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Background

Medium Energy Proton (~400 [MeV])

Muon science
Neutron science
BNCT

7 EFAG
Spiral F \

FAG (Compact size of accelerator and simple optics)

-only spiral shaping focusing magnet
-vertical focusing from edge focus of fringing field

v

vertical tune are sensitive to magnet design

_/
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Design Method for Spiral FFAG

Vh~ 1 + k
tune t Vo~ —k + f2(1 + 2tan2 Q)
Zero chromaticity fleld
=correction of k & flutter factor & spiral angle

Ordinal method

index -Local k (correction of k)
+ L) ncelexic(COMrection of flutter)
~dvy /d{ (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.
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Design Method for Spiral FFAG

Vh~ 1+
tune E vy~ —k + f2(1 + 2tan2 Q)

Zero chromaticity field
=>correction of k & flutter factor & spiral ang|

e

Ordinal method

index -Local k (correction of k)
+ L) ncelexic(COMrection of flutter)
~dvy /d( (correction of<niral anala)

Optimization parameter  -pole gap geometry

Correction of all
factor contribute to

-entrance side boundary (

exit side boundary of may vertical tune

-width of chamfer

-depth of chamfer
-start point of chamfer
-spiral angle

Many optimization
parameters

field clamp etc.




W/, KYUSHU UNIVERSITY

Purpose

Proposition of simple design method for
medium-energy Spiral FFAG

In this study...

Design of the 400 MeV Spiral FFAG accelerator at
Kyushu University using proposed method
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| Design method for spiral FFAG \

Optics design with linear approximation

~_~

2D magnet modeling
Correction of field index : k

- =

3D Spiral magnet modeling

Correction of
field index : Kk, 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
Correction of field index : k

~_~

3D Spiral magnet modeling

Correction of

field index : k, flutter factor, spirat-angle=

Validate tune with tracking simulation
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Concept of ordinal and proposed design method

Ordinal method Proposed method
Indexes -local k (field index: k) -local k (field index : k)
- Lizmncewxit (flutter factor) -pf¢// (flutter factor)
“dvy /d( (spiral angle)
Optimization -pole gap geometry ‘pole gap geometry
parameters  -entrance and exit side of - packing factor of magnet
magnet boundary -gap of field clamp
-width of chamfer - position of field clamp

-depth of chamfer

- start point of chamfer
-spiral angle

-field clamp

Correction 2 indexes & fewer optimization parameters
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Requirements for 400MeV Spiral FFAG

*Injector : 150 MeV FFAG

*Injection momentum:444.58 [MeV/c]

(proton 100 MeV)

- Extraction momentum:954.26 [MeV/c]

(proton 400 MeV)

-Magnetic field : B 1.55 [T]

- Size of accelerator
Max radius of Magnet= 5.50 [m]

Max radius of beam orbit ~ 4.7

]

=pf~0.44

- Horizontal phase advance per cell

~90 [deg.]

F

T

5.50 [m]

“\ /’

‘‘‘‘‘‘

£

777777

.H—.”fff“;ffff

:

T

AN NN =

Ffl-l’lln"\r'ufffffff

[ 7]

-
r.l

150 MeV FFAG |~

= Lo




\¥/, KYUSHU UNIVERSITY

| Design method for spiral FFAG \

Optics design with linear approximation

~_~

2D magnet modeling
Correction of field index : k

- =

3D Spiral magnet modeling

Correction of

field index : k, flutter factor, sprral-angle=

Validate tune with tracking simulation
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Linear Approximation

Definitions of lattice parameters 2L : Length of straight section
' p . Radius of Curvature

Spiral Magnet

{ . Spiral Angle
\x ¢ . Edge Angle
\1"«:-.__ . . B AO
pf:packing factor = N
— \ / g =mn/N—pfxm/N—-_
ff &, =mn/N—pf xXm/N+{
f" /N r1/p = sin(x/N)/sin(pf x w/N)
=~/
/o 7/ \ra/p =1+ (1 —sinGr/N —pf xT/N))
!f f / /7";, P 7"1#, _ - \ ;- /sin(pf X /N)
-
Y.V Closed Orbit | |
f/ A
f?f;";"’ / /L/p = sin(n/N) X sin(m/N — pf X /N)
£~ | Center of Accelerator | - /sin(pf x /N)




Parameter search for 400 MeV Spiral
FFAG with linear approximation

|
0.4 :

Fixed parameters
pf:0.44
Cell number :12

g

Field index : k =6.0 |
Spiral angle : 59.0 [deqg.] |

0.3 :

Vertical cell tune

o
()

Horizontal cell tune
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Optics parameter of 400 MeV Spiral

Spiral FFAG @ Kyushu univ.

