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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 machine. This includes:  synchrotron light 

sources and free-electron lasers; high energy accelerators for particle physics experiments; 

high-intensity hadron 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 fundamental Physics studies. Without an appropriate 

set of diagnostic elements, it would simply be impossible to operate any accelerator complex, 

let alone optimise its performance. 

This thesis covers investigations into two different beam diagnostics methods. The first 

part describes work carried out at RIKEN Radioactive Isotope Beam Factory (RIBF) in Japan 

during October 2013 ï January 2016. It deals with the development of an online emittance 

monitor for an ECR ion source that produces low energy beams of various species ranging 

from protons up to heavier ions such as krypton. The monitor was initially based on an earlier 

RIKEN prototype which had insufficient performance. After four design iterations and 

multiple experimental tests the final prototype was integrated at the ion source and 

experimental measurements were carried out. One of the major challenges was to identify 

suitable scintillating materials that do not heavily degrade after irradiation with low energy 

ion beams. Additionally to the emittance monitor, work 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, UK. Work 

done there is presented in the second part of this thesis which delves into a non-invasive real-

time beam profile monitor based on a supersonic gas jet. This monitor was originally 

conceived and developed by at the Cockcroft Institute but was never operated successfully in 

the gas jet mode but only as a residual gas monitor. During this PhD, the monitor was 

commissioned in gas jet mode, alignment issues that prevented previous operation were 

identified and addressed and the first experimental results were obtained. Moreover, the 

vacuum dynamics of the system were explored and additional diagnostics instrumentation for 

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

This thesis presents the design of both beam diagnostics methods, for transverse emittance 

and transverse profile determination, results from measurements with various beam species 

and a detailed analysis of their performance. Furthermore, it highlights the challenges of the 

design, integration, optimisation and real time operation for both instruments.  
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J-PARC Japan Proton Accelerator Research Complex 

LEBT Low Energy Beam Transport 

Linac Linear Accelerator 

MCP Micro Channel Plate 

PIC Particle In Cell 

PoE Power over Ethernet 

PSF Point Spread Function 

QE Quantum Efficiency 

QUASAR Quantum Systems and advanced Accelerator Research 

RAL Rutherford Appleton Laboratory 

ReMi Reaction Microscope 

RF Radio Frequency 
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RHIC Relativistic Heavy Ion Collider 

RIBF Radioactive Isotope Beam Factory 

RIKEN RIkagaku KENkyȊsho The institute of Physical and Chemical research 

RMS Root Mean Square 

ROI Region Of Interest 

SEM Secondary Emission Monitor 

SNS Spallation Neutron Source 

TMP Turbo Molecular Pump 

UHV Ultra-High Vacuum 

USR Ultra-low-energy Storage Ring 
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1. Introduction  

The purpose of this chapter is to introduce the main concepts discussed in this thesis which 

are transverse beam emittance measurements and transverse beam profile measurements. 

Section 1.1 of this chapter is an introduction to beam diagnostics techniques. Section 1.2 

presents a method for absolute beam current measurement. Section 1.3 discusses transverse 

beam profile monitors and focuses on least invasive methods introducing the idea of Ionisation 

Profile Monitors (IPM) which are relevant to the supersonic gas jet based beam profile monitor 

presented in chapter 3. Finally, the chapter introduces 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 that ñan accelerator is as good as its diagnosticsò. This sentence 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 adequate diagnostics, it would simply be impossible to 

operate a large scale accelerator facility let alone to optimise it. The following section is based 

on an overview of beam diagnostics lectures from JUAS and CAS schools [1]ï[3]. 

There are four quasi-discrete categories of diagnostics needs in particle accelerator 

facilities:  

1. Complex instrumentation for the commissioning phases of an accelerator, for 

accelerator optimisation to solve more complex issues in case of a malfunction. 

Devices in this category may be destructive for the beam and complex to use in 

comparison with a single knob operation from category 2. They should allow a 

clear interpretation of a complex phenomenon and provide reliable information. 

An example here is the determination of beam emittance for the commissioning 

phase or for beam tuning.  

2. Instrumentation for a daily check of accelerator performance and stability or the 

control of specific parameters. An example would be a beam profile monitor 

usually (but not limited to) operating in a destructive way by intercepting and 

stopping the particle beam. 

3.  Active influence of the particle beam after the beam properties are defined by the 

diagnostics. In this category, we find active or passive feedback systems where 

the value of the measured parameter is used to make adjustments. The example 
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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 

accelerators by means of a quick check of its functionality. Such methods usually 

provide a single number as a reading or a simple plot. They should be non-invasive 

in order to allow for online operation without disturbing the beam. One example 

is a beam current measurement using an Integrating Current Transformer (ICT) 

or Fast Current transformer (FCT) [4]. 

It should be noted that there are no solid frontiers among these categories rather than 

smooth transitions from one category to the other and overlaps between them. There are a 

large number of beam parameters to be measured which also differ for different machines. To 

showcase this with an example, in a linear accelerator or a transfer line the beam passes only 

once but at a synchrotron or storage ring, it passes several times. For synchrotrons or storage 

rings, non-invasive 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 electron linac, one has to deal with relativistic electrons 

while protons or ions would still be moving much slower. Table 1 shows an overview of some 

beam parameters and diagnostics for different types of machines. Diagnostics usually require 

about 3% to 10% of the total cost of an accelerator and usually about 10% to 20 % of the 

available manpower. 

Figure 1 illustrates a selection of various beam diagnostics assembled on a test stand that 

has been used for commissioning of the high current RFQ at GSI. This setup allows for the 

measurement of all the relevant beam parameters. Quantities of interest here are: current, 

transverse profile, transverse emittance, energy, bunch position and structure, in dependence 

on a range of operating parameters settings. Table 1 summarises various particle beam 

parameters and traditionally used diagnostics methods. Table 2 lists the physical processes 

involved in specific diagnostics methods. 
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Table 1: Beam parameters and traditionally used diagnostics. Methods more relevant to the work covered in this 

thesis are in bold. 

Beam parameter Linac, transfer line Synchrotron 

Beam current  Faraday cup 

 

ICT (integrating current transformer) 

WCM (wall current monitor) 

Beam position Cavity BPM Cavity BPM (beam position monitor) 

Beam profile SEM grid 

Wire scanner 

Viewing screen 

OTR screen 

Laser wire 

Residual gas monitor 

Synchrotron radiation 

Wire scanner 

Laser wire 

Transverse emittance Slit grid 

Quadrupole scan 

Pepperpot 

Residual gas monitor 

Wire scanner 

 

Figure 1: Movable test bench with diagnostics for commissioning of the high current RFQ at GSI [3], [5]. 
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Table 2: Relevant physical processes for beam diagnostics. 

Phenomenon Physics Quantity Example 

Electromagnetic 

influence by moving 

charges 

Classical 

electrodynamics 

Voltage 

Current 

frequencies 

Beam transformers 

BPMôs 

Coulomb interaction of 

charged particles with 

matter 

atomic and solid 

state physics 

Current 

Optics 

Particle detectors 

Scintillators 

Viewing screens 

Ionisation chambers 

Residual gas 

monitors 

Interaction of particles 

with photons 

optics, lasers optical techniques, 

particle detectors 

Laser scanners, 

polarimeters, 

photodetachment for 

H- beams 

Emission of photon by 

accelerated charges: 

(mainly for electrons) 

optics optical techniques 

(from visible to x-

ray) 

Synchrotron 

radiation monitors 

Nuclear- or elementary 

particle physics 

interactions 

nuclear physics particle detectors beam loss monitors 

polarimeters 

luminosity monitors 

 

In the rest of this chapter, some of the most widely used beam diagnostic methods will be 

discussed with emphasis on the diagnostics relevant to this work which 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 current is a very important 

parameter in 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 precision the beam current even from the early days of accelerators is with a Faraday cup. 

For very high beam currents this destructive method can be scaled up in size resulting in 

massive water-cooled Faraday cups which can withstand very high power. A Faraday cup 

collects all primary and secondary charges generated by the beam and passes the electrical 

signal to a current meter or amplifier. 
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Figure 2: Two Faraday cup designs are shown here. Top: short Faraday cup optimised for low energy ion beams 

used at ISOLDE facility at CERN [6]. Bottom Faraday cup design for low energy low-intensity proton beams that 

will be used during the commissioning phase of the USR [7]. 

An important aspect of Faraday cup design is the secondary electron suppression. When a 

charged particle hits the surface, secondary electrons are generated. The electron flux is 

proportional to cos(ɗ), with ɗ being the angle between the impinging particle trajectory and 

the normal to the Faraday cupôs surface. The most widely used ways to suppress secondary 

electrons are to make long and small in diameter Faraday cups that minimize the number of 

escaping secondary charges; use high voltage suppression near the cup entrance that is above 

the mean secondary electron energy and finally to use a permanent magnet that will force the 

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

1.3 Transverse beam profile monitors 

The particle beam density distribution along one of the 3 Cartesian space coordinates is 

called a óbeam profileô. Beam profile determination and monitoring is critical during routine 

accelerator operation, commissioning and accelerator tuning for experimental user groups. For 

the first, knowledge 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 data. In accelerator physics, it is common to separate transverse and 

longitudinal directions. The longitudinal direction expands along the beams trajectory, 

measurements of the longitudinal beam profile is outside the scope of this thesis. Transverse 
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beam profiles can be measured using a number of different methods both, invasive and non-

invasive. In the rest of this section, the most common ways to measure transverse beam profiles 

will be presented. They range from scintillating screens that significantly attenuate the particle 

beam, Secondary Emission Monitors (SEMs) that operate in an almost non-invasive way and 

Residual Gas Monitors (RGMs) which can be a fully parasitical method. RGM includes 

Ionisation Profile Monitors (IPMs) and Beam Induced Fluorescence (BIF) monitors. 

1.3.1 Scintillating screens 

Scintillating screens are the most direct, simple and cost effective way for a transverse 

beam profile monitor [3]. 

 

Figure 3: Principle of scintillator based beam profile monitor 

 In its simplest configuration, as shown in Figure 3, a scintillator screen based profile 

monitor consists of a scintillating screen that intercepts the primary particle beam at an angle 

of 45Á. Usually, the screen can be moved in and out of the beamline by means of a pneumatic 

or stepper motor 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 every accelerator for beam profile evaluation at different locations but 

they are limited to relatively low beam intensities. Scintillators 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 the number of charged particles impinging on the scintillator. 

¶ No light absorption, the scintillator material should be transparent for the 

scintillation light wavelength for applications where the beam profile is observed 

from the rear side of the scintillating screen. 

¶ Mechanical stability and rigidity. 

¶ Fast decay time, the scintillation light should decay as fast as possible to allow 

good time resolution. 

¶ Radiation hardness.  

1.3.2 Secondary Emission Monitor (SEM)  

In the case of a Faraday cup, the generation of secondary electrons is a problem to deal 

with. The SEM grid takes advantage of that effect. As can be seen in Figure 4, the SEM grid 

consists of a series of parallel and perpendicular wires with individual electronic readout. This 

is an electronic equivalent of a scintillating screen with the benefits of being least invasive and 

having a higher dynamic range. When the particle beam passes through the 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 amplifier and a current-to-voltage 

converter [8]. 

 

Figure 4: SEM grids, image taken from [3]. 

The spacing and diameter of the wires defines the beam attenuation and thus can be 

tailored depending on particle beam to be measured. Usually, 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 performance of the readout circuit.  

