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Heard at ICFA-HB2004 : oneof the mostactive elds in accelarator physicsand technology

Only 5 FFAG machines operated :

. Ist FFAG99 (Dec. 1999) KEK
- 3 elect h by the MURA Lab., .
oo TARES BY e e 2nd FFAG workshop (uly 2000) CERN
- 2 proton machines by KEK, these last years §g 3rd FFAGOO (Oct. 2000) KEK
- 3 facilities in construction in Japan 4th FFAGO2 (Feb. 2002) KEK
- the neutrino factory studies triggered strong TS B & e RT3 ToT o 1= s1r2 b L A RN =1 R
R&D activity. 6th FFAGO3 (July 2003) KEK

Gave rise to the concept of “non-scaling” P8 7th FFAG workshop (Sept. 2003) BNL
FFAG. 8th FFAG workshop (Mar.2004) TRIUMF

- many applications investigated, e.g. proton .
driver, hadrontherapy. 9th FFAGO4 (Oct. 2004) KEK

New concepts, new technologies reactivate the interest in the method.
“The rebirth of the FFAG”, M. Craddock, CERN Courrier, July 2004.
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1 MURA electron FFAGs
The rst model,radial sectorFFAG, Mark I
Main optical feature : xed eld B = Bo(r=rg)¥ F( ), hence zero chromaticity, i.e. scaling (invariant tunes)
Objectives : con r m theoretical predictions ; study FFAG properties : optics, injection, test RF programs ; effects
of misalignements ; effects of resonances.
First operation March 1956, U of Michigan.
Machine parameters criteria / comments
n : :
N smallsize easyto build
Einj  Emax keV 25-400 eld nottoo low, mslifetim
orbitradius (C2 ) m 0.34 - 0.50 SPIRALING ORBIT
Optics STRONG FOCUSING, SCALING ! constanttunes
lattice °FS
number of cells 8 16 magnets 4.41deg. drifts
eld index K 3.36 =r = Cst& coil windings
_ i i varyingK, resp.Br=Bp
r— z 2.2-3 113 variesn‘ﬁ)stly r, resp. ,
t 2 1+ K
Magnet radial sector B = Bo(r=ro)“ F()
F. D dey 25.74, 10.44 sectorangles
rep= 2.85, 2.59 at centerof F, D magnets
gap cm 6-4 g=r =Cst
Injection continuous or pulsed
_ Acceleation only betatron, at rst... for simplicity
F magnet, positive eld, swing Gauss 40 - 159
radially focusing. rep. rate Hz afew 10's _
... completed with RF acc., next split tank
freq. swing MHz 10 in [35, 75] MHz for RF stadking expts
gap voltage \% 50



Secondmodel, rst spiral sectorFFAG, Mark V

The idea in the spiral FFAG was to superpopse a positive eld on top of the alternating sign one of the radial sector,
So as to always have the right curvature and decrease the circumference factor.
Interest of spiral optics : always positive curvature, hence smaller accelerator, compared to radial sector.
Study objectives : con r m theoretical predictions - rst extensive use of computers to determine magnetic eld and
machine parameters ; long-term orbit stability ; RF acceleration methods.
First operation Aug. 1957 at the MURA Lab., Madison.

002 7ON AS3a‘dysyimaIn3g

Machine parameters criteria / comments
n .
reasonablesize
orbit radius m 0.34-0.52 SPIRALING ORBIT
_ RF exprmnts
Ev =1y keV/ m 155/0.49 at ;= (1+ K)=2
Optics STRONG FOCUSING, SCALING ! constanttunes
lattice N spiral sectors
number of sectors 6 n coil windings
eld index K 0.7 tunable0.2-1.16
utter Fess 1.1 tuningcoils/ 0.57- 1.60
_— 1.4/1.2 tunable
_— m 0.45-1.3/0.6-1.4 min-max
Magnet spiral sector B=Bo( ) F(nt=w N )
1=w 6.25 2 Wro ridgesradial sepaatior
= Arctg(Nw) deg 46 edgeto radiusangle
rmin rmax m 0.25 - 0.61
gap cm 16.5-7 g=r =Cte
Injection cont. or pulsed e-gun+ e-in ector

