under
irradiation, the following experiment was carried out. The ion sourcesetaip to provide a
6.52keV proton beam with arountiOOcA of current. The emittance monitor with the
pepperpomask fitted was used and four scintillating screens were tested, namglC8k)

AlO3 crystals, and KBR coated on a glass substrate. Every screen was exposed to the beam
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and images were acquiredZas intervals with different exposure and camera gain settings for
the different screens. At every image, four regions of interest were defined; each included one
beamspot as shownkiigure46and remained the same throughout the test with all the screens.
A gate valve adjacent to the measurement location allowed exchanging screens by venting
only the small diagnostics chamber without disturbing the ion source. Ténlignsity was
normalised with respect to camera gain and exposure time for comparison of light yield among
screensThe parameters of interest for this experiment were the light yield and beamspot

evolution with respect to irradiation time.

Figure46: Selection of four beamspots for the measurement of light yield from various scintillating screens. The
light intensity and beamspot size were monitored for the four Regions Of Interest (ROI).

B1. Light yield evolution

Measurementesults are summarised figure47. Theevolutionof light yield for CakF,
AlO3 crystals, and KBR coated glass is described by a double exponentiacdeaayitted
to the experimental dats in equatiorf 9) which agrees with experimental data frother

measuremes{90].

y=ae™ +ce™ (9)
The SiQ exhibits a different behaviour and the light yield rises up to a maxirtiais
described by a double exponenfitting accordingto in equation( 10) and as showby the
dotted black curve iRigure47. Such behaviour has not bdeandpreviously inthe literature

by the authar

y=al -€™) €1 &%) (10)
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Figure47: Evolution of scintillation light yield with respect to irradiation time for four scintillating screens. The
mean value of pixels nt ensity is averaged from the four ROI&s and
time. The black dotted line represents the exponential decayeditted to the data.

The parameters b and d from equati¢8¥ and( 10) with the time constants forlahe
screens are summarisedTiable11.

All the screens perform relatively well in terms of light yield with the proton beam. The
SiO; crystal and KBR coated glass reach a stable light yield plateau but thar@adO;
crystals continudropping to almost undetectable levels (not shown here). Moreover, the SiO
exhibits a small variation in light yield and allows keeping a stable exposure time and camera
gain for the entire range of proton beam current. The\B#3 also found to recover in a matter
of a few hours after irradiation and the initial light yield was restored.

Table1l: Time constants for light yield evolution from scintillating screens

Material

AlO3 8.6-03 7.6E04 115 1310
Si02 2.92 4. 703 0.3 212
CaF2 2.1E02 4.4E04 48 2288
KBR glass | 5.9E03 1.2E05 168 80645

The light yield from the screens depends also on the beam current in an almost linear
fashion. The best linearity was shown by the:®i@stal among the other screeRgjure48
shows the light yield evolution of the Si€@rystal for irradiation under proton beam for two
different beam currents. As expected the light production is higher for higher beam current

while maintaining the characteristic SiRehaviour.
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Figure 48: Light yield with respect to irradiation time for Si@rystal and two beam

current valuesHigher beam current produces higher light intensity.

B2. Beamspot size
Regardhg t he size of the beamspots in all 4 ROI 6s
does not show similar fast decay. The limiting factor here is the small plasma fluctwétions
the ion source whicbause thevarying size of beamspots from picturepicture.Figure 49
shows the beamspot size in pixels (area in pixels) as measured with respect to irradiation time
for SiO, crystal and KBR coateglass

For the SiQthe beamspot size evolution follows the trend of the light yield evolution for
larger beamspot areas. For smadleasit shows a more stable trend. In both cases shown in
Figure 49, there are some dips and peaks mainly caused by plasma fluctuatibles12

shows the beamspot aage size and standard deviation for all of the tested screens.

