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Background
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• 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 from the 
developments at future facilities 
overseas, particularly in China (C-
ADSR, C-HIAF, C-SNS)



FFAG Option Models 
• FFAG pumplet lattices 

– scaling and non-scaling 

• RCS FFAG pumplet 
models 

• Racetrack lattices 

• DF-spiral models

3

• Designs for 
– main ring with radius of 

52m, 31m, 26m, 25m 
– test ring with radius of 

2.6m, 5m
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FFAG Option Models 
• FFAG pumplet lattices 

– scaling and non-scaling 

• RCS FFAG pumplet 
models 
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Prototyping a FFAG!
FETS FFAG

29• Designs for 
– main ring with radius of 

52m, 31m, 26m, 25m 
– test ring with radius of 

2.6m, 5m
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All models have direct proton 
injection for a multi-megawatt beam 

production
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Future UK Spallation Source

CERN LHC Injector Upgrade

KURRI Collaboration

IBEX Paul Trap

KURRI-FFAG complex

Injector

Booster

Main Ring

KUCA

European Spallation Source

Studies of intense 
proton driver at RAL

ISIS Spallation Source

Simulation setup

In order to study space charge effects, we need to include space 
charge potential from all the beamlets.

For simplicity reasons, assume that four beamlets as well as the 
beam at the centre have the same charge and emittance.
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A research and development project of 
fundamental technologies for cryocooler-cooled 
accelerator magnets using coated conductors�

Medium field ~5T 
10~20K operation for higher efficiency and stability 
Target applications :  
•  FFAG accelerator for Carbon cancer therapy 
•  Accelerator-driven subcritical reactor (ADSR)�

Strategic Promotion of Innovative Research and 
Development Program (S-Innovation Program) funded by 

the Japan Science and Technology Agency (JST)�

Background of the project 

K. Koyanagi, EUCAS 2015 

Introduction�
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Coil design for the Spiral-sector FFAG accelerator magnet 

K Goda, et al.: IEEE Trans. Appl. Supercond.,” vol. 24, no. 3, Art. No. 4402605, 2014. 
Update result will be presented MT24 Oct18~23 2015 

top view 

birds-eye view 

The characteristic parts of this design: 
•  Negative-bend part 
•  Three dimensional bending part  

K. Koyanagi, EUCAS 2015 

Hardware developments!
superferric magnet

27

e.g. High-Tc superconducting FFAG magnets for 
carbon cancer therapy and ADSR.!

Ogitsu, FFAG’15
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ESSnuSB
• Proposal to add a neutrino facility to the ESS linac
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Figure 1: The ESSnuSB implantation at the ESS site.

them resulting in a doubling of the linac duty factor to 8 %.
A first option is to simply double the pulse repetition rate
from 14 Hz to 28 Hz, making every second pulse an H−

pulse intended for neutrino production. This option, which
is depicted in upper half of Fig. 2, would require a ring
with very large aperture or two to four rings stacked on top
of each other, similarly to the Proton Synchrotron Booster
(PSB) at CERN [6]. Alternatively, the 2.86 ms pulse could
be split into two to four batches that would be accumulated
separately. That would require pulsing the linac up to 70 Hz,
as in the lower part of Fig. 2. Our current baseline option
is to split the ESS linac pulse into four such batches, which
implies that the accumulator will collect 2.75 ·1014 protons
for each batch. The simulations presented here assumes this
beam intensity and configuration. Later on, other options
will be considered.

Figure 2: Sketch of the different accumulation scenarios.
Protons pulses are in blue and H− pulses are in red.

THE ACCUMULATOR RING

The first version of the lattice of the ESSnuSB accumu-
lator ring was adopted from the similar Spallation Neutron
Source (SNS) accumulator ring [7]. The ring was scaled
in length to 376 m in order to better suit the higher beam
energy of 2.0 GeV, and minor additional adjustments were
made. The lattice has a four-fold symmetry with FODO
cells in the arcs and four long dispersion-free straight sec-
tions for accommodating injection, extraction, RF cavities
and instrumentation. The injection region contains a fixed
orbit bump and a variable bump with fast kickers. The fast
kickers are employed for transverse injection painting.