Accelention betatron and RF extensiveRF prog. tests




Secondradial sector 50 MeV, 2-way

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

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

First start Dec. 1959, 2-beam mode, 27 MeV ; disassembled in 60, magnets corrected ; second start Aug. 61,
single beam, 50 MeV.

line parameters criteria / comments

eV 0.1-50 reasonablesize& beamlife-time
1.20- 2.00

FODO B  Bo(r=rg)¥ cog16 )
16 32magnets,3.15day. drifts
9.25 tunable
4.42] 2.75
radial sector
6.3
0.52 Mmax
8.6
100
POSITIVE MAGNET | e-gun+ e-in ector
NEGATIVE MAGNET flah et
MHz  20-23
agep-t 1.3-3
60

ORBITS 3': -_ BD
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2 KEK proton machines

POP - Proof of principle, the rst proton FFAG

First operation 2000.

[Typical] data

Einj Emax keV 50 - 500
orbit radius m 0.8-1.14
lattice DFD
number of cells 8
K 2.5 (B = Bo(r=ro)* F())
r 7z Mmax. m 0.7
_— 2.2/1.25 tunablevia Bg =Bp ratio
Magnet high ®eld, non-linear gradient sectortriplet
D = g, CoOre deg 2.8/14
Bp =Br T 0.04-0.13/0.14-0.32 Finj ! 'max
gap cm 30-9 i gap = go(ro=r)¥
Injection multi- or single-turn eleftlgst,)tjlrtrl]csgsector
Extraction masslesseptum | exprmnt
2R Acceleation
AmorphousMA cavity broad band, high E RF|;| 2-beamaccell
swing MHz 06-14
harmonic 1
voltage p-to-p kV 1.3-3
cycle time ms 1 fastacceleation
rep. rate kHz 1 high average current
B T/s 180
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The 150MeV machine
First operation 2003.
[Typical] data
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Eiji Emax MeV 12 - 150
\ orbit radius m 4.47 -5.20
- Optics
. lattice DFD 9.5dey. drift
numb. of cells 12
K 7.6 (B = Bo(r=ro) F())
r = 7 max. m 25/4.5
- 3.7/1.3 tunablevia B =Bp ratio
- 0.13, 2.95 1=(1+ K), (1+ K)¥2
R=je.. 5.4
Magnet Return yoke freemagnet
D= F deg 3.43/10.24
Bp =Bf T 0.2-0.78/0.5-1.63 Finj ' Tmax
e Bz (T) on closed orbit Yf""fmg'e (m) : gap cm 23.2-4.2 at rH]j - I max (gap: Jo rr_o K)
01-5 @H Injection multi-turn B-SE%%rJir;Eésseptum
' ) IoMev i Extraction single-turn fast kicker (1kG, 150ns)
0 S % § 7 Acceleation AmorphousVA, | broad band, high gradient RF
e — - swing MHz 1.5-45
38 Qr vs. Enerqv.?MeV) ) o Qz v(::lEnerqv (M(:;j harmonlc 1
N JI S TR N voltage p-to-p  kV 2
3'7 /*‘// - ﬁ \ < deg 20
. o N s 0.01 - 0.0026
N / 1| B Tls 300 fastacceleation
ML N U B Nt v . =lrep. rate Hz 250 high aveiage current




An important conclusionto what precedes designstudiesmust resortto tracking

Regarding tunes, optical functions, motion stability limits, acceleration, etc.,
e.g, animportant task for muon acceleration: 6-D transmissionsimulations are mandatory.

I Things have not changed since the 50's ! resort to eld maps and tracking :

analytic and matrix approach can only yield approximate values of zero-th and rst order parameters (though
good enough as starting data for further detailed studies)

One word on | CODES|:

Linear approximation :
MADS8, MADX, SAD, etc.
can be used for a rst approach of the design,
in particular using hard-edge eld models, yet
cannot bring very far.

