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Background

» Upgrading ISIS to preserve its 
status as a world leading neutron 
and muon facility. 

» Exploring options for a future multi-
megawatt facility on a 20-year 
time-scale 

» Include ideas that could be 
feasible with advances in 
technology 

» Gain benefit through collaborations 
with laboratories like CERN and 
from the developments at future 
facilities overseas, particularly in 
China (C-HIAF, C-SNS)



ISIS Accelerators

» H− ion source (17 kV) 
» 665 kV H− RFQ 
» 70 MeV H− linac 
» 800 MeV proton synchrotron 
» Extracted proton beam lines 
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The accelerator produces a 
pulsed beam of 800 MeV protons 
at 50 Hz. 
Average beam current 220 µA 
(2.8 × 1013 ppp). 
176 kW on target (140 kW to 
TS-1 at 40 pps, 36 kW to TS-2 at 
10 pps)



Neutrons in Europe

» ESFRI ESFRI Physical Sciences and 
Engineering Strategy Working Group 
Neutron Landscape Group - Neutron 
scattering facilities in Europe: Present 
status and future perspectives: 

» identified a shortage of neutrons in 
Europe after ILL closes.  

» Possible upgrades to ISIS under study for 
many years, but now is a good time to re-
focus given the advent of ESS and the 
impending ‘neutron drought’ in Europe. 

» ISIS-II Working Group has been set up, 
and consists of experts from accelerator, 
target, neutronics, instrument science, 
detector and engineering. 

» Important to stress that this must be 
envisaged as a facility upgrade, not 
simply an accelerator upgrade



Ideas for ISIS MW-level Upgrades

» Provision for multiple optimised targets with different 
beam powers, repetition rates, according to user 
requirements 

» Options for future upgrades to multi-MW (perhaps using 
stacked rings) 

» Advanced facility for both neutrons and muons 

» Concepts: 

- 0.8 GeV superconducting linac + 0.8-3.2 GeV Rapid Cycling 
Synchrotron 

- Fixed Field alternating gradient Accelerator: lower injection 
energy, higher efficiency and reliability, operate at high intensity 

- Higher energy linac + accumulator ring 
- A completely new accelerator within existing ISIS infrastructure 

(provided off-time can be tolerated) 
- Likely to be cheapest possible option 
- Only ISIS-II option that guarantees the facility stays in the 

UK (and at RAL)

�5

0.4 - 3.2 GeV 
FFA

0.8 - 3.2 GeV RCS



Compact Neutron Source

» Recent interest in a compact short pulse option with proton energy in the 
range 14 – 20 MeV 

» Could be an extension of the Front End Test Stand at RAL. 

» Other alternative uses (e.g. fusion materials irradiation, single event 
effect testing with protons) could be considered.



Compact Neutron Source

» Studying FFA alternatives to take output from FETS (3 MeV) directly to required 
energy and pulse structure 

» Lower risk (but less interesting) alternative is warm DTL to required energy, 
followed by an accumulator ring. 

» Should be used to allow us to demonstrate technology readiness in areas we 
are not covering under another banner (ISIS sustainability, other UK proton 
R&D).

– Study high intensity beam 
dynamics to establish whether 
FFAs are really a possibility for 
ISIS-II 

– Prototype relevant 
components 

– Ties in with IBEX Paul trap 
experiment set up at RAL (talk 
by Suzie Sheehy on 
Wednesday morning)



ISIS-II proton driver
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Produce useful neutrons.
Beam power does not have to be greater than the present standard 
(1.2 MW).

I am aware of different opinions, but let us keep this value.
Kinetic energy of 1.2 GeV is optimum from target, reflector and 
moderator (TRAM) design.
Fit in the present ISIS tunnel.

Green field plan also exists.
Reliable, flexible (explain later), low cost to operate.
Future upgrade options.

ISIS-II

» Focussed on ~1 MW short pulse neutron and muon facility using 
existing ISIS tunnel (R~25 m). 

» Beam should supply one or more targets. 

» Studies cover a new accumulator ring (AR), a rapid cycling 
synchrotron (RCS) and novel fixed field rings (FFA). 

» Prototype test ring planned using existing 3 MeV FETS (Front 
End Test Stand) as injector.



