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Fixed Field Accelerating Ring

What is Fixed Field Accelerating Ring?
• Cyclotron
• Synchrocyclotron
• Fixed-Field Alternating-Gradient (FFA, used to be FFAG)

Accelerators I am going to discuss have
• Main lattice with DC magnets
• Alternating gradient focusing
• Non isochronous, RF frequency is modulated
• Zero chromaticity, transverse tune is constant

I call it “FFA”



A bit of history
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A bit of history
MURA in 1950s Midwestern Universities Research Association

Must read! https://accelconf.web.cern.ch/c01/cyc2001/extra/Cole.pdf

http://www.apple.com/uk
https://accelconf.web.cern.ch/c01/cyc2001/extra/Cole.pdf
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A bit of history
High current beam studies at MURA

Must read! https://accelconf.web.cern.ch/c01/cyc2001/extra/Cole.pdf

Invited talk at PAC2003

https://accelconf.web.cern.ch/c01/cyc2001/extra/Cole.pdf
http://www.apple.com/uk
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Must read! https://accelconf.web.cern.ch/c01/cyc2001/extra/Cole.pdf

Invited talk at PAC2003

PAC1983

A bit of history
Spallation neutron source proposal ASPUN, ANL

https://accelconf.web.cern.ch/c01/cyc2001/extra/Cole.pdf
http://www.apple.com/uk
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A bit of history
One of two options at (old) ESS Proposal

Must read! https://accelconf.web.cern.ch/c01/cyc2001/extra/Cole.pdf

Invited talk at PAC2003

ASPUN, ANL at PAC1983

EPAC1992

Linac+Compressor ring Linac+FFAG accelerator

http://www.apple.com/uk
https://accelconf.web.cern.ch/c01/cyc2001/extra/Cole.pdf


Why FFA for high power applications?

Why we are considering now?
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Why FFA for high power applications?
High power by high repetition, but not necessarily low peak current

By beam stacking, the pulsed peak current can 
be increased keeping the average power with a 
lower repetition rate (~10 Hz).

• As a proton drive for a muon collider, spallation neutron 
source, etc.

Reduction of the beam current can be compensated 
by increasing the repetition rate. That is possible by 
fixed field magnets.

• Some high power applications prefer pulsed beam to CW beam.

By giving up the isochronous condition, the accelerator lattice or 
magnet size can be reduced.

• This is the reason why a synchrotron took over as a high energy accelerator.

Continuous acceleration like a cyclotron is the best way 
to increase the average beam power.

• When synchrotron was invented, people had to accept the huge reduction 
of the beam current.

injection
acc

Target

extraction

Linac

FFA

beam
current

time

FFA

PSI cyclotron

Kyushu U. FFA

ISIS synchrotron

Beam stacking
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Why FFA for high power applications?
Other advantage with DC magnets

• Required wall power is less to produce the same magnetic field compared with AC magnets for RCS.
• “Sustainability” is the important keyword for future facilities.

• Main magnet can be superconducting and permanent magnet.
• Reliability increases without switched power supply.
• Flexible (bespoke) operation by RF gymnastics is possible.

17 cell designPoP FFA at KEK
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Why we are considering now?
Rebirth of an FFA

• Acc from 50 to 500 keV of protons.
• Repetition of 1 kHz operation.

• High energy acceleration to 150 MeV.
• Cascade FFAs.

• EMMA: monscaling FFA.
• Serpentine channel acceleration.

No high power FFA yet.
• CBETA: multipass arc of ERL.
• Permanent magnet lattice.



Toward high power FFA
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Before we start …

• In the following, I tried to keep the discussion as in general as possible.

• However, I occasionally use specific design parameters where the discussion points become clearer.

• The parameters are based on a demonstrator of high power FFAs which we plan to built at RAL.

Energy 3 - 12 MeV
Minimum radius 3.6 m

Particle Proton
Maximum intensity 3 x 1011

Emittance (nor.) 10 pi mm mrad
Space charge tune shift -0.3

Repetition 100 Hz (50 pps)
Average beam power ~ 50 W
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FETS-FFA at RAL will be the first demonstrator FFA 
for high intensity operation.

FETS: Front End Test Stand
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DF (FD) spiral sector
Combination of radial and spiral

Flexibility of operating point (transverse tune) is essential for 
high intensity operation (Qh ~ Qv).

radial sector spiral sector

Bohr Chandrasekhar 

400 keV radial sector 180 keV spiral sector

€ 
Alternating gradient focusing by
focusing (normal bend) and
defocusing (reserve bend)

Alternating gradient focusing by
focusing (normal bend) and
defocusing (edge angle)
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Field gradient averaged 
over the azimuth. Specific strong focusing 

due to spiral field shape.

Strong focusing produced by the gradient variation 
with azimuth arising from the undulation of the orbit.

Machida, PRL 119, 064802 (2017)
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k-value and Bd/Bf strength ratio 
are two parameters to adjust 
tune Qx and Qy.
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k-value Bd/Bf ratio

Qx Qx

k=6.102
Bf=0.4231 T
Bd=-0.3462 T

k=9.891
Bf=0.4153 T
Bd=-0.4135 T

k=6.504
Bf=0.3674 T
Bd=-0.2080 T

k=10.600
Bf=0.3717 T
Bd=-0.2937 T

(3,3) (4,3)

(4,4)(3,4)

Qx

Qy
3Qx+2Qy=16

1Qx+4Qy=16

5Qx=16

nominal tune
(3.41, 3.39)

Tune space can be explored without much depending on a reverse bend.

