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1 FIXED-FIELD ALTERNATING GRADIENT ACCELERATORS
1.1 MURA FFAGs

e The first model, radial sector FFAG, Mark Il. First operation March 1956, Uni-

versity of Michigan.
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e Second model, spiral sector FFAG, Mark V
First operation Aug. 1957 at the MURA Lab., Madison.

Spiral FFAG parameters

Emj ) keV 35-180

orbit radius m 0.34-0.52

Ey [ 14y keV/m 155/0.49
Optics

lattice spiral sectors

number of sectors 6

field index K 0.7

flutter Fog 1.1

v | v, 1.4/1.2

. . — r\K r

Magnet: spiral sector B=By(;-)" F(In-/w — NO)
Acceleration betatron and RF

Logarithmic spiral poles  rep. rate Hz a few 10s
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1.2 Vertical variant

e \ertical scaling optics was devised by K. Okawa (once known as tiiemokatron”).
e Re-investigated recently [S. Brooks, pr-ab]

Field on closed orbit in a scaling VFFAG magnet: ~ \ I
By exp(ky) S /

Path-length is constant. Relativistic motion is J(
isochronous. |
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1.3 Linear FFAG

e Two concepts where introduced in the late 1990s, in the frame of the ‘&utrino Factory” R&D :
- “linear lattice” FFAG : magnets are simple quadrupoles (hence ery large 6D acceptance)
- “quasi-isochronous” optics : allows using fixed frequency RF avities (good for CW)

e Linear FFAG lattice : Well suited for
the acceleration of - short-lived -

muons up to 20-50 GeV e Today : The technology of the ERL arcs,

in BNL's baseline “eRHIC” electron-ion collider design

Proton Driver

FFAG Recirculating Electron Rings ERL Cryomodules

Hg Tar '
g Target sssscor D

Capture 7

Drift 6.6-21.2 GeV @

Buncher

Bunch Rotation U Storage
Rin
Cooling n9

Acceleration
Linac
0.2 -1.5GeV
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1.4 The EMMA experiment

e An experimental “Electron Model for Many Applications”, to prov e these concepts, in the frame
of an international collaboration.

Construction at Daresbury Lab. started in 2007 EMMA parameters
e Lonstruction at barespury Lan. started in Energy range VeV 10 - 20
e Commissioning started in 2010 number of turns <16
_ _ _ circumference m 16.568
e “Serpentine” acceleration demonstrated in 2011 Lattice F/D doublet
No of cells 42
RF frequency GHz 1.3
No of cavities 19
RF voltage kV/cav. 20-120
RF power kW/cav. <2
Rep. rate Hz 1-20
20+
2 18-
>
Q@
=
~ 16+
g
3
B 14
]
=
0
= 124
& Neale Haynes 55 I ‘ I I I '
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Phase (degree)
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2 TOWARD HIGH POWER
2.1 Proton FFAG R&D

e 1999 - mid 2000s, working frame : Neutrino factory R&D
Interest: Fast acceleration (short lived muons, NuFact proton diver design studies), strong focusin
(mitigates space charge effects), very large acceptance.

s uOYSHIOM AouaiiygBaug uojoid

POP FFAG - Medical application program
, 150 MeV radial sector FFAG - startup
First beam Dec. 2003
1999
; Eini — Epar ~ keV 50 - 500
PC_)P s DFD orbit radius m 0.8-1.14
triplet cell lattice / K DFD x 8/2.5 [
v | v, 221125 |[F
RF swing MHz  0.6-1.4
voltage p-to-p  kV 1.3-3
cycletime ms 1
| w, Ein; — Bpae MV 12-150
, LA orbit radius m 4.47 - 5.20
Lo mﬁ el 5 S lattice / K DFD x 12/7.6
: ?m v | v, 3.7/1.3
0 s RF swing MHz 1.5-45
0. by o voltage p-to-p  kV 2
% \Ej rep. rate Hz 250




22 KURRI KUCA

- A feasibility evaluation of ADS-R as an energy production system.
- First coupling to ADS-R core, March 2009, 100 MeV beam
- Thorium-loaded ADS-R experiment, March 2010 :100 MeV, 30 Hz, 5 mW