ISIS-II Conventional Accumulator and RCS Options

» Aim to find the optimal configuration for ISIS II 
– Study conventional AR and RCS in detail: Compare with FFA ⇒ pick the best 

– Specification from users: Two targets 10 Hz, 0.25 MW; 40 Hz, 1.0 MW 

» Important considerations: 
– Re-use of ISIS infrastructure or stand-alone 
– Conservative design, or are gains possible by pushing established limits 

» Presently looking at 1.25 MW options for ISIS Hall, R=26 m 
» Have revisited old ESS (1996) design: 1.3 GeV AR, R=26 m 

– Interesting lattice and dispersive injection 
– Some re-working of dynamics and new simulation studies 
– Plausible 1.25 MW: limits on foil temperature and loss 

» Now looking at new RCS designs 
– Cheaper linac 
– Key challenges: foil temperatures, losses

�9

ESS rings 
c.1996



ISIS-II: Present RCS Design under Study

» 3 SP ring fits within ISIS hall and is 
aligned to accommodate existing injection 
and extraction paths. 

» Lattice has long achromatic straights for 
H− injection, extraction, RF and collimation

�10

Injection

Layout in ISIS Hall

Extraction

*See IPAC18, D J Adams et al., TUPAL058

Energy Range 0.4 – 1.2 GeV
Intensity 1.3×1014 ppp
Repetition Rate 50 Hz
Mean Power 1.25 MW
Circumference (mean R) 163 m (26 m)
No. Super-periods 3
Nominal Tunes (Qx, Qy)=(4.40, 4.36)
Magnet Excitation Sinusoidal 
Dipole Fields 0.49 – 0.99 T
Gamma Transition 3.78
Peak RF h = (2, 4) (240, 120) kV/turn
RF Frequency (h = 2) 2.62 – 3.30 MHz
Number of Bunches 2

Outline Specification*



Beam Studies and Intensity Limits

» Numerically optimised injection painting 
– Reduces foil hits to ~2.3 
– Carbon foil temperatures ~1800 K 

» 3D ORBIT simulations, losses in 0.02% 
regime 

– Error study underway 
» Much optimisation and study to do 

– Injection process (emittance evolution) 
– Space charge, working point  
– Instabilities, collimation, extraction
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Centroid painting vs time

Tune footprint after injection

Performance of RCS at 1.25 MW

Comparative assessment of other rings
» Will repeat study for 

– Lattice variations, AR, standalone 
– Topics that overlap with FFA work 

» Limiting factors, interesting ideas 
– Run with higher space charge: predict loss? 
– Larger apertures, direct proton injection 
– Two stacked rings make 2.5 MW possible

Simulations with ORBIT



Fixed Field Accelerators (FFA)

» FFAs may be a good choice for a high intensity machine in view of their flexibility 
– no ramping, stable dc power supplies 
– high repetition rate (100 Hz and up), restricted only by rf programme 

• increased beam power 
• ability to match users’ requirements 

– horizontal beam extraction easier 
» Large momentum acceptance; particles with injection and extraction energy can 

circulate at the same time; 
– beam stacking 
– horizontal emittance can be enlarged 

» Superconducting or permanent magnets can be used 
– high energy efficiency, high availability, low operational costs

Studies have covered several types of FFAs (scaling, non-scaling, pumplet) but 
are now focussing on the DF-spiral. (Machida, Phys.Rev.Lett. 119, Aug 2017). A 
0.4-1.2 GeV main ring and a 3-30 MeV test ring are being considered. 
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DF-Spiral FFA

» Combines features of radial and spiral FFAGs to give a compact, versatile design 

» Introduce small negative field on one side of main spiral magnet to generate sharp 
edge between D and F and increase flutter f .

Q2
h = k + 1

Q2
v = �k + f2 tan2 ⇣

where
⇣ = spiral angle
f = flutter

B = B0
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DF-Spiral FFAG
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ISIS-II based on DF-Spiral FFA

Basic considerations for design: 
» Choice of number of cell 
» Choice of spiral angle 
» Orbit 

• Excursion 
• Magnetic field along the orbit 

» Optics 
• Courant-Snyder parameters 
• Range of parameters for injection study 

» Tuning adjustment 
» Acceptance and space charge effects 
» RF parameters

Find sets of parameters for both a main ring for the ISIS tunnel and a 
small prototype test ring to go on FETS
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ISIS-II and Test Ring Parameters

