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・Muon science

・Neutron science 

・BNCT

・only spiral shaping focusing magnet

・vertical focusing from edge focus of fringing field 

FFAG

Spiral FFAG (Compact size of accelerator and simple optics)

Medium Energy Proton (~400 [MeV])

vertical tune are sensitive to magnet design



Design Method for Spiral FFAG
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𝜈ℎ~ 1 + 𝑘

𝜈𝑣~ −𝑘 + 𝑓2 1 + 2 tan2 𝜁

Zero chromaticity field 

⇒correction of k & flutter factor & spiral angle

Ordinal method

index ・Local k        (correction of k)

・ 𝐿𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒|𝑒𝑥𝑖𝑡
𝑒𝑓𝑓

(correction of flutter)

・𝑑𝜈𝑉/𝑑𝜁 (correction of spiral angle)

Optimization parameter ・pole gap geometry

・entrance side boundary of magnet

・exit side boundary of magnet

・width of chamfer

・depth of chamfer

・start point of chamfer

・spiral angle

・field clamp etc.

tune
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Zero chromaticity field 

⇒correction of k & flutter factor & spiral angle

Ordinal method

index ・Local k        (correction of k)

・ 𝐿𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒|𝑒𝑥𝑖𝑡
𝑒𝑓𝑓

(correction of flutter)

・𝑑𝜈𝑉/𝑑𝜁 (correction of spiral angle)

Optimization parameter ・pole gap geometry

・entrance side boundary of magnet

・exit side boundary of magnet

・width of chamfer

・depth of chamfer

・start point of chamfer

・spiral angle

・field clamp etc.

Many optimization 

parameters

Correction of all 

factor contribute to 

vertical tune 

𝜈ℎ~ 1 + 𝑘

𝜈𝑣~ −𝑘 + 𝑓2 1 + 2 tan2 𝜁
tune



Purpose

Design of the 400 MeV Spiral FFAG accelerator at 

Kyushu University using proposed method
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In this study…

Proposition of simple design method for 

medium-energy Spiral FFAG



・Background

・Purpose

・Design Method

・Magnet Design (400 MeV Spiral FFAG) 

・Summary

7

Outline



Correction of  field index : k
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Design method for spiral FFAG

Optics design with linear approximation

2D magnet modeling

3D Spiral magnet modeling

Correction of

field index : k, flutter factor, spiral angle

Validate tune with tracking simulation
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Design method for spiral FFAG

Optics design with linear approximation

2D magnet modeling

3D Spiral magnet modeling

Correction of

field index : k, flutter factor, spiral angle

Validate tune with tracking simulation
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Ordinal method Proposed  method

Indexes ・local k         (field  index: k)

・ 𝐿𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒|𝑒𝑥𝑖𝑡
𝑒𝑓𝑓

(flutter factor)

・𝑑𝜈𝑉/𝑑𝜁 (spiral angle)

・local k (field index : k)

・𝑝𝑓𝑒𝑓𝑓 (flutter factor)

Optimization

parameters

・pole gap geometry

・entrance and exit side of

magnet boundary

・width of chamfer

・depth of chamfer

・start point of chamfer

・spiral angle

・field clamp 

・pole gap geometry

・packing factor of magnet

・gap of field clamp

・position of field clamp

Concept of ordinal and proposed design method

Correction 2 indexes & fewer optimization parameters  
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・Magnetic field : B 1.55 [T]

・Injection momentum:444.58 [MeV/c] 

(proton 100 MeV)

・Size of accelerator 

Max radius of Magnet= 5.50 [m]

Max radius of beam orbit ~ 4.7 [m] 

⇒pf ~ 0.44

・Extraction momentum:954.26 [MeV/c] 

(proton 400 MeV)

・Horizontal phase advance per cell

~90 [deg.] 150 MeV FFAG

5.50 [m]

・Injector : 150 MeV FFAG

Requirements for 400MeV Spiral FFAG



Correction of  field index : k
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Design method for spiral FFAG

Optics design with linear approximation

2D magnet modeling

3D Spiral magnet modeling

Correction of

field index : k, flutter factor, spiral angle

Validate tune with tracking simulation



Closed Orbit

𝑟2
𝑟1

𝐿
𝜌

Center of Accelerator

Spiral Magnet

𝜁

𝜀2

𝜀1

𝜁
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Linear Approximation
Definitions of lattice parameters 2𝐿 : Length of straight section

𝜌 : Radius of Curvature

𝜁 : Spiral Angle 

𝜀 : Edge Angle

𝑝𝑓:packing factor =
Δ𝜃

 𝜋 𝑁

 𝑟1 𝜌 =  sin(  𝜋 𝑁) sin(  𝑝𝑓 × 𝜋 𝑁)

