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!   This talk might better be entitled “Potential applications of FETS”.	



!   We have received much interest in the high power beam that will be 
produced by FETS and several interested experts have offered proposals in 
recent years.	



!   The definitive plan has yet to be hatched: we are currently exploring the 
options to exploit the unique FETS facility in future, after the project to 
complete and commission the accelerator ends in 2017.	



	



!   The aim of this talk is to present a selection of the various options to 
stimulate discussion, collaboration, perhaps further ideas…	



!   Given the topic of this WG3 session, the emphasis will be on medical 
applications, with a briefer overview of others. 	
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!   The ISIS pulsed neutron and 
muon source is a world-leading 
centre for research in the 
physical and life sciences.	



!   Supports an international 
community of >3000 
scientists from many fields. 	



!   Neutron scattering is a vital 
tool for nanoscale materials 
research.	



!   ISIS facility today:	



!   70 MeV H- linac	



!   800 MeV RCS	



!   0.2-0.25 ms pulse length	



!   20mA peak, 50 Hz rep rate.	



!   <20 kW. Avg beam power	



!"#$%"&'$()()$#"*+,$



Medical research at ISIS	

PASI workshop 2015: 	


Applications of FETS	



Stephen Gibson et al.	

 4	



!   A brief skim through the highlights in the last few ISIS annual reviews indicates the 
breadth of research into biomedicine and pharmaceuticals:	
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Motivation for FETS	
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!   FETS was original conceived as a test stand for the front end of an ISIS upgrade, 
to demonstrate the technologies required for a high power proton driver.  Main 
objectives:	



!   Generation of 3 MeV high-power H- beam, with perfect chopping:	



!   High power means 20 kW @ 3MeV,  or 1 MW at 180 MeV.	



!   FETS is at RAL due to the infrastructure available, but the technology is generic 
with many potential applications.	



Front End Test Stand	
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Radiation shielding 

A shielding concept has 
been developed and 
approved by RAL RPA 

Most of the concrete except 
the roof is in place. 

Roof design complete and 
procurement underway. 

Radiation shielding 

A shielding concept has 
been developed and 
approved by RAL RPA 

Most of the concrete except 
the roof is in place. 

Roof design complete and 
procurement underway. 



Low Energy Beam Transport	

PASI workshop 2015: 	


Applications of FETS	



Stephen Gibson et al.	

 10	



Low Energy Beam Transport (LEBT) 



The FETS RFQ	
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The FETS RFQ 
324 MHz, 3 MeV, 4 vane, 4m long 

Machining of all 4 sections is essentially complete except for a skim to their 
final length following alignment. 

The FETS RFQ 
324 MHz, 3 MeV, 4 vane, 4m long 



MEBT Elements 

Fast chopper 

Fast chopper 
beam dump 

Slow chopper 

Slow chopper 
beam dump 

7 small bore quads 
Vacuum manifold 

3 rebunching 
cavities 

FETS Chopper 

 

Specification: 
No partially chopped bunches 
<2 ns rise time: between bunches 
~150 s gap in bunch train 
6 kW dumped beam power 

 

-  

MEBT Elements	
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MEBT Quadrupoles 
Small Bore 

80 mm total length 
20 Tm-1 gradient 
Integrated steering 
PSUs ordered 
Manufactured by Danfysik 

Large Bore 

160 mm total length 
20 Tm-1 gradient 
Currently being manufactured 

by Danfysik 
 

3 Fast Chopper Designs 

Helical 
design 

Planar 
design 

Suspended 
micro-strip 

design 

Slow Chopper 
The slow chopper deflector and feed-through design is nearing completion. 
Design of the complete assembly with drivers is well underway. 

MEBT Rebunching Cavities 

Re-bunching cavities: 
Re-entrant type cavities 
324 MHz, ~8 kW peak power 
100 kV effective voltage 
Copper plated stainless steel for lower cost 
Cavities are manufactured and in final plating. 
Dimensions and RF properties have been measured at various 

stages to confirm modelling results. 