DF (FD) spiral sector
Explore wide operating point



• Increasing the number of cells 
         -> higher field index k -> small orbit excursion (good).
         -> shorter straight section (bad).
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• Let us keep reasonable number of cells, but allocate straight sections unevenly.
Introduction of superperiod by exciting m not equal to the number of cell.
Long straight section is essential for proper handling of the high intensity beams. 
for example, phase space painting with charge exchange injection.

Superperiodicity
Orbit excursion vs number of cells k =

r

B

dB

dr

<latexit sha1_base64="QxW1nB2PP1xyyPg41eretoIg8mM=">AAACFnicbVDLSgNBEJz1bXytevQyGIR4MOyKr4sgCuIxgkmEbFhmJ73J4MzuMtMrhuBXePFXvHhQxKt482+cPA4aLWgoqrrp7ooyKQx63pczMTk1PTM7N19YWFxaXnFX12omzTWHKk9lqq8jZkCKBKooUMJ1poGpSEI9ujnr+/Vb0EakyRV2M2gq1k5ELDhDK4XuznkpwA4g2z4OTK5CReNQBXCXBRJiLAk1dAMt2h3cDt2iV/YGoH+JPyJFMkIldD+DVspzBQlyyYxp+F6GzR7TKLiE+0KQG8gYv2FtaFiaMAWm2Ru8dU+3rNKicaptJUgH6s+JHlPGdFVkOxXDjhn3+uJ/XiPH+KjZE0mWIyR8uCjOJcWU9jOiLaGBo+xawrgW9lbKO0wzjjbJgg3BH3/5L6ntlv2D8v7lXvHkdBTHHNkgm6REfHJITsgFqZAq4eSBPJEX8uo8Os/Om/M+bJ1wRjPr5Becj28ABJ9P</latexit>
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16-fold symmetry
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Straight length: 0.95 m
Dynamic aperture: 110 pi mm mrad
Field index k: 8.00
Spiral angle: 45 degree
Magnet families: 2

4-fold symmetry

Straight length: 1.55 m, 0.90 m, 0.45 m
Dynamic aperture: 80 pi mm mrad
Field index k: 7.40
Spiral angle: 30 degree
Magnet families: 8

Note horizontal beam size is larger.

Superperiodicity
Long straight section with zero chromaticity

<latexit sha1_base64="sE0CoCu0D9RM3N1aywAoUu/zcvI=">AAACE3icbVDJSgNBEO1xjXEb9ehlMAiJhzAjGr0IQUE8RjALZELo6dQkTXoWumvEMOQfvPgrXjwo4tWLN//GznLQxAcFj/eqqKrnxYIrtO1vY2FxaXllNbOWXd/Y3No2d3ZrKkokgyqLRCQbHlUgeAhV5CigEUuggSeg7vWvRn79HqTiUXiHgxhaAe2G3OeMopba5tF13sUeIC1c+O3UKQ1deIhdAT7muVOaWK7k3R4W2mbOLtpjWPPEmZIcmaLSNr/cTsSSAEJkgirVdOwYWymVyJmAYdZNFMSU9WkXmpqGNADVSsc/Da1DrXQsP5K6QrTG6u+JlAZKDQJPdwYUe2rWG4n/ec0E/fNWysM4QQjZZJGfCAsjaxSQ1eESGIqBJpRJrm+1WI9KylDHmNUhOLMvz5PacdEpFU9vT3Lly2kcGbJPDkieOOSMlMkNqZAqYeSRPJNX8mY8GS/Gu/ExaV0wpjN75A+Mzx/GFp2A</latexit>

F (✓) = f16 exp (i16✓)

<latexit sha1_base64="9XFIdPKM1N0IxNIOoOSqKNPtn/E=">AAACMnicbVDLSsNAFJ34tr6qLt0Ei1ARSiK1uhFEQXSnYB/QhDKZ3rSDkwczN2IJ/SY3fongQheKuPUjnLZZtNUDA4dzzuXOPV4suELLejNmZufmFxaXlnMrq2vrG/nNrZqKEsmgyiIRyYZHFQgeQhU5CmjEEmjgCah79xcDv/4AUvEovMNeDG5AOyH3OaOopVb++rLoYBeQ7p/6rbTcd+AxdgT4WOTlkeFI3uni/oG27cq4b1cmAq18wSpZQ5h/iZ2RAslw08q/OO2IJQGEyARVqmlbMboplciZgH7OSRTElN3TDjQ1DWkAyk2HJ/fNPa20TT+S+oVoDtXxiZQGSvUCTycDil017Q3E/7xmgv6Jm/IwThBCNlrkJ8LEyBz0Z7a5BIaipwllkuu/mqxLJWWoW87pEuzpk/+S2mHJrpSObsuFs/OsjiWyQ3ZJkdjkmJyRK3JDqoSRJ/JKPsin8Wy8G1/G9yg6Y2Qz22QCxs8vhh+qXA==</latexit>

F (✓) = f4 exp (i4✓) + f16 exp (i16✓)
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Injection

H Bump 4 
catch H+ (r’)

H Bump 2 moves H+ bump orbit (r’)H Bump 1 
moves H+ 
bump orbit (r)

Merge H- and 
H+ magnet

Foil H- injection 
Septum 

Vertical painting in 
injection line to select 
z, z’

 

H Bump 5 
catch H+ (r) Bumped beam 

centroid
Not bumped 
beam

H- charge exchange injection with 5 bump 
magnets (3 bumps in a long straight).