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

of a size larger than the particle beam, thickness of a few micrometres and spacing of a few 
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millimetres. The main beam passes through the plates; secondary electrons are generated from 

the surfaces of the foils and collected by appropriate voltages between them [9]. 

Instead of using an array of wires where the resolution is limited on the spacing which in 

turn is limited by the acceptable beam attenuation, a single scanning wire can be used [10]. In 

this case, the resolution can be very high and it depends only on the scan speed and the wire 

diameter which can be some micrometres. A photograph of a wire scanner is shown in Figure 

5. The single wire in this beam profile monitor is moved across the particle beam by an external 

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, (ii) from a 

scintillator/photomultiplier outside of the vacuum for higher energy particle beams or (iii) any 

other type of beam loss monitor that is available [10]. 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 locations at different times [9]. The 

main limitation of this method similar to the scintillating screens is that it cannot be applied to 

very high-density beams. 

 

Figure 5: Wire scanner, the image was taken from [3]. 

1.3.3 Residual gas monitors 

Possible candidates for minimally-invasive beam profile measurements are usually 

residual gas ionisation profile monitors (IPMôs) [8]-[11] and beam induced fluorescence 

monitors (BIF) [10], [12]-[14]. The former operate by using an external electric field to collect 

the ions or electrons produced by the interaction of the main beam with the residual gas in the 

vacuum chamber. The latter uses fluorescence 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 preferred over electron detection. The momentum transfer to the residual 

gas ions generated by ionisation from the primary beam is much smaller for accelerated ions 

when compared to electrons due to the large mass difference leading to smaller velocity spread 

and smaller image distortion. The image broadening by the transverse thermal spread could be 

minimised by applying a higher collecting voltage to reduce the collection time or reducing 

the distance the ions have to travel until they reach the detector. To obtain both beam profiles, 

it is necessary to have two IPMs rotated by 900 with respect to each other [15]. Nevertheless, 

in a very low-pressure environment, such a device is limited in both acquisition speed and 

resolution due to the very low-level signals produced by the low number density residual gas. 

For Beam Induced Fluorescence (BIF) monitors, since photons are emitted at all angles and 

are detected by the camera in a solid angle of about 10-4 steradians, the signal is lower than 

that of an IPM equipped with an MCP by about 5 to 6 orders of magnitude resulting in high 

integration time per measurement.  

 

Figure 6: Left: IPM installation at the GSI storage ring with two monitors at right angles for horizontal and 

vertical beam profile measurement, Right: scheme of a beam induced fluorescence monitor for horizontal profile 

determination. Both images are taken from [15]. 

Applications of these beam monitoring methods are found in many accelerator 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 beam of 238U37+ ions with an 

energy of 300-400 MeV /u is used. Up to 4x109 ions are delivered in bunches of 70 ï 300 ns. 

The ionisation profile monitor acquires 100 profiles/s and consists of 2 identical devices 

oriented at 90Á to each other for the acquisition of horizontal and vertical beam profiles [11].  

The residual gas fluorescence monitor at the Relativistic Heavy Ion Collider (RHIC) is 

employed to measure the profiles of fully stripped gold, copper and uranium beams at 100, 

99.9 and 96.4 GeV/nucleon. The passage of the beam excites the residual gas present in the 
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vacuum duct which consists mainly of hydrogen. During the de-excitation, it emits 

fluorescence light which is captured by a camera. The operating pressure is around 10-9 mbar 

but the measurement time is 60 s [13].  

As a final example, at the Spallation Neutron Source (SNS) accumulator ring, Oak Ridge 

National Laboratory, the design of a new ionisation beam profile monitor has recently been 

implemented. It will be used to measure proton beam profiles in the 248 m accumulator ring 

after the 1 GeV linear accelerator. The monitor will operate at a pressure of around 10-9 mbar 

but the geometry of the detector (slit size of 4 mm) will require to scan it across the beam and 

leading to larger measurement time [14]. 

A feasible solution around the limitations of Residual Gas Monitors (RGM); namely 

longer acquisition time, low signal intensity and image broadening is a cold (<20 K) 

supersonic gas jet shaped into a thin curtain which allows for 2-dimensional beam profile 

imaging [18] in the same way an interceptive screen would do. Such a monitor could be seen 

as an enhanced IPM where additional gas injection improves the reaction rate and thus the 

acquisition time and resolution. 

1.4 Transverse beam emittance monitors 

1.4.1 Emittance definitions 

Emittance is a property of a particle beam used in accelerator physics to characterise 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 physical dimensions for beam 

characterisation because according to Liouvilleôs theorem, the area (or volume) of a particle 

distribution in the phase space remains invariant under conservative forces [19]. 

In an ideal machine, the longitudinal motion along the beam axis is decoupled from 

transverse motion. The result of this is that transverse 4-D phase space can be studied 

separately. With the assumption of ideal machines, transverse phase space can decompose into 

two orthogonal dimensions and thus into two 2-D transverse sub-phase spaces. The phase 

space area conservation is valid for each of the decomposed phase spaces. For the 2-D phase 

spaces the coordinates are represented as x (or y) in units of length for the position and xô (or 

yô) in units of radians for the angular divergence. 

In accelerators with very precisely known beamline optics the lattice functions (Twiss 

parameters Ŭ, ɓ, ɔ) in combination with beam profile measurements are used to calculate beam 

emittance. The Twiss parameters relate emittance to beam parameters as shown in equation 
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( 1) where the brackets denote average. Beam motion then can be described in the transverse 

phase space by the emittance ellipse defined in equation ( 2). Figure 7 shows how the Twiss 

parameters and beam emittance relate in a phase space plot. 
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Figure 7: Emittance ellipse and Twiss parameters 

1.4.2 Statistical emittance 

In applications such as beam produced by Electron Cyclotron Resonance (ECR) ion 

sources with irregular beam size, it is preferred to determine the emittance statistically based 

on the particle distribution in the phase space. The statistical emittance, introduced by 

Chasman [20] and later refined by Lapostolle [21] is calculated using the equations ( 3) and 

( 4) [19]. 

The brackets denote the weighted average over all particles and are the beamôs second 

order moments. The parameter I is proportional to the intensity of the beam. Following 

equations ( 3) and ( 4)  one can calculatexe or ye. 
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1.4.3 4-D emittance  

The following analysis is based on A.Wolskiôs beam dynamics book [22] and works done 

by L. Groening et al [23]ï[26]. A 4-dimensional symmetric beam matrix C contains 16 

elements. The diagonal blocks (green) describe the projections on the 2-D horizontal and 

vertical phase space xe  and ye  respectively while the off-diagonal blocks (purple) the 

interplane coupling. Using a pepperpot based emittance monitor all the elements of C matrix 

can be acquired in a single measurement.  
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The projected 2-dimensional beam emittances can be calculated individually from the 

determinant of the diagonal components of matrix C. 
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For beams with no interplane coupling between the 2 transverse planes (X and Y) the off-

diagonal terms of matrix C are zero and the 4D beam matrix is:  
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The Eigen-emittances or intrinsic emittances are calculated as the eigenvalues of C J

where J is defined as:  

 0 1 0 0

1 0 0 0

0 0 0 1

0 0 1 0

J

è ø
é ù
-
é ù=
é ù
é ù

-ê ú

 ( 5) 

Eigen-emittances are invariant under symplectic transformations and they are equal to xe 

and yein the case of no interplane coupling.  

1.4.4 Emittance measurement methods 

The knowledge of the transverse emittance is important for a number of reasons. Firstly is 

needed to evaluate the beam quality of new particle sources such as electron guns and ion 

sources. 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 used to optimise the performance and increase the 

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 beam experiments where the 

requirements for beamspot size and divergence can be very tight. 

The most widely used methods for the determination of the transverse emittance are the 

slit ï grid method, the pepperpot method and the quadrupole scan method. The most relevant 

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

Pepperpot method 

The main disadvantage of the slit ï grid method is that it is time-consuming as it has to be 

scanned across the beam in small steps and acquire data at each step. For pulsed machines, 

only 1 step can be performed during a single pulse. By having an 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 may have fluctuations from pulse to pulse but also in continuous 

operation, this method is more suitable as it can capture the beam emittance instantly [3]. 

A pepperpot based emittance consists of a thin metal foil with an array of holes on it. Often, 

a thicker plate is positioned in front of the pepperpot with a similar array of holes but with a 

larger diameter as a beam attenuator. The foil intercepts the particle beam and splits it to small 
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beamlets that are projected on the following scintillating screen. Similarly to the slit ï grid 

method, the position is defined by the holeôs location on the pepperpot and the momentum is 

calculated from the projected beamlet on the screen. The main benefit of the pepperpot method 

is the ability for single shot measurement of both transverse planes simultaneously. 

The operating principle of a pepperpot based beam profile monitor is shown in Error! 

eference source not found..  

 

Figure 8 Pepperpot operating principle. Particle beam (blue spot) impinges in the pepperpot mask splits to small 

beamlets. Beamlets impact on the phosphor screen and produce visible light that is reflected on the camera via a 

tilted mirror. The array of pepperpot holes has spatial coordinates of Xh Yh. The beamspot coordinates on the 

phosphor screen are Xs, Ys . The coordinates on the reflected image on the camera change to Xc, Yc .The 

coordinates on the camera sensor are translated to spatial coordinated using calibration images. Beam divergence 

Xô and Yô is calculated for every beamlet and the data of the pepperpot hole location, divergence and pixel 

intensity are collected in an array. Several arrays are then created for all the beamspots. 

The particle beam impinges on the pepperpot mask which is an array of equally spaced 

small holes. The holeôs diameter is chosen so it is very small compared to the distance between 

the mask and the following scintillating screen and thus can safely be considered as a point 

source.  



37 

 

The pepperpot mask splits the beam into small beamlets that drift for a length L until they 

reach the transparent scintillating screen. Upon impact, visible light is produced and 

transported outside the vacuum chamber after reflecting on a 45Á tilted mirror.  Using the 

known locations of the holes, the distance L and the measured positions of the beamspots on 

the scintillating screen the beam emittance can be calculated from equations ( 3) and ( 4). 

 Other commonly used configurations of this basic design include:  

¶ A tilted, non-transparent scintillating screen instead of a transparent screen and 

mirror. 

o The drawback of this configuration is that it requires image correction in 

the post-processing for the distortion caused by the tilted plane of the 

scintillating screen. 

¶ A transparent screen and a vacuum viewport right behind it. 

o Much simpler but special arrangements have to be made in the beamline. 

¶ Use an MCP instead of scintillating screen to increase the sensitivity for low 

current and low energy beams. 

o The increased cost of the MCP compared to scintillating screens and 

added complexity but unavoidable if the extra sensitivity is needed. 

o More reliable operations because scintillating screens tend to degrade 

quickly when used with heavy ions [27]ï[30]. 
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2. Pepperpot based emittance monitor 

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 development. 

The chapter then proceeds by presenting the ion source and the 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 details of RIKENôs 18 

GHz superconducting (SC) ECR ion source, the relevant modifications required to improve 

beam quality and beam transport studies. 

The chapter then delves 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 images acquired by the camera calculates the beam emittance in real time with a 

maximum frame rate of up to 5 fps. 

The last section presents experimental results acquired from proton and heavier 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 correlations with various ion source operating parameters are shown and 

discussed. 

2.1 Motivation 

RIKENôs Radioactive Beams Facility (RIBF) utili ses an 18 GHz ECR ion source [31] to 

produce highly charged ion beams. Firstly, for use in the Azimuthally Varying Field (AVF) 

cyclotron for stand-alone experiments, and also for the subsequent Riken Ring Cyclotron 

(RRC) and the Superconducting Ring Cyclotron (SRC) if  higher beam energies are required.  

