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MOTIVATIONS

USE THE LARGE TRANSVERSE ACCEPTANCE OF SCALING FFAG
LATTICES

WHILE USING CONSTANT RF FREQUENCY ACCELERATION TO REACH
HIGH ACCELERATING GRADIENT.
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MOTIVATIONS

USE THE LARGE TRANSVERSE ACCEPTANCE OF SCALING FFAG
LATTICES

WHILE USING CONSTANT RF FREQUENCY ACCELERATION TO REACH
HIGH ACCELERATING GRADIENT.

POSSIBLE WITH EITHER:

HARMONIC NUMBER JUMP STATIONARY BUCKET
ACCELERATION ACCELERATION!
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OUTLINE

I. LATTICE FOR HARMONIC NUMBER JUMP ACCELERATION.
1- REMINDER ABOUT HARMONIC NUMBER JUMP ACCELERATION.
2- SIMULTANEOUS UW- AND U+ ACCELERATION: NEED FOR DOUBLE

BEAM LATTICE.
3- ISSUE OF THE EXCURSION: NEED DISPERSION SUPPRESSORS!

4- LATTICE EXAMPLE AND 4D TRACKING RESULTS.

II. LATTICE FOR STATIONARY BUCKET ACCELERATION.
1- REMINDER ABOUT STATIONARY BUCKET ACCELERATION.

2- LATTICE DETAILS AND TRACKING RESULTS.
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PART |

BSCEALING FFAG LATTICES FOR

HARMONIC NUMBER JUMP ACCELERATION

A 4 4
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HARMONIC NUMBER JUMP ACCELERATION

1

TO JUMP ONE HARMONIC EVERY TURN: Ti_|_1 o Ti = —f
1505k
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HARMONIC NUMBER JUMP ACCELERATION

TO JUMP ONE HARMONIC EVERY TURN: ;11 —1; = ——
frF
2.520-
— 2.5157 i FIGURE 1 - REVOLUTION TIME AS A
_:I FUNCTION OF PARTICLE ENERGY IN THE
- 2.510- | CASE OF A 3 TO 10 GEV SCALING FFAG
RING, WITH K= 145 AND AVERAGE
2 505 | RADIUS = 120 M.
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Muon kinetic energy [GeV]
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JRF - [%}Ei
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==y ENERGY GAIN PER TURN MUST FoLLow: AF, —



HNJ WITH CAVITIES DISTRIBUTED AROUND THE RING

ASSUMING THAT THE INITIAL NUMBER OF

HARMONIC Ny IS LARGE WE GET():

Ry s

fr = fo(1 Hh N)

EVERY CAVITY WORKING AT A CONSTANT

FIGURE 2 - N CAVITIES
HOMOGENEOUSLY
DISTRIBUTED AROUND THE

RING. BE TUNED TO A SLIGHTLY DIFFERENT VALUE!

FREQUENCYfk BUT THE FREQUENCY HAS TO

U+ AND |l- BEAMS CANNOT BE ACCELERATED
SIMULTANEOUSLY IF THEY CIRCULATED IN

(VLOOK AT THE OPPOSITE DIRECTIONS...
PROCEEDINGS OF PAC’09

FOR ALL DETAILS.
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NEED FOR A DOUBLE BEAM LATTICE

A SOLUTION TO CIRCULATE A PARTICLE AND ITS ANTIPARTICLE
IN THE SAME DIRECTION IN A SCALING FFAG RING IS TO USE
A FD-SYMMETRIC LATTICE:

122 T T T T T T
121.5 - B § ., : ’
21

E 120

N .
119.5 ]
118.5 1
118 -16 -14 -12 l0 l2 14 16

X [m]

FIGURE 3 - DOUBLE BEAM FFAG LATTICE (K = 145). CLOSED ORBITS OF I+ AND [lI- CIRCULATING IN THE
SAME DIRECTION. RESULTS ARE OBTAINED FROM RUNGE-KUTTA STEPWISE TRACKING IN HARD-EDGE FIELD.
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NEED FOR DISPERSION SUPPRESSOR INSERTIONS!