Design by Chris Rogers



20
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dynamic aperture at 3 MeV (normalised) 
4-fold symmetric lattice 

Optimise nonlinearity to obtain the same acceptance 
of SNS/JPARC

Normalised 
emittance

Geometrical 
acceptance

Vertical beam 
size [mm]

Beam core 10 [pi mm mrad] 125 [pi mm mrad] +/- 16 mm

Collimator 
acceptance 20 250 +/- 22 mm

Vacuum 
chamber size 40 500


Same as SNS/JPARC +/- 32 mm 

At 3 MeV, uniform beam of 10 pi mm mrad (100%, normalised)
<latexit sha1_base64="rsOG8VR7l9hiB8VA15kCZ+vPdVY="></latexit>

�Q = � rpnt

2⇡��2"nBf
= �0.12 per 1011 protons.

FETS injector will reduce both emittance and peak intensity by 
more than one order of magnitude.

0.25 pi mm mrad, 60 mA
-> 0.02 pi mm mrad, 1 mA (50 turns for 3x1011)

Physical and dynamic aperture
Large acceptance pays off
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• E(1) is the first derivative of fringe field 
extent with azimuthal direction.

• Strong octupole at fringe fields.

Aiba, et al

Large amp dependent tune shift in V
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Collimation
For all momentum

• In horizontal
• Collimator at injection (inner side of the aperture) and at 

extraction (outer side)
• In vertical

• Collimator continuously or stepwise for all the momentum

Horizontal

Vertical

Collimate beam halos as soon as developed. No need to wait until extraction.

beam

at injection at extractionbeam moves and shrinks

Ver 
collimator

Hor 
collimator

Design by Emi Yamakawa
Ver 
collimator

Ver 
collimator
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Correction
Orbit, optics, nonlinear harmonic

• Each magnet has ~10 trim coil winding 
on the flat pole.

• Power supply for each trim coil is 
independent.

• Primarily coils are adjusted to make the 
ideal field.

• Additionally small adjustments to excite a 
harmonic component to correct orbit, 
optics and nonlinear harmonics.

• How accurately ~10 coils can correct is 
still a question.

Top half of a spiral magnet

Trim coils
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Design by Rodriguez, Kuo and Lagrange

Poster by Jean-Baptiste Lagrange



Beam stacking experiment

By beam stacking, the pulsed peak current can 
be increased keeping the average power with a 
lower repetition rate (~10 Hz).

• As a proton drive for a muon collider, spallation neutron 
source, etc.

injection
acc

Target

extraction

Linac

FFA

beam
current

time

FFA
Beam stacking



Beam stacking
Benefits
• Bottleneck to achieve high beam 

power exists at injection energy.
• By beam stacking, beam power is 

not limited at injection.
• Repetition rate of an accelerator 

(120 Hz) can be different from that 
users will see (30 Hz).

• Longitudinal emittance is 
proportional to # of stacking (or 
larger).

injection
acc

N=4

Target

extraction

e.g.

Linac

FFA

beam
current

time

FFA Beam stacking

Fixed Field Alternating Gradient 
Accelerator (FFA) can combine 
acceleration and beam stacking 
in a single ring.

acceleration beam stacking

longitudinal 
phase 
space

injection energy

extraction energy Beam stacking is a way to make high peak 
power with low repetition.Simulation by David Kelliher
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<latexit sha1_base64="aRB7E+yY9m/3TgLMWRntlECD5pE=">AAACBnicbVDLSsNAFJ34rPVVdSnCYBFclUR8LYtuXFawD2hCmExv2qGTSZyZFErIyo2/4saFIm79Bnf+jdMHoq0HLhzOuZd77wkSzpS27S9rYXFpeWW1sFZc39jc2i7t7DZUnEoKdRrzWLYCooAzAXXNNIdWIoFEAYdm0L8e+c0BSMVicaeHCXgR6QoWMkq0kfzSgRtH0CV+JsPcFXCPez8CDHK/VLYr9hh4njhTUkZT1PzSp9uJaRqB0JQTpdqOnWgvI1IzyiEvuqmChNA+6ULbUEEiUF42fiPHR0bp4DCWpoTGY/X3REYipYZRYDojontq1huJ/3ntVIeXXsZEkmoQdLIoTDnWMR5lgjtMAtV8aAihkplbMe0RSag2yRVNCM7sy/OkcVJxzitnt6fl6tU0jgLaR4foGDnoAlXRDaqhOqLoAT2hF/RqPVrP1pv1PmldsKYze+gPrI9vM7mZnA==</latexit>

!rf 6= h!rev • No other ring accelerators can make that 
peak power.

• Good as a proton driver for a muon collider, 
spallation neutron source, etc.



Beam stacking
First experiment at MURA in 1960s
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High energy

A beam is injected.

A beam is captured and accelerated.
Some of particles are not captured.

Repeat 4 times. Momentum spread is 
larger.

Low energy



Beam stacking
New experiment this year

KURNS FFA accelerator complex at Kyoto Univ.

11 MeV H- linac

ERIT ring
(already moved to Kyushu U.)

FFA main ring
11 - 150 MeV
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Full Aperture Bunch (FAB) monitor
• Pickup bunch structure.
• Signal is amplified to the 

scope.

beam

beam

Experimental demonstration (of 2 beams)
• Is the total momentum spread dp/p 2 x each beam?
• Is the total number of particles is 2 x each beam?



