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Stepwise ray-tracing methods in FFAG design
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1 Introduction

e \We have learned from the previous lessons that the FFAG method is considered in many types of
applications, as a result of the technological progress, compared to the early, 1950s, era, in domains
as computional lattice design, 3-D magnet design and magnet technology, RF technology, etc.

e In this lecture I will review several of these possible applications, under the angle of beam dynamics
and its specificities, and specific difficulties, in matter of FFAGs.

e That inventory of FFAG applications is not going to be exhaustive, it does not aim at that, it
aims rather at pointing various questions or issues relevant to our topic today, stepwise ray-tracing
methods in FFAG design, trying to show why they are a necessary step, what they bring that other
methods don't, etc.

| recommend a highly educational lecture which addresses in many aspects the question of nu-
merical calculation in FFAG design :
“O Camelot ! A Memoir of the MURA Years”, by Franck Cole.

e In addition, a substantial part of the time alloted to this lecture will be devoted to tutorial activities :
we will bend on numerical exercises regarding beam dynamics, computation and optimization of
machine parameters, etc., using a real stepwise ray-tracing code, and producing real results !
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2 FFAGs. A mixed of history / theory / computational methods / ntroduction to the g
tutorial O
The first model, by MURA, radial sector FFAG, Mark Il %
o
Objectives : confirm theoretical predictions ; study FFAG properties : optics, injection, test RF programs ; effects of ;
misalignments ; effects of resonances. S
First operation March 1956, U of Michigan. 3
c
Machine parameters criteria / comments S
)
small size, easy to build 3
Einj = Ema keV 25 - 400 { field not too low, ms lifetimeZ
By
orbit radius (C/27) m 0.34 - 0.50 SPIRALING ORBIT %
Optics STRONG FOCUSING, SCALING — ¢ = 0 3
|attice DD %
number of cells 8 16 magnets, 4.41 deg. driftg
field index K 3.36 gap~ r & coil windings g
] ) varying K, resp.Br/Bp =
vr [ Ve 22-311-3 { varies mostly,, resp.v. 3
" ~ 2 VITK =
Magnet radial sector B = By(r/ry)X F(0) %
Or, O0p deg 25.74, 10.44 sector angles N
rED/P 2.85, 2.59 at center of F, D magnets 8
gap cm 6 -4 gap/r =Cst N
I~
Injection continuous or pulsed <
F magnet, positive field, radially Acce_leration betatron first, then RF gap for simplicity
f . swing Gauss 40 - 150
ocusing.
rep. rate Hz a few 10’s
... completed with RF acc., next split tank

freq. swing MHz 10 in [35, 75] MHz for RF stacking expts



Radial scaling FFAG : how it works

e Magnetic field fixed in time, | B = £ By(%)%

r
70

— from lower flux on inner orbit

— to largest flux on outer orbit

e Transverse motion stability is insured by |strong, AG focusing

— as in pulsed synchrotrons, hence small beta functions

— AG is obtained by alternance of

p(s)

* positive curvature field sectors, hence focusing, B(s) Z—? > 0

p(s)

* negative curvature field sectors, hence defocus sing, B(s) % <0

« with ratio | [ Bp ds| ~ % X [ By ds, to insure axial focusing

e The radial dependence B = By(r/ry)" yields

zero chromaticity

and the scalingproperty :

— orbits are similar wrt. geometrical center

— tunes are independent of orbit

e Corollaries

— large circumference factorC/27p due to alternating curvature
— drift length is not free

—a=1/(1+ K) — larger K insures smaller 7,4: — T'min
— transition energy E;. = Ey/\/a =~ Eyv1 + K easily beyond E,,..

e Longitudinal motion : regular synchrotron motion. In addition

— arbitrary RF programs are possible : wrr does not track B

— extremely high accelerating gradients are possible : B is constant

NEGATIVE FIELD MAGNET

EQUILIBRIUM OR

POSITIVE FIELD MAGNET

TANK
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Linear optics : allows preliminary design steps based on ragar “TRANSPORT” codes

First : find [a] closed orbit <— from the FFAG parameters.

BETA- LNS v5.10 /01/10/99/ 30-Sep-06 11:10:14

Then : linear approximation about that closed orbit 4t e
m// —I_ ]_—27'1/3:, — O’ Z// _|_ %Z — O 3 : |
1Y P i K
2 = % —
with  n(s) = — g((‘?) % ~ -5 % (scalloping is neglected) S S
Index n(s) and K in B = BO(%)K relate as follows: 0 [T = ot
dB _ p-B K-1_ B _ 0.0 0.5 1. 1.5 2 2.5
W—KT—S’(%) = K~ sothat|K/r =—n/p

cos(sV'k) ﬁ sin(svk)

—Vksin(svVk)  cos(sVk)

with k = (1 — n)/p? (radial motion) or k = n/p* (vertical motion)

The matrix representing a sector has the form M =

The geometry provides the wedge angles, hence wedge matrices, Mr.1, Mpeo, Mpei, Moes

The product matrix representing a D-F sector yields the phase advance :
cos(p) = 2Tr(Mper X Mp x Mpey X Mpes X Mp x Mpe1)/2 ...

