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• FETS will demonstrate front end technologies for 

future high power proton drivers 

• High power means 20 kW @ 3 MeV  

                 = 1 MW @ 180 MeV 

• FETS is at RAL because infrastructure and 

support services are available 

• FETS is generic – many possible applications 

Motivation for FETS 



FETS Collaboration 





What is FETS? 

High brightness H– ion source 

• 4 kW peak-power arc discharge 

• 60 mA, 0.25 π mm mrad beam 

• 2 ms, 50 Hz pulsed operation 

Radio Frequency Quadrupole 

• Four-vane, 324 MHz, 3 MeV 

• 4 m bolted construction 

• High power efficiency 

Low Energy Beam Transport 

• Three-solenoid configuration 

• Space-charge neutralisation 

• 5600 Ls-1 total pumping speed 

Medium Energy Beam Transport 

• Re-buncher cavities and EM quads 

• Novel ‘fast-slow’ perfect chopping 

• Low emittance growth 

Diagnostics 

• Non-interceptive 

• Well distributed 

• Laser-based 

Beam Dumps 

• Defocussing quads 

• Water cooled cones 

• Pure Al 



• High brightness Penning Surface Plasma 

Source (SPS) 

• Very high emission current density >1Acm-2 

• Based on ISIS operational source 

H– Ion Source 
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Timing 

H– beam 

Time 

H2 Gas pulse 

~ 200 μs 

50 A Discharge pulse 
~ 600 μs 

~ 25 kV Extract pulse 
~ 250 μs 

Source Runs 

at 50 Hz  

Rep Rate 



New 25 kV 2ms 50 Hz Extraction Power Supply 

Dumping 

system 

High 

power 

tetrode 

Isolation 

transformer 

Reservoir 

capacitor 



60 mA 1ms 50 Hz 

1.2 ms 60 A discharge, 19.6 kV extraction 

voltage, 65 keV beam, 180°C caesium 

oven, 16 mLmin-1 H2 

Maximum LEBT output: 



60 mA 2ms 25 Hz 

2.2 ms, 64 A discharge, 19.6 kV extraction 

voltage, 65 keV beam, 190°C caesium 

oven, 16 mLmin-1 H2 

OR 



This appears to be a fundamental limit of the 

present source design. 

In order to fully meet the FETS beam requirements 

we must modify the plasma geometry. 

 

This has led to the VESPA experiment - Vessel for 

Extraction and Source Plasma Analyses. 
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Low Energy Beam Transport (LEBT) 



Solenoid Design 



300 A 

Solenoid 

power 

supplies 



LEBT Beam Transport Studies 
Although good 

transmission was 

achieved, a major concern 

was significant 

misalignment of the beam: 

Configuring the LEBT for a pencil beam coupled with 

particle tracking has allowed this to be almost 

completely corrected: 



LEBT Matching 
Following successful realignment of the ion source beam and reliability 

improvements to hardware, further parametric studies of the LEBT have been 

performed to demonstrate the ability to match into the RFQ. 

The LEBT beam can be 

taken through a focus at the 

RFQ matching plane. 

Although the emittance is 

still large this result gives 

confidence of being able to 

achieve a reasonable 

match. 



Radio Frequency Quadrupole 

(RFQ) 



The FETS RFQ 

324 MHz, 3 MeV, 4 vane, 4m long 



RFQ Construction 
Sections made of 2 major and 2 minor vanes 

3D o-ring 

4 x 1 m long sections 

bolted together 

Vanes bolted together to 

make 1 m sections  



RFQ Construction 

Novel cooling pocket design 

Machined without using 

cutting lubricant 



Completed first section of the RFQ 



RFQ alignment survey at RAL 

metrology 



The modulations are ‘perfect’… 

Shape error in green 

±25 µm tolerance in blue 

and magenta 



CST simulations predicted a 6 MHz frequency 

shift. Confirmed by measurement.  

Outside of the acceptable tuning range. 

… but they are in the wrong place 

10 µm max 

shape error 

 

1.4 mm & 

0.2 mm  

offsets! 



Solution 
Machining of test pieces confirmed the cause - a tool tip radius setting in the 

CNC software. 

Due to the shallow modulation in section 1 the error can be corrected by a 

minor re-machining of the internal surfaces. 

With the error satisfactorily explained, final machining of sections 2, 3 & 4 is 

well underway. 