When compared to the full beam profile estimation the beamspot sizes shown above
approaches the trend of the horizontal beam profile size dependence on the screen material.
The Cak screen thiawas not used for full beam profile estimation previously, overestimates
the beamspot size in the ROI1 but not in the ottt

measurement issue only for ROI1.
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Figure49: Beamspot are@umber of pixels occupied by the beamsgot)SiO; crystal and KBR coated glass for
t he f o urhe b&Mdpdt area is calculated as the number of pixels belonging to a single beamspot. All data
is thresholded at 5% of the maximum value to remove an¥ moistribution.

Tablel2Beamspot size for the four ROI&s of all the screen
materials statistics ROI1 ROI2 ROI3 ROI4
Average area 319.8 335.0 251.3 263.8
AlO3 v 17.93 39.29 11.14 16.03
0% of average 5.6 11.7 4.4 6.1
Average area 248.8 212.1 167.9 161.8
SiO; v 7.83 7.32 5.18 11.53
0% of average 3.1 3.4 3.1 7.1
Average area 450.6 216.6 214.3 192.6
Cak v 23.74 12.82 11.71 20.57
0 % of average 5.3 5.9 5.5 10.7
Average area 262.2 192.8 200.0 184.9
KBR glass 10.3 6.4 9.0 6.4
0% of average 3.9 3.3 4.5 3.5

B3. Effect on emittance measurements
The fluctuations in the beamspot size and light intensity raaliancecalculatiors very
challenging Figure50shows the light yield from Sigarystal and the proton beam current for

a period of about 2000 s. The emittance is affected by the screens varying light yield which is
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in part attributed tohte screed shange in light yieldlong term variationpand also to the ion
source instabilityfshot to shot variation)
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Figure50: Top: light yield and beam current from Si@rystal for irradiation with a nominal 51 uA proton beam.
Bottom emittanceld and{ for the same operating conditions.

For the measurement shown kigure 50, beam emittance follows a decaying trend
opposite of the growth trend of the light yielthe change in emittance is aba@®o and5 %
for 4 and () respectively expressed as the percentage of the peak value with respect to the

plateau. When in the plateaegion, the standard deviation is about 2% for l;bEtndl:l.

The change irmittancebserved irdata ofFigure49is not well understood but in this
specific cas it was caused only by the behavior of the crystal and the beam was very stable.
The beam current average of 51 uA throughout the measurement has a standard deviation of
7 uA which corresponds to about 14% of the average value. In the plateau reglmarthe
current fluctuation is the main error contribution in emittance measurement, outside of the
plateau it is mostly the screends behaviour (1lig

size variation).

. Irradiation with the full beam
The behaviour of the scintillators when irradiated by the full beam without the presence

of the pepperpot plateredifferent when compared with the use of peppelfigure51 shows
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the light yield evolution of a SiOcrystal irradiated with the full beanm this casethe
characteristic behaviour of the crystal as previously observeiffésent showing a slower
decayand the light yield is much higher.
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Figure51: Light yield evolution of SiQcrystal with the full beam. The three peaks occurred when the beam
chopper was activated for several minutes allowing the crystal to recover.

The case of KBR is also very interesting. As showkigure52the KBR coating on glass
or metal exhibits about five times higher light yield when compared to the KBR crystal. Such

a comparison has not been found in therditure previously.
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Figure52 Light yield from KBR crystal and KBR coating on a glass substrate after irradiation with the full
beam.
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For all the above cases a beam chopper was employed so the crystals were exposed to the
beamfor a brief amount of time equal to the acquisition time with a periodsoFRure53
shows a comparison of the light yield from KBR coated glass for beam cuofetifsand
117¢A with the beam chopper activated and deactivated. For the lower beam currents and the
chopper deactivated the light yield reduces quickly. When the chopper activates the light yield
starts to rise and it grows significantly for higher beanrents. Note here that comparisons
betweenFigure 52 and Figure 53 cannot be done. These two figures are from different

measurements with different expostimes and differerROls
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Figure53: Light yield evolution of KBR coated glass with the full beam of 47 ande®With the beam chopper
ON and OFF.