The longitudinal motion in presence of RF satisfies, most .
classically / =S N
1 QQ . . o 100.
"+ S (sin g — sin ) = 0 RN Q)
hcos dsql” /2 NN N =d
C S 98.5 -
synchrotron frequency f, = €),/27 = 7 (%—E) : e e

-\ 1/2 _
bucket height i% =+ (ﬁfl‘%) , etc. Stationary bucket
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Second model, spiral sector FFAG, Mark V T
>
The idea in the spiral FFAG was to superpose a positive field on top of the alternating sign one of the radial sector, so as 8
to always have the good curvature sign, hence smaller accelerator. S
By doing so, vertical focusing is altered, hence additional edge focusing using spiral shape. a
Study objectives : confirm theoretical predictions - first extensive use of computers to determine magnetic field and };
machine parameters ; long-term orbit stability ; RF acceleration methods. §
First operation Aug. 1957 at the MURA Lab., Madison. g
S
Machine parameters criteria / comments §
reasonable size 2
Einj — Byaa keV 35 - 180 { magnets 3
orbit radius m 0.34 - 0.52 spiraling orbit ®
RF exprmnts ®
Etr / Tty keV/m 155 / 0.49 {at’}/tr _ (1 + K)1/2 %
- >
= Optics SCALING — £ =0 c:19
lattice N spiral sectors 2
number of sectors 6 coil windings S
field index K 0.7 { funable 0.2-1.163
flutter Fiy; 1.1 tuning coils / 0.57 - 1.6§
v | v 1.4/1.2 tunable ﬁ
Br/ B- m 0.45-1.3/0.6-1.4 min-max ~
Magnet spiral sector B= BO(%)K F(+In [—ONQ?»
o = Arctg(Nw) deg 46 spiral angle S
Tmin — Tmax m 0.25-0.61 (@)
gap cm 16.5-7 g/r =Cte
Injection cont. or pulsed e-gun + e-inflector

Acceleration betatron and RF gap  extensive RF prog. tests




Spiral scaling FFAG

It is not AG !

Field form :

B(r,0)|.— = By (;)K F (m Tio/w - NH)

0

F is the axial modulation of the field (“flutter”).

For instance, sine axial modulation :

F =1+ fsin(ln-/w— N0)

. Sim-

ulates fringe fields, found often used in the litterature, makes equations

easier to handle.

The logarithmic spiral edge insures constant angle between spiral sector

edges and closed orbits.

Expansion of the equations of motion around the scalloped orbit in the

linear approximation yields the tunes

v VI+ K, v.x/—K+(f/Nw)?/2

Matrix model using hard-edge approximation and fringe field correction
are efficient for reproducing first order properties.
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Linear optics using regular “TRANSPORT” methods
This is generally the first approach to the design

problem.
2. 5ppe vs. Stability region
80
1. 60
Il AW Hil
ool i) ¢ 40 “”"”'”"
s 1/ / 20
b O [}
1 1 2 3 4 5
. K
RS S S S | R R A 05 Tun‘e diagtam
Proton, 8 cells, 0.4 .,_"--..\"-..
0.3 —n
3MeV > 100 MeV  » %2 \\§\
Working point : 0.1 %\
K=2.5, £=52 deg 01 0.2 03 04 05
Vx
v, [ v, =0.25/0.19
0.3 . Nu‘Y, Nu Z VS. ‘p/ pO

2 types of gap: constant / linear

Li near gap

Const ant gap

Radi u:

“TRANSPORT" versus ray-tracing

16 Bz (T) VS. Angle (rad)

' 101

14 i

1.2 ‘5 ‘

1.

0.8 42 NeV

0.4 3. 6. MM /

0.2 /\

.8 0.4
(MeV) linear gap
Energy | Mathematica / BeamOptics
vVx Vg
3.55 | 0.263381 0.187253
7.96 | 0.263381 0.187253
21.0 | 0.263381 0.187253
42.6 | 0.263381 0.187253
69.4 | 0.263381 0.187253
85. 0.263381 0.187253
Ray-tracing
vx vz

3.55 | 0.257628 0.187178
7.96 | 0.257625 0.187190
21.0 | 0.257616 0.187203
42.6 | 0.257616 0.187211
69.4 | 0.257621 0.187217
85. 0.257619 0.187220

Edge effect and Fringing Field Corrections.

Focusing due to wedge € : %:%n(g).
: 2
Correction for field extent : ¢ — ¢ — $UTSMAT) ",
pcos(a)

_ 100 Bz(s)(Bo—Bz(s)) _ Kig
I —f_oo T ds, o =¢€— 1.271
g = gap, B, = reference field, p = curvature radius.
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Using field maps : much closer to real world, not a simple quesin, however

. - Allows large amplitude, DA tracking :
X (rad) vs. X(m
0. 7; / 355 VBY
o 0 67’ i A
T 0 52 17,96 Mev
. 0.4 21.0-Me
TR s R 42.6 Mev
0.3 : e f
i ‘ Tl T 69.4 Mev
«\{1‘\/ 0. 2E L 85NV
Piz 0. 1; /‘ \\‘\ \\ 101 Mev
Vector Fields [ 0. 0F 4 : \‘ a
Spiral pole. TOSCA code. 1
o B V- S W AN O - B - R
Evolution in phase space at horizontal stability
limit, z=0
0 X (rad) vs. X(m
0. 75 / 3,55 Mev
0.6?
0. 5’ . M} 7.96 Mev
20 r C,.‘“v‘
0.4 i
0.3 A 210 Mev
0 " i 42,6 Nev
il 1 0.1 v
10 0.0
g 4 i i b, s 1e L7 Le Lo b
Mid plane field map, from TOSCA Evolution in phase space at horizontal stability

You can get very similar profile from appropriate “theoreti- limit, z=c

cal” model of field

(e.9. “FFAG-SPI" procedure in zgoubi) Accurate tracking method desired, in
field maps as well !
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Second radial sector, 50 MeV, 2-way

Preliminary studies early 1957. The spiral sector e-model was not yet completed - this determined the choice of radial
sector : easier to design, better understood (?).