The high intensity beam from the ESS linac will suffer
tune shifts due to direct space charge. The space charge
forces are reduced by painting the transverse phase space in
the ring with the linac beam. The 1σ normalized transverse
emittance of 0.25 mm mrad from the linac will thus be trans-
formed to the target normalized emittance of 100 mm mrad,
here covering 86.5% of the beam particles. At the same
time, the painting can be modeled to create the desired beam
profile. In this case, the interest is to minimize space charge
forces and subsequent tune shifts, wherefore it is ideal to
have a beam distribution which is as close as possible to
uniform in the transverse plane. On the contrary, a Gaus-
sian profile gives rise to space charge forces that are very
strong at the density peak, which in turn leads to large tune
spreads. We assume a Gaussian beam distribution arriving
at the injection point from the linac and aim at modeling the
injection painting to produce a quasi square distribution. In
addition, heating of the stripping foil due to multiple parti-
cle crossings from the circulating beam must be considered
in the optimization.

RF cavities, both a first harmonic and a second harmonic
cavity, are employed to preserve the extraction gap. The
first harmonic is split up over three cavities with in total 5 kV
and a second-harmonic cavity in anti-phase of 2.5 kV. Since
the accumulation takes only 540 turns and the time between
pulses is 14.3 ms the extraction gap cannot be created in the
ring but must be generated already in the linac.

An early indication of emittance growth in the vertical
plane due to space charge, induced a study of three different
working points with a fixed bare tune in the horizontal plane.
The working points are as follows:

a) Qx = 10.395, Qy = 11.321

b) Qx = 10.395, Qy = 11.254

c) Qx = 10.395, Qy = 11.202

They will later be referred to by the labels a, b and c.

SIMULATIONS

We have performed beam tracking simulations using the
ESSnuSB accumulator lattice. The tracking has been done
using the particle-in-cell code pyORBIT [8], with compari-
son tests in Accsim [9]. PyORBIT uses PTC [10] external
libraries, which is particularly convenient when using time
dependent elements, such as the fast kickers for the injec-
tion painting. Two sets of simulations were done to study
the beam under the effect of space charge. The first set con-
siders the full beam intensity, thus after the injection has
been completed. The second includes the injection paint-
ing and simulates the full accumulations process. Part of
the second set was also compared with an equivalent simu-
lation done in Accsim. The details of these simulations will
be described here.

Full Intensity

In the baseline design, the accumulator ring lattice will
have to be able to store a total beam intensity of 2.75 · 1014
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Beam Dynamics in Rings

ESS linac output parameters:

Beam energy 2.0 GeV
Pulse beam current 62.5 mA
Pulse duration 2.86 ms
Pulse repetition rate 14 Hz
Beam power 5 MW

Proposed Ring parameters:

Beam energy 2.0 GeV

Accumulated beam power 5 MW

Ring circumference/radius 376/60 m



Parameters ESSnuSB
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Injection Parameters

Accumulated beam power (MW) 5.00
Kinetic energy at injection (MeV) 2000.0

� 0.9476
� 3.1316
�� 2.9676

Linac beam current (mA) 62.50
Linac chopping factor 1.00
Repetition rate (Hz) 14.0
Total number of particles (⇥1014) 11.146
Injection interval required, Ne/I (ms) 2.86
Revolution period at injection, t (µs) 1.32
Ring circumference (m) 375.73
Number of injected turns 2160

Single ring or

4 rings with

2.78 ⇥ 10

14
protons

in each.



Beam Accumulation

Downside 
• Complicated injection chicane 
• Needs a mechanism for handling unstripped H−  

and partially stripped H0 excited states 
• Dealing with stripped electrons 
• Foil heating, foil lifetime issues, nuclear scattering, multiple scattering, 

foil traversals, foil replacement system  
• Intra-beam stripping in linac and injection line 
• These are all causes of beam loss

8

“The multiturn injection method by proton beam has been almost abandoned for 
injection from a linac to an RCS, due to its poor injection efficiency. H-minus stripping 
injection is a must to obtain highly accumulated protons in rings by hundreds of turns.”

Reviews of Accelerator Science and Technology
Volume 6: Accelerators for High Intensity Beams,  April 2014



H− Injection Regions
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Steerer 

Vertical painting mag. 
Injection septum mag. 