Parameter ISIS-II Test Ring

Kinetic energy 0.4-1.2GeV 3-30MeV
Mean radius at injection 24m 4m
Number of cells 25 15
Magnet length (D,F) (0.60m, 1.21m) (0.17m, 0.34m)
Packing factor 0.35 0.35
Straight section 3.58m 1.03m
Spiral angle 62� 41�

k index 20.6 7.2
Bd/Bf -0.47 -0.36
Orbit excursion 0.8m 0.6m
Nominal cell tune (H,V) (0.20760, 0.20960) (0.21267, 0.21600)
Nominal ring tune (H,V) (5.19, 5.24) (3.19, 3.24)
Transition gamma 4.6 2.9
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ISIS-II and Test Ring: Orbit and Optics
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(m

)
<latexit sha1_base64="73mj+aBozoA8iMeqCV8G1iUra/E=">AAACW3icZVBNSwMxEE3X71q1VTx5WaxChaXs9qIXQfDiUcFqwRbJptM2NB9LMistS/+EV/1jHvwvZtce3DqQzMubmczMixPBLYbhV8VbW9/Y3Nreqe7W9vYP6o3DJ6tTw6DLtNCmF1MLgivoIkcBvcQAlbGA53h6m8ef38BYrtUjzhMYSDpWfMQZRUf1zuZn/aAlL17rzbAdFub/B9ESNMnS7l8blev+ULNUgkImqLUvUZjgIKMGOROwqPZTCwllUzqGFwcVlWAHWTHwwj93zNAfaeOOQr9g/1ZkVFo7l3HgvKQ4yX2eaV1p/ralZD0ruKC4Vzrj6GqQcZWkCIqVYtnEyWEMjILYCTZNjSiHU8Wx/Fs2NjSZcDYLEs6wU14yy7uj1mJlAjvRBgWNQbj1QaWSI8iF7wSPVuX9D5467ShsRw+d5k1rKf02OSGnpEUickluyB25J13CiCDv5IN8Vr69Na/q1X5Tvcqy5oiUzDv+AXL8uI4=</latexit><latexit sha1_base64="73mj+aBozoA8iMeqCV8G1iUra/E=">AAACW3icZVBNSwMxEE3X71q1VTx5WaxChaXs9qIXQfDiUcFqwRbJptM2NB9LMistS/+EV/1jHvwvZtce3DqQzMubmczMixPBLYbhV8VbW9/Y3Nreqe7W9vYP6o3DJ6tTw6DLtNCmF1MLgivoIkcBvcQAlbGA53h6m8ef38BYrtUjzhMYSDpWfMQZRUf1zuZn/aAlL17rzbAdFub/B9ESNMnS7l8blev+ULNUgkImqLUvUZjgIKMGOROwqPZTCwllUzqGFwcVlWAHWTHwwj93zNAfaeOOQr9g/1ZkVFo7l3HgvKQ4yX2eaV1p/ralZD0ruKC4Vzrj6GqQcZWkCIqVYtnEyWEMjILYCTZNjSiHU8Wx/Fs2NjSZcDYLEs6wU14yy7uj1mJlAjvRBgWNQbj1QaWSI8iF7wSPVuX9D5467ShsRw+d5k1rKf02OSGnpEUickluyB25J13CiCDv5IN8Vr69Na/q1X5Tvcqy5oiUzDv+AXL8uI4=</latexit><latexit sha1_base64="73mj+aBozoA8iMeqCV8G1iUra/E=">AAACW3icZVBNSwMxEE3X71q1VTx5WaxChaXs9qIXQfDiUcFqwRbJptM2NB9LMistS/+EV/1jHvwvZtce3DqQzMubmczMixPBLYbhV8VbW9/Y3Nreqe7W9vYP6o3DJ6tTw6DLtNCmF1MLgivoIkcBvcQAlbGA53h6m8ef38BYrtUjzhMYSDpWfMQZRUf1zuZn/aAlL17rzbAdFub/B9ESNMnS7l8blev+ULNUgkImqLUvUZjgIKMGOROwqPZTCwllUzqGFwcVlWAHWTHwwj93zNAfaeOOQr9g/1ZkVFo7l3HgvKQ4yX2eaV1p/ralZD0ruKC4Vzrj6GqQcZWkCIqVYtnEyWEMjILYCTZNjSiHU8Wx/Fs2NjSZcDYLEs6wU14yy7uj1mJlAjvRBgWNQbj1QaWSI8iF7wSPVuX9D5467ShsRw+d5k1rKf02OSGnpEUickluyB25J13CiCDv5IN8Vr69Na/q1X5Tvcqy5oiUzDv+AXL8uI4=</latexit><latexit sha1_base64="73mj+aBozoA8iMeqCV8G1iUra/E=">AAACW3icZVBNSwMxEE3X71q1VTx5WaxChaXs9qIXQfDiUcFqwRbJptM2NB9LMistS/+EV/1jHvwvZtce3DqQzMubmczMixPBLYbhV8VbW9/Y3Nreqe7W9vYP6o3DJ6tTw6DLtNCmF1MLgivoIkcBvcQAlbGA53h6m8ef38BYrtUjzhMYSDpWfMQZRUf1zuZn/aAlL17rzbAdFub/B9ESNMnS7l8blev+ULNUgkImqLUvUZjgIKMGOROwqPZTCwllUzqGFwcVlWAHWTHwwj93zNAfaeOOQr9g/1ZkVFo7l3HgvKQ4yX2eaV1p/ralZD0ruKC4Vzrj6GqQcZWkCIqVYtnEyWEMjILYCTZNjSiHU8Wx/Fs2NjSZcDYLEs6wU14yy7uj1mJlAjvRBgWNQbj1QaWSI8iF7wSPVuX9D5467ShsRw+d5k1rKf02OSGnpEUickluyB25J13CiCDv5IN8Vr69Na/q1X5Tvcqy5oiUzDv+AXL8uI4=</latexit>