User experience has shown that the transport efficiency from the ion source to the AVF is 

much lower when compared to the use of RIKEN's Linear ACcelerator (RILAC) as an injector. 

Moreover, it has been confirmed experimentally by using a scintillating screen at the entrance 

of the LEBT, that the beam size is larger than the LEBT aperture resulting in unwanted 

collimation and beam losses. Moreover, preliminary beam dynamics studies suggested that the 

transport efficiency from the ECR ion source to the LEBT is about 16 % and the beam 

emittance blows up in the area between the ion source and LEBT due to the intense fringe of 

the ECR solenoid. 
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The demand for higher beam intensities and more efficient beam transport triggered more 

extensive simulations and experimental studies into LEBT efficiency and optimisation, as well 

as R&D into the emittance measurement itself.  

Work done in the context of this thesis focused mainly on two areas  

¶ Development and operation of pepperpot based emittance meter. The emittance 

meter development covered also extensive studies on the performance of 

scintillating materials in order to find the most suitable for low energy ion beams.  

¶ Experimental studies into LEBT, including ECR magnetic field measurement, 

optimisation of the ion extraction geometry and the design of an apparatus for 

direction beam current measurements. 

 2.2 ECR ion source and LEBT study 

This section starts by describing the operating principle of ECR ion sources. It then moves 

forward to describe RIKENôs ECR ion source and LEBT. Following this description, 

experimental results of the ECR magnetic field measurements are shown and ion tracking 

simulations are discussed. Finally, the section closes presenting modifications of the ion source 

extraction geometry and a novel design for a beam current measurement apparatus. 

2.2.1 Operating principle of an ECR ion source 

The main building blocks and requirements of an ECR ion source include the following. 

A vacuum vessel with low background pressure that allows the production of multiply 

charged ions by minimising recombination and charge exchange. In previous decades a two-

stage vacuum system was implemented for ECR ion sources with a higher pressure area and a 

lower pressure area for the beam extraction. Nowadays a single stage high vacuum chamber 

is the standard [32]. 

A well designed magnetic field structure confines both ions and electrons in a magnetic 

bottle structure. The field is provided by superimposing an axial field generated by solenoids 

and a radial field produced by a sextupole (or another multi-pole) magnet. An atom injection 

system is injecting gases from a gas reservoir or condensables from a high-temperature oven. 

The confined electrons gain kinetic energy from an RF field (electron heating) and ionise the 

gas atoms through the process of impact ionisation. Lost energy during ionisation is replaced 

by the RF field and this cycle repeats multiple times leading to the production of multiple 

charged ions.  
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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 applying a high voltage to the electrode or grounding the 

electrode and applying a high voltage to the ion source chamber ion beams 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 that the electrons 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 magnetic field  

ECR ion sources feature a 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 as indicated in Figure 9a. Figure 9b shows the three solenoids used to produce the 

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 shown in Figure 9c. The Bmed in Figure 9a is also known as 

the minimum-B field. 

 

Figure 9: a) Axially confining magnetic field in an ECR ion source (not RIKEN ECR) produced by a set of 3 

coils, b) Hexapole magnet used to produce the axially confining field [33] 
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The exact values of Binj ,Bmin ,Bext and the radial field Brad are suggested by the so-called 

ECRIS Standard Model l[34] which has been used for the past decade in ion source design. 

The main rules of this model can be summarised as:  

1. Brad Ó 2BECR. 

2. Binj å 3 BECR. 

3. 0.35 < Bmin / Brad <0.45. 

4. Bext å Brad. 

 

2.2.3 ECR electron heating  

The free electrons in the plasma chamber are trapped in the magnetic field and move in 

spiral trajectories along the magnetic field lines. Their rotation frequency is called cyclotron 

frequency and is given by:  

ɤ= 
eB

m
 

Where B is the magnetic field, e the electron charge and m the electron mass. When 

injecting microwaves with frequency ‫  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 surface or ECR zone which is defined by the condition  

RF

eB

m
w w= =  

For a 18 GHz microwave frequency, the corresponding magnetic field strength on the 

resonance surface is 0.64 T. Figure 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 energy. Overall, there 

is a net energy gain called stochastic ECR heating [35] that allows the electrons to reach 

energies up to several keVôs and successively ionise the gas producing multiply charged ions. 

This repeats continuously as the electrons are reflected back and forth in the confining field. 

Electrons lose energy during ionisation and gain energy during the passage through the ECR 

zone. If more than one microwave frequency is used then several resonant surfaces can form 

leading to a higher density of hot electrons and improved production of high charged states 

[34].  
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Figure 10: Electron motion in an ECR ion source. When passing through the ECR zone electrons gain energy 

from the RF field. This process repeats as the electrons are reflected back and forth in the confining magnetic 

field. 

The magnetic field confinement is not symmetric in an ECR ion source; the field strength 

is lower on the extraction side easing the extraction of beams.  

At the extraction side of the plasma chamber, there is a biased electrode to attract the 

positively charged ions. When plasma comes in contact with the extraction electrode, a sheath 

of sub-millimeter thickness is formed. The emitting surface is then the boundary between the 

sheath and the ion beam, so-called plasma meniscus [36]. The meniscus and thus the quality 

of the ion beam strongly depends on the geometry of the extraction electrode, extraction 

voltage, presence of electric and magnetic fields and plasma density. Optimisation 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. 

2.2.4 RIKEN 18 GHz SC-ECR and beam transport 

Development on RIKENôs 18 GHz SC-ECR ion source started back in 1998 [37]. 

Currently the ECR ion source provides light and heavy ion beams of mainly gaseous elements 

to the Azimuthally Varying Field (AVF) cyclotron [38] which is used for Radioactive Isotope 

(RI) production, low energy nuclear physics studies and also as an injector for the RIKEN 

Radioactive Isotope Beam Factory (RIBF) [39], [40].  

The specifications of the 18-GHz SC-ECRIS are summarised in Table 3 and a schematic 

of the ion source and the beam transport line are shown in Figure 11. The length and diameter 

of the plasma chamber are 378 mm and 70 mm, respectively. The plasma chamber is 

encapsulated by a sextupole permanent magnet of which the magnetic field is 1.1 T at the 

surface. A set of four superconducting solenoids is used to achieve the minimum-B condition. 
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A movable biased disc with a diameter of 30 mm is installed, to which a negative voltage of a 

few hundred volts with respect to the plasma chamber can be applied to increase the multi-

charged ions flux. The effect of the biased disc and the material of the interior of the plasma 

chamber have been studied previously and optimised [41], [42]. A 750 W TWTA RF amplifier 

[43] connected to an 18 GHz reference source is installed to generate the 18 GHz microwaves 

that induce the ECR heating. 

Table 3: Design specifications of the 18 GHz SC-ECR ion source. 

Superconducting material Nb-Ti Analysing magnet 

Bore 220 mm Pole gap 80 mm 

Radius of plasma chamber 70 mm Radius of curvature ɟ 500 mm 

Length of plasma chamber 378 mm Bending angle  90Á  

Length of sextupole magnet 380 mm Bmax  0.15 T 

Binj ( z= - 200 mm) 3.0 T Edge angle 29.6Á  

Bmin| ( z=  0 mm 0.6 T   

Bext ( z=   200 mm) 2.0 T   

Brad 1.0 T   

Microwave frequency 18 GHz   

Microwave power ( max) 700 W   

Typical extraction voltage 10 kV   

The ions are extracted and accelerated towards a grounded extraction electrode by 

applying a high voltage of typically 10 kV to the plasma chamber. The extracted ion beam is 

focused by passing through an Einzel lens installed just behind the extraction electrode. It is 

then passed through the analysing magnet of the LEBT where the required ions are selected 

based on their charge-to-mass ratio. A typical ion spectrum is shown in Figure 12. 

The gas supply of the ion source is done by two precision valves that allow for a single 

gas or mixture of gases to be used. There is also a high-temperature oven available for solid 

materials. The rest of the LEBT consists of a diagnostics chamber, two steering magnets, and 

a solenoid. The steering magnets are used to make small adjustments to the beam trajectory 

and the solenoid at the end to focus the ion beam. The diagnostics chamber contains a wire 

scanner based beam profile monitor; a set of horizontal and vertical slits for beam collimation 

and a Faraday cup [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 state . At the end of the LEBT, there is a dipole magnet that bends 

the beam by 90Á and directs it to the AVF cyclotron located one floor below. 
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Figure 11: ECR ion source details and LEBT. The 2-d drawings have been created based on printed mechanical 

drawings by T. Nagatomo and the author. The 3-d drawings have been created by the author. 

 

Figure 12: Spectrum of the ion source with Argon gas. Analysing magnet current is scanned up to 100 A and the 

beam current is measured by the Faraday cup at the diagnostics chamber. 
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2.2.5 Magnetic Field 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 been 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 value corresponds to the measured value 

2. The ion source design follows the ECR standard model 

 The measurement was done using a Hall-effect sensor and an aluminium structure to 

allow insertion in the ion source and controllable movement. The sensor was the LPT-141 

with the DTM-151 unit supplied from Group3 [45]. It features adjustable ranges from 0.3 up 

to 3 Tesla scales with an accuracy of Ñ0.01% maximum error. The details of the setup used 

for the magnetic field measurements can be found in the appendix A. 

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 lines. The axial magnetic 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 shown in Figure 13. 

A small irregularity of the sextupole magnetic field was found but it is a very small 

contribution of about 150 ï 200 Gauss at the maximum when compared with the magnetic 

field induced by the solenoids (about 1 %) and it cannot affect the overall magnetic field. 

Figure 13 shows the measured magnetic field in the ion source. With reference to the blue 

curve, the right-hand side is the injection and left-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 the centre enhances the trapping efficiency and the production of 

high charge states. 

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 shown in Figure 14b. The magnetisation 

of every segment rotates by 60Á and overall it produces the known sextupole magnetic field. 

Figure 14a shows the measured magnetic fields from 2 segments with opposite magnetisation 

(red and blue curves) while moving the sensor across the plasma chamber. The measurements 



46 

 

stop abruptly on the right-hand side of the plot because the geometry didnôt allow for good 

support of the sensor. Figure 14b shows the radial field as measured at the centre of the plasma 

chamber while rotating the sensor.  

 

Figure 13: 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 sextupole magnet. Brown curve and axis 

show the axial magnetic field from the sextupole magnet only. 

 

Figure 14: Measurement of the radial magnetic field from the permanent sextupole magnet. 

Table 4 summarises the measured magnetic field values and compares against the design 

values. The Bmin has a value of 0.13 T lower than the design value and its location is used as a 

reference for the position of Bext and Binj. The measured Bext occurs 190 mm from Bmin instead 

of 200 mm having a value of 1.50 T which is 0.5 T lower than the design value. The measured 

Binj occurs 220 mm from Bmin instead of 200 mm. Its value is 2.47 T and thus about 0.5 T 
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lower than the design value of 3 T. The measured radial field Brad has a range of values from 

0.6 T to 0.85 T in the plateau region instead of the 1 T according to the design value. 

The measurement error due to the hall probe is less than Ñ0.01% and insignificant in these 

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 

(1 mm) aluminium sleeve inserted in the ion source and also due to the thickness of the probes 

aluminium mount (1 mm). Both of these errors account for an underestimation of the measured 

radial field of no more than 0.1 T. 