KURRI-FFAG complex

Variable energy 150-700 MeV facility,
neutron flux increased by a factor 30

/00MeV FFAG

100-150 MeV proton, repetition rate 20-50 Hz

Innovation Research Laboratory KUCA Building

e Planned upgrades :
On-going : H- charge exchange injection
Towards 10s ofyAmp
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23 RACCAM

e Working frame : Neutrino factory R/D and medical applications.
French ANR funding, 2006-2008.e A feasibility study of a rapid-cycling, variable energy, spiral
lattice scaling FFAG
spiral sector FFAG optics
e Magnet prototyping (SIGMAPHI Company) proved < constant tunes
large dynamical acceptance

e Magnet design further exploited in KURRI-KUCA 700 MeV upgrade designs (previous slide)
e Outcome : a cost-effective multiple-beam delivery hadrontherapy insllation.
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2.4 Linear lattice PD design
o A 3-stage linear FFAG cascade,e Neutrino factory p-driver parameters :

as a NuFact p-driver (S. Ruggiero, Ringl Ring2 Ring3
2004) Energy, Inj. (GeV) 0.4 1.5 4.5
_ _ Extr. (GeV) 15 4.5 12
e Linear FDF FFAG triplet # of turns 1800 3300 3600
L cycle time ms 6 9 10
Circumf. m 807 819 831
# cells 136 136 136
cell length (m) 5.9 6 6.1
h 136 138 140
RF freq. MHz 36-46 46-49.7 49.7-50.4
3 FFAG Rings E gain/turn MeV 0.6 0.9 2
04 -1.5 GeV
1.5 -4.45 GeV !
100-MeV 4.45-11.6 GeV Single-turn o Qperation mode variant considered for ring #1, fo
! Transfer .
Injector Wttum Injecti Single-turm ~MW beam power in GeV range :

Exgaction - broad-band, few MHz RF (JPARC style), cycled,

~

- repetition rate >100 Hz,
e Fast resonances crossing :

Q,: 40 =19, Q,:38 =9 e Even higher rep. rate. (toward CW) based on
T - ) Yy - .

o Q‘\\\ - “harmonic number jump”,
3 1‘\ . . .
N - using high frequency fixed-frequency RF.
. @ ““‘*-—-.....mﬁ__‘ Requires cavity with transverse RF voltage profile.
)

RN
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25 Pumplet lattice

- A non-linear, non-scalingtype of FFAG, “non-linear cyclotron”, G. Rees.
- A scheme investigated for a 20 GeV, 4 MW proton driver in the rutrino factory

ﬂ,&ww%mmm%

e The many variables allow sochronism

Lattice for 8 to 20 GeV / 16 turns / 123 cell ring :

O bd-) o F+) o BD{H) o F+ o bdd) ©O
O N /(7
> 3

24 D45 05 0.62 0.5 1.26 0.5 D62 05 045 24m

Byg(x) = —3.456 — 6.6892 x + 9.4032 2* — 7.6236 23 + 360.38 z* + 1677.79 z°
Bpr(r) = —0.257+16.620 r +29.739 72 4+ 158.65 r* +1812.17 r* 4 7669.53 r®

Bpp(z) = 4.220—9.659 £ —45.472 x* —322.1230 x* —5364.309 21 —27510.4 z°

Allows insertion straights - advantages :
1. easier injection and extraction,
2. space for beam loss collimators,

3. RF gallery extending only above the insertions

not above the whole ring,

4. 4-cell cavities usable, thus reducing, by a factor o

four, the total number of rf systems.
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2.6 Toward CW

261 Quasi-isochronous optics

e Based on SC dipoles, featuring
- alternating-gradient with non-linear radial field profile
- optimized magnet-edge contour

¢ Allows near-crest (serpentine) acceleration, based on SER

IO Aouaiolyg JaAlig uojoid

e Principle 6-cell lattice used for numerical beam dynamics®idies :
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e Numerical beam dynamics studies show

- large transverse dynamical acceptance
- currents in 20 mA range with no transverse beam growth (OPALsimulations)
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262 Serpentine acceleration in scaling lattice

e Allows fixed RF-frequency acceleration in variableg = v/c regime
- .e., non-relativistic beam, suitable for proton accelerabn.

e An ADS equivalent has been designed
(Emi Yamakawa et al., NIM A 716 (2013))

k-value 1.45
o EXpe”mental demonStratlon Equivalent mean radius at 200 MeV |m)] 3
perform ed W|th an electron Equivalent mean radius at 1 GeV [m] 5.9
. Stationary kinetic energy below transition [MeV] 360
prOtOtype (Japan’ 2012) rf voltage [MV /turn] 15 (h=1)
rf frequancy [MHz] 9.6(h=1)
- small e-beam ring I
- 160 keV — 8 MeV -

gngf =i

9T0Z JeN £-'God 62 ‘ISd ‘doysyiom Aousaioiy3 Januqg uojoid

Energy

- F-D-F scaling triplet lattice at Y7/ AN\
transition gamma (764 keV) N\ |
- RF freq. 75 MHz (h=1),