C. Scintillating screens performanteheavier ion beams

For the case of hgger ion beams such &%, ©°Ar®*, ©Arit* and®Kr2e* with a 10 kV
extraction voltage the performance of the scintillating screens is completely diffEnent.
crystals tested with the proton beam (&#&#O3, Si0O;) show very quick degradation with the
light yield being very low and decaying dramatically in the first few seconds of irradiation.
The onlyexceptions are the KBR coated glassother materiatha performs relatively well

with heavier ions ishe CSI cotedglass

Figure 54 shows the evolution of scintillation light yield under irradiation with argon,
oxygen and krypton beams for t&I| and KBRcoatedglass The KBRcoated glass screen
performs the best under these circumstances in contrast with KBR crystal that degrades in a

matter of a few seconds. A similar trend has been observed for the CSI screen which in the
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crystal form degrades quickly but in the form ofaasrcoat on glass demonstrates improved
resistance to radiation degradation.
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Figure54: Light yield evolution for KBR coated glass and CSI coated glass under irradiation with ion beams.

C1l.Energyloss mechanisms fdreavy ions in the scintillators

Although the penetration depth for the heavier ions beams measured above is comparable
to the proton beam from the previous experiment the quenching mechanism is different for the
heavy ions. To investigathis phenomeonthe SRIM (Stopping and Range of lons in Matter)
[102] simulation code was employed. The various scintillators were created in the material
editor and the impinging particle type and energy was credbedselected beam types were

6.52keV protons ad 10keV/u argon iond-or allthesimulatiors 1000 particles were tracked.

Figure55 shows the results from the simulation for penetration depth (a) and energy loss
mechanism (b). The penetration depth for every material is comparable between protons and
argon ions. The energy lossechanismon the other hands quite different. The protorisse
more than 90% of their energy via ionisation but the heavy ions tramsfer than 50% of
their kinetic energy torystallattice oscillations. Similar results were obtained for oxygen ions.

The mechanism behind the energy loss of the heavier ions cause lattice displacements and thus

produces less light and degrades the naltéaster.
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Figure55: Results from SRIM simulation, a) penetration depth for protons and argon ions impingingpn CaF
CSl and KBR crystals, nergy loss for twguenching processéar the same beam species and crystals
C2.Effect on emittance measurements

In order toexamine how the emittancef the heavier ion beams is affected tne
performance of the scintillating screen'Ar!!* beam of around 45A and a KBR coated
glasswere usedThe pure crystals cannot provideyameaningful measurements with the
heavier ionsbecause of the very fast degradatiéigure 56 shows the evolution of the
beamspot intensity and the beamspot areariorradiationtime of about 1000 sTable13
shows relevant statistics for the same beam and screen combination. When compared to the
proton beantasementioned edier, the beam stability heremsuchbetter. Thebeamspot size
and intensityemain almost constant throughout the irradiation period of arounds1000
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Figure56: Evolution of light intensity and beamspot area for KBR coated glass under irradiation*@4tita
beam.

Table13: Statistics for the beamspot size and intensity for KBR coated glass under irradiatiod%ithia
beam.

Light intensity inside beamspots

ROI1 ROI2 ROI3 ROI4 Average ROI
average 2.62 5.56 5.55 5.56 4.82
G 0.06 0.01 0.02 0.02 0.027
0% 2.35 0.15 0.30 0.30 0.77
Beamspot size (area in pixels)
average 146.85 108.40 92.65 84.39
¥ 9.75 4.11 2.99 1.28
0% 6.64 3.79 3.22 1.52

Figure 57 shows emittance measurements witfAa!l* beam as previously described.
The variation in botlemittancess about 2% including some peaks caused mainly by the ions

source instabilitiesTable14 summarises emittance values of this measurement.
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Figure57: Emittanceld andJ for “°Ar1* beam using a KBR coated gla$he cobur bands include all the
measured values and range arofific6 from the average.