For the case of the axial field, 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 various measurements at a different location, it was estimated that this error 

doesnôt account for more than 0.1 T of the measured field along the centre line. 

Table 4: Comparison between ECR magnetic field design values and measured values. 

Design values Measured values 

Binj (z= -200 mm) 3.0 T Binj (z= -

220 mm) 

2.47 Ñ0.1T 

Bmin (z= 0 mm 0.6 T Bmin (z= 0 mm 0.47 Ñ0.1T 

Bext (z= 200 mm) 2.0 T Bext (z= 190 mm) 1.50 Ñ0.1T 

Brad 1.0 T Brad 0.6 -0.85 Ñ0.1 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 precisely. Table 5 summarises 

the measured magnetic field values and present a comparison between the ECR ion source 

against the ECR standard model. 

Table 5: Comparison of RIKENôs 18 GHz SC ECR with the ECR standard model. 

Rule # ECR standard model RIKENôs18 GHz SC 

ECR 

1 Brad Ó 2BECR. Brad =1.3 BECR. 

2 Binj å 3 BECR. Binj å 3 BECR. 

3 0.35 < Bmin / Brad <0.45. Bmin / Brad =0.55 

4 Bext å Brad. Bext å1.8 Brad. 
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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 from various ion sources and 

simulation studies. It does not exclude other magnetic field values but it states a set of optimal 

parameters. For RIKENôs 18 GHz ion source some of the parameters are bound by design. 

The sextupole magnet which defines the radial field cannot change and the BECR is restricted 

by the currently used RF source so the ion source cannot be made to comply with the first rule. 

The Binj, Bmin and Bext depend only on the current fed to the independent solenoids and thus 

can be altered so the requirements by rules 3 and 4 can be met leaving only rule 1 not to comply 

with the standard model. 

After the magnetic field measurement the aluminium sleeve, biased disc and end plug were 

replaced. Figure 15 show the etching marks on them caused by contact with the hot plasma. 

They correspond to the three lobes of the magnetic fields from Figure 14b. 

 

Figure 15: 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 sources. The marks, 

especially on the biased disc and the end plug, can be used as input or to benchmark results of 

ion extraction simulations for ECR ion sources [46]ï[50]. 

2.2.6 Ion Extraction 

The ion extraction is another critical aspect of the ECR ion source operation. The quality 

of the extracted beams depends on a number of parameters: extraction electrode size, shape, 

and location; plasma chamber end plug shape; extraction voltage; and Einzel lens voltage. 
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Without implementing extended design changes, the only parameters that can be easily 

manipulated are the Einzel lens voltage, extraction voltage and the extraction electrode 

longitudinal position within a range of 40 mm. 

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 particles (protons) starting position was a 

uniform 25 mm x 25 mm surface at the minimum point of the magnetic field with a uniform 

emission in 2p towards the forward direction. Particle initial energy was 1 eV. The particle 

distribution at the end of the plasma chamber is shown in Figure 16b. Figure 16a shows the 

plasma etching marks at the same location as have been previously observed. In Figure 16c 

the particle distribution is overlaid on the photograph of the plasma etching on the end plug. 

The etching marks match very well with the particle distribution verifying that the simulation 

model approximated to a high degree the particle motion in the ion source.  

 

Figure 16: a) plasma etching mark at the end plug of the plasma chamber, b) results from ion motion simulation 

in the ion source using Geant4 and TOSCA done by T. Nagatomo. The red circle represents the extraction 

aperture, c) overlay of plot b on the picture a. 

The second part of the simulation included beam extraction with an extraction voltage of 

6.52 kV and particle tracking until the last chamber before the analysing magnet. Particle 

tracking and emittance evolution are shown in Figure 17.  

Particle extraction takes place under an intense 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 eventually quadruples at around 800 mm from the extraction. As the beam enters the 

last chamber the particle number starts reducing due to collimation losses from the chamberôs 

walls. 
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These results could not be experimentally tested in a precise way because of the geometry 

of the LEBT that does not allow for installation of an imaging device. For a single 

measurement only, a transparent scintillating screen was manually inserted in front of the 

LEBT aperture and was observed from around 1 m away through a viewport just before the 

bending magnet. The screen size was slightly smaller than the LEBT aperture but it was fully 

illuminated by the light produced by the proton beam ï screen interaction confirming that the 

beam size is larger than the LEBT aperture.  

 

Figure 17: Particle extraction simulation by T. Nagatomo. a) emittance evolution, 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 in mm [53]. 
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The existing Einzel lens at the extraction side had a very small effect on focusing the beam. 

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 order to optimise the current production, the 

extraction electrode has been redesigned in order to allow the Einzel lens to be positioned 

further away in an area with almost zero magnetic fields. At the new location, the Einzel lens 

is fully operational and changes in the bias voltage are reflected on beam current and beam 

emittance. 

As shown in Figure 18, originally the Einzel lens was at a distance of 150 mm from the 

tip of the extraction electrode. After the modification, the Einzel lens sat at 430 mm from the 

extraction completely outside of the fringe field. In addition, the extension cylinder featured 

oval cut-outs that improved the evacuation of the volume inside the cylinder.  

After the extraction modification, the beam current almost doubled as measured with an 

oxygen beam. Similar extreme improvements in beam intensity have been reported by 

V.Toivanen [54]after using a scheme employing a double Einzel lens at the extraction of the 

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

 

Figure 18: Extraction electrode and Einzel lens (purple). 

2.3 Pepperpot based emittance meter  

This section starts by describing the development process of the emittance monitor 

designed for RIKENôs ECR ion source and discussing all the design details. Following the 

hardware description, the algorithm for the control of the device and the emittance calculation 

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 last part of 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 Y. Kotaka [55] from the Center for Nuclear Science (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, shown in Figure 

19, was originally made to measure the emittance of RIKENôs HYPER ECR ion source. Four 

design iterations with minor or major changes arose during this work and they are briefly 

discussed in the following. A detailed design analysis will only be presented for the 4th and 

final prototype of the emittance monitor in the section 2.3.2 Hardware Design Details.  

 

Figure 19: Emittance monitor of the HYPER ECR ion source [55]. 

It was quickly observed that the first device could be greatly improved on structural 

stability, resolution and ease of calculations. The pepperpot screen has large 0.3 mm diameter 

holes spaced at 3 mm 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 the 45Á of the scintillating screen.  

The second design iteration is shown in Figure 20 and greatly improved the stability and 

rigidity of the system by using a solid structure with 10 mm diameter aluminium rods. The 

major difference in comparison to the previous design was the use of a transparent scintillating 

screen and a 45Á tilted mirror to transport the light out of the vacuum chamber. 
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Figure 20: Emittance meter 2nd prototype. 

The pepperpot mask used was a thin (0.2 mm) copper foil measuring 70 mm x 70 mm. It 

contained an array of 0.2 mm diameter holes with a pitch of 2 mm and sat 50 mm from the 

scintillator. Behind the scintillator, a tilted mirror reflected the light towards a camera through 

a transparent viewport on a DN200 flange. 

The 3rd iteration shown in Figure 21 introduced 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.  

 

Figure 21: Emittance monitor, 3rd prototype. 

For the previous three design iterations, the emittance monitor was located in the 

diagnostics chamber of the LEBT and did not include an insertion mechanism. For the 4th and 

final design iteration, a custom chamber was made and placed at the end of the LEBT replacing 

a vacuum duct of equal length. The improvements of the 4th version 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 optional use of an MCP for higher 

sensitivity. 

2.3.2 Hardware Design Details 

Design overview 

The new diagnostics chamber accommodating the emittance meter is built around a 

standard DN200 6-way cross with a length of 328 mm. The side holding the emittance meter 

is modified to allow a distance of 210.5 mm from the face of the flange to the centre 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 and the old diagnostics 

chamber should this be required. The 4th version of the emittance meter and the new chamber 

are shown in Figure 22. All the components of the emittance monitor are mounted on a DN200 

flange and can be removed from the chamber in one piece.  

 

Figure 22: Emittance meter 4th prototype 

Pepperpot sub-assembly 

The pepperpot sub-assembly shown in Figure 23 is the moving part of the system. The 

sub-assembly is mounted on an 114 mmx75 mm aluminium plate. On the bottom side of the 

plate, there is the ultra-high 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 1x10-1Á mbar and bakeout up to 200Á C.  
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The motorôs shaft passes through the base plate and connects to a gear rack system by 

KOHARA gears for the separate movement of the pepperpot plate. The rack [57] is the 

SRG0_5-100 model with module 0.3 and length of 100 mm. The gear [58] is the SSG0.5-30A 

with module 0.5, 30 teeth and outside diameter of 16 mm. The bushing housings are custom 

made based on MISUMI MHCTS10 body. The oil free, 10 mm inner diameter bushings are 

provided by DAIDO metal, series DDK05 [59]. The inner surface is coated with PTFE for low 

friction and vacuum compatibility. 

On the top side of the sub-assembly, there are two more identical bushing housings for the 

other two support rods. The entire system is compact and moves smoothly along the support 

rods. The last component of the top side is a support (red in Figure 23) for the top slider rail. 

The top and bottom rails (Figure 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 SROMST15-90 rail, SROMS15 slider [60]).  The original 

rails are made of aluminium and left unaltered. The original nylon sliders fit poorly and were 

not vacuum compatible. Custom sliders for tighter fitting and vacuum compatibility were 

made with nickel coated steel. 

 

 

Figure 23: Different views of the pepperpot sub-assembly. 
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The pepperpot plate has the same size as in the prototypes 2 and 3. It is made from 0.2 mm 

thick copper foil, 70 mm x 70 mm in size with a 25 x 25 array of 0.2 mm in diameter holes 

with 2 mm pitch. The default pepperpot to screen distance is 52 mm as in the previous 

prototypes. The pepperpot is fixed on frame2 with 10 mm long ceramic spacers for electrical 

isolation allowing for beam current measurements directly from the pepperpot. Absolute 

current measurements are not possible due to the lack of secondary electron suppression but it 

is a useful feature to examine beam stability. 

Behind the pepperpot mask on the main structure, there is a support for scintillating 

screens. The scintillating screens used here measure 65 mm x 54 mm x 2 mm with a usable 

surface of 50 mm x 50 mm. Materials used are transparent crystals of CsI(Tl) , KBR, SiO2 and 

AlO3. Screens can be exchanged without removing the emittance meter from the chamber. The 

top DN200 flange can be removed and the crystals are inserted in position. Following the 

scintillator, a 45Á 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 the sub-assembly 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 pepperpot ï scintillator distance adjustment. 

Linear Manipulator 

The linear motion feedthrough is provided by MDC vacuum. It is the model 660010, which 

features 100 mm stroke length. It is mounted on a DN35 flange [61]. Originally this model 

was equipped with only manual control but it was updated to a custom setup with a stepper 

motor. The stepper motor is the PKP225D06A-L[62] from Oriental Motors. It is a two-phase 

small frame motor with 1.8Á per step and a maximum current of 0.85 A per phase.  
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Figure 24: Linear motion feedthrough 

The alignment of the pepperpot with the beamline centre 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 integrated circuit and 

Labview. 

Movable pepperpot 

For the pepperpot manipulation the DN35.1  model, vacuum compatible stepper motor 

and a standalone controller (SMD 210) were employed [56], [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 SMD 210 firmware commands 

provided by the manufacturer. 

 

Figure 25: Movable pepperpot setup a) CAD schematic, b) real device. 