Schottky signal analysis
A Beam consists of finite number of particles
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beam

IBIC 2017, Peter Forck

• Momentum spread is seen by different revolution time.
• Spread of frequency spectrum at each harmonic h can 

be measured <latexit sha1_base64="tPRsBWJgvd8seldfneteyeekv9c=">AAACEXicbVDLSgMxFM3UV62vUZduBovQVZkRXxuh6MZlBfuAzlAyaaYNzWRCkhFKyC+48VfcuFDErTt3/o1pOwutHrhwcs695N4Tc0qk8v0vp7S0vLK6Vl6vbGxube+4u3ttmeUC4RbKaCa6MZSYEoZbiiiKu1xgmMYUd+Lx9dTv3GMhScbu1ITjKIVDRhKCoLJS362FiYBID7jR3FzOH4HRoxAraAovMToxfbfq1/0ZvL8kKEgVFGj23c9wkKE8xUwhCqXsBT5XkYZCEUSxqYS5xByiMRzinqUMplhGenaR8Y6sMvCSTNhiypupPyc0TKWcpLHtTKEayUVvKv7n9XKVXESaMJ4rzND8oySnnsq8aTzegAiMFJ1YApEgdlcPjaCNQdkQKzaEYPHkv6R9XA/O6qe3J9XGVRFHGRyAQ1ADATgHDXADmqAFEHgAT+AFvDqPzrPz5rzPW0tOMbMPfsH5+Aa7L57d</latexit>
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df

f
<latexit sha1_base64="NwTVhUwpMxoGcj0+kwjDlfTQ8uE=">AAAB63icbVBNS8NAEN3Ur1q/qh69BIvgqSTi17HoxWMFawttKJvtpF26uwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvTAQ36HnfTmlldW19o7xZ2dre2d2r7h88mjjVDFosFrHuhNSA4ApayFFAJ9FAZSigHY5vc7/9BNrwWD3gJIFA0qHiEWcUc6kHSPvVmlf3ZnCXiV+QGinQ7Fe/eoOYpRIUMkGN6fpegkFGNXImYFrppQYSysZ0CF1LFZVggmx269Q9scrAjWJtS6E7U39PZFQaM5Gh7ZQUR2bRy8X/vG6K0XWQcZWkCIrNF0WpcDF288fdAdfAUEwsoUxze6vLRlRThjaeig3BX3x5mTye1f3L+sX9ea1xU8RRJkfkmJwSn1yRBrkjTdIijIzIM3klb450Xpx352PeWnKKmUPyB87nDwwijkI=</latexit>⌘ : slippage factor

• This is an incoherent signal.
• Sum of frequency spectrum (more precisely PSD) is 

proportional to the number of particles 
<latexit sha1_base64="cPrYzjj/HqPTqO0QfHbP2JyNIfo="></latexit>Z ✓
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Zt: transfer impedance

Schottky signal and PSD as an output tells 
1) beam intensity and 2) momentum spread

Power Spectrum Density (PSD)
FFA spectrum
(Vertical axis is power V^2)

averaging over freq
averaging over time

“Bartlett” or “Welch”
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Schottky signal as a function of the final energy of beam 2.

-235.4 keV -200.6 keV -182.5 keV -165.0 keV

-129.7 keV -94.4 keV -23.8 keV

beam2

beam1

Energy separation (beam2-beam1)

beam2

beam1

Longitudinal phase space

beam2 beam2 beam2

beam2 beam2 beam2
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Result 1: Momentum spread dp/p

• Total dp/p becomes minimum just at the point 
where two beams start interacting.

• Once two beams interact each other, total dp/p 
is larger than twice of dp/p of each beam.

• dp/p of each beam is unchanged until two 
beams start interacting.

beam1 beam2

beam1

beam2

total

two beams 
start interacting

Total dp/p after stacking is slightly (~15%) more than twice of dp/p of each beam.



Intensity of beam1 (waiting at top energy) is significantly reduced.
30

Result 2: Beam intensity

• Until two beams start interacting, the ratio of 
beam 1 and beam 2 is about 40% independent of 
final energy of beam 2.

• Ratio of beam 1 and beam 2 looks higher with 
interaction, but it depends on the definition of beam 
1 intensity. In this analysis, beam 1 includes 
intensity of both sides of beam 2.

two beams 
start interacting

beam1 beam2



from CERN-87-03

RF knock out
Similar to synchro-beta resonance

When the RF cavity is located at the finite dispersion point D_x, energy gain induces horizontal 
displacement.
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T
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= �⇡DxV0as
T�

cos (!st)

For the stacked (coasting) beam,

<latexit sha1_base64="0DGIK30xbLDufoBtn9Fl9oWzzwk=">AAACH3icbVDLSsNAFJ34rPUVdelmsAhuWpKi1U2hqAuXFfqCJoTJZNIOnTyYmUhLyJ+48VfcuFBE3PVvnLZZaOuBC2fOuZe597gxo0IaxlRbW9/Y3Nou7BR39/YPDvWj446IEo5JG0cs4j0XCcJoSNqSSkZ6MScocBnpuqO7md99IlzQKGzJSUzsAA1C6lOMpJIcvWZ5hEkEx7AOy/fO2PI5wqkXZ2mc1cuLl5KztJrlVitLW5mjl4yKMQdcJWZOSiBH09G/LS/CSUBCiRkSom8asbRTxCXFjGRFKxEkRniEBqSvaIgCIux0fl8Gz5XiQT/iqkIJ5+rviRQFQkwCV3UGSA7FsjcT//P6ifRv7JSGcSJJiBcf+QmDMoKzsKBHOcGSTRRBmFO1K8RDpGKQKtKiCsFcPnmVdKoVs1a5erwsNW7zOArgFJyBC2CCa9AAD6AJ2gCDZ/AK3sGH9qK9aZ/a16J1TctnTsAfaNMffByjUw==</latexit>