Study objectives : 1/ RF stacking, 2/ high circulating I, 3/ 2-way storage.

First operation Dec. 1959, 2-beam mode, 27 MeV, could not get higher : magnets too bad ;
Disassembled in 1960, magnets corrected ;  second start Aug. 61, single beam, reached the design 50 MeV.

.-q\..": '.. nr‘l'

Ausianiun 010Ay ‘l0oyas oyH-4

e parameters criteria / comments §

Wem | MeV  0.1-50 reasonable size & beam Iife-timg

~ m  1.20-2.00 S

........ ey

FODO B =~ By(r/ro)% cos(166) g

16 32 magnets, 3.15 deg. drifts <

9.25 3

4.4212.75 %

radial sector T

. deg 6.3 2

POSITIVE MAGNET T 0.52 T'maz 8

NEGATIVE MAGNET ek LGy e $ B ) R Ccm 8.6 N
V| Y o KW 100 S

e-gun + e-inflector

swing MHz 20 - 23
harmonic 1
- voltage p-to-p  kV 1.3-3
ORBITS Br = Bp cycle rep. rate  Hz 60




R&D at KEK in recent years E
First proton FFAGs, KEK g
>
W% ¢ POP - Proof of principle. First accelerated beam 2000. 3
[Typical] data %
Einj — Enaz keV 50 - 500 8
orbit radius m 0.8-1.14 S
Optics ﬁ
|attice DFD <
number of cells 8 3
K 2.5 (B = By(r/ro))* F(0)) &
B, B, max. m 0.7 %
v | v, 2.2/1.25 tunable viaBr/Bp ratio %
Magnet high field, non-linear gradient sector triplet o
0p / 0, core deg 2.8/14 8
Bp / Br T  0.04-0.13/0.14-0.32 Tinj — Tmaz %
gap cm 30-9 gap = go(ro/r)* | &
' Injection multi- or single-turn { eleftgogltja;ggérrlgectorﬁ
2R Y : : Extraction massless septum exprmnt S
) 7\ ! Acceleration 55 kW amp. Q
=
> MA alloy RF core high E, low Q, broad band, RF|; EX. : 2-beam accg.
| swing MHz 06-14 o
15 (= harmonic 1
| voltage p-to-p kV 1.3-3
rep. rate cycle time ms 1 fast acceleration
rep. rate kHz 1 high average current
, equiv. B T/s 180




e 150 MeV protype FFAG : medical beams, ADS-reactor, NuFatt
muon accelerators - machine now at Kyushu Univ. (Y. YonemurB

this wrkshp). <1
Start up 2003. Full acceleration cycle, 9-100 MeV mode, spring 2005. §
o)
[Typical] data S
@]
Eini— Boae  MeV 12 - 150 S
orbit radius m 4.47 - 5.20 ~
Optics §
lattice DFD/12 cells 9.5 deg. drift ;
K 7.6 (B = By(r/ro)X F(0)) @
B,/ 3. max. m 25/45 2
v | Vs 3.7/13 tunable viaBr/Bp ratio S
o, Yir 0.13, 2.95 1/1+K), 1+K)"* =
Magnet Return yoke free magnet §
Op /| Op deg 3.43/10.24 §
Bp / Br T 0.2-0.78/0.5-1.63 Ting — Tmaz 5
gap cm 23.2-4.2 atrin; = Tmaz (9ap = go (%)K) %
L : B-septum + E-septum &
Injection multi-turn { +2 bumpers N
Extraction single-turn fast kicker (1kG, 150 ns) ©
Acceleration Amorphous MA 2
swing MHz 15-45 S
harmonic 1 S
voltage p-to-p  kV 2
Os deg 20
Vg 0.01 - 0.0026
rep. rate Hz 250 high average current

equiv. B T/s 300 fast acceleration




The design of such large acceptance, non-linear machimas to resort to tracking

Regarding tunes (field inhomogeneities), amplitude detuning, motion stability limits (DA), 6-D
transmission, etc.,

Bz (T) on cl osed orbit VsS. angle (m
1' 5 oY v A-A~\-7
i [———
ﬁm
0. O f \ e
RS =
.2 -. 1 0.0 0.1 0.2

A scheme of the triplet dipole.

Fied on closed orbits.

r' (rad) VS. (m
0. 15} ey
10 MV 12 MeV
0.1F} “ 7 22 ]
y J A N4 ]
0.05 AT S T S— . 3 ,’A\85’
0. 0 r \\ \j < i \\ AN
L \ : Y : ‘\.‘.\ \\ !
[ \, A !
. 05} . o = N
[ A ‘ \J <
1 A /r
E \\ A, //“\
15 Tk

42 44 4

Motion stability limits (“DA”) about 17cm.