1}
HARMONIC JUMP CONDITION: T’L—|—1 Spid f TZ e LT
frF
ANEHS
IN THE SAME TIME: 5 =1 4 mypes
C
C >\RF
IN CASE OF HIGHLY RELATIVISTIC PARTICLES: ARZ A - —
270 e s
TG e NEED FOR
average excursion = App - T -  EYCURSION

REDUCED AREAS!
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DISPERSION SUPPRESSOR WITH FFAG
MAGNETS

distance to
closed orbit at

A P=P.

T e
AR,
o ¥ k> 2B

2 1 I

th — |
R e E
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3 TO 10 GEVY MUON DOUBLE BEAM FFAG + EXCURSION
REDUCED AREAS

150 . - -
_S_x-f.[lmlllllllllllllllﬂlm—lrb
Horizontal tune 23.52 100
Vertical tune TR1EY ny ) |
g E
g 0 g gﬂ
Sy é g
= =
L H
FIGURE 4 - SCHEMATIC VIEW OF A 3 TO ;
10 GEV DOUBLE BEAM MUON FFAG RING
WITH 4 EXCURSION REDUCED INSERTIONS. -100 F |
I
150 1 Qfllflm:muulnnunmﬂﬁﬁ 1
150 -100 =50 0 50 100 150
X [m]
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3 TO 10 GEVY MUON DOUBLE BEAM FFAG + EXCURSION
REDUCED AREAS

150
,/ TABLE 2 - RING MAIN CELLS
100 | | PARAMETERS
2 | Mean radius 12400 il
; | Number of cells 4>l
Cell opening angle 4.5 deg.
. | Field index £ 145
A Bmaa: 3T
100 ). Horiz. phase adv. per cell 82.1 deg.
| Vert. phase adv. per cell 31.8 deg.
-15—0150 —éOm“““ml(')““m[Il 50 | -‘ 150

X [m]

FIGURE 4 - SCHEMATIC VIEWOF A3 TO 10
GEV DOUBLE BEAM MUON FFAG RING
WITH 4 EXCURSION REDUCED INSERTIONS.
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3 TO 10 GEVY MUON DOUBLE BEAM FFAG + EXCURSION
REDUCED AREAS

150
TABLE 2 - 15T DISPERSION
100 | SUPPRESSOR
50 R/ Mean radius 120 m
; Number of cells 46
Cell opening angle 4.3 deg.
_eo LB Field index k 183.6
X Do 31
~100 Horiz. phase adv. per cell 90 deg.
| Vert. ph . : :
o S phase adv. per cell 27.6 deg
-150 =100 -50 0 50 100 150

X [m]

FIGURE 4 - SCHEMATIC VIEWOF A3 TO 10
GEV DOUBLE BEAM MUON FFAG RING
WITH 4 EXCURSION REDUCED INSERTIONS.
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3 TO 10 GEVY MUON DOUBLE BEAM FFAG + EXCURSION
REDUCED AREAS

150 —— :
S L TABLE 2 - 15T DISPERSION

100 | ; SUPPRESSOR

50@ &, Mean radius 120 %0k

; s = Number of cells AL 5 A

- g Cell opening angle 3.34 deg.
5o {8 @ Field index k S
' Bma,:c Sl

Horiz. phase adv. per cell 90 deg.
Vert. phase adv. per cell 20.4 deg.

-100 f

1

's s e
~150 1 q’@lllllt:}llll@z}: 1

-150 =100 =50 100 150

X [m]

FIGURE 4 - SCHEMATIC VIEWOF A3 TO 10
GEV DOUBLE BEAM MUON FFAG RING
WITH 4 EXCURSION REDUCED INSERTIONS.
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3 TO 10 GEVY MUON DOUBLE BEAM FFAG + EXCURSION
REDUCED AREAS

150
TABLE 2 - 1°T DISPERSION
100 | SUPPRESSOR
- Mean radius 350 m
Og Number of cells 4 % 8
\: Cell opening angle 1.2425 deg.
so % ) Field index k 1168.6
| Bmaa: 31T
_100 | ) Horiz. phase adv. per cell 64.6 deg.
Vert. phase adv. per cell 12.6 deg.
“130 50 100 100 150

FIGURE 4 - SCHEMATIC VIEWOF A3 TO 10
GEV DOUBLE BEAM MUON FFAG RING
WITH 4 EXCURSION REDUCED INSERTIONS.
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3 TO 10 GEVY MUON DOUBLE BEAM FFAG + EXCURSION