Higher order, (6-D) tracking, dynamic aper-
ture, optimization methods :
- need end eld models, symplectic tracking

The task is not so easy :

Heard at Cyclo. Conf. 2004, Tokyo, 2Re-
view of Current FFAG Lattice Studies in North
America® :

only two codes, ICOOL (BNL) and Zgoubi
(Saclay), have reported tracking in FFAG in
presence of end eld models.

Work is neededthere.

Examples of dif cult tasks :

Postprocessor/Zgoubi r (rad) VS. T (m)
015 o
510 I\/EYZ/M\eV
0.1 | 22 A
¥ S 43 A
0.05 | o f 85 \ , ﬁ\‘a
-05 | - 0.3 V
1 o 0.37'209
' \ 70.3214
¥ W/ IV
-5 Qx=0.3150
42 44 46 48 5

Acceptance limits

z(m) vs. r(m)

0.01

0.0 i i

-01 %% 26 47 48 40 5 51

12 to 150 MeV acceleration in KEK FFAG.
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3 The Neutrino Factory

Europe NuFact
2N A possivle
Té( yout of a

neutrino factory

4
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aE Study 2 Costs .... f"

¢ Study |, Il v-Factory — feasible but too expensive
e Biggest cost item: acceleration (~600M$)

Table A.1: Construction Cost Rollup per Components for Study-11 Neutrino Factory, All
costs are in FY01 dollars
Systenn Magnets RF power RF cav. Vac P8 Diagn. Cryo Util.  Conv. Facll. Sumn

(5M) ($M) ($M)  (BM)  (SM)  (SM) (SM)  ($M) ($M) ($M)
Proton Driver 5.5 7.0 66.1 a8 26.6 22 285 21.9 167.6
Target Sy 1.3 ) X IS8 30.2 91.6
Deca 3.1 .2 0.1 1.0 0.2 1.6
Induction Linacs 35.0 an.3 44 1633 3.0 36 19.5 319.1
Bunching X8 6.5 32 &N 21 5. 3 G8.6
Cooling Chanuel 127.6 105.6 17.7 4.3 45 28.0 9.5 19.5 i
Pre-accel. lina 16.3 65.4 41 7.5 3.0 G0 136 {1889
RLA 120.0 80.2 G634 164 L0 289 18.0 \ZT,‘.‘ 5
Storage Ring 385 1.8 2.2 20.0 18 28,1 o
Site Utilitics 126.9 126.9
Totals 164.1 276.7 2848 509 211.2 86.2 108.2 126.9 138.2 1.747.2

The Europe and the two US NuFact studies propose to accel-
erate muons up to the storage energy (20 or 50 GeV) by means
of one or two 4- or 5-pass RLA's. RLA's are complicated ma-
chines (spreaders, combiners), hence expensive.

The Japan NuFact

50-GeV, 3:310' ppp with 0.3 Hz (15 A) / 0.75 MW

Four muon FFAG's : 0.3-1 GeV/c, 1-3, 3-10 (SC), 10-20 (SC).
Acceleration based on high E MA cavities : low frequency
(large acceptance), large aperture

No cooling, technology simpler, compact (R 200m)

30ns/300 50% MeV burlAIFIEFAG based neutrino factory

FFAG-2
1-3GeV/c

Acceleration rate is lower than RLA, requires larger distance, but, accep-
tance is larger both transversally (DA 3 cm norm. at p = 0) and longitudi-
nally ( 5eV.s). Hence achieve comparable production rate :  10?° muon
decays per year (1 MW p power).
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BENE Wrkshp,DESY, Nov. 2004
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6-20GeV lattices, 314cells,
C 2km,B<6T,B'<80T/m

9 MV RF per cell,[5turns]

Y-lab (m) vs.