 𝐿 𝜌 = sin(  𝜋 𝑁) × sin(  𝜋 𝑁 −  𝑝𝑓 × 𝜋 𝑁)
/ sin(  𝑝𝑓 × 𝜋 𝑁)

𝜀2 =  𝜋 𝑁 −  𝑝𝑓 × 𝜋 𝑁 + 𝜁

𝜀1 =  𝜋 𝑁 −  𝑝𝑓 × 𝜋 𝑁 − 𝜁

 𝑟2 𝜌 = 1 + (𝑟1 − sin  𝜋 𝑁 −  𝑝𝑓 × 𝜋 𝑁 )
/ sin(  𝑝𝑓 × 𝜋 𝑁)

Δ𝜃



Parameter search for 400 MeV Spiral 

FFAG with linear approximation
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Fixed parameters

・𝑝𝑓: 0.44
・Cell number :12

Field index : k = 6.0

Spiral angle : 59.0 [deg.]



16

Optics parameter of 400 MeV Spiral

Injection/Extraction 
beam Radius 4.15 [m] / 4.63 [m]

Injection/Extraction 
Energy 100 [MeV] / 400 [MeV]

Momentum Ratio 2.15

Cell Number : 𝑁 12

Max. Magnetic Field 1.55 [T]

Packing Factor : 𝑝𝑓 0.44

Field Index : 𝑘 6.0

Spiral Angle : 𝜁 59.0 [deg.]

Horizontal Cell Tune 0.241

Vertical Cell Tune 0.176 Schematic view of 400 MeV 

Spiral FFAG @ Kyushu univ.
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Design method for spiral FFAG

Optics design with linear approximation

2D magnet modeling

3D Spiral magnet modeling

Correction of

field index : k, flutter factor, spiral angle

Validate tune with tracking simulation
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2D magnet modeling

One condition of Zero-chromaticity 

Field gradient : k ⇒ constant (all momentum & excursion)

optimization of pole shape

Optimize pole shape

2D magnetic calculation

(POISSON)

Magnetic saturation 

⇒Valuation of local field gradient ; local k

cross sectional view of pole

Radius

45 [deg.]
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2D-magnet design

Pole region 3.95 [m]/4.85 [m]

Yoke width 40.0 [cm]

Coil cross section 50 [mm] × 200 [mm]

Half Gap 2.0 [cm] @ R=4.65 [m]

Field Index : 𝑘 6.0

Current density 2.50 [A/𝑚𝑚2]

Pole cut width 5.0 ~ 15.0 [cm]

計算手法：

yoke
pole

coil

Radius

Parameter

Parameter of 2D magnet
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440 445 450 455 460 465 470 475
5.0

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

6.0

6.1

 without pole cut

 pole cut 5  [cm]

 pole cut 10 [cm]

 pole cut 15 [cm]

L
oc

al
 k

radius [cm]

Result of calculation; POISSON

Pole cut width 10.0 

⇒local k is the most closest k=6.0 @extraction

Extraction r=465 [cm]



Correction of  field index : k
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Design method for spiral FFAG

Optics design with linear approximation

2D magnet modeling

3D Spiral magnet modeling

Correction of

field index : k, flutter factor, spiral angle

Validate tune with tracking simulation
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3D magnet design for Spiral magnet

Table of 3D parameters Fig Magnet

Mag Field ?

Pole

Yoke

Coil

Pole Cut

Max. Radius of Magnet 5.45 [m]
Injection/Extraction 

beam Radius 4.15 [m] / 4.63 [m]

Injection/Extraction 
Energy 100 [MeV] / 400 [MeV]

Momentum Ratio 2.15

Cell Number : 𝑁 12

Max. Magnetic Field 1.55 [T]

Packing Factor : 𝑝𝑓 0.44

Field Index : 𝑘 6.0

Spiral Angle : 𝜁 59.0 [deg.]

Half Gap 2.0 [cm] @ R=4.15[m]

Current density 3.2 [A/𝑚𝑚2]

Weight of half magnet 12.7 [t]
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3D Spiral magnet design
Flutter Factor of Spiral Magnet in Hard Edge Model

𝐹2 =
< 𝐵 𝜃 −  𝐵 2 >

 𝐵2
=

𝑅

𝜌
− 1 =

1

𝑝𝑓
− 1

𝑝𝑓𝑒𝑓𝑓 =
 𝐴
𝐵
𝐵𝑑𝑙 /𝐵𝑐𝑒𝑛𝑡𝑒𝑟

 𝐴
𝐵
𝑑𝑙

=
𝐿𝑒𝑓𝑓

 𝐴
𝐵
𝑑𝑙

Packing Factor including field

⇒Effective Packing Factor : 𝑝𝑓𝑒𝑓𝑓

A

B
C

Integration path

Beam orbit

In realistic magnet, flutter is variable 

because of  variation of fringing field 
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In order to correct 𝑝𝑓𝑒𝑓𝑓