The motor controller stores in a non-volatile memory the position of the motor so it is not 

erased after shut down. For the emittance calculation, the exact distance from the pepperpot to 

the scintillating screen 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 shown in Figure 26, the step to mm conversion factor 

which is also the movement resolution was obtained by a linear fit and was found to be 

0.24 Ñ0.02 mm/step. For the optional MCP, the MCP to scintillating screen distance was taken 

into account in the distance calculation. Figure 26 shows the measured and calculated data for 

the step to mm conversion for the use of MCP or scintillating screen. The calculated data are 

produced by the gear and motor specifications. The pepperpot travel for 1 full rotation of the 

stepper motor is 47.25 mm given by the gearôs pitch (15 mm) so the distance travelled in one 

step is 0.236 Ñ0.068 mm for the 200 steps per rotation of the motor which is in agreement with 

the value calculated from the measurements of Figure 26. 

 

Figure 26: Stepper motor calibration. 

2.3.4 Camera setup 

The camera used here is the BFLY-PGE-13E4M-CS model from Point Gray [64]. It 

contains the 1/1.8ôô e2v EV76C560 CMOS sensor with a pixel size of 5.4 ɛm. This camera 

belongs to a new series of cameras called scientific CMOS combining high image quality 

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

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

images are monochrome (black and white) with selectable 8 or 16-bit colour depth. The 

exposure time is adjustable up to 999 ms. The camera comes in a miniature package of 

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

port which also powers the camera using Power over Ethernet (PoE). The camera is compatible 

with universal GigE drivers that support a wide range of Ethernet-based imaging devices 

providing a common framework for software development. A Computar 12-36 mm varifocal 
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lens [65] is attached to the camera providing a field of view slightly larger than the 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 shown in Figure 27. It is fixed to the flange by 4 rods bringing the 

front side of the lens 2-3 mm away from the viewport. 

During operation, long exposure times are usually required, of the order of a few hundreds 

of ms. For high exposure time, the image noise is dominated by the sensorôs thermal noise 

leading to poor image quality when the light intensity produced by the scintillator is very low. 

In these conditions, 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 shown in Figure 

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 (0.2 mm) copper foil was inserted right behind the sensorôs main board. 

Thermal contact was ensured by a high-quality thermal 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 noise. Figure 28 shows a plot where the background noise is measured by isolating 

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 shown in Figure 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. For water temperature of approximately 6Á C, the camera temperature 

was about 10Á C as measured by the on-board sensor. A small background noise inhomogeneity 

was observed with the lower part of the image being noisier than the rest of it. This was caused 

by temperature inhomogeneity due to the location of the sensorôs power lines. 
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Figure 27: Camera setup and cooling method. 

 

 

Figure 28: Camera noise dependence on temperature. 
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2.3.5 Electronics and controls  

A single Labview programme controls the emittance meter sub-modules for the various 

components. The main structure is:  

¶ 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 above functionality, current measurement and motion control are handled 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 composed of a number 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 Ethernet chip [67] 

¶ ADC board based on the ADS1015 12 bit ADC chip by Texas Instruments [68] 

¶ Stepper controller board based on the DRV8834 chip by Texas Instruments [69] 

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 in Figure 29. 
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Figure 29: Firmware block diagram. 

At first, a server is created and initialized to an 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 originate from a Labview 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 signals are triggered 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. At this point, it sends back a 

confirmation message to the computer. 

The second function of the firmware is to read the ADC and send the values back to the 

computer. The ADC measures the voltage drop across a resistor connected between its inputs 

and the pepperpot plate. If there is no step command the ADC is read out continuously with a 

frequency of about 100Hz. The microcontroller and all the related components are assembled 

and placed in a plastic enclosure as shown in Figure 30. 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 so in the case of 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 on the site except for the purchased boards. 
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Figure 30: Control unit assembly. 

Computer related software 

The LabVIEW module running on the computer is a standalone routine and also exchanges 

information with the main control routine. It is structured in two parallel loops:  

A. Device insertion and beam current measurements  

B. Pepperpot motion.  

The Loop A sends the number of steps and the direction of the insertion after userôs input. 

In parallel, it displays the beam current as measured by the ADC. The Loop B communicates 

with the vacuum stepper motor via the Serial interface and moves the pepperpot plate to the 

required position. The in-vacuum motion system does not have the end of travel switches but 

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

EPICS link 

The overall ion source and the LEBT control system is based on EPICS [70] and links all 

the beamline parameters 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 establishes 2-way 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 monitor software 

The main control software of the emittance monitor runs on a Windows 7 computer with 

Labview 2014 64 bit and National Instruments Vision installed. Vision offers several image 

processing pre-compiled libraries which can execute operations quickly and efficiently in 

terms of computational resources. Several other 3rd party libraries were needed especially for 

convenient array manipulations. Labview is an excellent option for real-time applications and 

direct interface with hardware. For the particular case of Ethernet cameras, the 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 manipulation using low-level programming. 

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

measurements and the other for offline data processing.  

The algorithm can be loosely broken into 7 parts:  

A. Image acquisition and camera settings 

B. Filtering and processing 

C. Extract pepperpot holes locations  

D. Calculate x,xô,y,yô,I and beam emittance, x,y is the position, xô,yô the divergence 

and I the grayscale intensity 

E. Plotting 

F. Control of peripheral devices (pepperpot motion, current measurements, beam 

chopper) 

A ï F takes place sequentially; G is controlled directly by the user and runs in parallel with 

the other processes. 

A. Image acquisition and camera settings 

The camera settings (gain and exposure time) are adjusted by the user from the GUI. The 

colour depth is usually 8-bit but it can be set to 16-bit as well. The exposure time is about 900 

ms for the SiO2 scintillator and a few 10s of ms for CSI. Gain is kept relatively high to about 

80%-90% of the maximum. The acquisition frame rate is adjusted by a delay setting but the 

maximum achievable here is 4-5f 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. For noise reduction, a threshold can be set 

and all the pixels with a value lower than the threshold are removed. The threshold is rarely 

used as a great portion of the thermal camera noise has been removed by cooling. 

C. Beamspot identification 

Identification of the beamspots is usually done by generating a grid and overlaying on the 

image with the beamspots [72]. The grid is centred to the centre of the pepperpot having as 

reference the blocked hole at the pepperpot centre. 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 among them. For the device discussed in this thesis, 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 in the emittance calculation. 

The approach taken here was to detect every beamspot individually using image 

processing methods. Following the image filtering step, the acquired image is duplicated 

resulting in 2 identical copies, copy A and copy B. Copy A is converted to a binary image 

based on a user selected threshold so the beamspots can be clearly visible. A dilation operation 

inflates the size of the beamspots. Eventually, all the pixels on copy A have zero value except 

the ones representing the inflated beamspots which have a value of one. Following, copy A is 

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 benefit of this method is that no cut threshold needs 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  and  How high the cut level should be and how it affects the emittance 

measurement should be calculated carefully [73]. It also reduces the amount of data to be 

processed making the algorithm faster. The above-mentioned processes are shown in Figure 

31 step by step. The last step here is to find the pepperpotôs centre. In order to use the centre 

of the pepperpot as a reference, the corresponding to the centre hole has been blocked. The 

algorithm then searches for a dark area near the centre of the image and fits a circle there 

returning its centre. 
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Figure 31: Steps of the operations on the image a) original image, b) binary image used as a mask, c) detected 

beamspots, d) magnified view of the selected area of c. 

D. Extract pepperpot hole locations  

 The bounding boxes in Figure 31c 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 correlated with the bright spots on the image. For this purpose, a function has been created 

that takes the centre of the bounding boxes in Figure 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 image. A verification step consists of plotting the positions of 

the hole as shown in Figure 32 and examine if they are spread across the 2x2 mm grid. 



67 

 

 

Figure 32: Positions of the pepperpot holes. 

E. Calculation of x,xô,y,yô,I and beam emittance . 

The data used in this step are pepperpot 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 pixel in there the divergence xô and yô are calculated according to 

equation ( 4). Beam emittance is calculated from ( 3).  

F. Plotting 

Two plots of the pairs of the phase space components , (x, xô), (y, yô), shown in Figure 33 

are generated and updated in real time with every new image acquisition.  

 

Figure 33: Sample emittance plots of the phase space components (y,yË), (xË, x), (yË, xË), (xË, y), (y, x) and (yË, x). 
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G. Control of peripheral devices  

A number of other tasks take place in parallel with emittance calculations. A beam chopper 

is synchronised with the camera so it deflects the beam away from the pepperpot in the 

intervals between image acquisitions. This helps to preserve the scintillator 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 to EPICS. 

To summarise this section, the key points of the approach used in this algorithm are the 

real time operation, no need to define a threshold in the image for noise reduction and the 

relative immunity on beamspot size and shape in the beamspot detection.  

2.3.7 Scintillating screens 

Scintillating screens rely mainly on the process of fluorescence, but other processes are 

also involved in the light production (phosphorescence, delayed fluorescence). The theory of 

scintillators is well studied and can be found in several reviews,[75] manufacturers datasheets 

and white papers [76]ï[78]. Scintillating materials are broadly categorised as organic and 

inorganic. In organic scintillators, the fluorescence arises from transitions in energy levels of 

a single atom and can thus be observed from given molecular species independent of their 

physical state. Anthracene, which is used as a light yield reference for organic scintillators, is 

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 and then polymerised. 

Inorganic scintillators, on the other hand, require a crystal lattice as a basis for the 

scintillation processes. In this case, the scintillation mechanism depends on the energy states 

dictated by the crystal lattice. In the crystal, electrons have discrete available energy bands 

that can be occupied. The lower (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 bands, there is a forbidden band that electrons cannot occupy. For the transition from the 

valence band to the conduction band, 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 bands. As a result, there are new 

intermediate energy states in the previously forbidden band, which the electrons are allowed 

to occupy and de-excite back from them to the valence band followed by photon emission. 

These de-excitation sites are called luminescence centres. 
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Recently, transparent ceramic (AlO3 family) [79], [80] and glass scintillators [81], [82] 

have been developed. The ceramic ones are made by sintering nanocrystals on a 

polycrystalline solid so they can be made to size without having to grow large crystals. 

Scintillators suffer from radiation-induced damage which deteriorates the material and 

reduces the light output. A very good description of radiation damage on crystal scintillators 

has been done by Zhu [83], [84] . The most common damage in crystal scintillators is the 

formation of colour 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 

displacements, on the other hand, reduce light yield as they cause light absorption inside the 

crystal by the damaged regions. 

When under irradiation, two competing processes happen in the crystal, which are 

scintillation and displacement damage defects. Scintillation depends on energy absorption 

causing electrons to occupy different energy states. Displacement damage creation depends 

on the beam species. Heavy ions are more likely to cause crystal defects[85] 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 scintillating 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 linearity over four orders of magnitude of light yield but with significant 

discrepancies on a material-depended resolution [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 also the saturation of the light yield for charge densities 

over 10fC/ɛm [87]. 

Studies were done at GSI using a variety of scintillating screens including Al2O3, CSI: Tl, 

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 and re-emission within the bulk 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 temperature [89]. 
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Perdikakis from the Michigan State University [90] reports on using scintillating screens 

with a low current (1 nA) 48 keV helium beam. The material of choice was CaF2 crystal stating 

that the light yield degradation is approximated by a two-component mechanism (slow and 

fast) similar to the finding of the work presented in this thesis. 