�x = �Dx
dp

p
= �Dx

2

dT

T

<latexit sha1_base64="cuVJqNZopAIkD1kZ6ntfOUkeKko="></latexit>

= �DxV0

T
cos (!rev � !rf ) t

In a bunched beam, energy gain or induced horizontal 
displacement has a frequency of synchrotron oscillation 
and its higher harmonics.

When it becomes the same frequency of (horizontal) betatron oscillations, resonance occurs.
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<latexit sha1_base64="XpwXPou8pyYvNeTev4B6v/T/xLo=">AAACGnicbVDJSgNBEO1xjXEb9eilMQgeJMyI20UIevGYgFkgM4SeTk3SpGehuycQhvkOL/6KFw+KeBMv/o2dZHBJfFDweK+KqnpezJlUlvVpLCwuLa+sFtaK6xubW9vmzm5DRomgUKcRj0TLIxI4C6GumOLQigWQwOPQ9AY3Y785BCFZFN6pUQxuQHoh8xklSksd03Z8QWjqRAH0SCd1PFDkuJ9l34qAYZZd1X6sjlmyytYEeJ7YOSmhHNWO+e50I5oEECrKiZRt24qVmxKhGOWQFZ1EQkzogPSgrWlIApBuOnktw4da6WI/ErpChSfq74mUBFKOAk93BkT15aw3Fv/z2onyL92UhXGiIKTTRX7CsYrwOCfcZQKo4iNNCBVM34ppn+islE6zqEOwZ1+eJ42Tsn1ePqudlirXeRwFtI8O0BGy0QWqoFtURXVE0T16RM/oxXgwnoxX423aumDkM3voD4yPL02Hokk=</latexit>!�,h

!rev
= Q�,h

<latexit sha1_base64="seeNUVDXiYlmiIxEFK4CKA+6nA4=">AAACEHicbVDLSsNAFJ3UV62vqEs3wSK60JKIr2XRjcsK9gFNKJPpTTt0Mgkzk0IJ+QQ3/oobF4q4denOv3HaBtHWAxcO59zLvff4MaNS2faXUVhYXFpeKa6W1tY3NrfM7Z2GjBJBoE4iFomWjyUwyqGuqGLQigXg0GfQ9Ac3Y785BCFpxO/VKAYvxD1OA0qw0lLHPHRO3EBgkrpRCD3cSV0fFD7uZ9mPImCYZR2zbFfsCax54uSkjHLUOuan241IEgJXhGEp244dKy/FQlHCICu5iYQYkwHuQVtTjkOQXjp5KLMOtNK1gkjo4sqaqL8nUhxKOQp93Rli1Zez3lj8z2snKrjyUsrjRAEn00VBwiwVWeN0rC4VQBQbaYKJoPpWi/SxzkfpDEs6BGf25XnSOK04F5Xzu7Ny9TqPo4j20D46Qg66RFV0i2qojgh6QE/oBb0aj8az8Wa8T1sLRj6zi/7A+PgG6mud0g==</latexit>

1� !�,h

!rev

<latexit sha1_base64="pNnFtzdKowIqvxIH/Jg01LrgUjc=">AAACPHicbVBLS8NAGNzUV62vqEcvwSJ40JKIr4tQ9OKxon1AE8Jm+6VdunmwuymUkB/mxR/hzZMXD4p49ey2DWJbBxZmZ+Zj9xsvZlRI03zRCguLS8srxdXS2vrG5pa+vdMQUcIJ1EnEIt7ysABGQ6hLKhm0Yg448Bg0vf7NyG8OgAsahQ9yGIMT4G5IfUqwVJKr39s+xyS1owC62E05DLLj34ufZVNOdjWdtj2Q+Kg3m3L1slkxxzDmiZWTMspRc/VnuxORJIBQEoaFaFtmLJ0Uc0kJg6xkJwJiTPq4C21FQxyAcNLx8plxoJSO4UdcnVAaY/XvRIoDIYaBp5IBlj0x643E/7x2Iv1LJ6VhnEgIyeQhP2GGjIxRk0aHciCSDRXBhFP1V4P0sOpHqr5LqgRrduV50jipWOeVs7vTcvU6r6OI9tA+OkQWukBVdItqqI4IekSv6B19aE/am/apfU2iBS2f2UVT0L5/AOY5siQ=</latexit>!rev � !rf

!rev
=

!�,h

!rev
or where



Proposed mitigation methods (from MURA papers)
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• For a ring with single RF cavity
• Reduce voltage around resonance
• Control betatron phase around resonance by changing tune for short time (like a jump 

around transition energy crossing).

• For a ring with two RF cavities
• Choose a proper betatron phase advance between two cavities
• Tipped RF cavities to cancel transverse fields

• For a ring with multiple RF cavities
• Place cavities with equal spacing.
• Place cavities with proper phase. x

px px

x

When phase advance 
btw 2 cavities is pi.