REDUCED AREAS

80
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FIGURE 5 - [l- CLOSED ORBITS AT 3, 6 AND 10
GEV.
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3 TO 10 GEVY MUON DOUBLE BEAM FFAG + EXCURSION

REDUCED AREAS

80
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-150

-150

-100 =50
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FIGURE 6 - I- (RED) AND I+ (GREEN) CLOSED

ORBITS AT 3, 6 AND 10 GEV.
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ASYMMETRY BETWEEN - AND U+ BEHAVIOR

80

distance to
closed ¢ it at
A P=Po
70 M Y
AR,
60 |
R )
so | - 180 deg.
E 40}
>
30 F
20 |,
10 +

0 1 |
-145 -140 -135 -130 -125

X [m]
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ASYMMETRY BETW

EEN U- AND W+ BEHAVIOR

80 T T I distance ro
-. / A ;I:;Oed ¢ it at
70 kL Y e P T
/i K— 1 45 ARI
60
£
50 |- 180 deg.
) A
E a0} X
>
30 IN DISPERSION
X SUPPRESSOR CELLS:
20 |, —» SAME AMPLITUDE
BUT DIFFERENT BETA
10 -_' - FUNCTION AT THE
MATCHING POINT!
0 : i 1 1
-145 -140 -135 -130 -125

X [m]
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EENITATCHING DONE AT THE CENTER OF F MAGNETS

111

STUDY OF LINEAR PARAMETERS USING RUNGE-KUTTA STEPWISE

TRACKING IN SOFT EDGE FIELD MODEL.:
8

Qz

‘7 | . i
23 23.2 23.4 23.6 23.8 24

FIGURE 7 - !Jr TUNE VARIATION BETWEEN 3
AND 10 GEV IN THE LATTICE WITH
INSERTIONS (FROM STEPWISE TRACKING IN A
SOFT EDGE FIELD MODEL).
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U-: MATCHING DONE AT THE C

111

NTER OF F MAGNETS

11

STUDY OF LINEAR PARAMETERS USING RUNGE-KUTTA STEPWISE
TRACKING IN SOFT EDGE FIELD MODEL.:

11 -

10 }

beta z [m)]

0 50 100 150

s [m]

200

FIGURE 8 - M- : HORIZONTAL BETA FUNCTION AT 6

GEV (QUARTER OF A TURN).
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FIGURE 9 - M— : VERTICAL BETA FUNCTION AT 6
GEV (QUARTER A TURN).
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EENITATCHING DONE AT THE CENTER OF F MAGN|

NS

11

4D TRACKING RESULTS: RF FREQUENcY = 400 MHZ, reak

voLTAGE 2GV/TURN.

l.1le+10

le+10 F
9e+09 +
8e+09 |
7e+09 | . S

6e+09 | > o

P [eV/clight]

5e+09 |

.

4e+09 | I

3e+09 |

2e+09
Phase [pi.rad]

FIGURE 10 - ll- : LONGITUDINAL PHASE SPACE
SHOWING A 6 TURNS ACCELERATION CYCLE FROM 3 TO
10 GEV WITH AN INITIAL BEAM 4D EMITTANCE OF

0.2 eV.sec x 30 000 m.mm.mrad.
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FIGURE 11 - M— : HORIZONTAL PHASE SPACE

SHOWING THE INJECTED BEAM PROFILE (RED) AND
THE SAME BEAM AFTER A 6 TURNS ACCELERATION

CYCLE (GREEN) WITH (4D EMITTANCE OF 0.2 eV.sec
x 30 000 t.mm.mrad).
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prl—: MATCHING DONE AT THE CENTER OF D MAGNETS

STUDY OF LINEAR PARAMETERS USING RUNGE-KUTTA STEPWISE
TRACKING IN SOFT EDGE FIELD MODEL.:

8

Qz

7 1 1 1 1
23 23.2 23.4 23.6 23.8 24
Qx

FIGURE 12 -ll+ TUNE VARIATION BETWEEN 3
AND 10 GEV IN THE LATTICE WITH
INSERTIONS (FROM STEPWISE TRACKING IN A
SOFT EDGE FIELD MODEL).
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M‘l-: MATCHING DONE AT THE CENTER OF D MAGNETS

STUDY OF LINEAR PARAMETERS USING RUNGE-KUTTA STEPWISE
TRACKING IN SOFT EDGE FIELD MODEL.:

8F 50' T

7 45

6 40 H
E E
" SL NI 35 - 1
o L
+ +
Q | Q
L L

4 30

|
3 25
|
2 ! ! ! 20 T— A A A
0 50 100 150 200 0 50 100 150 200
s [m] s [m]

FIGURE 13 - !.L+ : HORIZONTAL BETA FUNCTION AT

FIGURE 14 - [l+ : VERTICAL BETA FUNCTION AT 6
6 GEV (QUARTER OF A TURN).