VI R

T

3 8t Qr vs. Energy (M Q. vs. Energy (MeV)
4 B,

361\ ,J'
Y

1

1

1

1

1.4 7 R
1.3 / \\ -
. .
1

1

0 40 0 0 100 120 20 40 0 0 100

- Tunes Qr(r), Qz(r) -

0012 (M _vs. r (m_

0.0 Ebi

014526 47 a8 49 5 51

6-D acceleration, 12 to 150 MeV - adiabatic
damping of vertical motion. The motion spans
AR~ 0.5ml!.

120
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An example of a numerical simulation method

e Main goals : simulate B.,(r,0) = B.,; Fi(r,0) R;(r) AND allow for possible overlapping of fringe
fields.

Main apps : scaling and isochronous FFAGs.

Bz (T) VS. theta (rad)

: : , : - 7=0 z (a)
e Simulation of a scaling FFAG triplet : 0.8 ,
g P 0.6 /_ﬁ
\ 0.4f / ] \
[\
0. 00— | -
: -
. \BD | \ BD/
NS\
e SR’ ' R A
1 By (T) VS. theta (rad)
- y=5cm o] N (b) |
o [T\ |
| 0. 4f / : \
DFD triplet. 0.2 ]
o.oi f/'\\\w
The geometrical model is based on the j \BD/ | \ BD/
superposition of the independent contributions of el \\/\// | \\,\/l
the NV dipoles: S SO A R R P
B.(r,0) = 2 iy y Bz Filr, 0) Ri(r) Field experienced for ry = 4.87 m in the DFD
at all (r,0) in the mid-plane. Field off mid-plane is dipole triplet.
obtained by Taylor expansion. A superposition of N = 3 independent

contributions, at all (r, 6, z).

0T0Z "190 /Z'@pIsu| 101988y Yoseasay AlISIanun 010AY J00YdS Oy



Pushing further : comparison between the previous method ath 3-D field maps

r’ (rad) VS. r (m

0.1
0. 1f---1ONeM }\zrv'ev v
0. 0% ’/ ‘\ 22 /\#43 85, /1100
g4 /S
Y 4 il / Ll
N NN
" Oy aors2ey ) \\\j 0 325‘\1\ Yt
0. 3250 ' 3259
.1 \l 0..3243 03239 \/\?
1%
r’ (rad) vs. ro(m
0. 15; 10 NE\///"\\;‘: ‘\‘\“‘12 IVEV
0.1} fo b 22 1
i . & 143 ) ]
0. 05/ nvE \\ A ’ /185
[ DI ¢ i ) |
0.0 [ w . fl\gegm : Y /,
ANV A A NN
05F S o] o ¥
E - \ i \// NG
l 4 v
oY
4.2 4.4 4.6 4.8 5.

150MeV FFAG : horizontal phase space, the limits of stable meon, for 5 energies.
For comparison :
tracking with geometrical model (top),
or using TOSCA map (bottom).
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“FI T” technigues are convenient for optimizing machine and magat parameters

An indispensable tool for

- preliminary adjustments (tunes, etc.) prior to 6-D
simulations

- considered very useful for further assessment
and optimisation of higher order behavior, DA,
transmission, ...

FIT CONSTRAINTS :

Trajectory coordinates (e.g., final coordinates)

Several other types of quanttities that are deduced
from trajectories, e.g. :

- first and higher order transport coefficients

- beam matrix coefficients (waist, divergence)

- particle fluxes through ellipses (— transmission
efficiency)

In the case of periodic structures :
- closed orbits
- tunes, chromaticites, anharmonicities

t
FIT VARIABLES : any data ! a
" OBJET’ * C.0., constant Gap = %
226. 8235847 68MeV/ ¢ nuon 8
2 =
2 1 X
499. 377 0. 0. 0. 0. 1.2 b’ ‘g
111111111 S
' FFAG
0 S
3 45, 500. NMAG Sector angle, RO <
18.17 0. -0.717 5. mag 1 : ACNT, dum BO, X
6.3 0. EFB 1 : | anbda, gap constg\'_/arbl
4 1455 2.2670 -.6395 1.1558 0. 0. O. <
1.23 0. 1.E6 -1.E6 1.E6 1.E6 By
6.3 0. EFB 2 B
4 1455 2.2670 -.6395 1.1558 0. 0. O. @
-1.23 0. 1.E6 -1.E6 1.E6 1.E6 L
0. -1 EFB 3 : inhibited by iopS0
0 0. 0. 0. 0. 0. 0. O. -
0. 0. O. 0. 0. 0. o)
22.5 0. 3.2 5. mag 2 : ACNT, BO, K,durrsg
6.3 0. EFB 1 3
4 1455 2.2670 -.6395 1.1558 0. 0. O. =
3. 0. 1.E6 -1.E6 1.E6 1.E6 S
6.3 0. EFB 2 12}
4 .1455 2.2670 -.6395 1.1558 0. 0. O. =
-3 0. 1.E6 -1.E6 1.E6 1.E6 B
0. -1 EFB 3 N
0 0. 0. 0. 0. 0. 0. O. ~
0. 0. O. 0. 0. 0. @)
26.83 0. -0.717 5. mag 3 : ACNT, dum BO, KQ
6.3 0. EFB 1 :
4 1455 2.2670 -.6395 1.1558 0. 0. O. '8
1.23 0. 1.E6 -1.E6 1.E6 1.E6 =
6.3 0. EFB 2 ©
4 1455 2.2670 -.6395 1.1558 0. 0. O.
-1.23 0. 1.E6 -1.E6 1.E6 1.E6
0. -1 EFB 3
0 0. 0. 0. 0. 0. 0. O.
0. 0. o 0. 0. 0.
0 2 125. KI RD anal / num resol (nesh=step/resol)
.5 integration step size
2 0. 0.0.0