Injection/Extraction
beam Radius 4.15 [m] / 4.63 [m]
Injection/Extracti
njec I%eréyrac 'on 100 [MeV] / 400 [MeV] \

Momentum Ratio 2.15 ’,-.. - \

Cell Number : N 12 / \ '
Max. Magnetic Field 1.55 [T] /
Packing Factor : nf 0.44 . /

Field Index : k 6.0 \

Spiral Angle : ¢ 59.0 [deq.]

Horizontal Cell Tune 0.241 = | | |

\ertical Cell Tune 0.176 Schematic view of 400 MeV
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| Design method for spiral FFAG \

Optics design with linear approximation

<=
2D magnet modeling

Correction of field index : k

- =

3D Spiral magnet modeling

Correction of

field index : k, flutter factor, sprral-angle=

Validate tune with tracking simulation
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2D magnet modeling

One condition of Zero-chromaticity
Field gradient : kK = constant (all momentum & excursion)

Magnetic saturation
=Valuation of local field gradient ; local k

[> Optimization of pole Shape N - cross sectional view of pole
Optimize pole shape I \~\ I
2D magnetic calculation o \/I
(POISSON) AR

45 [deg.]>
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2D-magnet design

Parameter of 2D magnet

1 —|

Pole region 3.95 [m]/4.85 [m]

i —

Yoke width 40.0 [cm]

6t —

Coil cross section | 50 [mm] x 200 [mm]

|

coil

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

Field Index : k 6.0

20

Current density 2.50 [Almm?]

i

i

|

—

i

I 1k

I 6t

I 2i

| Parameter

Pole cut width

5.0 ~ 15.0 [cm] i

3I£I}

!Iil}

Radius
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Result of calculation: POISSON

|l

Local k

: .. N\, g \
5_42 === ithout pole cut . \ \
s3] T pole cut5 [cm] 2

{ |==o==rpole cut 10 [cm]

527 |—v=—pole cut 15 [cm]

redivs feml \ Extraction r=465 [cm]
Pole cut width 10.0
=|ocal k is the most closest k=6.0 @extraction
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| Design method for spiral FFAG \

Optics design with linear approximation

~_~

2D magnet modeling
Correction of field index : k

3D Spiral magnet modeling

Correction of

field index : k, flutter factor, sprral-angle=

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

Max. Radius of Magnet

5.45 [m]

Injection/Extraction
beam Radius

4.15[m] /4.63 [m]

Injecti&r%/eEré{/raction

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 : C 59.0 [deq.]
Half Gap 2.0 [cm] @ R=4.15[m]
Current density 3.2 [A/mm?]
Weight of half magnet 12.7 [t]
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3D Spiral magnet design

Flutter Factor of Spiral Magnet in Hard Edge Model
Integration path

_<®BO®-B?> R __1

F? .
B2 p pf

In realistic magnet, flutter is variable
because of variation of fringing field

~_

Packing Factor including field
= Effective Packing Factor : pf¢// [

B
(J; Bl /Beenter) Lo/
[, di [, dl

Beam orbit

pfell =
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In order to correct pfé//

(DOptimization of boundary of magnet (pf)

(@0ptimization of gap geometry of field clamp
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In order to correct pfé//

(DOptimization of boundary of magnet (pf)

(@0ptimization of gap geometry of field clamp
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(DOptimization of boundary of magnet (pf)

Due to the fringe field
= pfeff > pfoptics

eff

Ordinal : using index : Lentrancelexit

Lef f

entrance

Optimization of pf of main magnet Lo

= pfoptimized — pfoptics - ;
PJoptics

(pfnel]ic‘l{imum _ pfoptics) E

Using this method...

-constant spiral angle of spiral magnet
symmetric geometry
-correction of pf¢/7 in general
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(DOptimization of boundary of magnet (pf)

Due to the fringe field proposed : using index : pfé//
= pfeff > pfoptics

pf optimized

Optimization of pf of main magnet
= pfoptimized — pfoptics -
(pfnel]ic‘l{imum _ pfoptics)

pf optics

Using this method...