Table14: Statistics foremittanceld and U for 4°Ar11* beam using a KBR coated glass.

Q(mm x mrad) Q(mm x mrad)
average 25.3 20.1
a 0.5 0.4
0% 1.9 2.2

24.3 MCP evaluation

Because of the limitatia(light yield dependeneon irradiation time and beam intensity)
and measurement uncertainty of the scintillasogeensaan MCP wadested as an alternative
detector The MCP does not suffer from the beam induced degradation of the scintillating
screens previously used. The scintillating screen at the back side of the MCP does not come
in direct contact with the heavy ions but only with the electrons produced insiddGife

Sample measurements with’Ar®* beam of around 32A are shown irFigure58.

The light yield and the beamspot size are constant apart from ROI1 which shows a small
reduction in both size and intensity. Overall and as it has been observeskfreral previous
measuementsthere is a minimal reduction in light yield even with the MCP but it appears
only in long measurement times which probably will never be needed in any emittance
measurementslable 15 shows relevant statistics about beamspot size and beamspot light
intensity from the measurementsrogure58.
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Figure58Beamspot size and evolution of“Abgamt yield for

Table15: Statistics for the beamspot size and intensity using an MCP ‘®Ad°abeam.

Light intensity inside beamspots

ROI1 ROI2 ROI3 ROI4 Average ROI
average 8.7 5.6 5.7 5.6 6.4
G 0.21 0.01 0.02 0.01 0.06
0% 2.4 0.2 0.3 0.3 1.0
Beamspot size (area in pixels)
average 413.1 411.3 360.7 439.7
G 7.5 8.6 7.7 8.1
0% 1.8 2.1 2.1 1.8

Figure59shows beam emittance evolution with respect to irradiation timeeifiteances
¥ andC} are very stable which is attributed to the performance of the MCP but also to the
beam stability during the measurement. The measurement uncertainty when using MCP as

shown inTablel6is the smallest observed during the investigation presented here.

When compared to the KBR coated glass the MCP performance is obviously superior but
does not justify the extra cost. If the fabrication method of the KBR coated glassssige
improved and produces consistent screens then they can be the screen of choice for similar

applications.
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Figure59: EmittanceLoJ andLoJ for 32 UA*%Ar®* beam usingn MCP detector

Table16: Statistics for the beamspot size and intensity for KBR coated glass under irradiatiod%ith a
beam.

V! (mm x mrad) C}(mm X mrad)

average 48.1 26.7
a 0.13 0.05
0% 0.3 0.2

24.4 Emittance dependence on ion source parameters

The measurements shown here demonstrate the effect various operating parameters of the
ion source have dheemittance of a proton beam. More specifically, the examined parameters
are beamcurrent (adjusted by RF power and/or gas injectiangeleratiorgap, extraction
voltage andECR magnetic field. Throughout all the measurement mentidrezd the
coupling parameter had a very low value corresponding to no interplane coupling so it is
omitted from the graphg:or all the following measurements a 63V proton beam was

used and the scintillating screen was SiO

A. Emittance dependence on beam current

During the time othe followingmeasuremenjshe faraday cup was not available so the
beam current was measured directly on the peppefpat. was achieved by isolating the
pepperpot plate and connecting it directly to a precision resistor and measuring the voltage
drop with a 16bit ADC. The measuredurrent in this caseis not the absolute value and it is
dominated by the secondary electron production on the pepperpot mask due to the lack of
compensation. The absolute current for a proton beam ranges from about 35 uA to 200 uA.
The current measured with the pepperpotreach up to 800 uA when the RF amplifier is at

its maximum power.
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Figure60 shows the emittance dependence on current for a proton beam extracted at 6.52
kv. 0 rises almost linearly withrespect to beam current whi@ is almost stable Both
emittanceshow irregular behaviour in the range of ZBeA. (increases abruptly from
around 30 mm x mrad to 40 mm x mrad and keeps rising afteﬂ/th&hps to 40nmx mrad

and then returns to 3@mx mrad where it remains for the entire range of the measurement.
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Figure60: Emittance dependence on beam cutréhese are single shot measurements (no averaging) and the
error isonly the intrinsic error of the measuring which is too small to show with error bars.