Jan Maeder from GSI [91] presented a method of spray-coating scintillating materials of 

substrates similar to the use of KBR and CSI presented in this thesis.Finally, Strohmeier from 

LBNL [92] presented a study on the performance of scintillators for a low energy  and low-

intensity oxygen and argon beams comparable with the beams used in the 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 in beam profile estimation. The degradation differs greatly for various beam 

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

A summary of the scintillating materials used here is shown in Table 6. 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 powder was dissolved in purified 

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 with a CSI sample 

scintillator being dissolved in purified water, which was then spray-painted on a glass substrate. 

This process is not well controlled and the layer thickness and quality are inconsistent from 

sample to sample. However, it demonstrates the different light yield and radiation induced 

degradation between a material in the crystal form and a coating layer on a glass substrate. 

Table 6: Characteristics of scintillating materials. 

Scintillators characteristics 

Scintillator Light yield (photons/keV) 

indicative values 

Decay time 

(ns) 

Refractive 

index 

Emission 

wavelength(nm) 

CsI(Tl) 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 Channel Plate (MCP) detector 

After the measurements using various scintillators it became apparent that image 

degradation was an important issue. For this, an MCP was used to provide high sensitivity 

along with reliable and stable operation. In the MCP, the heavy ions do not come in contact 

directly with the scintillating material and thus the degradation can be avoided .The model 

chosen here is the AF2226-A081E from Hamamatsu [93]. 

The MCP operates as a signal multiplier. Charged particles (ions here) enter the channels 

of the MCP and upon impact on the walls electrons are released. The electrons are accelerated 

between the front and rear surface of the MCP by a high 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 degradation is limited 

The channels composing the MCP have a diameter of 25 ɛm and are tilted at an angle of 

usually around 10Á ï 20Á. The tilt enhances the electron production by forcing multiple impacts 

on the walls. According to the specifications data sheet, the minimum guaranteed gain is 104 

which means that for every ion entering the channels 104 electrons will be produced. The gain, 

of course, is adjustable and based on the accelerating voltage. A brief list of the specifications 

can be found in Table 7. The maximum allowed high voltage is 1 kV between the front and 

rear surface of the MCP and 5 kV between the substrate and the MCP input of the phosphor 

screen. The bias configuration 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 electrons and a higher 

positive voltage to the phosphor screen. 

The resolution is quoted as 50 ɛm by the manufacturer. Even if the channel size is 25 ɛm 

the tilt angle must be considered and also the fact that the electrons exit the channels in a cone 

which leads to reduced resolution compared to the nominal channel size. In the case of two 

MCPs stacked together in a chevron configuration for higher gain up to 107, the resolution 

reduces to 80 ï 100 ɛm. 
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Table 7: MCP characteristics. 

MCP assembly characteristics 

Model AF2226-A081E, Hamamatsu Photonics 

Outer diameter 123 mm 

Effective diameter 77 mm 

Channel diameter 25 ɛm 

Phosphor type P46, 510 nm emission 

# of MCPs 1 

Gain 104 min 

Resolution 50 ɛm 

2.3.9 Image calibration and resolution 

A. Image calibration 

For the calibration of the device, 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 diffused light source was placed 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 was determined as 54 ɛm/pixel. 

 

Figure 34: Picture of the image calibration process. A circle is fitted to the plate aperture and the centre and 

radius is shown in the table attached to the figure. 
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B. Pepperpot rotation 

An LED-based light source with a diffuser illuminated the pepperpot from the rear side, 

the camera was focused on the pepperpot mask instead of the screen and a picture was taken 

as shown in Figure 35a. The image was then converted to binary and the circular bright spots 

representing the holes were detected (Figure 35b) and assigned an identification number 

according to their position. For vertical and horizontal rows and columns respectively the 2 

most distant bright spots were connected from centre to centre in order to measure the rotation 

angle. Usually, this is less than 0.5 degree. In case this 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 evenly distributed across the pepperpot area for each 

direction. The results are shown in Figure 36.a for horizontal and Figure 36.b for vertical. The 

units in the bin size are in pixels. From these measurements, the vertical and horizontal pitch 

can be calculated as pitchvert=2.02Ñ0.03 mm and pitchhor=1.99Ñ0.04 mm. 

D. Magnification 

Lastly, the magnification of the imaging system can be found by comparing a known 

dimension on an image (hole diameter in Figure 34) with its apparent size on the sensor. Here 

the hole diameter is 35 mm and measured by the camera as 645 pixels. The CMOS sensor 

pixel size is 5.4x5.4 ɛm2. The product of these two quantities, hole size in pixels and pixel 

physical size in ɛm is 3.5 mm and thus 10 times smaller than the original hole diameter of 

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

 

Figure 35: Original pepperpot array on the left. Processed image on the right with the pepperpot holes registered 

by the algorithm and reference lines (red) connecting the holes. The reference lines are used to measure the 

rotation of the pepperpot. 
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Figure 36: Vertical and horizontal pepperpot array pitch. 

D. Pepperpot resolution 

The position measurement resolution of the pepperpot device depends only on the 

pepperpot pitch. In this case, the pitch size is the equivalent of a pixel size if a camera is used 

to image the beam directly on a screen. If the standard deviation of the pitch is not known it 

can be defined by equation ( 6) considering the pitch as a uniform distribution with the length 

of 2 mm, In this case, the variance is given by the square of this length divided 12. The second 

term of equation ( 6) which comes from the camera resolution is much smaller and contributes 

less than 1% so it can safely be removed. 

 

 2 2( ) ( )

12 12
x y

hole pitch resolution
s s= = +  ( 6) 

For the pepperpot discussed here with pitch of 2 mm the resolution according to equation 

( 6) is 

2.00Ñ0.58 mm for both X and Y axis. 

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

be minimised by about an order of magnitude. The resolution in this case is  

2.02±0.03 mm  for X axis  ,  1.99±0.04 mmfor Yaxis 

The angular resolution depends on the camera resolution and the pepperpot to screen 

distance and can be calculated as the inverse tangent (ATAN) of the ratio of camera pixel size 

over the screen to pepperpot distance. For small angles, it is simply the ratio of the above two 

quantities as shown in equation (7). 
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The standard deviation is then defined as in equation ( 8). 
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Using the camera resolution as calculated by the image calibration and the screen to 

pepperpot distance of 50 mm the angular resolution is  

1.04 0.30   mrad°  

E. Error estimation 

The errors in position and angular resolution have been discussed in the previous section. 

Another error 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 shown in Figure 28 the average pixel intensity due to only thermal 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 intensity I. Because 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 smaller. Nevertheless, it also depends on 

the operating conditions of the ion source for different beam species and currents and 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 low (< 2 %) for stable ion beams 

but it is safer to assume a value of 5 % to cover even the worst case.  

For beams with small emittances (<1 mm x mrad) as reported by Jolly for the Front End 

Test Stand (FETS) at Rutherford Appleton Laboratory (RAL)  [94] and Hoffmann [95], [96] 

for the HITRAP system at GSI, the contribution of the above-mentioned errors in the emittance 

estimation is 4.8 % and 3.9 % 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 few tens of mm x mrad, the contribution of the error in emittance estimation 

accounts for less than 1 % and thus considered negligible. Table 8 summarises the pepperpot 

resolution and error terms from the various contributions. 

 

Table 8: Summary of resolution and error terms. 

Pepperpot resolution 

Parameter Axis measurement ů 

Position resolution 
X axis 2.02 mm Ñ0.03 mm 

Y axis 1.99 mm Ñ0.04 mm 

Angle resolution  1.04 mrad Ñ0.30 mrad 

Beam noise  10% of max 0.1I 

Image noise  ~0 ~0 

Emittance  ~20-40 mm x 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 first part of the section, a 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 of the section describes investigations into scintillating screens under 

irradiation with proton and heavier ion beams. Scintillating screens are a crucial component 

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 a proton beam. For this measurement, the 

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 emphasising on the deterioration 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 linear and slow or 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, light yield from 

selected beamspots on the image and area of beamspots. 
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The section ends showing emittance measurements with a proton beam which is the final 

project goal for developing this device. Various parameter scans are presented such as beam 

current, extraction voltage, ECR magnetic field, and their effects on beam emittance is 

discussed. 

2.4.1 Ion source parameters scan and tuning 

When the ion source is prepared to provide beams for experiments a tuning procedure is 

carried out. It is mostly based on operational experience and it is a rather time-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 provide the maximum current. The rest 

of this section consists of a walk through some 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 and its effects on beam current and finally the beam 

current stability during operation. The following process was carried out in order to provide a 

proton beam. The last part about the current stability refers to an oxygen beam because of the 

availability of data 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 size the emittance meter was used 

here as a beam profile monitor by simply removing the pepperpot plate. A proton beam with 

an energy of 6.52 keV was used and the measurement location was approximately 5 m 

downstream the extraction. During this measurement, the integrated beam profile was irregular 

as shown in Figure 37 having two discrete peaks along the horizontal axis. In this case, it 

makes more sense to use the beam area expressed as the number of pixels occupied by the 

beam on the image instead of the actual beam profile. Here the beam area is expressed as the 

number of pixels with a value higher than a threshold of about 2% of the maximum. 

Figure 38 shows the dependence of beam area and beam current on the Einzel lens 

potential. Both the beam area and current show a linear dependence on the Einzel lens bias 

voltage which varies from, 5.9 to 7.2 kV. 
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Figure 37: Proton beam with the vertical and horizontal beam profile overlaid on the image. 

  

 

Figure 38: Beam area and beam current for a proton beam as a function of the Einzel lens voltage.  

For a better interpretation of the results shown in Figure 38 but also for some of the 

following results the plasma formation near the extraction location must be considered. 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 near the extraction, the shape of the plasma boundary 

layer and its interaction with the extraction electric field and the solenoid fringe field [97]. 
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Figure 39: Extraction of an ECR ion source showing the plasma boundary layer (plasma sheath) forming in front 

of the extraction electrode and the plasma meniscus in front of the extraction aperture. Pictured redesigned based 

an illustration from [98]. 

The layer between the plasma and the extracted ion beam just behind the extraction 

aperture is called the plasma meniscus as shown in Figure 39. Its shape can vary from concave 

to convex depending on the plasma density and other parameters and it cannot be predicted 

[98]. The most favourable shape for ion extraction is a concave meniscus as shown in the 

above figure. 

The results shown in Figure 38 can be interpreted by assuming a convex meniscus and a 

highly diverging ion beam entering the Einzel lens. Higher Einzel lens voltage leads to the 

better focusing of the ion beam, reduced beam losses 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 the ion source is chosen based on 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 with a commercial flow meter, a precision valve based on stepper 

motor is used. 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 without having exact knowledge of the power but it 

approximately covers the entire range of the amplifier. Figure 40 shows the beam current 
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dependence on the RF power. The power was adjusted using the above-mentioned dials and 

the current was measured with a Faraday cup 2.5 m downstream the extraction. At every step 

of the RF power, the gas supply was slightly adjusted when needed to ensure stable plasma. 

The error bars represent the beam current range for fixed power and small variation of the gas 

supply required to achieve stable plasma.  

 

Figure 40: Particle beam current as a function of RF power. The error bars come from various settings of the gas 

supply for the same RF power. 

Figure 40 presents the dependence of beam current on the gas supply. The gas supply itself 

is not known so the needle valve position in mm is used. As Figure 41 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 supply. What is not shown in the plot but suggested by the points 

enclosed in the brown area is the stability. For higher RF power the beam current scales almost 

linearly with the gas supply but for lower RF power it is more unpredictable and difficult to 

reach stable 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 

parameters are not independent of 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 rate[99]. For higher gas pressure than shown in Figure 41, the plasma becomes over-

dense and the beam current reduces significantly. 
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Figure 41: Dependence of beam current on gas supply for two RF power values. 