Stripping foil drivers 

Septum mag for  
H0 dump Steerer CT 

Painting bump mag. Bump mag. 

Q-mag for H0 dump 

Painting bump mag. 

H0 dump 

• J-Parc and SNS injection 
layouts. 

• H and V bump magnets 
to paint the beam and 
reduce foil traversals. 

• Can also use dispersion 
painting, injecting in a 
dipole.

J-PARC

SNS



Non-Liouvillean Injection
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Optimising the 
closed orbit bumps 
to minimise the 
number of foil 
traversals is very 
like optimising to 
avoid beam loss 
for a Liouvillean 
system

H- injection modelling for a possible new 16 GeV booster ring 
for Fermilab (FNAL Driver Report, 2000) 



Direct Multiturn Injection
• Conventional method is to inject into one plane (h) and fill the other (v). 

Then (in some cases) rotate phase planes and repeat. 
• Phase space has to be conserved (Liouville)
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x

x

0

5-turn injection with Q=0.25: less than 
5/9 of phase space occupied by beam, 
dilution F>9/5=1.8

Expected number of injection turns N ⇡ 1

F

✏ring
✏inj

where F is the phase space dilution factor

Number Dilution

of turns F

6 1.56

7 1.92

8 1.86

9 2.01

10 2.15

Optimised schemes from 
1980 study

Optimised 6-turn injection 
scheme, Q=0.391

(C.Prior, 1980)



Multiturn Injection of Protons
• Liouvillean injection using a tilted 

electrostatic septum 

• Simple injection chicane 

• Injection simultaneously into 4D 
transverse phase space 

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

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

12

θ

circulating beam

Incoming beam 
from linac

closed orbit

septum

• Earlier simulations for HIDIF suggest maximum number of turns is 

N
max

⇡ 1

F

(✏h✏v)
ring

(✏h✏v)
inj

where F ⇡ 20



    Injector Linac 10 GeV, Length > 3 km 

100 m 

Bunch Synchronisation Stage 
1 delay-line system per ring 

          6 Rings      
  (2 per species) 
 12 bunches/ring 

     Induction Linac Bunchers (1 per species) 
                   24 beams each 

     Induction Linac Bunchers (1 per species) 
                   24 beams each 

Bunch Synchronisation Stage 
1 delay-line system per ring 

 Species Merging Stage 
(3x24 --> 24 beam lines) 
     

Final Focus 
Target Station 

    Final Drift 
(24 beamlines) 

    Final Drift 
(24 beamlines) 

Preinjector :16 ion sources 
per species, RFQ's and 
Funneling System 

 Species Merging Stage 
(3x24 --> 24 beam lines) 
    

   HIDIF Reference Design 
                          (to scale) 

  

HIDIF Project 1996-2000
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2-Plane Liouvillean Injection
• Obeys Liouville’s 

theorem, preserving 
volumes in phase 
space. 

• Tilted electrostatic 
septum at angle θ 

• Orbit bumps in 
transverse plane to 
avoid beam loss at 
septum 

• Correlated painting 
• HIDIF: 20 turns, εinj=4 

into εring=40 (mm.mrad)

14

Injection scheme for HIDIF, 1998, (Bi+1)



Chinese HIAF
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HIAF site

View of the HIAF campus 

15

The Chinese High Intensity Heavy Ion Accelerator Facility, HIAF, 
to be built in Huizhou, will use the tilted septum injection scheme.

Circumference:	531.2	m	
Rigidity:	34	Tm	
Beam	accumulation	
Beam	cooling	
Beam	acceleration

BRing: Booster ring

Circumference:240m	
Rigidity:	13Tm	
Electron/Stochastic	cooling		
Two	TOF	detectors	
Three	operation	modes

SRing: Spectrometer ring

Length:180	m	
Energy:	17MeV/u(U34+)

iLinac: Superconducting linac



MIS-codes
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• MIS=Multi-turn Injection Scheme 
• No space charge, geometric problem 
• Requires only knowledge of optical parameters at injection point. 
• MISHIF - main code  

– optimises θ, finds closed orbit variation over injection cycle, also 
suggests improved ring parameters 

– minimises phase space volume that falls on wrong side of septum 
• MISOPT - refined optimisation 

– based on Harwell subroutines 
– Alternative MISPRAX uses new version of old praxis routine 

• MISPLOT - graphical output 
–generates particles to fit optimised scheme; standard matrix transport 
–able to identify beam loss 

• MISTRACK, MISKVBL 
–generate relevant parts of input datasets for lattice code and 

2D(transverse) tracking code Track2D. 