path length
<latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit><latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit><latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit><latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit>

path length
<latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit><latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit><latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit><latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit>

path length
<latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit><latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit><latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit><latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit>

path length
<latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit><latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit><latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit><latexit sha1_base64="PQmV75xq4bslyW6ECadMPKcnJ/s=">AAACXnicZVBLSwMxEE7XV62PWr0IXhaL4KGU3V70IghePFawVWiLZOO0G5oXyawoS3+GV/1d3vwpZtce3DqQzJdvZjIzX2IEdxhFX7VgbX1jc6u+3djZ3dtvHrQOh05nlsGAaaHtY0IdCK5ggBwFPBoLVCYCHpL5TRF/eAHruFb3+GZgIulM8SlnFD01MhTTUICaYfp00I66UWnhfxAvQZssrf/Uql2NnzXLJChkgjo3iiODk5xa5EzAojHOHBjK5nQGIw8VleAmeTnzIjzzzHM41dYfhWHJ/q3IqXTuTSYd76WfsvBFpvOlxdtVkvVryXXKe6UzTi8nOVcmQ1CsEstTr4i1MO0kXrN5ZkU1nCmO1d/ymaUm5ey1YzjDXnXJvOiOWouVCVyqLQqagPDrg8okR5CL0Aser8r7Hwx73Tjqxne99vX5Uvo6OSGn5JzE5IJck1vSJwPCiCbv5IN81r6DzWAvaP6mBrVlzRGpWHD8A1ztuvQ=</latexit>
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Space Charge Tune Shift

» Space charge tune shift becomes about -1.0 when a 50 mA FETS 
beam is injected for one turn. 

» Can we hold such high space charge beams in a ring? 
» Similar questions were asked at the UMER project at University 

Maryland (but that is an electron ring). 
» We could use the (pulse compressed) beams for some applications.
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» Inject 10, 20, 30, 40, 50 turns of 50 mA linac beam and look at beam size 
and fraction surviving. 

» An rf voltage is applied and the beam is captured in a bucket. 

» 20 turn accumulation (1 A) seems a hard limit. How do we interpret this? 
– 50 mA causes tune shift of -1.0. 

» Beams end up with similar distributions

Intensity Limit
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Proton Beam Accumulation

» Traditionally achieved via H− charge exchange injection (non-Liouvillean) 
» Complicated injection chicane 
» Needs a mechanism for handling unstripped H−, partially stripped H0 excited states 

and removal of stripped electrons 
» Foil traversals leading to heating and lifetime issues, nuclear scattering, multiple 

scattering, foil replacement system 
» Intra-beam stripping in linac and injection line 
» These all contribute to beam loss. 

» Direct proton injection (Liouvillean) is a possible alternative

thickness 200 lg/cm2 with a stripping efficiency of

99.6 % can be used until the thickness goes down to about

66 lg/cm2 having a stripping efficiency of 78 %.