Beams for muon physics

(A. Sato, this workshop)

FFAG used as phase rotator, for momentum compression
p=68MeV/c +/-20% down to +/-2% in 6 turns

- DFD lattice

14t triplet yoke, 120 kW/triplet

- K, Br/Bp variable — quasi-decoupled v,, v, adjustments
-H/Vapertures: 1/0.3m

- acceptance: 4 7 cm.rad x 0.65 7 cm.rad
-RF: 5-gap cavity, 33 cm gap, 150-200 kV/m, 2MV/turn
dp/p vs. phase (rad) X (m vs. Turn #
5.
0.15 . 4 98
0.1 - ; Ao \:\\
0.05 ' T
T 4.8 S
0- 0/ R i1l P T —
ok S D - o 4.8 ——
1 ) 4. 78 };i/%/
. 1% 4.7
s -1, 0.0 1. 2. 465 1s 2.5 35 45

« Optics design :

. difficult task :

injection & extraction

Propuction TARGET

PTY ProTON Q I? ProToN BEAK
o

o4 CAPTURE

MaTeH NG SGLEMNCID
Secnon SoLEno

‘ IwiecTion SvsTEM ‘

=\ %‘2‘2@7

Dune

requested large acceptance can be achieved
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The Neutrino Factory
It has triggered a strong activity in the domain of FFAG desiqn, it has lead to the linear FFAG concept.

Europe NuFact The Europe and the two US NuFact studies at first proposed to

e © S _— accelerate muons up to the storage energy (20 or 50 GeV) by
TQ( s tdooc /= means of one or two 4- or 5-pass RLA’s. RLA’s are complicated
S ﬂm*““ = | machines (spreaders, combiners), hence expensive.
Ay = 15mem/+20%,. S
" T )_‘} ---4)31"1:
(T The Japan NuFact

(o zzztston 50-GeV, 3.3 10 ppp with 0.3 Hz (15 A) / 0.75 MW

. e Four muon FFAG’s : 0.2-1 GeV, 1-3, 3-10 (SC), 10-20 (SC).
A = g [ * | No cooling, technology simpler, compact (R~200m)
- 3wcm/iQV - | 30ns/300-+50% MeV bunch

B

“'w beam to panr detector

US NuFact ’ _. l |

1e-07 Hiing,
“egam 1 % osegr— s 1-3GeV/c ~
. _

FFAG based neutrino factory

UMNO01oBaY YaJeasay Alsianiun 0]0AY ‘|0o0yds v

J€ ’
W Study 2 Costs .... %}Q

5
¢ Study |, Il v-Factory — feasible but too expensive il N
e Biggest cost item: acceleration (~600M$) [%jE ~N
Table A.1: Construction Cost Rollup per C 2 : dy- witring Factor, : ——— e - 9
able A.1: Construction Cost Rollup per omponents for Study-11 Neutrino Factory. All ‘ ‘ ‘ — ~
Systern = Ir.h_‘\’;::};;i.}g‘l \1[;!;“:)”1‘.!.\[; RF cav. Vac. PS Diagn. Cryo Util.  Conv. Facil. Sum U_I '\)
(M) (M) (SM)  ($M) (M) (SM) (M) ($M) ($M) ($M) =)
Proton Driver 5.5 7.0 66.1 9.8 26.6 2.2 8.5 21.9 167.6 =~
Target Systems 30.3 0.8 3.5 8.0 IS5 30.2 91.6 O
De el 31 0.2 0.1 L0 0.2 4.6 7
Tnc on Linaes 35.0 090.3 14 1633 3.0 3.6 19.5 319.1 -4
Bunching 8.8 6.5 32 27 2.1 5.0 0.3 63.6 = = 0-20GeV/c
Cooling Chanuel 1276 105.6 177 43 48 280 95 195 el | o
Pre-aceel. linac 16.3 654 41 75 3.0 60 136 {1880 . . . .
RLA Mo mr B0 TR 38 41w L Acceleration rate is lower than RLA, requires larger distance, but, acceptance
Storag 2 "5 & 22 20.0 45 28, 7. . . . .
Sito Utilitio %5 neo| IS larger both transversally (twice : DA 3 wcm norm. at p = 0) and longitudinally
Totals 161.1 276.7 2848 509 211.2 862 1082 126.9 138.2 1.747.2

(=~ 5 eV.s). Hence achieve comparable production rate : ~ 10** muon decays
per year (1 MW p power).



A new concept : non-scaling FFAG

NuFact activities have given rise to a new concept :
“linear, non-scaling optics”:

- FFAG based on linear optical elements -
- orbits no longer scale, tunes are allowed to vary with energ-

This has a series of consequences :

e R/p < 2 - this decreases the machine size compared to classical (scaling)
FFAG

e a very reasonable horizontal beam excursion (small D,) can be designed
— magnet width is smaller compared to scaling magnets

e small )TOF over energy span, allows fast acceleration thanks to use of
high frequency / high gradient RF

e yields large transverse acceptance«— fields are linear

In practice, the cell tune is allowed to decrease from just below a half-integer
value at injection, to just above the lower integer (negative natural chromatic-
ity)

- hence tens of cells cause resonance Xing tens of integer and %integer
resonances.