Preferred Conditions for Injection
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• Two conditions desirable to minimise phase space 
wastage: 

• where subscripts i and o refer to the injected turn and the 
closed orbit respectively. 

• MIS-codes incorporate these by default (can be switched 
off) 

• Codes also include option on painted distribution (e.g. as 
uniform as possible)
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1. Working in normalised phase space, ring 
acceptance becomes circular
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1. Working in normalised phase space, ring 
acceptance becomes circular

↵i

�i
=

↵

�
2. Condition                 makes the injected 

turn upright
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1. Working in normalised phase space, ring 
acceptance becomes circular
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� x

0
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x

i

� x
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3. Adding in                                    

places the turn on axis and 

reduces the ring emittance
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1. Working in normalised phase space, ring 
acceptance becomes circular

↵i

�i
=

↵

�
2. Condition                 makes the injected 

turn upright

↵

i

�

i

=
↵

�

= �x

0
i

� x

0
o

x

i

� x

o

3. Adding in                                    

places the turn on axis and 

reduces the ring emittance

4. Condition                       matches the curvatures to minimise wasted phase space�

�i


✓
✏

✏i

◆ 1
3



Implications for ESSnuSB
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Injection Parameters

Kinetic energy at injection (MeV) 2000.0

Linac proton beam current (mA) 62.50

Linac 1� normalised emittance (⇡mm.mrad) 0.25

Unnormalised (3�) injected emittances (⇡mm.mrad) 0.76

Painted emittances of ring beam (⇡mm.mrad) 100.00

Expected tune depression 0.025

Number of particles N (⇥10

14
) 2.82

Linac chopping factor 1.00

Bunching factor during injection 1.00

Injection interval, Ne/I (µs) 723.62

Revolution period at injection, t (µs) 1.32

Mean radius at injection energy, �ct/2⇡ (m) 59.80

Number of injected turns 547

Assumes 4 rings and

accumulates a total of

5.05MW beam power,

1.26MW in each ring.

�Qv = � Nrp

⇡✏v
⇣
1 +

p
✏h/✏v

⌘
�2�3

1

Bf



Example Ring
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• Mean radius R = 52m

• �
max

⇡ 12m, �
min

⇡ 4m

• Optical parameters at injection point:

�
x

= 5.547969, ↵
x

= �0.585526 (↵
x

/�
x

= �0.1055)

�
y

= 5.668059, ↵
x

= 0.594398 (↵
y

/�
y

= 0.1049)

• Base tunes: Q
x

= 8.678324, Q
y

= 8.706738

Injection straight 5.6 m

Enlarged injection section with trim quadrupoles



Preferred Conditions
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Optimised values from code for 500 turns:

�

�
i


✓

✏

✏
i

◆1
3
= 5.0903 =)

(
�
ix

� 1.0899

�
iy

� 1.1135

• Machine tunes: Q
x

= 8.7436, Q
y

= 8.8030

• Septum angle: ✓ = 44.75�

• Injected turns: �
ix

= 1.3984,↵
ix

= �0.1476,�
iy

= 1.3092,↵
iy

= 0.1373

• Injected emittances: ✏
ix

= ✏
iy

= 0.758⇡mm.mrad

c.f. bare tunes
Q

x

= 8.6783, Q
y

= 8.7067



First results - 500 turns
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Total beam loss =0.658 %
(assuming uniform beam)

• Apart from closed orbit bumps, all parameters constant during injection
• Space charge forces omitted

REV CLOSED ORBIT INJECTED BEAM MACHINE PARAMETERS BEAM EMITTANCES
x y x y �

x

�

y

↵

x

↵

y

✏

x

✏

y

1 27.2277 28.3963 34.7475 35.0714 5.5480 5.6681 -0.5855 0.5944 13.8594 11.5512
60 23.6765 24.1538 34.7475 35.0714 5.5480 5.6681 -0.5855 0.5944 26.5669 25.4612