MEBT Quadrupoles 
Small Bore 

80 mm total length 
20 Tm-1 gradient 
Integrated steering 
PSUs ordered 
Manufactured by Danfysik 

Large Bore 

160 mm total length 
20 Tm-1 gradient 
Currently being manufactured 

by Danfysik 
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Laser Photo-detachment Diagnostic 

FETS diagnostics is 
covered in Stephen 

WG1 talk 
Diagnostics in FETS  
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!   After commissioning FETS will offer a unique facility producing a low-energy high 
power proton beam, which could be interesting for a series of experiments and 
applications. Several topics considered so far:	



!   Test of novel direct-drive cavity set-ups (solid state klystron – Siemens) on 
FETS;	



!   High-power beam test of a CH cavity linac module reusing the available RF and 
delivering a 5-6 MeV beam;	



!   High power target tests for BNCT, isotope and slow neutron production (at 5-6 
MeV);	



!   Extension of FETS to a 20 MeV linac and injection into a low energy proton 
FFAG to investigate injection and acceleration of space charge dominated 
proton beams as required for ADSR and other applications; and	



!   Extension of FETS to 70 MeV (or above) using CH and SC spokes cavities as a 
replacement for the ISIS linac.	





Possible layout of a proton centre	
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FFAG development for ISIS upgrade	
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!   Scenarios to upgrade the ISIS facility are being 
explored:	



1)  1 – 2 MW upgrade, higher power option	



!   0.8 GeV superconducting linac + 0.8 – 3.2 
GeV RCS baseline.	



!   FFAG may be a compact alternative (ASTeC 
intense beams group), lower injection 
energy, high efficiency & reliability – will it 
work at high intensity?	



!   High energy linac + accumulator ring	



	



2)  0.5 – 1 MW medium power option. 	



!   180 MeV linac replacement.	



!   Or house new accelerator in existing 
complex: might an FFAG be viable?	



Please see J. Thomason’s UK Vision & 
Capabilities talk, Wednesday’s Plenary session	



0.8 – 3.2 GeV RCS 

0.4 – 3.2 GeV 
FFAG 



Compact neutron source (not ISIS-11)	
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!   Recent interest in a compact short pulse option with a proton energy in the 
14- 20 MeV range.	



!   Could be an extension of FETS in R8 at RAL, which is likely to be handed over 
to ISIS at the end of Programmes Office funding in 2017.	



!   A small <5m diameter FFAG has been designed by the ASTeC Intense Beams 
Group, that could accelerate FETS 3 MeV protons to the 14 - 20 MeV range.	



!   Study high intensity beam dynamics to establish whether FFAGs are really a 
possibility for ISIS-II.	



!   Prototype relevant components.	



!   Potential to demonstrate technology readiness for an ISIS upgrade.	



A Fixed Field Alternating Gradient prototype for ISIS ?	



Please see J. Thomason’s UK Vision & 
Capabilities talk, Wednesday’s Plenary session	
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!   Extension of FETS could provide a high-intensity (6mA, 3 MeV) materials 
irradiation facility. 	



!   HIPSTER would be capable of studying:	



!   Irradiation induced microstructural changes	



!   – ‘deep’ (~25 micron), near-uniform radiation damage to moderate levels within 
reasonable timescales (up to ~100 dpa per annum)	



!   High heat flux source (ref fusion divertor)	



!   Pulsed beam is good for accelerator materials testing, though a potential limitation 
for fusion / fission materials testing.	



!   Requires remote handling facilities and transfer of samples ot post-irradiation 
examination to e.g., the NNUF irradiation materials test facility at CCFE (Culham 
Centre for Fusion Energy).	



!"#$%&'()'*)+,%-.)/0(),1
! $.)/0(),1%&/23)&/(%4+&%

!"#$%'035),)35%6/'5%(357
! 8+&/%-.)/0(),1%&/23)&/(%

4+&%5'*/&)'0-%1/,/&'*),1%
5+&/%'9*):)*;

High Intensity Proton Source for Testing Effects of Radiation	


Chris Densham,  Tristan Davenne, Alan Letchford, Juergen Pozimski, Steve Roberts (Oxford/CCFE)	
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Proposal submitted to UK National Nuclear Users Facility	



!"#$#%&'(%)*+,--./(-#(
01(2&-,#3&'(2)4'.&"(0%."%(5&4,',-6(



HiPSTER: material irradiation	

PASI workshop 2015: 	


Applications of FETS	



Stephen Gibson et al.	

 20	



Comparison with other proton facilities:	
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!   BNCT uses the neutron capture properties of Boron to deliver a lethal radiation 
dose to a tumour with little or no dose to the surrounding tissue.	



!   A Boron compound which selectively accumulates in the tumour is administered to 
the patient. A neutron beam is then administered to the patient.	



!   10B has a very large neutron capture cross section compared to normal tissue.	



!   11B is formed which quickly decays to He and Li ions with high kinetic energy.	



!   The ion range is of the order of a few cells at most, limiting the ionization damage 
to the vicinity of the cells containing Boron.	
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!   All clinical use of BNCT to date has been limited to nuclear reactors as the 
neutron source.	