When phase advance 
per cavity is not pi.



• Impedance calculation of a wide window shape vacuum chamber, even 
irregular shape at some points.

• Instability and its mitigation
• Acceleration is fast.
• Beam stacking requires the stability of high current coasting beams 

for long time.

Before summary
Many studies to be done

• Zero chromaticity for the entire energy to keep 
the tune constant.

• Chromaticity is not a knobs to control 
instabilities.

• Full of systematic multiples and large 
amplitude dependent tune shift. 

• Does it help?



• High intensity is the primary goal of the Fixed Field Accelerator development at the start.
• Many ideas and proposals existed, but hardware was not ready until recently.

• Now time to revisit the initial idea with the state of the art equipment and new technique.
• It has a potential to give the highest peak power without sacrificing the average current.
• Prototype construction of a high intensity Fixed Field Accelerator is the next step.

• First, beam loss handling with the same space charge level of SNS/JPARC.
• Second, study beam instability and its mitigation.

Summary



Thank you for your attention
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Backup



Modelling space charge effects
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Space charge modelling in an FFA
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x [m]

• Equilibrium orbit is a function of time (momentum) and 
operating point.

• Equilibrium orbit is fixed in a synchrotron.

• Important to know where the centre of charge distribution in 
order to calculate space charge effects.

• Perturbation to betatron oscillation frequency matters.

• A bunch occupies the large fraction of the circumference, 
1/2~1/4. The longitudinal size is much larger than the 
transverse.

• A beam size has a similar aspect ratio in 3D in a 
cyclotron.
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Scode’s way of modelling

(a) top view-4
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(b) r-theta (c) r-theta_bin
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• Convert coordinates to r-theta
• Binning in theta direction
• Calculate average r in each bin

• Same binning in theta direction
• Calculate tilt angle psi in each bin

• Last step is explain in the 
next page.

• Beam in arbitrary position.

<latexit sha1_base64="gXMy5DHoUQMc0lHD7+eTlnjS4KU=">AAACHnicbZDLSsNAFIYnXmu9VV26GSxCBSmJWHVZdOOygr1AE8JkOmmHTiZh5kQsoU/ixldx40IRwZW+jdPLorb+MPDznXM4c/4gEVyDbf9YS8srq2vruY385tb2zm5hb7+h41RRVqexiFUrIJoJLlkdOAjWShQjUSBYM+jfjOrNB6Y0j+U9DBLmRaQrecgpAYP8QsUVLIQSdkNFaObqNMKPPh9mcng6ywYThl3Fuz048QtFu2yPhReNMzVFNFXNL3y5nZimEZNABdG67dgJeBlRwKlgw7ybapYQ2idd1jZWkohpLxufN8THhnRwGCvzJOAxnZ3ISKT1IApMZ0Sgp+drI/hfrZ1CeOVlXCYpMEkni8JUYIjxKCvc4YpREANjCFXc/BXTHjGhgEk0b0Jw5k9eNI2zsnNRrtydF6vX0zhy6BAdoRJy0CWqoltUQ3VE0RN6QW/o3Xq2Xq0P63PSumRNZw7QH1nfv9fBovQ=</latexit>✓P
xi
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P
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n

◆

<latexit sha1_base64="1yHadcpxxZq8xxwIAKlWz8uc2Rw=">AAACInicbVDLSgMxFM3UV62vUZdugkWoIGVGfC6EohuXFewDOqVk0kwbmskMyR2xDP0WN/6KGxeKuhL8GNMHoq0HAueecy839/ix4Boc59PKzM0vLC5ll3Mrq2vrG/bmVlVHiaKsQiMRqbpPNBNcsgpwEKweK0ZCX7Ca37sa+rU7pjSP5C30Y9YMSUfygFMCRmrZ5x4Q6QkWQAF7sebYU7zThf0LL1CEpp5OQhy30v4BHwx+qvth1bLzTtEZAc8Sd0LyaIJyy3732hFNQiaBCqJ1w3ViaKZEAaeCDXJeollMaI90WMNQSUKmm+noxAHeM0obB5EyTwIeqb8nUhJq3Q990xkS6Oppbyj+5zUSCM6aKZdxAkzS8aIgERgiPMwLt7liFETfEEIVN3/FtEtMNmBSzZkQ3OmTZ0n1sOieFI9vjvKly0kcWbSDdlEBuegUldA1KqMKougBPaEX9Go9Ws/Wm/Uxbs1Yk5lt9AfW1zcpdqS4</latexit>

tan ( ) =

P
py,iP
px,i

(b) - (c)

• Finally a straight beam 
along beam path.
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Simulation result (preliminary)

Lattice FETS-FFA
Circumference ~ 23 m

Energy 3 MeV
Longitudinal distribution Coasting
Transverse distribution KV

Emittance (100%) 10 pi mm mrad, normalised

Injection Single turn
Operating point (3.41, 3.39)
Longitudinal bin 360 / ring

# of macro particle 10000

Hor

Ver

Emittance growth starts happening at 12 x 1011  and 
significant one above the intensity of 16 x 1011.

(Partially it is due to mismatch.)
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Simulation result (preliminary)
Space charge incoherent tune shift

�Qv = � ntrp

⇡✏v(1 +
p

✏h/✏v)�2�3

1

Bf

Maximum 
inc. tune 

RMS inc. 
tune shift

Coherent 
tune shift

10 x 1011 -0.304 -0.304 -0.228

12 x 1011 -0.365 -0.365 -0.274

16 x 1011 -0.484 -0.484 -0.365

20 x 1011 -0.608 -0.608 -0.456

• Distance between operating point (3.41, 3.39) and 
nearby resonance (3.00, 3.00) is (0.41, 0.39).

