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Introduction
simple question

Is FFAG (Fixed Field Alternating Gradient) accelerator
one family of cyclotron?

Cyclotron
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Introduction
no simple answer

Yes, but someone says cyclotron is one family of FFAG.

In both accelerators,

top view side view

® Orbits spiral out with
acceleration.

® Beams stay around
median plane by
transverse focusing.

e Have wide aperture In
horizontal than vertical.

Pulsed beam FFAG <«——  Synchro cyclotron
CW FFAG <— Isochronous cyclotron
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Alternating gradient (or strong focusing)

makes FFAG different from cyclotron.
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FFAG as an alternative to linac
demands

Short lived particles like muons and unstable ions have to be
accelerated as quick as possible.

Linac is the obvious solution, but using accelerating structure
more than once is a cost effective alternative.

One option is Recirculating Linear Accelerator (RLA) The other
Is FFAG.

Neutrino Factory design

FFAG
0.9-3.6 GeV Linac to P
e »
Q\rnmq &
/ 5 EF o
O ection v
12.6-25 GeV FFAG RLA w, A/

RLA needs several arcs for each momentum. FFAG has single ring.

Beams circulates only 10 turns or less.
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Ref. Machida, et.al., Nature Physics, Vol. 8, No. 3 (2012) 243.

FFAG as an alternative to linac
what has been done

EMMA at Daresbury lab as demonstration of principle.
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Ref. Berg, et.al., PRST-AB 9, 011001 (20006).

FFAG as an alternative to linac

challenge of injection and extraction
As in the case of any circular  *+

accelerator, injection and
extraction are one of issues.

4
f

0.50- Scptunﬁeﬁf
S1 S2 S3 T/
9
v P

Muon beam emittance is large
even after cooling.

Horizontal position (m)

z (m)

TABLE VII. Parameters for FFAG injection and extracting kickers.

Energy (GeV) 5 10 10 20

Type Inject Extract Inject Extract
Length (m) 1.5 1.5 1.5 1.5

Kick field (T) 0.37 0.51 0.78 0.58
Maximum field at the coils (T) 3.6 2.6 4.2 5.6
Vertical aperture (cm) 10 10 7.6 7.6
Horizontal aperture (cm) 25 25 19.5 19.5
Current (kA) 44 60 71 53
Supply voltage (kV) +58 +60 +52 +48
Rise/fall time (ns) 640 950 875 1270 .
Pulse length (ns) 300 300 300 300 =
Stored energy (J) 850 1620 2280 1260
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FFAG as an alternative to synchrotron
demands

Need of high power pulsed beams for neutron and muon

production. mﬁ,mm e
Accelerators beyond ISIS, I e e — v\
SNS, J-Parc and ESS == Ao

\ J-PARC = Japan Proton Accelerator Research Complex

J-Parc

Compact, easy operation, and
flexible accelerators for cancer
therapy.

Loma Linda Proton Therapy Centre ¥ - s g Science & Technology



FFAG as an alternative to synchrotron
what has been done

R&D as an alternative to medium energy synchrotron.

Design work started in 1980s [ [ EBECSEEEEN PoP 1 MeV proton

for spallation neutron source o / {; FFAG with 1 kHz

operation in 1999

e 150 MeV e ~ e
4 pFOtOtype FFAG “\ -' \‘ . e / Lra
j @7 Wf i s ‘- i 7 ' ‘l;f";’“ = : ; : HEs

Aspen at ANL



FFAG as an alternative to synchrotron

challenge of high power operation
High bunch charge 7

Fixed field magnets —— increase repetition rate to obtain
high beam power

However, high bunch charge (same level of synchrotron) is
necessary to aim at higher beam power.

Experiments at KURRI KURRI FFAG
e Does FFAG can have the same f—

. - & Booster iy /
level of tune spread as in P 5 : Sl ¥
synchrotron despite highly ok

nonlinear lattice? '

+ r\k
BZ = BZO(ror() r)

_Bzo(l+zlk(k 1)-- (k—n+1)r")_ )

|
1 n: ro”

~ Injector

e Can we keep horizontal emittance " \ansing
larger than vertical to reduce space | ’,. ,
charge effects? 3




FFAG as an alternative to synchrotron
good challenge, but...

focus defocus
York free” magnet — =l
ey v |
e Make it lighter e

e Open space for injection/extraction 3D-view

. . x
- . o Y ‘ e A
- > - A Yy ‘.\
. =, - - - =g .

It worked as we expected, but a lot of fringe field leakage.