Experimental setup and principle

As the initial thickness of the foil is 200 lg/cm2, the waste

beam in principle should only be the partially stripped H0

component (0.4 %) of the injected beam because of the un-

stripped H- one is expected to be negligibly small. As a

result, an increase of the H0 yield would be a signal of the
foil thinning, where any un-stripped H- yield should

indicate the pinhole formation in the foil. In order to

measure the foil degradation, we measured the waste beam
at the injection dump time to time. We used a Multi-wire

profile monitor (MWPM) named MWPM7 in order to

measured the beam profiles of H0 and H- (if any) [6, 7].
Figure 3 shows the experimental setup and principle used

for the present measurement. The MWPM7 is placed

almost at the end of the injection dump line and is a scan
type beam profile monitor. The beam profile is usually

measured by 100 shots injected with 1 Hz, where MWPM7

moves by 0.2 mm/s and thus each wire moves a total of
20 mm.

We always measure the waste beam during the RCS

operation period, so-called circulating mode (Fig. 3a).
However, in order to get the H0 and H- beam fraction we

should measure the injected beam profile and it is done in

the injection beam dump mode (Fig. 3b). In this case, 1st
foil is keep out from the beam line and thus all of the

incoming H- beam is stripped to H? by the 3rd foil and

then transported to the dump. It is then measured by the
MWPM7. This gives the yield of the injected beam itself.

As also mentioned earlier that the secondary foils (2nd and

3rd) are relatively thicker (500 lg/cm2) and thus stripping
efficiencies are calculated to be almost 100 %. Normaliz-

ing H0 and H- waste beam yields measured in the former

mode to the injected beam yield measured in the later mode

gives the H0 and H- beam fractions. Once H0 and H-

fractions are known, the H ? fraction which is injected

into the ring in the circulating mode or in other words, the
stripping efficiency can easily be known. One should also

need to measure fluctuation of the injected beam itself,

which may vary shot by shot and time to time. It is always
monitored by an SCT (slow current transformer) placed

about 20 m upstream of the RCS injection point (primary

foil). A no beam data is also always taken in order to
subtract the background.

Figure 4 shows an example of the horizontal beam

profiles measured by MWPM7. It is important to mention
that the H- and H0 beam profiles are separated by about

80 mm at the MWPM7 and thus we can measure both

profiles simultaneous and independently. The beam profile
shown by the black color corresponds to all injected H-

beam goes to the dump (stripping to H? by the 3rd foil) in

the injection beam dump mode. Three other profiles cor-
respond to the partially stripped H0 and un-stripped H-

beam go to the dump in the circulating mode. The thinner

the foil, the larger the visible H0 yield and for a foil
of 52 lg/cm2 (red), some un-stripped H- (expec-

ted * 1.7 %) yield can also be seen. As expected, the blue

color profile with a primary stripper foil 200 lg/cm2 does
not show any un-stripped H- yield but only the partially

stripped H0 component. Then by normalizing the H0 and

H- (if any) yields by the injected beam yield (black) taken
in the injection dump mode, we obtained partially stripped

H0 and un-stripped (H-) beam fractions and we could

extract the foil thickness.

Experimental results and discussion

Figure 5 shows a linearity of the MWMP7 measured in the

injection beam dump mode. As in the nominal case, only
0.4 % of the beam is suppose to pass through MWPM7 and

we aim to measure a quantitative time dependent change of

this fraction due to the thickness change and/or pinhole

Fig. 2 Layout of the RCS injection and the waste beam dump line. The
primary stripper foil named 1st foil with a thickness of 200 lg/cm2 is
placed in the middle of 4 chicane magnets and has a stripping efficiency
of 99.6 % at the present injection energy of 181 MeV. The rest of

0.4 % are called waste beams and are mainly with the partially stripped
H0, while un-stripped H- is negligibly small. They are further stripped
to H? by the 2nd and 3rd foil, respectively and transported to the
injection beam dump

J Radioanal Nucl Chem
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Direct Multiturn Injection of Protons

» Liouvillean injection using a tilted electrostatic septum. 

» Injection simultaneously into 4D transverse phase space 

» Optimise h and v closed orbit bumps to minimise beam loss 

– equivalent to minimising foil traversals in an H− system 

» Simple injection chicane. 

» Challenges the idea that the accumulation of a high intensity, 
pulsed, proton beam can only be achieved via charge 
exchange injection of H−. 

» Relies on developments in technology over the past 20 years. 

» Builds on techniques used for optimising H− injection systems 
developed for ESS/SNS/J-PARC/CSNS etc. 

» Adopted at C-HIAF and under study as a possible option for a 
neutrino superbeam facility at ESS (ESSnuSB) 

» Note that higher currents are available for a proton linac cf H−.

θ

circulating beam

Incoming beam 
from linac

closed orbit

septum
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Injection

#21

250 turns proton injection for ISIS-II, zero 
space-charge model

Transverse Beam Cross-section at Septum Horizontal Phase space

Vertical Phase spaceClosed Orbit 

» Requires careful choice of septum angle θ 
and ring optics (tunes, β-functions at injection 
point).  