 



RF System 





RFQ Power Coupler 



MEBT 

Medium Energy Beam 

Transport 

Lattice Requirements: 

• Perfect chopping 

• Low beam loss: 3 MeV causes activation 

• Low emittance growth 

• Space for diagnostics 

• Minimize cost i.e. reduce: 

    Number of components 

    Magnet & RF power 
Achieving all of the lattice 

requirements simultaneously has 

proved challenging and time 

consuming. 



Parameter 2011 2013 Parameter 2011 2013 

Beam Loss 2.5% 0.8% MEBT Length (m) 3.8 4.4 

Quad Strength(T/m) 6-30  5.3-18.3 Emittance Growth(x-y-z) 20% 37% / 15% / -

3.5%  

Cavity Voltage (kV) 50-150  <100 Extinction 99% 99.2% 

Chopper Length 

(mm) 

450 604 

MEBT Performance evolution 

Chopper 

off 

Fast 

chopper 

on 

Slow 

chopper 

on 

MEBT Design Optimisation 



MEBT Elements 

Fast chopper Fast chopper 

beam dump 
Slow chopper Slow chopper 

beam dump 

7 small bore quads 

2 large bore quads Vacuum manifold 

3 rebunching 

cavities 



MEBT Quadrupoles 
Small Bore 

• 80 mm total length 

• 20 Tm-1 gradient 

• Integrated steering 

• PSUs ordered 

• Manufacture underway at Danfysik 

Large Bore 

• 160 mm total length 

• 20 Tm-1 gradient 

• Tender complete 



MEBT Rebunching Cavities 

Re-bunching cavities: 

• Pill-box with re-entrant nose cones 

• 324 MHz, ~8 kW peak power 

• 100 kV effective voltage 

• Detailed engineering completed 

• Copper plated stainless steel for lower cost 

 



FETS Chopper 

‘Perfect’ Electrostatic Chopping 

Specification: 

• No partially chopped bunches 

• <2 ns rise time: between bunches 

• ~150 μs gap in bunch train 

• 6 kW dumped beam power 

 

‘Fast-slow’ chopping scheme: 



3 Fast Chopper Designs 

Helical 

design 

Planar 

design 

Suspended 

micro-strip 

design 



9 x Pulse generator cards 

High peak power loads 

Control and interface 

Combiner 

9 x Pulse generator cards 

Power supply 

9 x Pulse generator cards 

9 x Pulse generator cards 

1.7 m 

Chopper Power Supply 



Pulse Parameter FETS Requirement  Measured Compliancy Comment 

Amplitude (kV into 50 Ohms) ± 1.4 ± 1.5 Yes  Scalable 

Transition time (ns) ≤  2.0 Trise = 1.8, Tfall = 1.2  Yes 10 – 90 % 

Duration (ns) 10 - 15 10 - 15 Yes FWHM 

Droop (%) 2.0 in 10 ns 1.9 in 10 ns Yes F3dB ~ 300 kHz 

Repetition frequency (MHz) 2.4 2.4 Yes  

Burst duration (ms) 0.3-1.5 1.5 Yes  

Burst repetition frequency (Hz) 50 50 Yes Duty cycle ~ 0.27 % 

Post pulse aberration (%) ± 2 ± 5 No Reducible 

Timing stability (ps over 1 hour) ± 100 ± 50 Yes Peak to Peak 

Burst amplitude stability (%) + 10, - 5 + 5, - 3 Yes  

 

Chopper Power Supply 



Slow Chopper 
The slow chopper deflector and feed-through design is nearing completion. 

Design of the complete assembly with drivers is well underway. 



Diagnostics 



MEBT BPMs 
The FETS MEBT will utilise both CERN shorted stripline BPMs and an in-

house designed compact button BPM. 6' ))-NA$*B Ŵ K*̂ 6B *9$)-. " )*
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BPM Testing 

BPM Wire Rig Characterisation Procedure 

G Boorman 

Document  started: 13-03-2014 

Introduction 

The purpose of the BPM wire rig characterisation is to determine the electrical centre of the BPM 

relative to the flange(s) to which the BPM is attached; to establish the scaling constants which 

enable the relative beam position to be calculated; to measure the precision to which the beam 

position can be resolved. 

Wire Rig Hardware 

The proposed wire rig consists of a pair of movers configured to move a wire in the X and Y axes 

(when viewed from above), a vertical wire through which an RF current can be passed and a 

support/clamp to hold the BPM under test, as shown in fig 1.  A PC will be used to control the 

movement of the wire, and an RF source and multi-channel oscilloscope, or a network analyser, used 

to inject a signal along the wire and the measure the electrode outputs. 