-constant spiral angle of spiral magnet
symmetric geometry

-correction of pf¢/7 in general
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Correction of packing Factor of magnet

054w u - =Pf0.44
L]
5 : Seeal e Pf (), 395
N -~ -

o 0927 S el - Pf ideal
[qv] e,
Y— “w,
(@)] - “u
2 0.50 ~e.. .
4 S
S 0484
Q.
(D)
> 0.46 -
=
O
&
= 044
LLl

0.42

0.40 T T T T T T T T T T T 1

410 420 430 440 450 460 470
Radius [cm]

Correction of effective packing factor at outside radius by
this optimization
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In order to correct pfé¢//

(DOptimization of packing factor

(@0ptimization of gap geometry of field clamp
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(@O0ptimization of gap geometry of field clamp

Variable gap height of field clamp depend on radius
=>correct variation of pfé/”/

Pole

Field Clamp
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(@O0ptimization of gap geometry of field clamp

Correct pf¢/7 locally with variable gap height of
field clamp Yoke

schematic view of surface | Coil
of field clamp

Constant gap height : h Field Clamp
| 3l

Calculation of pf¢// while changing gap height

Radius : r
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(@O0ptimization of gap geometry of field clamp
Correct pf¢/7 locally with variable gap height of
field clamp Yoke

Coll

Field Clamp

|

E—————————————————————————————————— | RadIuUsS

Pick up points (r,h) in case pf 7 = pfoytics
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(@O0ptimization of gap geometry of field clamp

Correct pf¢/7 locally with variable gap height of
field clamp

E—————————————————————————————————— | RadIuUsS

Yoke

Coll

Field Clamp

Pick up points (r,h) in case pf 7 = pfoytics
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(@O0ptimization of gap geometry of field clamp
Correct pf¢/7 locally with variable gap height of
field clamp Yoke

Coll

Field Clamp

Radius : r

Pick up points (r,h) in case pf 7 = pfoytics
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(@O0ptimization of gap geometry of field clamp
Correct pf¢/7 locally with variable gap height of
field clamp Yoke

Coll

Field Clamp

e

Points are fitted to function
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(@O0ptimization of gap geometry of field clamp

Correct pf¢/7 locally with variable gap height of

field clamp

Yoke

/

Optimized geometry of clamp

Coll

Field Clamp

Radius : r
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Optimization of Field Clamp geometry

—*— Clamp 22.5 [cm]
1 —e— Clamp 20.0 [cm] 25
0.54 —— Clamp 17.5 [cm]
1 —<— Clamp 15.0 [cm]
0.52 4 —4—Clamp 125 [cm]| £ .
g 1 —v— Clamp 10.0 [cm] % pOII‘ItS (pf_eff = pf _optics)
g 0501 Clamp 7.5 [cm] E
g —e Clamp5.0[cm] | S
ig 0.48 s = Clamp40fem] |
> 046 s pt ideal S 104
] S .
2w = 4 fitting curve
S s
0.421 "
0.40 T T T T T T T T T T T 1 0 T I T I T I T I T I T 1
410 420 430 440 450 460 470 40 40 430 40 450 460 470
Radius [cm] Radius [cm]
In this model...
, , 16 radius
Gap hight of field clamp = 1.66 X 107" exp 120 + 3.69
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3D Modeling for Spiral magnet

Schematic view of Spiral
Magnet with field clamp

Pole

Yoke

Coll

Field Clamp
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Tune Validate & effective packing factor

—— Horizontal after optimization

0.54 1 0.30 - - == Horizontal before optimization
w .| |=—Pi_eff with Clamp of optimized geometry . ] —— Vertical after optimization
2 0521 \= - Pf_eff without Clamp ] - == Vertical before optimization
R 1 - 0.24 -
8’0'50__ - 0 21_- m 5@ mE S E 660 OnEEEs
E ~
o 0.48 1 -~ 0 18 i
© l ~
o ~
© 0.46 - ~ - |— 0. 15 .
2 ~
V! ] ~ O 012 T D/D_-D—D—D—D‘D_D_D_Mﬁ
D 0.44 1 =~ -
T 0.09- -