A new US NuFact scheme FFAG based

A new concept, for fast acceleration of high energy muon FFAG.:
“non-scaling optics”: ’

tunesare allowedto vary with orbit. L

FFAG optics basedon linear optical elements |-

0.0 NP

This has a series of consequences : F10DWO (S)F-O-BD-O) FDF (O-QF-BD-QF-0O)
smaller beam offset upon acceleration ! smaller magnets, . Y e = :
cheaper
yields large transverse DA elds are linear - prone to less cooling o~

0.6

small TOF over energy span, allows high frequency / high E RF - )
R= < 2-this decreases the decay loss R s R

X2 [ 8;+8] cm TOF< 310 4
In practice, the cell tune is allowed to decrease from just below a .. .. . .

half-integer value at injection, to just above the lower integer. 1 -
- hence tens of cells cause Xing of tens of integer and %integer reso- = o
nances. .y :
The crossingneedsbe fast enough, so as to result in not too stringent B 2
tolerance on alignements and eld defects. ) o
- Question strongly non-linear longitudinal motion ! impact on DA ?

needs 6-D tracking

0 2 4 6 8 0

Celltunes: 0:5 ! :1™ Optical functions

Above 5 GeV, (assuming high E RF) non-scaling linear FFAG vyield
lower cost/GeV, compared to RLA.

Hence proposed FFAG scheme of a NuFact : 200 MHz RF Cavity
cooling/pre-accelerationl dogboneRLA [2-5GeV]! FFAG [5-10GeV]! FFAG [1020GeV]
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EuropeanNuFact scheme updated

002 7ON AS3a‘dysyimaIn3g



Conclusion(back to the 50's!) : an e-modelof a non-scalingmuon FFAG

aSince no non-scaling FFAG has ever been built, there is interest in building a small model which would accelerate
electrons and demonstrate our understanding of non-scaling FFAG design. 2 [Review of Current FFAG Lattice
Studies in North America, JS Berg et als, 2004]

Main tasks : demonstrate (fast) Xing of resonances. Demonstrate near-crest fast acceleration.

Energy MeV 10to 20

number of turns 5to 1l

circumference m 17

lattice FDF

tune variation <0.5

number of cells 45

cell length m 0.38

RF drift length cm 10 %

CF magnets: T-i':lffl !:Ill'i:::! ﬁ:i: |;~r|::_:lr.-l I_|rrlllr i

- length F/D cm 5/10 — LA _.C'i"r'f'h’.l.'fm.h"-h:"". .":I'_.';_“_ﬂ’.H L T
_eld F/ID G 375/107 c s B o R
- gradient F/D TIm 6/-5 T ! R
- apertures cm 12 1.8 i i
alignement tolerances Eg; s — :-:.::.1.1
gradient tolerances , fs5 ] -
length variation rel. 210 s -
RF frequency GHz 3 (45 ] S Mt
peak RF voltage kV <80 ] : 5 ALk
h 171 T o s
RF power kW <1.5 T

max. | (beam loading) mMA 100

002 7ON AS3a‘dysyimaIn3g



It is not possibleto conclude:

Strong on-going activity, regarding for instance

scaling optics : high power e or p beams,
e.g., feasibility study of ADS sub-critical reactor, KURRI. 2002-2006 program

PostprogessoriZgoubi dp/p vs. Phase  (rad)

0.2

0.1

0.0 ™ . "7/../

-1

-2

3 -2 -1 0 1 2 3

scaling : PRISM, 68MeV/c 20% ! 2% in 6 turns, 5 MHz / 1 MV RF, 100 Hz. 2003-2007 pgm
non-scaling, non-linear : isochronous lattice for on-crest fast acceleration of muons
semi- or non-scaling, non-linear FDF lattice for,

- proton driver
e.g. 1.5 GeV /1MW FFAG (p & HI) for AGS upgrade

- 250 MeV protontherapy FFAG ! high average |

- and other applications

etc.
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Exceptfor that :
A lot to do,

too few people on EU side.
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Thanks for listening