 

Figure 1 Schematic of Wire Rig (side view) 

Method 

The BPM needs to be inspected and measured to ensure the item has been finished to the 

tolerances specified in the drawings, the flanged ends in particular requiring detailed measurement.  

A dial test indicator (DTI) or similar can measure to a few µm.  The BPM is clamped to the flange on 

the support bracket, using a centering ring.  Possible misalignment between the axes of the BPM 

flange, the centering ring and support flange is illustrated in fig 2.  The electrodes should be 

coincident with the axes of the movers.  The wire in the wire rig needs to be tensioned and must be 

vertical relative to the BPM support and clamp, which can be measured using a height-gauge with an 

attached dial test indicator (DTI). 
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Button BPMs are being evaluated on a wire 

test rig. 



Laser Photo-detachment 

Diagnostic 



CERN Collaboration 
• CERN are also pursuing an H- laser 

diagnostic for Linac4. 

• Linac4 are more advanced with their 

front end, FETS are more advanced with 

our laser system. 

• A perfect opportunity for collaboration. 

• The FETS laser system is at CERN and 

installed on the Linac4 front end. 



Laser diagnostic at CERN 

The Front End Test Stand 

Collaboration 

S. M. Gibson*, G. Boorman, A. Bosco – Royal Holloway, Egham, UK 

P. Savage, J. Pozimski –Imperial College, London, UK 

C. Gabor, A. Letchford – STFC/ RAL, Didcot, UK 

T. Hofmann – CERN, Switzerland 

Overview of Laserwire Beam Profile and Emittance 

Measurements for High Power Proton Accelerators  

*Stephen.Gibson@rhul.ac.uk 

Introduction 

High power proton (H- ion) linacs are of interest 
for: Spallation Neutron Sources, a Neutrino 

Factoy, a Muon Collider and Accelerator Driven 

System for sub-critical reactors. Damage 

thresholds for beam powers in the megawatt 

regime limit the use of interceptive beam 

diagnostics, such as wire scanners. However, 

laser-based wire scanners (laserwires) offer a 

non-invasive method to probe high intensity 

beams. We present a generic laserwire 

emittance scanner suited to non-invasive beam 

profile and emittance measurements at high-

power H- linacs, being developed collaboratively 

for FETS and LINAC-4. 

 

Front End Test Stand at RAL 

FETS  consists of a H- ion source, a magnetic 

low energy beam transport (LEBT), 324 MHz 

Radio Frequency Quadrupole accelerator 

(RFQ), medium energy transport line (MEBT), 

high speed beam chopper and comprehensive 

diagnostics. A 60 mA beam current at 50 Hz is 

routinely achieved from the ion source and 

LEBT with up to 2ms pulse duration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

LINAC-4 at CERN 

A 160 MeV replacement linac for the new LHC 

injector (SPL) is under construction at CERN. 

The ion source, 3 MeV RFQ and MEBT which 

includes a chopper have been commissioned 

on the surface and is currently being moved to 

the tunnel in readiness for initial tests at 3 MeV, 

then later with the full Linac-4 chain at 160 MeV. 

 

Collaborative effort 

A non-invasive laserwire emittance scanner is 

being developed for Linac-4 as part of a fruitful 

collaborative study, which uses the laser and 

beam delivery optics from FETS. As a first step, 

the laserwire system will be deployed for tests 

at the Linac-4 3 MeV front end in late 2013. 

Measurement Principle 

The laserwire photon energy of 1.16 eV is 
sufficient to liberate a weakly bound (0.75 eV) 

electron from the H- ion. The laserwire emittance 

scanner operates by slicing out a beamlet of 

neutralized particles, which propagate to a 

downstream to a position sensitive detector. The 

transverse emittance is reconstructed from the 

spatial profile as the laserwire position is 

scanned. A dipole deflects the main H- beam. 

 

 

 

 

 

 

 

 

 

Upstream residual gas interactions can generate 

a background of neutral particles on top of the 

signal from the photodetachment process. At 

FETS the background is avoided by arranging 

the laser interaction point one third into the 

dipole field, such that the neutral background 

particles are first separated from the H- ion 

beam, before the laserwire photodetachment. 

 

 

 

 

 

 

 

 

 

 

 

 

Laser Transport and Delivery  

A pulsed 30 kHz, 8 kW peak power laser is fibre-

coupled to motorized collimating optics, which 

controls the position and thickness of the 

laserwire delivered to the H- interaction 

chamber. A pair of translation stages control the 

vertical and longitudinal position of the laser 

beam, with micron-level resolution. A motorized 

beam expander enables various laser spot sizes 

to be obtained in eight magnification steps. 