042 1 0.06 - EEEEEE

J E & ®|
0.40 T T T T T T T T T T T 1 0.03 _ B @B i
410 420 430 440 450 460 40 ool =%
Radius [cm] 410 420 430 440 450 460 470
Radius [cm]

Before and after the optimization, vertical beam stability,
220 [MeV] = 100 [MeV]

tune shift 0 Avy = 0.007 Avy = 0.020



! Consideration of tune shift

——— Horizontal Tune from tracking

0.30 - —o— Vertical Tune from tracking
1 . * Horizontal Tune from local_k+Pf_eff
0'27"_ " » Vertical Tune from local_k+Pf_eff
0.24 - e——r——
1 LI B B B B B B B R RN R R R R R R IR
0.21 ~ r
© 0.18—_
=
— 0.15 +
= 4 ) )
80.12_ llllllllll...l.l..‘l‘ll
0.09 ~
0.06
0.03
000 T T T T T T T T T T T T 1
410 420 430 440 450 460 470
Radius [cm]
v, =V1+locak (1)

v = [~localk+ (1/pfelf =D +2wnzg)

-tune shift calculated from simulation and eq.(1)&(2) denote the
same tendency.

= tune shift derives from error of local k & pfé/”.

= possibility of spiral magnet design which satisfy the zero-
chromaticity using this method have been indicated.



Acceptance

: Vertical
horizontal ey ¥ ETHCA
0.05 0.01
-0.01
—-0. [cm]
o 0-05 30% me\;]
= 0.01
-0.1
1.
-0.15

400 410 420 430 440 450 460 470

-0.01

z [em]

Radius [cm] _ o _
horizontal acceptance ~ 2500 pi mm rad @injection

Vertical acceptance ~ 50 pi mm rad @injection

150 [MeV]
0.01
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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

Design of 400 MeV Spiral FFAG

- 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
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Thank you for your attention

2”Principle design of a proton therapy, rapid-cycling, variable energy spiral FFAG “S. Antoine a, et,al




YUSHU UNIVERSITY

Discussion
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RACCAM

8

161

144

124
~ I — R2750mm
E —R2500mm
e 08+ —R3125mm
t R3300mm

—R3450mm
AT A b T e e I —_
-0 - i 10 15 bl 5 30 k]
theta (*)

FRSREPI1 1 Proceedings of PACOS, Vancouwve r, BC, Canada

MAGNETIC MEASUREEMENTS
OF THE RACCAM PROTOTYPE FFAG DIPOLE

M-J Leray. P. Bocher. B. Diougoant. F. Forest, J L. Lancelot, Sigmaphi. Vannes, France

Bz (Gauss)

18000 -
16000 -
14000 -
12000 -
10000 -
8000 -
6000 -
4000 -

2000

400 MeV

-2000

10

20

30

Theta (degree)

40

50



YUSHU UNIVERSITY

400 MeV Spiral
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RACCAM
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surements at SIGMAPHI, end 2008

RACCAM [

MEASUREMENT SYSTEM AND ACCURACY

* 3 azis Ball probe Bell BHI03, temperature I B 1 BHTD3
regulated 30°C+/-0 1°C

¢ Ajr-conditicasd labortory (20 C+-1°C)

o Field zoqure m 3D wath a 20 demes
mulimeter

il ! ¢ Autornated Mappmg table 1600*600*200

4 ¢ Hall probe calibeabion until 1.8T, accuracy
@ i
i
N ¢ Cuerent stability < 50
o Hall tenson stability < 0.2 Gauss 3 AYIS HALL PRORE

prode

Hale

Pt100

MAFPING spsiem

v

I

.

—_— ' : I - .
» ‘:.1,. ‘
A - - " 3 — >
e S UG ™
. | = ew vy ™ 4 :

‘S
—~

T — ik R

&
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ERIT (Okabe-san)

Parameters of FFAG-ERIT
ring magnet

kvalue=1.7

Half gap = 70 [mm] (@ 10MeV
1,= 1.8 [m] : ~7250 [G]

MMF ~ 42000 [Ampere turns]|
Current density — 7.4 [A/mm?
(Effective coil area 65%0)

bl

1040

——

70
1
R1800

Spiral sector type

Sector num. = 8

Spiral ang. = 35 [deg]

1, = 1800 [mm]

Opening ang. = 13.5 [deg]