- yet the crossing is fast this should result in not too stringent tolerance on
alignments and field defects.

e NEEDS BE DEMONSTRATED — EMMA at DL .

e Application to a NuFact scheme : Above 5 GeV, non-scaling linear FFAG
yield lower cost/GeV than RLA.

FDF / small Dx

Proton Driver

Hg Target
Capture
Drift v

Buncher

beam
N Bunch Rotation p Storage
. Ring

= Cooling

Acceleration

Linac
0.2 -1.5GeV

Acceleration

4500

) 300 [Fle) 30 750

CL

£}
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Regular “TRANSPORT” methods yield all baisc parameters of inear non-scaling FFAG

0. Tunes VS. p (GeV/c)

0.

0.

0.2

0. B 2
4 6 0 12 14 16 18 20 72
Tunes versus energy

(T - Tref)/Tref vs. E (MV) 20 KinEn‘r (MeV) vs. Phase (rad)

0. 002
; 0 150

x / e ] e

0. 0018 7 210V 1207
\ / | Tl o
0.0 ] / 90 Q\ \

i

{

/
=
(06]

' /T \ " .
/ ] RRVAPY Y | 60 \
0. 00p5 ] 12 Lo L8] S s
] 1 L
0.0 / 7 10 : o S N 1
10 1? 14 ) 16 18 20 -3 -2 —1. 0. 1 _2 3
Time of flight parabola (v ~ ) Longitudinal motion

STOF 5p op\ 2 - 59\ 2 5\
Tk = ] - (%) H = sintmo+ Lo ()| +0 (%)
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Higher order tracking yields DA, 6-D acceleration

=N

X' (rad) vs. X (m 539%“ BoP KinEnr  (MeV) vs. Phase (rad)

©=.15

,

215

4T o1 0.0 0.1 0.2 0“0 0.4

Left : 2-D motion, 2000-cell stability limits, with- 5% precision inz, at various energies.
Top : pure horizontal motion, no fringe fields. Middle : indlog very smallkz motion, no fringe fields. Bottom : including very
smallz motion, fringe fields set.
Middle : cell tunes at stability limits (resonance lines abth order are represented).
Right : longitudinal phase-space, serpentine accelerafia large emittance bunch.
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UK design of a Neutrino Factory : muon FFAGs, and proton driver FFAG

/Linac, Q18 GeV RLA, 1-3.2 GeV Storage ting \ NFFAGI p-Driver
Lina% GeV Energy (GeV) 3—-10
Fronte Power MW 4
Isochronous FEAG Circumference m 686
FFAG 3.2108, 8020 GeV Q./Q. 19.2 —519.4/13.7
3-10 GeV
# N/I cells per super-p 21/13
RCS, ) 3Gy # super-periods 2
— N-cell/I-cell length m 6.4/10.2
o Blue: proton, Red: muon ke range MHz ~ 14-14.37/86.2
RF voltage MV/turn 1
Based on non-linear lattice that yields h accel./compress. 33/198
o . . . bunch length / compressed ns 2/1
possibility of insertions, with the advantages of # bunches 5
1. easier injection and extraction, ppb 1013
2. space for beam loss collimators pulse rate Hz 50

n—m.m

0o (=) G2 () (22+22)4 n  sin(m% )" "z
Vi(s, z,z) = (n!)? (Zqzo( ! 4qq!(<nzt<q)!Jr : ) X (Zmo (m!(272—m)!

(0] bd(-) o} BF(-,+) o BD(+) o} BF(-,+) o] bd(-) O
O {
Muon lattice case : v = v, at all energy R T

hence n = 0 (isochronism),
allows on-crest acceleration

W

N

B

O. O5 oO. 1 O. 15

-0. 15 -0.1 -0.05 i O. 05 o. I O. 15
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Isochronous muon FFAG lattice. Design due to G. Rees, geometry, fields, isochronism, are based
exclusively on matrix methods. Ray-tracing allows more complete and more detailed insight.

0 bd-) o BF(-+) o BD(+) 0 BF(-+) o bd--) O
s O
* s lsoChronous’celly o ™ mes
Bz (T 8 oov
4 20 Gev ‘:;::_;:,;_;;’ 20 Ge
> :f:’/ 1\ ....
o | bd___BE BD BF _bd
-2 =8 Gave ” e g
-4 - 2:0 Gev [S ( rr) 2:0 _Gev
2 3 4 5 7 8

Magnetic field on closed orbits
at various energies.

X co ( n%x

0.2
R — 20..Ge
0. 1= 17 e
0.0 — 14 Ge
0.0 11 GeV
T o% 9.5 GeV

T

RN e = m 8 e

T 5 5
Closed orbits
0. 5 ‘ TUNEDLAGRAM.