Further adjustment can be made by careful 

selection of the collimating lens at the output of 

the fibre and the focusing lens after the beam 

expander. The setup offers flexibility to generate 

a range of different laser beam sizes. 

Laser Delivery System 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Laser Beam Quality Measurements 
The profile of the laser beam emerging from 

the collimation optics was measured by a 

camera mounted on a translation stage, giving 

a beam quality of M2<1.76. This is marginally 

better than the raw quality from the laser 

output, most likely due to mode cleaning 

qualities of the long fibre. The Gaussian beam 

profiles directly out of the fibre (left) and after 

(right) the collimating and focusing optics are 

shown. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Conclusions and outlook 

A laserwire emittance scanner enables non-

invasive beam diagnostics at high power proton 

accelerators. The beam delivery system 

developed for FETS has been optically tested 

and found to meet the specified beam quality 

after the transport fibre. The system is planned to 

be tested in the Linac-4 beamline at CERN in 

late 2013 as part of a collaborative effort to 

develop an laserwire emittance scanner for the 

next generation LHC injector. 

STATUSREPORT OFTHEFETSPHOTODETACHMENT EMITTANCE

INSTRUMENTAT RAL

C. Gabor∗ , A.P. Letchford, STFCRAL, UK.
A. Bosco, G. Boorman, S.M. Gibson, JAI at Royal Holloway, Universityof London, UK.

P. Savage, Imperial CollegeLondon, UK.
V. Scarpine, Fermilab, USA.

Abstract

The Front End Test Stand at the Rutherford Appleton

Laboratory (RAL) is being developed to demonstrate a

choppedH− beamof 60mA at 3MeV with10%duty cy-

cle. Duetothehighbeampower it isadvisabletousethe

techniqueof photodetachment toavoidintrusivemethods.

It isintendedtoapply thistechniquetoperformemittance

measurementsat theoutput of theRFQat full power. This

requiresadedicateddiagnosticsdipolewithaspecial-made

vacuumchamber givingroomfor thedifferent beampaths

necessary to install aparticledetector tomeasurethepro-

duced neutrals. Other aspectsarethebeamtransport and

influenceof thedipoleanditsfringefieldtothebeamtrans-

port. Other considerationsaretheinstallationof thelaser,

theopticsandtheparticledetector itself.

INTRODUCTION

TheFront EndTest Stand(FETS) under constructionat

theRutherford Appleton Laboratory (RAL), UK, built in

collaborationbetweenISIS,ASTeC,Imperial CollegeLon-

don (IC), the University of Warwick, University College

London(UCL)andtheJohnAdamsInstitute(JAI)atRoyal

Holloway, Universityof London(RHUL).

Thisexperiment aimstodemonstratethefirst stagesnec-

essary to produce a very high quality chopped H− ion

beam as required for future high power proton accelera-

tor applications. Thebeamwill bepulsed at 50Hz, with

pulse lengths of up to 2ms, current of 60mA and en-

ergy of 3MeV. A goodoverviewof thewholeproject with

appropriate references can be found here [1, 2]. One of

thekey componentsof FETSisthenon-destructive(or to

becorrect: minimal-invasive) diagnosticsat 3MeV beam

energy. Using a laser to neutralize (photo-detachment)

a small portion of the beam pulse is one of the most

prominent candidate for H− ion beamsused by other fa-

cilities like JPARC and SNS. First ideas to use photo-

detachment for theFETSproject aredescribed in [3]; the

concept of Photo-Detachment EmittanceInstrument isde-

rivedfromthe“proof-of-principle” experiment inFrankfurt

[4]. Thepaper summarizesthemost recent developments

of thistopicconcentrationonascintillator test at Fermilab

(FNAL) andadesignof alaser deliverysystemwhichwill

beimportant if thereareplansfor afast mode-lockedlaser

for timeresolvedmeasurements.

∗ christoph.gabor@stfc.ac.uk

Layout of thePD-EMI

At the interaction point, laser light neutralizes (photo-

detachment) asmall portionof theH− ionsandamagnetic

dipole field separates the produced species electrons and

neutrals fromtheremaining ions. For amoreexhaustive

description see also [5] where also magnet and diagnos-

ticschamber including ageneral concept of commission-

Figure1: Sketchof theFETSproject. Shownarethemain

components ion source, LEBT, RFQ, MEBT and photo-

detachment diagnostics.