• Emittance growth starting around 12~16 x 1011  is reasonable (no surprise!).
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Figures shows injection and extraction orbits 
which have the momentum ratio of two.
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• 4-fold symmetry lattice with radius of 3.6 m

Superperiodicity
FETS-FFA proposal at RAL

First demonstrator of a high intensity FFA.
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(DFD)    (DDD) (DFO)    (ODD) (DFF)    (FDD) (DFF)
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(Nothing here existed before.)

Demonstrator
High Temperature Superconductor 

Magnet for FFAG Accelerators
N. Amemiya (Kyoto University), T. Ogitsu (KEK)

K. Koyanagi, T. Kurusu (Toshiba)
Y. Mori (Kyoto University)

Y. Iwata, K. Noda (NIRS), M. Yoshimoto (JAEA)

amemiya.naoyuki.6a@Kyoto-u.ac.jp

FFAG’14  International  Workshop  on  FFAG  Accelerators
September 22 – 27, 2014

Brookhaven National Laboratory, New York
(September 23, Tuesday)

This work was supported by Japan Science and Technology Agency under Strategic 
Promotion of Innovative Research and Development Program (S-Innovation Program).

Magnet R&D

Beam stacking
Beam 2

Beam 1

MA RF cavity

Simply, it was not ready yet.

Why it did not go further?
What we are doing now
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Finally, a curved beam in arbitrary position becomes straight
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Simulation result (preliminary)
Beam envelope at 19th turn with 20 x 1011. 
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Space charge tune shift
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�Qv = � ntrp

⇡✏v(1 +
p

✏h/✏v)�2�3

1

Bf

• Tune shift is inversely proportional to beta^2 gamma^3.
• Space charge effects are strong at injection, but decrease quickly with acceleration.

• If all the particles are injected at the same time, the peak beam power is limited at injection.
• It is possible to combine more number of particles at extraction to increase the peak power.



30/15 Hz user cycle by beam stacking from 120 Hz accelerator
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8.3 ms (120 Hz)

66.7 ms
33.3 ms

TS1 (red) TS2 (blue)

Rep. rate 30 Hz 15 Hz

Power 2.1 MW 0.3 MW
Extraction

Pulses  inside

66.7 ms

33.3 ms

TS1 (red) TS2 (blue)

Rep. rate 30 Hz 15 Hz

Power 1.5 MW 0.9 MW
Extraction

Pulses  inside

Beam stacking can adjust beam power for TS-1 and TS-2.



Frequency component during beam stacking
<latexit sha1_base64="OuKGfescvpF0UUKpXyIegfPqf8E="></latexit>

Vgap = V0 cos!rf t
1X

n=0

� (t� nTrev)
<latexit sha1_base64="bTM6Gx1yL32qLkiJTB5+QWQuLjo="></latexit>

= V0

1X

n=0

cos!rfnTrev = V0

1X

n=0

cos 2⇡n
!rf

!rev

when \omega_rf << \omega_ref
<latexit sha1_base64="1D1LtIJOA+J5RFwJNltMelxvo8w="></latexit>

Vgap (envelope) = V0 cos!rf t

when \omega_rf ~ \omega_ref

<latexit sha1_base64="Oy40s4yiZ40YH9OoSr2tQDXldhA=">AAACDnicbVC5TsNAEF1zhnAFKGlWREjQRDbiKiNoKINEAlJsWevNOFmxXlu744jIyhfQ8Cs0FCBES03H37A5Cq4njfT03oxm5kWZFAZd99OZmZ2bX1gsLZWXV1bX1isbmy2T5ppDk6cy1TcRMyCFgiYKlHCTaWBJJOE6uj0f+dd90Eak6goHGQQJ6yoRC87QSmFltxUWXZYNfQkx7lEf4Q4LUH2QaQZD6mvR7eF+WKm6NXcM+pd4U1IlUzTCyoffSXmegEIumTFtz80wKJhGwSUMy35uIGP8lnWhbaliCZigGL8zpLtW6dA41bYU0rH6faJgiTGDJLKdCcOe+e2NxP+8do7xaVAIleUIik8WxbmkmNJRNrQjNHCUA0sY18LeSnmPacbRJli2IXi/X/5LWgc177h2dHlYrZ9N4yiRbbJD9ohHTkidXJAGaRJO7skjeSYvzoPz5Lw6b5PWGWc6s0V+wHn/Asl2nJU=</latexit>

Vgap (envelope)                        means the 
lowest frequency component of 
RF voltage seen by the beam.

Requirement in the longitudinal 
direction imposes 
\omega_rf > (1/2) \omega_rev

f_rf < f_rev

RF voltage seen by the coasting beam

(aliasing, beat, …)

<latexit sha1_base64="Hz+dnS4Ic81G4Cyf+ZKwoXW6Bo0="></latexit>

Vgap (envelope) = V0 cos (!rev � !rf ) t

The beam sees RF voltage at a cavity location

RF

time
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Simulation with KURNS 3D field map

horizontal emittance growth 
at ~2.5 ms.