120 22.5140 19.9114 34.7475 35.0714 5.5480 5.6681 -0.5855 0.5944 31.7811 46.0798
180 20.0726 18.4127 34.7475 35.0714 5.5480 5.6681 -0.5855 0.5944 44.4254 54.9670
240 17.6969 17.3540 34.7475 35.0714 5.5480 5.6681 -0.5855 0.5944 58.8854 61.7499
300 15.1290 16.9142 34.7475 35.0714 5.5480 5.6681 -0.5855 0.5944 76.8061 64.6874
360 12.8864 16.4160 34.7475 35.0714 5.5480 5.6681 -0.5855 0.5944 94.4013 68.0972
420 12.2175 14.6556 34.7475 35.0714 5.5480 5.6681 -0.5855 0.5944 100.0001 80.8479
450 12.2175 13.4570 34.7475 35.0714 5.5480 5.6681 -0.5855 0.5944 100.0001 90.1548
500 12.2175 12.2547 34.7475 35.0714 5.5480 5.6681 -0.5855 0.5944 100.0001 100.0001

EQUATION OF SEPTUM ax+ by + c = 0, with

a = 0.704055, b = 0.710146, c = �47.362466 (x and y in mm)
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Conclusion 1
• 500 turns with zero beam loss looks possible 

• However, ring emittance of 100 ! mm.mrad looks small. 
Cf. 300 ! mm.mrad for SNS and ~400 ! mm.mrad in ISIS 

• Higher current proton sources are readily available (up to 
~200 mA) 

• So what could we do with 100 mA and 300 ! mm.mrad?

25

Injection Parameters for 100mA

Accumulated beam power (MW) 5.00
Linac beam current (mA) 100.00
Repetition rate (Hz) 14.0
Total number of particles (⇥1014) 11.146
Injection interval required, Ne/I (ms) 1.79
Revolution period at injection, t (µs) 1.32
Ring circumference (m) 375.73
Number of injected turns 1350



1500 Turn Model (5.55 MW)
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REV CLOSED ORBIT INJECTED BEAM MACHINE PARAMETERS BEAM EMITTANCES
x y x y �

x

�

y

↵

x

↵

y

✏

x

✏

y

1 37.2083 37.6036 53.1741 53.3387 5.5480 5.6681 -0.5855 0.5944 51.7754 49.2979
150 30.4583 34.8917 53.1741 53.3387 5.5480 5.6681 -0.5855 0.5944 101.1682 66.3779
300 26.9703 30.6787 53.1741 53.3387 5.5480 5.6681 -0.5855 0.5944 133.1499 98.2712
450 23.0223 28.6189 53.1741 53.3387 5.5480 5.6681 -0.5855 0.5944 174.6423 116.1733
600 19.7906 27.0791 53.1741 53.3387 5.5480 5.6681 -0.5855 0.5944 212.7880 130.5333
750 18.2672 24.5290 53.1741 53.3387 5.5480 5.6681 -0.5855 0.5944 232.0749 156.1565
900 18.2672 20.6426 53.1741 53.3387 5.5480 5.6681 -0.5855 0.5944 232.0749 199.6189
1050 18.2672 16.9552 53.1741 53.3387 5.5480 5.6681 -0.5855 0.5944 232.0749 245.7842
1200 18.2672 13.4154 53.1741 53.3387 5.5480 5.6681 -0.5855 0.5944 232.0749 294.6146
1350 15.9127 13.0437 53.1741 53.3387 5.5480 5.6681 -0.5855 0.5944 263.5299 299.9976
1500 13.3526 13.0437 53.1741 53.3387 5.5480 5.6681 -0.5855 0.5944 300.0000 299.9976

Total beam loss =0.00 %
(assuming uniform beam)

EQUATION OF SEPTUM ax+ by + c = 0, with

a = 0.789315, b = 0.613989, c = �72.757873 (x and y in mm)

Septum angle ✓ = 52.12�

Ring acceptance A = 480⇡mm.mrad

Space charge tune depression

✓
/ N

✏

◆
= 0.033



27