Figure2: TOP: 2D beamdistributionmeasuredwithAlu-

miniumoxide. BOTTOM: light output integratedover the

profileversusbeamcurrent.
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The beam energy and current are the same as FETS. 

Only the duty factor differs. 



First Laser Emittance Measurement 

Laserwire profiles compare well with grid profiles. 

Photo-detachment emittance measurement shows very good agreement with slit-grid. 

Laser scan 

Slit-grid scan 

These measurements are now being 

repeated at 15MeV after installation of 

the next section of Linac4.  



• Every effort made to exclude 

radiologically ‘bad’ materials from FETS. 

• Even so significant shielding required to 

protect personnel from expected mSv/h 

levels of neutrons and gammas. 

Radiation Protection 



Radiation shielding 

• A shielding concept has 

been developed and 

approved by RAL RPA 

• Most of the concrete 

blocks procured 

• Roof design complete 

Gamma ray attenuation by 

various shielding scenarios 



 



 

Hall cleared for shielding installation. 



Shielding Installation 
The last additional blocks 

needed to complete the 

enclosure are in 

manufacture. 

 

A complete personnel 

interlock system compliant 

with all appropriate 

regulations will be 

supplied by ISIS ESSO 

group. 

Hire of a specialist crane is required for 

installation of the north shield wall. 



 

Cooling Plant 



 





• Primary equipment: 

 ISIS Control System 

 CompactPCI crates 

 X-windows/Exceed user interface 

• Experiments and diagnostics: 

 PXI crates 

 Labview user interface 

• Personnel Interlocks: 

 Hardwired relays and PLC systems 

 Compliant with safety standards 

 

Control Systems 



The reasons for FETS 

From the beginning FETS was seen as more than simply an accelerator 

R&D project for RAL or ISIS. 

 

It was always hoped that the project could be a means of encouraging 

accelerator R&D activities in UK university groups and greater 

collaboration between RAL and those groups. 

 

It has been very successful in meeting those aims. 

 

The university groups are an integral part of and full stakeholders in the 

FETS project. 

 

RAL accelerator experts now lecture on university courses. 



Structure of the FETS project 

FETS is a ‘laboratory project’ in the sense that it needs a lab. to host it. 

 

However the participation of the university groups is essential to its 

success. 

 

 

• FETS is directly funded by the Science and Technology Facilities 

Council, the UK funding agency. 

• Funding includes all hardware and most staff costs. 

• Some staff costs are covered by university groups’ rolling grants. 

• FETS is hosted by ISIS which covers some of the infrastructure costs. 

• FETS relies on some specialist groups within RAL/ISIS such as HSE, 

vacuum, health physics, metrology, etc … 



Management of the FETS project 

Alan letchford 
Project leader 

Juergen Pozimski 
Principal investigator 



Management of the FETS project 

Alan letchford 
Project leader 

Juergen Pozimski 
Principal investigator 

Laboratory Universities 



Management of the FETS project 

Alan letchford 
Project leader 

Juergen Pozimski 
Principal investigator 

Work package managers 

(RAL & Universities) 

FETS Executive Board 



Management of the FETS project 

FETS Executive Board 

WP1 WP2 WP3 WP4 WP5 WP6 

WPM1 WPM2 WPM3 WPM4 WPM5 WPM6 



Management of the FETS project 

WP1 WP2 WP3 WP4 WP5 WP6 

Laboratory groups University groups 

FETS Executive Board 

WPM1 WPM2 WPM3 WPM4 WPM5 WPM6 



Pros and cons of a lab/university collaboration 
From the perspective of a career laboratory person 

Pros 

• Manpower 

• Specialist knowledge 

• A different approach 

• New ideas 

• ‘Young blood’ – the next generation 

• Different funding opportunities 

• Alignment with higher management strategy 

• Other interactions beyond the FETS project 

Cons 

• Managing a distributed team 

• Occasional reluctance to step away from the computer and get 

hands dirty 

• Not always aligned with the ‘big picture’ 



Does it work? 
Overwhelmingly YES! 

 

The distributed nature of the FETS team is not without management challenges 

compared to a purely laboratory based project 

and  

Satisfying the universities’ agendas and priorities occasionally complicates the 

route to the project goals 

 

However these minor disadvantages are relatively insignificant compared to the 

overwhelmingly positive aspects of the lab/university interactions. 

 

FETS is a high priority accelerator project identified as of high strategic 

importance in the UK. 

It is doubtful if its status and progress could have been achieved without the 

active participation of the university collaborators. 

Other projects within RAL/ISIS could benefit from similar participation. 



Thank you for your attention. 