As mentioned by Leitn@6] after measurements performed with the VENECR ion
source at LBNL, the emittance of a single charge state tends to remain almost constant with a
variation ofKL0% as long as the total extracted beam current ( the sum of currerallove
species) remains constdfdrthe measurement presentexte therewasno methodavailable

to measure the total beam current for all spesigkvalidate that claim

In an attempt to explain the irregularity in the emittance, the beamspots imtlieedc
images were examined more carefully by measuring the horizontal and vertical size of every
individual beamspot and observe how the average values change for different beam currents.
Figure61shows the average lengths over all the beamspots of the horizontal and vertical size.
The horizontal size grows from about 8 pixels to 10.5 in the range e29B8A of beam
current and keeps. The vertical size grows Bypixels in the previously mentioned range and
the returns to a stable size of around 9 pixels where it remains for the rest of the measurement.
Over the entire measuremeange the horizontal beamspot size almost doubles in size while

the vertical size grows up to 18%hese trends follow closely the trends of the horizontal and
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vertical emittancend thus the observenittancebehaviour is not due to a possible error in

the céculation but is caused lipe beam itself.
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Figure61: Dependence of the horizontal and vertical beamspot size on the beam. current

Figure 62 shows the dependence of the total area occupied by beamspots and the total
intensity of all the beamspots in the image with respect to beam current. Both of these

parameters vary linearly with the beam currehich verifiesthe linearity of the scintétor.
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occupied by the beamspots) on the beam current.

B. Emittance dependence on extraction voltagd acceleration gap
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Positive ions are extracted from ECR ion sources by applying a high voltage to the device

with respect to a grounded extraction (puller) electrode. The large electric field near the

extraction confines the electrons and at the same #éiccelerates the positive ions to higher

energies compared to their thermal endddB]. The application of the high voltage causes

the formation of a narrow plasma sheathplasma meniscus in the extraction aperture as

mentioned earlier in this chapter. A typical diameter of the plasma meniscus is abobui

its thickness is only a few microns. The plasma sheath plays a critical role in beam extraction

and thus beamdnsfer at the initial stages cannot be treated by using ion opticeLO8lylt

must be noted also that ion extraction and beam formation takes place under the influence

the intense magnetic field from the ECR solenoids leading to different focusing and transfer

properties for different ion masses and charge s{d@4$]. In the extraction region the

magnetic fields from more thanTlto zero which leads to considerable emittance increase.

The magnetic field is the main contribution to ion beam emittdor most ECR ion sources,

according to simulated ion extraction done by Leifhéd]t h e

O6magnet .

for about 90% of the total uranium beam emittance.

31.2 -

30.4

29.6

Ex (mmxmrad)

28.8

32.7
326
32.5

€y (mmxmrad)

321

80
76 —
72
68 —
64 —
60

current (LA)

56

a)

32.4
32.3 A
32.2 A

11

=
T T T T 1
6 7 8 9 10
6 7 8 9 10 11
=
6 7 8 9 10 11

extraction voltage (kV)

€y (mmxmrad) Ex (mmxmrad)

current (uA)

b)

31

29
28
27
26
25
24

35
34
33
32
31
30

70
65
60
55
50
45
40

30 - III

: ] e *=
i [} )
| EI .

T
20 25 30 35 40 45 50 55 60

20 25 30 35 40 45 50 55 60

] .EE } n:t 1{.
| $ e
i 1) -

T
20 25 30 35 40 45 50 55 60

extraction electrode position (mm)

C

101

e mi

tta



Figure63: Emittance and beam current dependence on extraction electrode position and extractioriVatasge
are averagetheasurements. The error bars are one standard deviation.