750 kVigap I N\

3000

200

1 00 : 1111 I 1 1 11 I || | | | 1 1 | 1111
0 50 100 150 200 250 300 350
Phase [deg]

Vi



3 TOWARD ENERGY EFFICIENCY

3.1 SC magnet studies s
T LT L L2 T, / Dipole
C NS S SIS I I Iy / Quald
. LELELS / / / / a Sextupole
== O S AT - Octupole
L ag n e tS I tt e L L L A, P
1 - ////////u///////u//////u// :
INNNNSNNNNNNN NSNS NN NNN
et al. J L

Figure 1: Double-Helix concept.

A multipole magnet. Based on tilted winding technics. Peaklfup to 4 T in the useful
aperture.

e Non-scaling FFAG and their applications, D. Trbojevic, Praceedings of HB2010,
Morschach, Switzerland :

“Abstract : [...] 1 Gev NS-FFAG accelerator [...] using combineddiion supercon-
ducting magnets. “
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e A study for the 6-cell quasi-
Isochronous design :

Figure 2: SC magnet and cryostate design (left) and Bz
field distribution (right) in mid-plane at 300 kA current.
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e One can find SC FFAG magnet investigations as far back as 1969Construction
details for superconducting magnets for FFAG acceleratorsP. Gerald, J. N. Snyder
et al., IEEE (1969).

Recent investigations [FFAG workshops] :

1+ki+k(k_1)(i) +‘
Ro

k

: . Ry +x
« Scaling FFAG mag. field: B(x)=Bo( Re ) = By

2! \R,

* The coils care combined to give the following current distribution
(2D coil design):
s Y

A

Circular colil aperture

* 3D coil design:

05
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_Inner diameter of the warm

Coil configuration of the prototype coil: ) .
arrows show the direction of the current. Magnetic flux in the magnet
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e Permanent magnets, an option ?
Studied at eRHIC (N. Tsoupas) :

Isometric view of Magnetized
Wedges
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Small volume generate strong multipoles
100 Gy does not affect NdFeB material
mu~1.0 allows field superposition.

No cross talk between mags., measured

i
2.
%
4.

Dipole n=1
Direction of the easy axis a=(n+1)6 +n/2 Quad n=2
Sext n=3 -
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3.2 SC RF studies

e Objectives :
- Compactness
- Serpentine channel

- Turn separation at extraction (low extraction losses)
e Challenge : large horizontal aperture of the FFAG.

Recently : High gradient superconducting cavity developmet for FFAG
[S.V. Kutsaev et al., Cyclotrons 2013].
Requirement is10 ~ 20 MV in a ~2 m drift.

Comparison of different cavity geometries

Parameters of the different cavity designs.

200
100
104.5
4.67
6.72
5.00
82.8
147.9
92.1

200
100
92.9.
4.66
6.71
5.00
89.7
150.2
72.7
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4 CONCLUSION (1)

¢ [B. Riemer, Hih Power Targets Workshop, FNAL, May 2014]

- When isn’t higher target power the right direction for high er performance?
e Spallation sources
e Other high-power target applications

- Integrated approaches to source design around specific irlement performance
metrics, utilizing optimization technigues, can show new pths to high-performance
e TS-2 atISIS
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5 CONCLUSION (2)
BEAM FLEXIBILITY AND ADS-Reactor APPLICATION

- A PERSONAL POINT OF VIEW -
¢ In the ADS-Reactor application,do we want that :
e 1.5 GeV and [provision for] even more (China-ADS, Project-X ESS) ?
e H- acceleration for injection into an accumulator ring (SNS) ?

e Multiple species up to U (FRIB) ?

é@ 62 ‘ISd ‘doysion Aouaioiyg 1aAld uojoid

e A “multi-purpose flexible irradiation facility”, includin g energy upgrade plan
(MYRRHA) ?

I0c e e-q

If the answer is “No0” to all these questions, then, FFAG methds are certainly to
be investing further, starting with component and acceler#or prototyping based on @
existing studies and designs.

Note that we may not even want 100s of MeV beam energy upgradkiliky (another interesting aspect
of linac methods) in an ADS-Reactor accelerator system (na@tytcasy energy flexibility at all), however
FFAG method allows foreseeing that.

0¢
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