Beam trajectory in tune diagram,
from 6 to 20 GeV (10 turns)

i x (full) 20 GV | el TGV (full)
40 b7-GeV 16 e i
e b 9.5 &v
12 207 CGe
30 14 Gev 10 x 11-GeV
ag bm .8.GeV ) 8 -
9.5 Gey ALY 6 8 GV
20 - Qe 4 z-0-(cm
15 -10 -5 0 5 4
0. 02 R y 3 a(j) a) . . .
ol Amplitude detuning and its
e ~opure energy dependence.
U o
0. 00%
— conple
0.0 AN > f—} O
00 T X (M (a) #495
-.01 Vg eV 11 Gev,. .. 20 Gev > 2i Cav. #298 i
~o1b ' Nux=0. 204
B 0.1 =
-. 02 X (I'T) s
’ -.2 -.1 0.0 0.1 0.2 "
0 0052 (rad) 14 Ge (b _
0. 002
0. 00 / S ‘
0.0 \ cavity #
-.00 e 100 200 300 400 500 600
ook o, Z(m (D) cav. #4905
B ’ Nux=0. 162
-. 0038 Z ( n—) ]
-.04 -, 02 0.0 0.02 0.04 0.1

Stability limits, H and V.

‘@p1isu| 10108y U5Jeaéaa /(J_ISJaA_luﬁ 0104 ‘|00YyaS D4

#2906
1

0102 PO 72

cavity

#

100 200

300

400

500

Muon rate transmission

600



3 A brief review of FFAG lattices under R&D

Goals : design and optimisation of lattice, orbits, focusig, and also of magnets. DA tracking. Errors.
K

Linear, non-scaling Scaling -Bﬁ = (L) Non-linear, non-scaling
0 ro
(natural &, .) (zero chromaticity, Vp) Pumplet lattice

O bdy o F&) o BDH) o FE o bd) O

LTI

24 045 05 062 03 126 05 062 05 045 24m OW%%

Concerns : muon and e-model
| | | (isochronous&, > 0,&, — 0);
0.0 0 2 0 4 0.6

* Test Scott's Fixed Length Lattlce‘ SC technolo proton
14 7 - 9. 7264E- 0 188 02 .
@oncerns:; TN EMMA - 12 7ste 03,5 a5, gy Apps. : NUFact, p driver

Apps. : NuFact

FD doublet
b (m

Post pr gcessor! Zgoubi (n) vs X | al
0. 06F7 T

DFD tnplet doublet

0. 04
0.02

0.0 ===
- 02

- o4t

-. 06

.. 08+

Adjusted field profile ?
(S small)

FDF triplet

\\\\\\\\\\\\\-u.s ~/j'{':i—__"-_
N/ T
Concerns : proton
Concern : muon, e and p Apps. : p driver, hadrontherapy
Concerns : proton, p-model Apps. : muon phys., NuFact, high
Apps. : hadrontherapy, p-driver power e and p, hadrontherapy,

[R]lons
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4 DA hunting : orders of magnitude

e DA’s to explore are large, sometimewerylarge - a key interest of FFAGS.

Linear, non-scaling Non-linear, scaling

FD doublet : :
DFD triplet, doublet, spiral
Muon :
0.3 — 20 GeV muon :
> 3mcm norm.
e e x(m 4 - > 3rcm norm., 1.5 meV.s
p ;,f :;\ N o4R
A A e Proton :
e : RO 10sTmm.mrad norm.
\rg’ - 4 3 r’ (rad) VSs. r(m
T 0. 15 10 I\/E\{/ \\‘;/\ STy
> (.5 reV.s VLT s s
_jj‘E"e' GeV) vs. Phas"e’ (raﬂd) 0.0 "/.v | : Va ‘\ ; \‘\ \‘
\m, V y “u;o & 0.0 /\ égggm : !
/ 1::D AZOQ \ 0 R i 3 " 7 \\‘ j
g ) %z X EULY J o209 |
‘3‘ OO \ 1 / ,,"// “\ﬂ/}\!\ _‘," O 3214
T 1 Yx=073150
4.2 4.4 4.6 4.8 5
EMMA (electron) :

>200-300rmm.mrad norm.

Proton :
10sTmm.mrad norm.

e A straightforward remark with these types of optics :
given { (4) the large excursions,

(i4) strong non-linearities, be they transverse or longitudind
method !

Non-linear, non scaling
Pumplet lattice

8 — 20 GeV muon
isochronous
~ mcm norm. —0.5 meV.s

p-Driver :
10sTmm.mrad norm.

electron model :
100-300rmm.mrad norm.

Adjusted field profile

P apps.,
10sTmm.mrad norm.

better use an accurate tracking
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e In all cases : FFAG tracking methods need to provide means foé-D simulation in
- fast acceleration

presence ofs - orbit change with E
- proximity and/or crossing of resonances

muon, EMMA, 250MeV p-therapy pumplet, e-model AFP
linear, non-scaling linear, non-scaling non-linear nondhear
FD doublet FDF triplet non-scaling non-scaling

0. 5.NZ CELL- TUNE DI AGRAM_ 0. 5. MZ

ACRAM

_ orizonal and vericltuncs duing acceraton — o 8

- scaling FFAGs, cf. PRISM

e May also need : Fringe gield overlapping, case of e.g{, - linear FDF triplet, cf. 250MeV p-Therapy

e And also : sooner or later the FFAG designer will reach a stagevhere he needs symplectic tracking
using magnetic field maps
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TRACKING CODES