!   For treatment at a hospital or therapy centre a nuclear reactor is not a viable 
solution. An accelerator based neutron source (ABNS) using a proton beam and 
Lithium or Beryllium target is ideally suited.	



!   The first clinical trials of ABNS for BNCT are beginning most notably in Japan.	



!   With a suitable target a facility based on the linac technology being developed at 
FETS would be readily achievable. Such a system is already under investigation in 
Tsukuba.	





Isotope production	
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!   Technetium-99m is a metastable nuclear isomer of technetium-99 that is used in 
tens of millions of medical diagnostic procedures annually, making it the most 
commonly used medical radioisotope.  It's gamma ray energy of 140.5 keV is 
convenient for detection.	



!   99mTc is the result of the nuclear decay of its parent nuclide 99Mo. 99Mo is a fission 
product resulting from the bombardment of 235U by neutrons in a reactor.	



!   With the reactors used to produce most of the 99mTc aging a world shortage 
emerged in the late 2000s.  As building new reactors is politically sensitive, 
alternative routes to 99mTc production are being sought.	





Isotope production	
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!   99mTc can be produced directly by bombarding a 100Mo target with protons at an 
energy of 22 MeV through the reaction 100Mo(p,2n)99mTc.	



!   However the short half life of 99mTc of only 6 hours makes its storage impossible 
and timely transport to medical facilities possibly very expensive. Instead the parent 
nuclide, 99Mo, is supplied to hospitals in Technetium generators where the 99mTc is 
chemically extracted as the 99Mo decays.	



!   An alternative and possibly more attractive route to 99mTc generation is the 
direct production of 99Mo in an accelerator based neutron source through the 
100Mo(n,2n)99Mo reaction or an accelerator based gamma source by the 100Mo
(γ,n)99Mo reaction.	



!   Technologies very similar to those being developed at FETS could be adapted to 
produce a neutron or gamma source for radioisotope production.	





Novel Diagnostic Development 	
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!   A non-destructive laserwire emittance scanner based on H- photo-detachment has 
been recently demonstrated by FETS-CERN collaboration at Linac4 at multiple 
beam energies.	



!   Profile and transverse emittance measurements are now routinely achieved.	



!   Lasers pulse widths of 1-300ns typically cover many bunches: bunch current 
within a macro pulse can be followed, but not bunch by bunch.	



!   However, there is interest in developing longitudinal laserwires, based on short 
pulse width lasers.	



!   A dedicated area for novel diagnostics development at FETS could benefit 
several international groups developing laserwires.	



!   E.g. Potential for collaboration on developments of longitundinal laserwire for 
PIP-II	





Laser controlled proton beams?	
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!   Potential to further investigate the laser based control of proton beam for medical 
applications, following earlier work by Dr. Carol Johnstone and Dave Johnson 
(FNAL) and Prof. Shaoul Ezekiel (MIT). [As mentioned in Dave’s talk on Thursday]	



!   Fast raster scanning of laser	



!   Generate neutralized beamlet then stripped by foil.	



2009 FFAG workshop, D. Johnson	



injection 
dipole 

extraction 
dipole 

View port for 
laser dump 

H- input 

Electron 
detachment 

chamber H- output 

foil system 
L > 0.1m	



Viewport for laser input 

Protons exit 

LASER-ON: 

•  Enters vacuum chamber through 
viewport perpendicular  to “axis” 

•  Reflects off 45 deg mirror/stripper 

•  Single passes thru dipole B to 
interact (head-on) with H-beam then 
pass through dipole A thru a 
viewport to a laser dump. 

•  The head on collision length > 0.1m 
gives 100% detachment in area 
covered by laser creating neutral 
H0. 

•  Neutral H0 passes thru dipole B 
unaffected (while H- gets swept to 
the dump) 

•  Neutral H0 passes through Al foil 
stripping remaining electron and 
converting to proton. 



Summary	
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!   On completion and commissioning of the accelerator in 2017, FETS will offer a 
unique low energy, high power beam.	



	



!   Many options to exploit this facility are being explored and several are relevant 
to medical applications:	



!   Potential applications:	



!   Recent interest in a compact neutron source to demonstrate FFAG 
technology for ISIS.	



! HiPSTER: iradiation facility for fusion material research.	



!   Boron Neutron Capture Therapy	



!   Isotope production 	



!   Novel diagnostics / laser controlled proton beam for medical imaging.	



!   … Your suggestion?	


Thank you – questions, suggestions?	