GEV (QUARTER A TURN).
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!Jfl-: MATCHING DONE AT THE CENTER OF D MAGNETS

HORIZONTAL ACCEPTANCE OF ABOUT 40 000 m.mm.mrad 6 GEV.

0.015 | : : . . l :
0.01F} . |
. 0.005F} " A w v, 1
o} + H Lt ;
© i
“ HH . J— .
0 ' { 3 i
Q M {
£ . 3 . |
'f'| oy T 4
M ¥ . N
oF ) + P
® -0.005 f i ‘-, Y, S 1
~0.01 | | Coe .
—0.015 1 | 1

-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06

X [m]

FIGURE 15 - M+ : HORIZONTAL PHASE SPACE
SHOWING 5 PARTICLES TRACKED OVER 100 TURNS
(A FIXED ENERGY = 6 GEV).
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: MATCHING DONE AT THE CENTER OF D MAGNETS

4D TRACKING RESULTS:

TRIED 3 TO 10 GEV ACCELERATION CYCLE
(WITH RF FREQUENCY = 400 HZ, PEAK VOLTAGE 2GV/TURN)

PARTICLE LOST ON COLLIMATOR EVEN FOR
SMALL TRANSVERSE EMITTANCE...
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SUMMARY ON HARMONIC NUMBER JUMP

WORKS WELL...

* LARGE TRANSVERSE ACCEPTANCE.

* LARGE LONGITUDINAL ACCEPTANCE, AND NO EMITTANCE
DEGRADATION DURING ACCELERATION.

* EXCURSION REDUCTION OF A FACTOR 3 IS ALREADY POSSIBLE.
* POSSIBLE WITH RF FREQUENCY IN THE 200 MHZ 1TO 400 MHZ
RANGE.

...BUT NOT YET FOR BOTH CHARGE IN THE
SAME TIME.
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PART Il

SCALING FFAG LATTICES FOR

STATIONARY BUCKET ACCELERATION
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STATIONARY BUCKET ACCELERATION

STATIONARY BUCKET ACCELERATION PRINCIPLE:

12 N

P [GeV/c]

: i 1 1.5 =

FIGURE 16 - LONGITUDINAL PHASE SPACE SHOWING A 6
TURNS ACCELERATION CYCLE (IN RED) AS WELL AS THE
EQUI-HAMILTONIAN LINES (IN BLACK).

Scaling FFAG Lattices For Muon Acceleration T. Planche - FFAGO9 - Sept. 2009



STATIONARY BUCKET ACCELERATION

150 T T

LATTICE EXAMPLE WITH

SUPER-PERIODICITY OF 6: ia0

Bmaa: 3T 1
Horizontal tune 36.8
Vertical tune 02

y [m]
o

S T T el
1

-50 F

-100

_150 1 ] 1 1 1
-150 =100 -50 0 50 100 150

X [m]

FIGURE 17 - SCHEMATIC VIEW OF A 3 TO 10 GEV MUON
FFAG RING WITH 6 “ALMOST-STRAIGHT” INSERTIONS.
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LATTICE FOR STATIONARY BUCKET
ACCELERATION

150 : , T ‘ ‘ Mean radius 90 m
Number of cells Ol
100 F 1 Cell opening angle 2.6 deg.
Field index k 500
50 | 1 FIB e 37T
_ Horiz. phase adv. per cell 85.9 deg.
E o} | Vert. phase adv. per cell 19.3 deg.
>
-50 - i
~100
~150 1 l 1 : 1
150 -100 =50 0 50 100 150

X [m]

FIGURE 17 - SCHEMATIC VIEW OF A 3 TO 10 GEV MUON
FFAG RING WITH 6 “ALMOST-STRAIGHT” INSERTIONS.
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LATTICE FOR STATIONARY BUCKET
ACCELERATION