Qh = 0.79
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or 1-Qh = 0.21

from RF programme
<latexit sha1_base64="bfiTnwkTZhu/2b7+Aj+nureb3nU=">AAACHXicbVDLSsNAFJ3UV62vqEs3wSK4sSRSHxuh6MZlC/YBTQiT6U07dPJgZlIoIT/ixl9x40IRF27Ev3HaBrGtBy6cOede5t7jxYwKaZrfWmFldW19o7hZ2tre2d3T9w9aIko4gSaJWMQ7HhbAaAhNSSWDTswBBx6Dtje8m/jtEXBBo/BBjmNwAtwPqU8Jlkpy9WrDTXs8u7F9jklqRwH0sZtyGGVnvw8/y+aczNXLZsWcwlgmVk7KKEfd1T/tXkSSAEJJGBaia5mxdFLMJSUMspKdCIgxGeI+dBUNcQDCSafXZcaJUnqGH3FVoTSm6t+JFAdCjANPdQZYDsSiNxH/87qJ9K+dlIZxIiEks4/8hBkyMiZRGT3KgUg2VgQTTtWuBhlglZNUgZZUCNbiycukdV6xLisXjWq5dpvHUURH6BidIgtdoRq6R3XURAQ9omf0it60J+1Fe9c+Zq0FLZ85RHPQvn4As+ukMw==</latexit>
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We should see something at ~2.5 ms
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Scode’s way of modelling
• Ideally, transverse (radial) position is measured from the closed orbit, 

not from the average position within a bin.
• It may be possible to define the instantaneous closed orbit, but could 

be tricky.

theta (x)

r (y)
Define the close orbit within a bin as

A straight line with a gradient of
<latexit sha1_base64="1yHadcpxxZq8xxwIAKlWz8uc2Rw=">AAACInicbVDLSgMxFM3UV62vUZdugkWoIGVGfC6EohuXFewDOqVk0kwbmskMyR2xDP0WN/6KGxeKuhL8GNMHoq0HAueecy839/ix4Boc59PKzM0vLC5ll3Mrq2vrG/bmVlVHiaKsQiMRqbpPNBNcsgpwEKweK0ZCX7Ca37sa+rU7pjSP5C30Y9YMSUfygFMCRmrZ5x4Q6QkWQAF7sebYU7zThf0LL1CEpp5OQhy30v4BHwx+qvth1bLzTtEZAc8Sd0LyaIJyy3732hFNQiaBCqJ1w3ViaKZEAaeCDXJeollMaI90WMNQSUKmm+noxAHeM0obB5EyTwIeqb8nUhJq3Q990xkS6Oppbyj+5zUSCM6aKZdxAkzS8aIgERgiPMwLt7liFETfEEIVN3/FtEtMNmBSzZkQ3OmTZ0n1sOieFI9vjvKly0kcWbSDdlEBuegUldA1KqMKougBPaEX9Go9Ws/Wm/Uxbs1Yk5lt9AfW1zcpdqS4</latexit>

tan ( ) =

P
py,iP
px,i

<latexit sha1_base64="luRxvyWZ7gPOo6F/EfvdLBNL00I=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVv45FLx4rWFtol5JNs21okg1JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvUpwZ6/vfXmlldW19o7xZ2dre2d2r7h88miTVhLZIwhPdibChnEnassxy2lGaYhFx2o7Gt7nffqLasEQ+2ImiocBDyWJGsM2lnjKsX635dX8GtEyCgtSgQLNf/eoNEpIKKi3h2Jhu4CsbZlhbRjidVnqpoQqTMR7SrqMSC2rCbHbrFJ04ZYDiRLuSFs3U3xMZFsZMROQ6BbYjs+jl4n9eN7XxdZgxqVJLJZkvilOObILyx9GAaUosnziCiWbuVkRGWGNiXTwVF0Kw+PIyeTyrB5f1i/vzWuOmiKMMR3AMpxDAFTTgDprQAgIjeIZXePOE9+K9ex/z1pJXzBzCH3ifPyd/jlQ=</latexit>

 

which goes through the point of
<latexit sha1_base64="gXMy5DHoUQMc0lHD7+eTlnjS4KU=">AAACHnicbZDLSsNAFIYnXmu9VV26GSxCBSmJWHVZdOOygr1AE8JkOmmHTiZh5kQsoU/ixldx40IRwZW+jdPLorb+MPDznXM4c/4gEVyDbf9YS8srq2vruY385tb2zm5hb7+h41RRVqexiFUrIJoJLlkdOAjWShQjUSBYM+jfjOrNB6Y0j+U9DBLmRaQrecgpAYP8QsUVLIQSdkNFaObqNMKPPh9mcng6ywYThl3Fuz048QtFu2yPhReNMzVFNFXNL3y5nZimEZNABdG67dgJeBlRwKlgw7ybapYQ2idd1jZWkohpLxufN8THhnRwGCvzJOAxnZ3ISKT1IApMZ0Sgp+drI/hfrZ1CeOVlXCYpMEkni8JUYIjxKCvc4YpREANjCFXc/BXTHjGhgEk0b0Jw5k9eNI2zsnNRrtydF6vX0zhy6BAdoRJy0CWqoltUQ3VE0RN6QW/o3Xq2Xq0P63PSumRNZw7QH1nfv9fBovQ=</latexit>✓P

xi

n
,

P
yi
n

◆

where n is the number of particle and i is index.

particles

theta (azimuthal)

r (radial) r (radial) r (radial)

theta (azimuthal) theta (azimuthal)