» MISxxx codes developed to provide initial 
parameters of the system (zero space-
charge). (See talk WEAM6X01 at HB2016)

» Multiple studies suggest that a reliable 
‘Figure of Merit’ is

» Directs design:

F =
(✏x✏y)Ring

Nturns(✏x✏y)injected
⇡ 10
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Injection Optimisation

» Important parameters are angle of septum, closed orbit bumps 
and ring tunes. 

» Designs from the MIS-codes (Multiturn Injection Schemes): 
MISHIF, MISOPT, MISPLOT
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Optimum conditions for 
packing turns together

m = machine (ring) 

i = injection turn 

o = closed orbit

White areas represent combinations 
of tunes for which a tilt angle and 
orbit bumps can be found for a 
painting scheme with zero beam 
loss. Black areas correspond to full 
beam loss Qx

Qy



150 Turn Injection into DF-Spiral Main ring

• For N = 13.2 ⇥ 1013,
✏ring = 100⇡mm.mrad, de-
duce ✏i <⇠ 2.7⇡mm.mrad
and 150 injection turns

• Likely linac emittance of
5⇡mm.mrad must there-
fore be collimated
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Plots show output from the ge-

ometrical injection optimisation

code MISHIF for 150-turn loss-

less injection into a DF-spiral

ring at 400MeV using a tilted

electrostatic septum. In the

model, a maximum chopped

linac current of 200mA is as-

sumed and a septum of 0.1mm

thickness. Tunes are (Qx, Qy) ⇠
(5.19, 5.24). Without collimating

the linac beam, the loss rises to

over 20%.
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50 Turn Injection into DF-Spiral Test Ring

#24

Similarly for the scaled-down
DF-spiral test ring with the same
tune depression, 50-turn lossless
injection at 3MeV requires

✏ring
✏i

>⇠ 22

A chopped linac current of
0.54mA with normalised (100%)
emittance 0.18⇡mm.mrad can
be used to paint a ring emittance
of 4⇡mm.mrad.
The tunes are optimised to
(5.15, 5.24).
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Summary and Comparison

#25

Parameter Main Ring Test Ring

50Hz 100Hz 100Hz

Kinetic energy at injection (MeV) 400.0 3.0

Final kinetic energy (MeV) 1200 30.0

� 0.713 0.0798

�� 1.017 0.080

100% normalised, painted emittances (⇡mm.mrad) 100 4

100% unnormalised, painted emittances (⇡mm.mrad) 98.32 49.98

100%, normalised, linac emittances (⇡mm.mrad) 2.5 4.0 0.18

100% unnormalised, linac emittances (⇡mm.mrad) 2.46 3.93 2.25

Chopped linac beam current (mA) 200.00 0.56

Number of ions N 13.2⇥ 10
13

5.7⇥ 10
13

13.8⇥ 10
10

Mean radius of ring (m) 24 3

Expected maximum tune depression (⇥Bf ) 0.22 0.1 0.1

Number of injected turns Nturns 150 65 50

Mean beam power 1.27MW 1.1MW 66W
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Electron Test Ring (RCS model)

#26

fDfDf Pumplet Lattice, R=5 m

• Electron test ring scaled from
main ring RCS study with same
tune depression.

• At 1.5MeV, assume Nturns � 30
su�cient for validation

• ✏ring ⇡ ✏i
p
FNturns >⇠ 17✏i

• For ✏i ⇠ 2.5⇡mm.mrad, ✏ring >⇠
11.4⇡mm.mrad.

• For same tune depression as main
ring, deduce �Il ⇡ 3.5mA soN =
7⇥1010 electrons can be accumu-
lated.
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e-RING Injection
Electron ring tracking (incl. 
space-charge). Unoptimised 
scenario: 30 turns with nominal 
tunes Qh=2.4458, Qv=1.7449. 
Predicted lossless without space-
charge; loss with space-charge is 
about 7%.









Summary

» A future new short pulse neutron/muon facility is planned 
for the U.K. to meet the shortfall in provision after ~2030. 

» Options include a new H− linac and RCS, and a DF-spiral 
fixed field accelerator with direct proton injection. 

» A scaled-down test ring is planned using the existing 
injector test facility 

» We are also working on an accumulator ring for an ESS 
neutrino superbeam facility (~1500 turns direct proton 
injection)