150 : r ‘ ‘ ‘ Mean radius 360 m
Number of cells 6 X6
100 1 Cell opening angle 0.9 deg.
Field index k 2003
50 | 1 FIB e 37T
. Horiz. phase adv. per cellt 6 {des
£ 0t 1 Vert. phase adv. per cell 42.2 deg.
>
-50 | i
~100
~150 1 l 1 1 1
-150 -100 =50 0 50 100 150

X [m]

FIGURE 17 - SCHEMATIC VIEW OF A 3 TO 10 GEV MUON
FFAG RING WITH 6 “ALMOST-STRAIGHT” INSERTIONS.
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LATTICE FOR STATIONARY BUCKET
ACCELERATION

7.5 12
7 11 }
6.5 10 -
6
9 |
E 5.5 B
p—t p— 8 |
Nl S Nl
(i ] (i) 7
Iy o
[ 4.5 [
Q Q
6 }
4
3.5 3 |
3 4 M
2.5 L | 1 I 1 3 1 1 L A 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
s [m] s [m]
FIGURE 18 - HORIZONTAL BETA FUNCTION AT FIGURE 19 - VERTICAL BETA FUNCTION AT 6 GEV
6 GEV (1/6 OF A TURN). (1/6 OF A TURN).
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TRACKING RESULTS

4D TRACKING RESULTS: RF FREQUENcY = 200 MHZ, reak

voLTAGE 2GV/TURN. ACCELERATION WITHIN ONLY 4 TURNS.

le+10 T T T
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Xprime [rad]

2e+09 ' ' '
0 0.5 1 1.5

Phase [pi.rad]

FIGURE 20 - LONGITUDINAL PHASE SPACE
SHOWING A 4 TURNS ACCELERATION CYCLE FROM
3 TO 10 GEV WITH AN INITIAL BEAM 4D

EMITTANCE OF O.1 eV.sec x 24 000 m.mm.mrad.
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FIGURE 21 - HORIZONTAL PHASE SPACE SHOWING
THE INJECTED BEAM PROFILE (RED) AND THE SAME
BEAM AFTER A 4 TURNS ACCELERATION CYCLE

(GREEN) WITH (4D EMITTANCE OF 0.1 eV.sec x
24 000 t.mm.mrad).
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TRACKING RESULTS

2D TRACKING RESULTS: RF FREQUENcY = 100 MHZ, reak

voLTAGE 2GV/TURN. ACCELERATION WITHIN ONLY 4 TURNS.
12

10 k...

OPEN A WAY FOR 1
TO 12 GEV
ACCELERATION AT
100 MHZ IN A
SINGLE FFAG
RING!

P [GeV/c]

0 0.5 1 1.5 2
RF phase [PI.rad]

FIGURE 22 - LONGITUDINAL PHASE SPACE SHOWING A 7
TURNS ACCELERATION CYCLE (2D LONGITUDINAL
TRACKING) FROM 3 TO 10 GEV WITH AN INITIAL BEAM 2D

EMITTANCE OF 0.2 eV.sec.
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SUMMARY ON STATIONARY BUCKET
ACCELERATION

- FFAG/synchrotron option Linac option
Proton Driver
Neutrino Beam
A SINGLE 1 TO
12 GEV SCALING é N
FFAG RING!. Hg Target (& g
: sfﬂ %\ Buncher .
S_ ’ ( > 2 Bunch Rotation . \
v AN /7 . x“ e
= \,,,m lllllllllllllll Sk Cooling e e

-0.9-376 GeV Linac to '
| FiLA 0. 9 GeV s Muon Storage Ring

C 3.6-12.6 GeV RLA @

12.6-25 GeV FFAG

q ,,n. 3+ 4 +—+ +— 4+ +— + \ — - —
- - - - —4 4 g .m-_,
++ i*k”.* .|.‘.‘ 4— 44— 4 4
- +—+ —F
l}

Muon Storage Ring
I 1.5 km .
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SUMMARY

ADVANCED SCALING FFAG LATTICES CAN BE
USED FOR BOTH:

HARMONIC NUMBER JUMP ACCELERATION OF MUONS

STATIONARY BUCKET ACCELERATION OF MUONS
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Scaling FFAG Lattices For Muon Acceleration

THANK YOU!
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ADDITIONAL MATERIAL...
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