The extraction voltage of the ion source affects mainly the beam current and less the beam
emittance. The extraction electrode is grounded and the ion source chamber is biased at a high
voltage adjusable from 6.5 to 10.8V. As shown inFigure63(a), the maximum beam current
is obtained for about 7.5 kV of extraction voltage. The horizontal and vertical eseitaary
by approximately 5% and 1% respectively for the entire extraction voltage range. The error

bars shown ifrigure63 (a) are from averaging several measuremangvery step.

The extraction electrode position has a range of motion of 30 mm starting at 25 mm from
the extraction aperture and reaching up to 55 mm. For this measurement, the distance was
scanned in steps of 2.5 mm while moriitgrbeam current and éttance.Figure63 (b) shows
the measurement resulfss shown irFigure63 (b) the beam current fluctuates but it generally
has a rising trend with respect to increasing extra@lentrode positionBeam emittances
peak for an acceleration gap of 35 to 45 mm and attain lower values towards both ends of the
ends of the extractioglectrode rang&imilar behaviour has been reported by Higurgkbb)
from measurements taken at RIKENOG6s normal conduc

krypton and xenon lzens.

Further analysis of the results presented above would reqgsagghisticatedion source

model and is beyond the scope of this thesis.

C. Emittance dependence on ECR magnetic field

The ECR magnetic field is created by superimposing a sol@rigild and sextupole field.
The solenoidl field produced by four superconducting solenaida be altered by changing
ther current. To examine how the magnetic field at the extraction sidésEffecting the
emittancdive settings for the solenoid wents were selected so the«Bs changed while §
and Bned remain almost the samehe variation range of the.Bis NL0% of the value that is
normally usedFigure64 shows the axial magnetic field for the five different settings mame
conf #1 to #5according torablel7.
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Figure64: ECR magnetic field for five differemonfigurationghat change only the value o£.8

Tablel7: Magnetic field peak values at extraction for the five different settings of the solenoid current.

Configuration #  Bex(m

1 1.16
2 1.22
3 1.29
4 1.35
5 1.41

Figure 65 shows the emittancand beam current evolutidior the abovementioned
configurationsThecurrents of the four solenoids were adjusted according to every setting and
several measurements wdaken automatically using thebVIEW gateway to EPICS. The

horizontal axis indicates the number of measurements.

The beam current starts from abouts@0for the lowest value of & and rises td20eA
for the highest value of & Beamemittancesonthe other handfollow more closely the
stepwise increment of the,B The vertical emittance shows a very small variation or around
2%similar to the previous measurements with the other operating parameters. The horizontal
emittance changes uplith0%arn peaks for B=1.29T. The effect of B«on beam emittances
is rather small as discussed previously. The magnetic field values explored in this
measurement were rather conservative. With a careful calculation.theafye can be
extended and allow fanvestigations on emittance is affected for more extreme vabBigs.
plays a role in both plasma confinement and beam extraction. For the ion confinement and
ECR heating highermagnetic field values are required, ideally equal to the Bor beam
extraction the magnetic field must be low to allow for ions to escape and ideally zero to reduce

the d6magnetic emittanced.

103



Figure65: Emittance dependence on the ECR magnetic.figsd@se are single shot measurements and thus the
error bars are includeid the points.

2.5 Chapter summary

This chapter presented work covering beam emittance diagnostics for an ECR ion source
at RIKEN, Japan. The work waplit into three main sections focusing on the ECR ion source
and LEBT study, the development of the pepperpot based emittance monitor and experimental

results obtained with protons and heavier ions.

The first part of the chapteresentedhe operating principles & CR ion sources and the
most important characteristic from the beam diagnostics point of view. The ion source of
interest for this -ECReasditsmainBompoBeNtd weredeéscriketlz S C

The measurement of the ion source magnetic fielekedf a way for a direct comparison
against the design values. The results revealed that the currently used magnétarfidid
solenoid magnetss smaller than the design values by U.5or both the injection and

extraction side but it can be adjustadcontrolling the solenoid current. Adjusting the field
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