_——"  R2030
. R2110
\  R2320
\ 13)5°
r1280 i z
R1490 | o Ty
R1570 | | gu o ,:. ‘\‘\Pleld clamp
— [mm]
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ERIT

Spiral sector type Radial sector typ

3D Magnetic field calculation (TOSCA)

ZINUIRO0C B2H:I4 —

-;»..-M

* Cellnum. =8 * FDF lattice(8cell)

» Open sec. angle = 45 [deg] * open F-Mag. = 6.4[deg],
» Open F angle = |3.5 [deg]  open D-Mag. = 5.1 [deg],
* Clamp thick = 4[cm] * F-D gap 3.75[deg],

* Mean radius = |.8[m] * Clamp thick = 4[cm]

o = LES o st * Mean radius = 2.35[m]

e k value = 1.7, spiral ang. = 35[deg] sv.~ L /3w ~229

e k value = 1.92, FD ratio ~3

We install two field clamps at both magnet end to suppress the fringing field effects
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ERIT

Flield clamp optimization

Horizontal tune vanation

i:":“.".' T 2 T T T T ) T T
No cramp Na leld clumps +
gonn - cramp 2em clump thick. = 2[cm| X
cramp 3cm clump thick. = 3[cm| L
7000 - cramp dem 1.9 - clump thick. = Hem)|
£
HODD — i " g
@r=18m | L . ! 5 =
- S000 g al' 2 1.8 - .
— 4000 - ¥ : B -
- ] 1 =z 1.7 .
3000 -
5 | ;
2000 L6 L
1000 -
] : 1 1.5 i i i L i i
-3 25 20 <15 10 5 0 5 10 15 20 1.7 172 174 176 178 1.8 182 184 186 188 19
Theta [deg| rlm|

In order to suppress the fringing field effects, two field clamps
are Installed at both magnet ends.
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7/00MeV Spiral (B. Qin-san)

12000 . T T . .
— TOSCA field
--  Enge field, CO=0.,005, C1=1.1
LERO0 .
'Y —_—
L U]
BOOOE f' 1
|' \
- | 1
% wooof r' \
= | |
E ] \
d0d0r EI |
K
20001 ! !
O————a== - o em———
o 5 10 15 20 75

azimuthal postion (deg.)
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Spiral design

400 MeV Spiral

RACCAM

Table 1: Parameters of the spiral FFAG ning

Number of cells 10
Max. Radius of Magnet 5.45 [m] . - . N
Injection/Extraction Injection energy range 5.549 — 15 MeV
beam Radius 4.15 [m]/ 4.63 [m] Extraction energy range 70— 180 MeV
Injection/Extraction Field index k 5.00
Energy 100 [MeV]/ 400 [MeV] Spiral angle { 53.7°
Momentum Ratio 2.15 Packing factor 034
B on extraction orbit 17T
Cell Number : N 12 Orbit radius (extr / inj) 346m/2.79m
L Gap at exir / 1) radius 4cm/11.64 cm
Max. Magnetic Field 1.55[T]
(Qm.Qu): extr. orbit at 180 MeW (2.761, 1.603)
Packing Factor : pf 0.44 (Qu.Qu): iny. orbit at 15 MeV (2.758,1.549)
Maxinmm gap voltage 6KV
Field Index : k 6.0 -
Harmonic number 1
Spiral Angle . Z 59.0 [deg] RF 5“'i.ngi 15 —180 MeV 303 -7534MHz
RF swing: 5.549 - 70 MeV 1.86 - 507 MHz
Half Gap 2.0 [cm] @ R=4.15[m] Cycle time, 180 MeV / 17 MeV 0.74 ms / 5.44 ms
Current density 3.2 [Almm?] Acceleration rate with 1 gap =100 Hz
Number of turns, 180 MeWV / 70 MeV | 55000 /21500
Weight of half magnet 12.7 1]

700 MeV

Table 2: Parameters of the

magnet (TOSCA model)

Field index

Spiral angle
Packing factor

v (v, per cell
Rinj.u'lchu:!
Bmuz@ﬂe i

Half gap size

Coil current density
Coil cross section

Approx. weight of magnet

6.2
58.0 degree
038
0.20 / 0.13
6.85 / .75 m
1.55T
2.0cm & extraction
1.52A4 /mm?
160mm x 100mm
20 t
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Spiral design

Spiral sector type