5 Tracking codes

...known to (or to have) handle(-d) FFAG problems

code

COSY
ICOOL

MAD-PTC
J-RK4

S

Zgoubi

MAD

stepwise

yes

yes

yes
yes

yes

no

seenin
company of

linear FFAG
muon, lin. & scal.

muon, EMMA

linear ; scaling

all types of FFAGs

lin. FFAG / E. Kell

method

Taylor mapping
needs _
reference orbit

RK4

kick-drift,
symplectic, z-type

kick-drift,
sympl., s-type

Taylor series, s-type

Transport methods

Other codes may have been tried, SYNCH, TEAPOT, etc. : segVibet als., PACO3
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Codes known to (or to have) handle(-d) FFAG problems

code

COSY
ICOOL
MAD-PTC
J-RK4

S

Zgoubi
MAD

stepwise

yes
yes
yes
yes
yes
no

seenin
company of

linear FFAG
muon, lin. & scal.
muon, EMMA

linear ; scaling
all types of FFAGs
lin. FFAG / E. Kell

allows
fringe-field

overlap

yes

yes
no

Fourier expansion of fringe fields

Linear superimosition of field sources
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Example-“FFAG’ and “ DI POLES’ procedures in Zgoubi

(¢) simulate B.,(r,0) = B.,,; Fi(r,0) Ri(r) (e.g., scaling, pumplet)
(47) allow for possible overlap of fringe fields
Malin apps : scaling and isochronous FFAGs.

e Two main goals : {

Bz (T) VS. theta (rad)

e An example : simulation of a sqaling FFAG triplet : L 35 ] (a)
iy ‘)
0. 4f / f \
0.2 [\
LN T
- \ 8D/ f \ BD/
-6 \u/ f \U/
8 2 000 0.2
1 By () vs _theta (rad)
s ; 0.8} y=sem /'\ : A\ (b)
DFD triplet. 0.5 T R
0.4f 1
0.2}
The geometrical model is based on the 0. 0; /N -
superposition of the independent contributions of -2 \BD/ | \ 8D/
the NV dipoles : ;‘ \ | | \ |
BL(r0) = Sy Bos £ ) Ri(r) X LY NS B I
: _at al (T’.e) n the mid-plane. : Field experienced forr, = 4.87 min a DFD
Field off mid-plane is obtained by Taylor expansion dipole triplet

accounting for Maxwell's egs.
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Codes known to (or to have) handle(-d) FFAG problems

Probably
needs
completion

code stepwise seenin
company of
COSY linear FFAG
ICOOL yes muon ; scaling DFD
MAD-PTC yes muon, EMMA
J-RK4 yes typical of J R&D
S yes linear ; scaling
Zgoubi yes all types of FFAGs

allows
FF overlap

yes

yes

allows
field map

did
yes

yes
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Tracking in TOSCA 3-D field maps

Accuracy can be very good, depends on (i) accuracy of the irgeation method. (ii) density of map mesh,
(i) smoothness of magnetic field sampling.

Geometry of TOSCA field map, covering half the
angular extent.

- Qr vs. Energy (MV) Qz__vs._  Energy (MeV) FTAYN -
1.4 bR ). 04 o .
is B B g NP S Q0-p1892
re 1.4 4 2.0 . =0 317246 |
3.7 ﬁ 1421 \T\ 0.0 (
1.4 \'ﬂ\ - \ .
3.7 X 1.3 // \\ 0 > T .
1.36 1\ RN = .
30 1. 34 ”/ .04 i :
l 1,32 v \E 7.97 499 TR
3.6 20 40 60 80 100 120 20 40 60 80 100 120 wsserizon 70 (rad)  vs. 2 ()
Radial tune (left plot) and axial tune (right) as a function of L ef L MW
energy, as obtained using b o Q=0.105302 °
RK4 integration (solid lines/crosses), pol Q=0.106781
or using Zgoubi (dashed line/squares). b
.00 b - = o
- 00655 “ooi 0.0 0. 01 0.0

Sample multiturn tracking using field maps, more than 3000
passes in a DFD triplet cell.
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Codes known to (or to have) handle(-d) FFAG problems

Probably
needs
completion

code seenin
company of
COSY linear FFAG

ICOOL muon ; scaling DFD
MAD-PTC muon, EMMA

J-RK4 typical of J R&D
S linear ; scaling
Zgoubi all types of FFAGs

allows
FF overlap

yes

yes

allows
field map

no

yes
yes
yes

has performed
6-D tracking

yes

yes
yes
all FFAG types
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Other features of interest :

¢ In-flight decay
e Spin tracking
e Collimation

e Field and alignement errors

Synchrotron radiation

yields pollution by muon-decay electrons
muons have spin. Protonstoo...

guantify beam loss, ook for hot spots
compute tolerances

e-FFAG based eRHIC, LHeC ?
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6 A few concluding remarks

e Regular “TRANSPORT” type methods allow preliminary design parameter (magnets, lattice)
e Resorting to ray-tracing is mandatory, in general early in the design process
e 3-D field maps is a necessary stage : non-linear fields, fieldnomogeneities, huge amplitudes, etc.

e Needs symplectic tracking in highly non-linear fields, invéving tremendous emittancesfcm range),
and possibly highly non-linear lonitudinal motion

e Design and tracking codes exist. Not a lot, though

e Carry on upgrade of codes and of optics libraries

Thank you
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