①Optimization of boundary of magnet (𝑝𝑓)

②Optimization of gap geometry of field clamp
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In order to correct 𝑝𝑓𝑒𝑓𝑓

②Optimization of gap geometry of field clamp

①Optimization of boundary of magnet (𝑝𝑓)
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⇒ 𝑝𝑓𝑒𝑓𝑓 > 𝑝𝑓𝑜𝑝𝑡𝑖𝑐𝑠

Optimization of 𝑝𝑓 of main magnet

⇒ 𝑝𝑓𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑 = 𝑝𝑓𝑜𝑝𝑡𝑖𝑐𝑠 −

(𝑝𝑓𝑚𝑖𝑛𝑖𝑚𝑢𝑚
𝑒𝑓𝑓

− 𝑝𝑓𝑜𝑝𝑡𝑖𝑐𝑠)

𝐿𝑒𝑥𝑖𝑡
𝑒𝑓𝑓

𝐿𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒
𝑒𝑓𝑓

①Optimization of boundary of magnet (𝑝𝑓)

Due to the fringe field

Using this method…

・constant spiral angle of spiral magnet

・symmetric geometry 

・correction of 𝑝𝑓𝑒𝑓𝑓 in general

Ordinal : using index : 𝐿𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒|𝑒𝑥𝑖𝑡
𝑒𝑓𝑓

𝑝𝑓𝑜𝑝𝑡𝑖𝑐𝑠
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⇒ 𝑝𝑓𝑒𝑓𝑓 > 𝑝𝑓𝑜𝑝𝑡𝑖𝑐𝑠

Optimization of 𝑝𝑓 of main magnet

⇒ 𝑝𝑓𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑 = 𝑝𝑓𝑜𝑝𝑡𝑖𝑐𝑠 −

(𝑝𝑓𝑚𝑖𝑛𝑖𝑚𝑢𝑚
𝑒𝑓𝑓

− 𝑝𝑓𝑜𝑝𝑡𝑖𝑐𝑠)

①Optimization of boundary of magnet (𝑝𝑓)

Due to the fringe field

Using this method…

・constant spiral angle of spiral magnet

・symmetric geometry 

・correction of 𝑝𝑓𝑒𝑓𝑓 in general

𝑝𝑓𝑜𝑝𝑡𝑖𝑐𝑠

𝑝𝑓𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑

proposed : using index : 𝑝𝑓𝑒𝑓𝑓
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Correction of packing Factor of magnet

410 420 430 440 450 460 470

0.40

0.42
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Radius [cm]

 Pf 0.44

Pf 0.395

 Pf ideal

Correction of effective packing factor at outside radius by 

this optimization
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In order to correct 𝑝𝑓𝑒𝑓𝑓

①Optimization of packing factor 

②Optimization of gap geometry of field clamp



30

②Optimization of gap geometry of field clamp

Yoke

Coil

Field  Clamp

Variable gap height of field clamp depend on radius

⇒correct variation of 𝑝𝑓𝑒𝑓𝑓

Pole
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②Optimization of gap geometry of field clamp

Yoke

Coil

Field  Clamp

Correct 𝑝𝑓𝑒𝑓𝑓 locally with variable gap height of 

field clamp

Constant gap height : h 

schematic view of surface 

of field clamp

Calculation of 𝑝𝑓𝑒𝑓𝑓 while changing gap height

Radius : r

h
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②Optimization of gap geometry of field clamp

Yoke

Coil

Field  Clamp

Correct 𝑝𝑓𝑒𝑓𝑓 locally with variable gap height of 

field clamp

Pick up points (r,h) in case 𝑝𝑓𝑒𝑓𝑓 = 𝑝𝑓𝑜𝑝𝑡𝑖𝑐𝑠

Radius : r
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②Optimization of gap geometry of field clamp

Yoke

Coil

Field  Clamp

Correct 𝑝𝑓𝑒𝑓𝑓 locally with variable gap height of 

field clamp

Pick up points (r,h) in case 𝑝𝑓𝑒𝑓𝑓 = 𝑝𝑓𝑜𝑝𝑡𝑖𝑐𝑠

Radius : r
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②Optimization of gap geometry of field clamp

Yoke

Coil

Field  Clamp

Correct 𝑝𝑓𝑒𝑓𝑓 locally with variable gap height of 

field clamp

Pick up points (r,h) in case 𝑝𝑓𝑒𝑓𝑓 = 𝑝𝑓𝑜𝑝𝑡𝑖𝑐𝑠

Radius : r
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②Optimization of gap geometry of field clamp