Beam current stability 

To examine the beam current stability, an Oxygen beam was used and beam current 

measurements were taken every 4 s using the faraday cup at the end of the LEBT for a period 

of about 10 h. Measurement results are shown in Figure 42. The reduction of beam current at 

around 180 minutes of operation has been repeatedly observed over long measurement periods. 

It is possible due to small temperature and humidity changes during the day 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 known. The ion source 

stability is also examined by observing the beam current stability and also by monitoring the 

visible light from the 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 to many previous observations with various beams and operating parameters. 

 

Figure 42: Current measurement with an Oxygen beam. 
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2.4.2 Scintillating screens evaluation 

The available literature for scintillating screens used with low energy proton or heavy ion 

beams is limited so in the context of developing the emittance meter a measurement campaign 

to examine commercially available scintillating material was carried out. The main objectives 

of this study were to investigate the degradation of the materials and the beam size estimation. 

A summary of the materials used here is given in Table 6. Some of the screens were not used 

for the beam profile estimation 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 2015 [100]. During that study, the scintillating screens were continuously exposed 

to a proton beam and thus degraded quickly with the only exception being the SiO2. In contrast 

to all other materials, the light yield from SiO2 was increasing with respect to irradiation time.  

Following that study, a beam chopper was added and synchronised with the image acquisition 

so the scintillators were exposed only for a short time leading 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 different beam currents the ion source was tuned and five different 

stable beam current settings were attained. The parameters and vacuum conditions of each 

setting are shown in Table 9. 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. 

Table 9: Ion source parameters for beam size estimation using scintillating screens 

# RF power 

dial  

Gas Needle 

 valve  

current (ɛA) 1st stage vacuum 

(10-4 mbar) 

2nd stage vacuum 

(10-5 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 were: SiO2, AlO3 crystals, BC400 plastic scintillator and 

KBR coated on a glass substrate. CsI(Tl) 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 beam. The different 

screens were exchanged by venting only the small diagnostics chamber while isolating the rest 

of the beamline and the ion source. 

For every setting, according to Table 9, several images were taken and averaged. The 

comparison on the beam size estimation among the available scintillating screens is shown in 

Figure 43 and Figure 44 for horizontal and vertical profiles respectively.  

According to the measurements presented in these two figures the estimated beam size 

shows a dependence on the beam current 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 been confirmed by others [89] For the same ion source settings, though, the difference 

in beam size estimation must be only due to the properties of the scintillating screen. 

 

Figure 43: Horizontal beam size estimation for a variety of scintillating screens. 

An additional uncertainty was introduced here because the experimental conditions were 

slightly different for every screen. During screen exchange, the experimental chamber was 

vented and the settings described in Table 9 were not exactly the same for every screen. Ideally, 

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. If this effect is ignored then the measurements 

show a similar trend to measurement done at GSI  investigating scintillating screens for higher 

energy heavy ion beams [101]. According to the GSI study, the maximum variation in profile 
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estimation was about 28%. For the measurements shown here, the 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. 

 

 

 

Figure 44: Vertical beam size estimation for 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 materials. Figure 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).SiO2 and BC400 are lens sensitive and the imaged beam halo is minimal 

resulting in smaller estimated beam profiles. On the other hand, the AlO3 clearly images the 

beam halo and the KBR shows a more pronounced vertical halo formation. The beam image 

on the AlO3 appears more shifted to the top so the vertical halo formation was collimated. 

Table 10 summarises the FWHM size measurements for the configuration #3 from 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 

Figure 43. 
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Figure 45: Profiles of a proton beam imaged by four different scintillators. 

Table 10: FWHM vertical and horizontal profile size for a proton beam imaged with four scintillators. 

Material FWHM horizontal 

(mm) 

FWHM vertical 

(mm) 

Beam current 

(ɛȷ) 

AlO3 20.34Ñ0.11 16.81Ñ0.13 123 

SiO2 15.31Ñ0.08 17.06Ñ0.04 117 

KBR glass 18.9Ñ0.12 20.17Ñ0.17 116 

BC400 18.7Ñ0.09 16.33Ñ0.18 116 

Max variation % 32% 19%  

B. Scintillating screens performance ï Proton beam 

To examine how the light yield from the scintillators change with time when under 

irradiation, the following experiment was carried out. The ion source was set up to provide a 

6.52 keV proton beam with around 100 ɛA of current. The emittance monitor with the 

pepperpot mask fitted was used and four scintillating screens were tested, namely SiO2, CaF2, 

AlO3 crystals, and KBR coated on a glass substrate. Every screen was exposed to the beam 
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and images were acquired at 2 s 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 shown in Figure 46 and 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. The light intensity was 

normalised with respect to camera gain and exposure time for comparison of light yield among 

screens. The parameters of interest for this experiment were the light yield and beamspot 

evolution with respect to irradiation time. 

 

Figure 46: 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 

Measurement results are summarised in Figure 47. The evolution of light yield for CaF2, 

AlO3 crystals, and KBR coated glass is described by a double exponential decay curve fitted 

to the experimental data as in equation ( 9) which agrees with experimental data from other 

measurements [90]. 

 bx dxy ae ce- -= +  ( 9) 

The SiO2 exhibits a different behaviour and the light yield rises up to a maximum. This is 

described by a double exponential fitting according to in equation ( 10) and as shown by the 

dotted black curve in Figure 47. Such behaviour has not been found previously in the literature 

by the author. 

 

 (1 ) (1 )bx dxy a e c e- -= - + -  ( 10) 
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Figure 47: Evolution of scintillation light yield with respect to irradiation time for four scintillating screens. The 

mean value of pixels intensity is averaged from the four ROIôs and normalised with camera gain and exposure 

time. The black dotted line represents the exponential decay or rise fitted to the data.  

The parameters b and d from equations ( 9) and ( 10) with the time constants for all the 

screens are summarised in Table 11. 

All the screens perform relatively well in terms of light yield with the proton beam. The 

SiO2 crystal and KBR coated glass reach a stable light yield plateau but the CaF2 and AlO3 

crystals continue dropping to almost undetectable levels (not shown here). Moreover, the SiO2 

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 SiO2 was also found to recover in a matter 

of a few hours after irradiation and the initial light yield was restored. 

Table 11: Time constants for light yield evolution from scintillating screens 

Material b d Ű1 (s) Ű2 (s) 

AlO3 8.6-03 7.6E-04 115 1310 

SiO2 2.92 4.7E-03 0.3 212 

CaF2 2.1E-02 4.4E-04 48 2288 

KBR glass 5.9E-03 1.2E-05 168 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 SiO2 crystal among the other screens. Figure 48 

shows the light yield evolution of the SiO2 crystal 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 SiO2 behaviour. 
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Figure 48: Light yield with respect to irradiation time for SiO2 crystal and two beam 

current values. Higher beam current produces higher light intensity. 

B2. Beamspot size  

Regarding the size of the beamspots in all 4 ROIôs, it is more stable that the light yield and 

does not show similar fast decay. The limiting factor here is the small plasma fluctuations of 

the ion source which cause the varying size of beamspots from picture to picture. Figure 49 

shows the beamspot size in pixels (area in pixels) as measured with respect to irradiation time 

for SiO2 crystal and KBR coated glass.  

For the SiO2 the beamspot size evolution follows the trend of the light yield evolution for 

larger beamspot areas. For smaller areas, it shows a more stable trend. In both cases shown in 

Figure 49, there are some dips and peaks mainly caused by plasma fluctuations. Table 12 

shows the beamspot average 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 CaF2 screen that was not used for full beam profile estimation previously, overestimates 

the beamspot size in the ROI1 but not in the other three ROIôs. This is probably due to some 

measurement issue only for ROI1. 
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Figure 49: Beamspot area (number of pixels occupied by the beamspot) for SiO2 crystal and KBR coated glass for 

the four ROIôs. The beamspot 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 any noise contribution. 

Table 12: Beamspot size for the four ROIôs of all the screens. 

materials statistics ROI1 ROI2 ROI3 ROI4 

AlO3 

Average area 319.8 335.0 251.3 263.8 

ů 17.93 39.29 11.14 16.03 

ů % of average  5.6 11.7 4.4 6.1 

SiO2 

Average area 248.8 212.1 167.9 161.8 

ů 7.83 7.32 5.18 11.53 

ů % of average  3.1 3.4 3.1 7.1 

CaF2 

Average area 450.6 216.6 214.3 192.6 

ů 23.74 12.82 11.71 20.57 

ů % of average  5.3 5.9 5.5 10.7 

KBR glass 

Average area 262.2 192.8 200.0 184.9 

ů 10.3 6.4 9.0 6.4 

ů % of average  3.9 3.3 4.5 3.5 

 

B3. Effect on emittance measurements 

The fluctuations in the beamspot size and light intensity make emittance calculations very 

challenging. Figure 50 shows the light yield from SiO2 crystal 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 to the screenôs change in light yield (long term variation) and also to the ion 

source instability (shot to shot variation). 

 

Figure 50: Top: light yield and beam current from SiO2 crystal for irradiation with a nominal 51 uA proton beam. 

Bottom: emittance Ůx and Ůy for the same operating conditions. 

For the measurement shown in Figure 50, beam emittance follows a decaying trend 

opposite of the growth trend of the light yield. The change in emittance is about 10% and 5 % 

for Ůx and Ůy respectively expressed as the percentage of the peak value with respect to the 

plateau. When in the plateau region, the standard deviation is about 2% for both Ůx and Ůy.  

The change in emittanceobserved in data of Figure 49 is not well understood but in this 

specific case 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 region, the beam 

current fluctuation is the main error contribution in emittance measurement, outside of the 

plateau it is mostly the screenôs behaviour (light yield decreasing or increasing and beamspot 

size variation).  

ȸ4. Irradiation with the full beam 

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

of the pepperpot plate are different when compared with the use of pepperpot. Figure 51 shows 
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the light yield evolution of a SiO2 crystal irradiated with the full beam. In this case, the 

characteristic behaviour of the crystal as previously observed is different showing a slower 

decay and the light yield is much higher. 

 

Figure 51: Light yield evolution of SiO2 crystal 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 shown in Figure 52 the 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 the literature previously. 

 

Figure 52: 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 

beam for a brief amount of time equal to the acquisition time with a period of 2 s. Figure 53 

shows a comparison of the light yield from KBR coated glass for beam currents of 47 and 

117 ɛA 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 beam currents. Note here that comparisons 

between Figure 52 and Figure 53 cannot be done. These two figures are from different 

measurements with different exposure times and different ROIs. 

 

Figure 53: Light yield evolution of KBR coated glass with the full beam of 47 and 117 ɛA with the beam chopper 

ON and OFF. 

 

C. Scintillating screens performance ï heavier ion beams 

For the case of heavier ion beams such as 16O4+, 40Ar9+, 40Ar11+ and 86Kr26+ with a 10 kV 

extraction voltage the performance of the scintillating screens is completely different. The 

crystals tested with the proton beam (CaF2, AlO3, SiO2) show very quick degradation with the 

light yield being very low and decaying dramatically in the first few seconds of irradiation. 

The only exceptions are the KBR coated glass. Another material that performs relatively well 

with heavier ions is the CSI coated glass. 

Figure 54 shows the evolution of scintillation light yield under irradiation with argon, 

oxygen and krypton beams for the CSI and KBR coated glass. The KBR coated 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 of a spray-coat on glass demonstrates improved 

resistance to radiation degradation. 

 

Figure 54: Light yield evolution for KBR coated glass and CSI coated glass under irradiation with ion beams. 

C1. Energy loss mechanisms for heavy 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 investigate this phenomenon the SRIM (Stopping and Range of Ions in Matter) 

[102] simulation code was employed. The various scintillators were created in the material 

editor and the impinging particle type and energy was created. The selected beam types were 

6.52 keV protons and 10 keV/u argon ions. For all the simulations 1000 particles were tracked. 

Figure 55 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 loss mechanism, on the other hand, is quite different. The protons lose 

more than 90% of their energy via ionisation but the heavy ions transfer more than 50% of 

their kinetic energy to crystal lattice 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 material faster. 
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Figure 55: Results from SRIM simulation, a) penetration depth for protons and argon ions impinging on CaF2, 

CSI and KBR crystals, b) energy loss for two quenching processes for the same beam species and crystals. 

C2. Effect on emittance measurements 

In order to examine how the emittance of the heavier ion beams is affected by the 

performance of the scintillating screen, a 40Ar11+ beam of around 45 ɛA and a KBR coated 

glass were used. The pure crystals cannot provide any meaningful measurements with the 

heavier ions because of the very fast degradation. Figure 56 shows the evolution of the 

beamspot intensity and the beamspot area for an irradiation time of about 1000 s. Table 13 

shows relevant statistics for the same beam and screen combination. When compared to the 

proton beam case mentioned earlier, the beam stability here is much better. The beamspot size 

and intensity remain almost constant throughout the irradiation period of around 1000 s. 
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Figure 56: Evolution of light intensity and beamspot area for KBR coated glass under irradiation with a 40Ar11+ 

beam. 

Table 13: Statistics for the beamspot size and intensity for KBR coated glass under irradiation with a 40Ar11+ 

beam. 

Light intensity inside beamspots 

 ROI1 ROI2 ROI3 ROI4 Average ROI 

average 2.62 5.56 5.55 5.56 4.82 

ů 0.06 0.01 0.02 0.02 0.027 

ů % 2.35 0.15 0.30 0.30 0.77 

Beamspot size (area in pixels) 

average 146.85 108.40 92.65 84.39  

ů 9.75 4.11 2.99 1.28 

ů % 6.64 3.79 3.22 1.52 

 

 Figure 57 shows emittance measurements with a 40Ar11+ beam as previously described. 

The variation in both emittances is about 2% including some peaks caused mainly by the ions 

source instabilities. Table 14 summarises emittance values of this measurement. 
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Figure 57: Emittance Ůx and Ůy for 40Ar11+ beam using a KBR coated glass. The colour bands include all the 

measured values and range around Ñ 5 % from the average. 

Table 14: Statistics for emittance Ůx and Ůy for 40Ar11+ beam using a KBR coated glass. 

 Ůx (mm x mrad) Ůy (mm x mrad) 

average 25.3 20.1 

ů 0.5 0.4 

ů% 1.9 2.2 

2.4.3 MCP evaluation 

Because of the limitations (light yield dependence on irradiation time and beam intensity) 

and measurement uncertainty of the scintillating screens an MCP was tested 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 inside the MCP. 

Sample measurements with a 40Ar9+ beam of around 32 ɛA are shown in Figure 58.  

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 observed from several previous 

measurements there 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 

measurements. Table 15 shows relevant statistics about beamspot size and beamspot light 

intensity from the measurements of Figure 58. 
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Figure 58: Beamspot size and evolution of light yield for four ROIôs using MCP and 40Ar9+ beam. 

Table 15: Statistics for the beamspot size and intensity using an MCP and a 40Ar9+ beam. 

Light intensity inside beamspots 

 ROI1 ROI2 ROI3 ROI4 Average ROI 

average 8.7 5.6 5.7 5.6 6.4 

ů 0.21 0.01 0.02 0.01 0.06 

ů % 2.4 0.2 0.3 0.3 1.0 

Beamspot size (area in pixels) 

average 413.1 411.3 360.7 439.7  

ů 7.5 8.6 7.7 8.1 

ů % 1.8 2.1 2.1 1.8 

Figure 59 shows beam emittance evolution with respect to irradiation time. The emittances 

Ůx and Ůy 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 in Table 16 is 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 glass screens is 

improved and produces consistent screens then they can be the screen of choice for similar 

applications. 
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Figure 59: Emittance Ůx and Ůy for 32 uA 40Ar9+ beam using an MCP detector. 

Table 16: Statistics for the beamspot size and intensity for KBR coated glass under irradiation with a 40Ar9+ 

beam. 

 Ůx  (mm x mrad) Ůy (mm x mrad) 

average 48.1 26. 7 

ů 0.13 0.05 

ů% 0.3 0.2 

2.4.4 Emittance dependence on ion source parameters 

The measurements shown here demonstrate the effect various operating parameters of the 

ion source have on the emittance of a proton beam. More specifically, the examined parameters 

are: beam current (adjusted by RF power and/or gas injection), acceleration gap, extraction 

voltage and ECR magnetic field. Throughout all the measurement mentioned here, the 

coupling parameter had a very low value corresponding to no interplane coupling so it is 

omitted from the graphs. For all the following measurements a 6.53 keV proton beam was 

used and the scintillating screen was SiO2. 

A. Emittance dependence on beam current 

During the time of the following measurements, the faraday cup was not available so the 

beam current was measured directly on the pepperpot. This was achieved by isolating the 

pepperpot plate and connecting it directly to a precision resistor and measuring the voltage 

drop with a 10-bit ADC. The measured current, in this case, is 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 pepperpot can reach up to 800 uA when the RF amplifier is at 

its maximum power. 
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Figure 60 shows the emittance dependence on current for a proton beam extracted at 6.52 

kV. Ůx  rises almost linearly with respect to beam current while Ůy is almost stable Both 

emittances show irregular behaviour in the range of 130-290 ɛA. Ůx increases abruptly from 

around 30 mm x mrad to 40 mm x mrad and keeps rising after that. Ůy jumps to 40 mm x mrad 

and then returns to 30 mm x mrad where it remains for the entire range of the measurement.  

 

Figure 60: Emittance dependence on beam current. These are single shot measurements (no averaging) and the 

error is only the intrinsic error of the measuring which is too small to show with error bars. 

As mentioned by Leitner[46] after measurements performed with the VENUS ECR ion 

source at LBNL, the emittance of a single charge state tends to remain almost constant with a 

variation of Ñ10% as long as the total extracted beam current ( the sum of current over all 

species) remains constant For the measurement presented here, there was no method available 

to measure the total beam current for all species and validate that claim. 

In an attempt to explain the irregularity in the emittance, the beamspots in the acquired 

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. 

Figure 61 shows 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 of 130-290 ɛA of beam 

current and keeps. The vertical size grows by 0.5 pixels 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 measurement range, the horizontal beamspot size almost doubles in size while 

the vertical size grows up to 18%. These trends follow closely the trends of the horizontal and 
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vertical emittance and thus the observed emittance behaviour is not due to a possible error in 

the calculation but is caused by the beam itself. 

 

 

Figure 61: 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 current which verifies the linearity of the scintillator. 

 

Figure 62: Dependence of the sum of beamspot intensity (total intensity) and the sum of beamspot area (total area 

occupied by the beamspots) on the beam current. 

B. Emittance dependence on extraction voltage and 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 time accelerates the positive ions to higher 

energies compared to their thermal energy [103]. The application of the high voltage causes 

the formation of a narrow plasma sheath or plasma meniscus in the extraction aperture as 

mentioned earlier in this chapter. A typical diameter of the plasma meniscus is about 1 cm but 

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

and thus beam transfer at the initial stages cannot be treated by using ion optics only [103]. It 

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

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

properties for different ion masses and charge states [104]. In the extraction region the 

magnetic fields from more than 1 T to zero which leads to considerable emittance increase. 

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

according to simulated ion extraction done by Leitner [104] the ómagnetic emittanceô accounts 

for about 90% of the total uranium beam emittance. 
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Figure 63: Emittance and beam current dependence on extraction electrode position and extraction voltage. These 

are averaged measurements. 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 adjustable from 6.5 to 10.5 kV. As shown in Figure 63 (a), the maximum beam current 

is obtained for about 7.5 kV of extraction voltage. The horizontal and vertical emittances vary 

by approximately 5% and 1% respectively for the entire extraction voltage range. The error 

bars shown in Figure 63 (a) are from averaging several measurements at every 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 monitoring beam current and emittance. Figure 63 (b) shows 

the measurement results. As shown in Figure 63 (b) the beam current fluctuates but it generally 

has a rising trend with respect to increasing extraction electrode position. Beam emittances 

peak for an acceleration gap of 35 to 45 mm and attain lower values towards both ends of the 

ends of the extraction electrode range. Similar behaviour has been reported by Higurashi [105] 

from measurements taken at RIKENôs normal conducting 18 GHz ECR ion source with argon, 

krypton and xenon beams. 

Further analysis of the results presented above would require a sophisticated ion 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 solenoidal field and sextupole field. 

The solenoidal field produced by four superconducting solenoids can be altered by changing 

their current. To examine how the magnetic field at the extraction side Bext is affecting the 

emittance five settings for the solenoid currents were selected so the Bext is changed while Binj 

and Bmed remain almost the same. The variation range of the Bext is Ñ10% of the value that is 

normally used. Figure 64 shows the axial magnetic field for the five different settings named 

conf #1 to #5 according to Table 17. 
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Figure 64: ECR magnetic field for five different configurations that change only the value of Bext. 

Table 17: Magnetic field peak values at extraction for the five different settings of the solenoid current. 

Configuration # Bext (T) 

1 1.16 

2 1.22 

3 1.29 

4 1.35 

5 1.41 

Figure 65 shows the emittance and beam current evolution for the above-mentioned 

configurations. The currents of the four solenoids were adjusted according to every setting and 

several measurements were taken automatically using the LabVIEW gateway to EPICS. The 

horizontal axis indicates the number of measurements. 

The beam current starts from about 60 ɛA for the lowest value of Bext and rises to 120 ɛA 

for the highest value of Bext. Beam emittances, on the other hand, follow more closely the 

stepwise increment of the Bext. 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 up to Ñ10%and peaks for Bext=1.29 T. The effect of Bext on beam emittances 

is rather small as discussed previously. The magnetic field values explored in this 

measurement were rather conservative. With a careful calculation the Bext range can be 

extended and allow for investigations on emittance is affected for more extreme values. Bext 

plays a role in both plasma confinement and beam extraction. For the ion confinement and 

ECR heating, higher magnetic field values are required, ideally equal to the Binj. For beam 

extraction, the magnetic field must be low to allow for ions to escape and ideally zero to reduce 

the ómagnetic emittanceô. 
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Figure 65: Emittance dependence on the ECR magnetic field. These are single shot measurements and thus the 

error bars are included in the points. 

2.5 Chapter summary 

This chapter presented work covering beam emittance diagnostics for an ECR ion source 

at RIKEN, Japan.  The work was split 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 chapter presented the operating principles of ECR ion sources and the 

most important characteristic from the beam diagnostics point of view. The ion source of 

interest for this thesis, RIKENôs 18 GHz SC-ECR and its main components were described.  

The measurement of the ion source magnetic field offered a way for a direct comparison 

against the design values. The results revealed that the currently used magnetic field from the 

solenoid magnets is smaller than the design values by 0.5 T for both the injection and 

extraction side but it can be adjusted by controlling the solenoid current. Adjusting the field 




























































































































