Yoke

Coil

Field  Clamp

Correct 𝑝𝑓𝑒𝑓𝑓 locally with variable gap height of 

field clamp

Points are fitted to function 
Radius : r
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②Optimization of gap geometry of field clamp

Yoke

Coil

Field  Clamp

Correct 𝑝𝑓𝑒𝑓𝑓 locally with variable gap height of 

field clamp

Radius : r

Optimized geometry of clamp
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Optimization of Field Clamp geometry

410 420 430 440 450 460 470
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Radius [cm]

 Clamp 22.5 [cm]

 Clamp 20.0 [cm]

 Clamp 17.5 [cm]

 Clamp 15.0 [cm]

 Clamp 12.5 [cm]

 Clamp 10.0 [cm]

 Clamp 7.5 [cm]

 Clamp 5.0 [cm]

 Clamp 4.0 [cm]

 pf ideal

𝐺𝑎𝑝 ℎ𝑖𝑔ℎ𝑡 𝑜𝑓𝑓𝑖𝑒𝑙𝑑 𝑐𝑙𝑎𝑚𝑝 = 1.66 × 10−16 exp
𝑟𝑎𝑑𝑖𝑢𝑠

12.0
+ 3.69
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fitting curve

In this model…
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3D Modeling for Spiral magnet

Schematic view of Spiral 

Magnet with field clamp

Field  Clamp

Pole

Yoke

Coil
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Tune Validate & effective packing factor

410 420 430 440 450 460 470
0.40

0.42

0.44

0.46

0.48

0.50

0.52

0.54

E
ff

e
c
ti

v
e
 p

a
c
k

in
g

 f
a
c
to

r

Radius [cm]

 Pf_eff with Clamp of optimized geometry

 Pf_eff without Clamp

Δ𝜈𝐻 = 0.007 Δ𝜈𝑉 = 0.020

Before and after the optimization, vertical beam stability,

220 [MeV] ⇒ 100 [MeV] 
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 Vertical after optimization 

 Vertical before optimization

tune shift 



40Consideration of tune shift

410 420 430 440 450 460 470
0.00
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Radius [cm]

 Horizontal Tune from tracking

 Vertical Tune from tracking

 Horizontal Tune from local_k+Pf_eff 

 Vertical Tune from local_k+Pf_eff

・tune shift calculated from simulation and eq.(1)&(2) denote the 

same tendency.

⇒ tune shift derives from error of local k & 𝑝𝑓𝑒𝑓𝑓.

⇒ possibility of spiral magnet design which satisfy the zero-

chromaticity using this method have been indicated.

𝜈ℎ = 1 + 𝑙𝑜𝑐𝑎 𝑘 (1)

𝜈𝑣 = −𝑙𝑜𝑐𝑎𝑙 𝑘 + 1/𝑝𝑓𝑒𝑓𝑓 − 1 1 + 2 tan2 𝜁
(2)



41Acceptance
horizontal Vertical

horizontal acceptance ~ 2500 pi mm rad @injection

Vertical acceptance ~ 50 pi mm rad @injection
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Summary

Preposition of simple design method for medium-energy 

Spiral FFAG

・Control tune variation with two indexes (local k & effective packing factor) 

・Correction of the two indexes with fewer optimization parameters

⇒Simple main magnet geometry 

・Possibility of spiral magnet design that satisfied zero-chromaticity using the 

proposed method

Further Improvement

Design Spiral FFAG of high-momentum ratio using this method

Design of 400 MeV Spiral FFAG
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Thank you for your attention
※”Principle design of a proton therapy, rapid-cycling, variable energy spiral FFAG “S. Antoine a, et,al



Discussion
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400 MeV SpiralRACCAM
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RACCAM
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400 MeV Spiral
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ERIT (Okabe-san)
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700MeV Spiral (B. Qin-san)



Max. Radius of Magnet 5.45 [m]

Injection/Extraction 

beam Radius 4.15 [m] / 4.63 [m]

Injection/Extraction 

Energy 100 [MeV] / 400 [MeV]

Momentum Ratio 2.15

Cell Number : 𝑁 12

Max. Magnetic Field 1.55 [T]

Packing Factor : 𝑝𝑓 0.44

Field Index : 𝑘 6.0

Spiral Angle : 𝜁 59.0 [deg.]

Half Gap 2.0 [cm] @ R=4.15[m]

Current density 3.2 [A/𝑚𝑚2]

Weight of half magnet 12.7 [t]

400 MeV Spiral RACCAM 700 MeV

Spiral design



Spiral design