Makes a problem when it coupled with magnetic material in
the straight section.
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FFAG as an alternative to cyclotron
demands

ADS needs >10 MW continuous beams with high reliability.

Superconducting linac and cyclotron are present option.

Accelerator Reactor
* Subcritical mode (65 -100 MWth)

(600 MeV - 4 mA proton) « Critical mode (~100 MWth)
ﬂ
(600 MeV, 4 mA) MYRRHA project

Spallation Source
o

- Multipurpose |

Flexible

Irradiation <

Facility | Lead-Bismuth
coolant
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FFAG as an alternative to cyclotron
difficulties in cyclotrons

Beam loss at extraction due to small turn separation

High energy around or more than 1 GeV

Chautard, CAS “Small Accelerators” (2005)
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FFAG may be able to overcome those problems.




FFAG as an alternative to cyclotron
challenge of reducing beam loss

Synchrotron lattice evolved from circular to polygon with a concept of
superperiodicity.

Similarly, FFAG lattice can design superperiod with long straight

section. egg shape lattice (J.B.Lagrange)
4-fold lattice
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Because of alternating gradient magnets, more freedom of the lattice
structure, having insertion is easy and that glves MOore.space for
extraction.
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Stephen Brooks, IPAC'14 |

FFAG as an alternative to cyclotron
challenge of increasing energy

The maximum energy of cyclotron is limited by transverse
focusing field.

mc C
Mean field B, =By, where By = — and R =

eR 27
R istheradius when v — ¢ /

Focusing field as a derivative of mean field with respect to radius
dB. B By dv B By

dr RdB R

843, where r =B8R

However, beam momentum increases as 3+

Therefore, focusing becomes too strong at high energy.
1 dB,

TN\2
Bp dr = (R)




Stephen Brooks, IPAC'14 |

FFAG as an alternative to cyclotron
challenge of increasing energy

One way to overcome the maximum energy of cyclotron.

3D cyclotron (or FFAG) |, e
by Stephen Brooks ‘

vertical!
— Quadrupole field will rotate by 6/2

* Curved orbit excursion allows
orbit radius o« velocity

wamei €= Teichmann (1962) also had idea

June 2014 Stephen Brooks, IPAC’'14 34

Similar idea exited before
Ref. Teichmann, Atomnaya Energiya 12 (1962) 475.
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| Stephen Brooks, IPAC’14 |

FFAG as an alternative to cyclotron

challenge of increasing energy
How the magnetic field is specified?

Maxwell’'s equations in free space,

0 0, 0
0,B = ( -0, 0 -0, )B rearranged from V- -B=0 & V x B=0
0 9, 0

In flat surface case, off surface field can be obtained as Taylor series,
B(z,y,2) = Y oney L700B(,0, 2)

nOn'y

In curved surface case, off surface field can be also obtained as Taylor
series,

B(w,y,2) = Yonry a0y C(x,0, 2)
where C(z,y,2) =B(z,y + Y(z,2),z) with curved surface Y(z,z2)

and 1 Y, o0 \N '/ 0 &, o0
9,C=| -Y, 1 -V. 9, 0 -8, |cC
0 Y. 1 0 8. 0

where Y,=9 etc.
Ref. http://stephenbrooks.org/ap/report/2014-2/offsurface.pdf



http://stephenbrooks.org/ap/report/2014-2/offsurface.pdf

Stephen Brooks, IPAC'14 |

FFAG as an alternative to cyclotron

challenge of increasing energy

Orbit moves vertically as well as horizontally.

1

0.8

Y (metres)

June 2014

100 Me

200 MeV

2 1

41618 2 222

4 2

6 2

R (metres)

Stephen Brooks, IPAC’14

ping pong ball accelerator!
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FFAG as a beam transport line
demands

There are demands for large momentum acceptance
in beam transport line.

Gantry: does not have to reset magnet strength to
transport particles with different momenta.

Muon and secondary beams: momentum spread is

large due to production process. AIST report 2004
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Beams from laser plasma
accelerators: momentum
spread is large due to

acceleration mechanism.
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Ref. Machida, et.al., PRST-AB 13, 084001 (2010).

FFAG as a beam transport line

Idea
FFAG magnets can be placed in straight line.

L)k F D

To 0
\ " high p
low p
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This can been seen as the limit of infinitely large radius.

The field profile becomes exponential.
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transport line with large momentum acceptance.

FFAG as a beam transport line
reqular and dispersion matching cell

Alternating Gradient lattice (FDDF) with FFAG magnets can make beam

Beta function for 0.1 ~ 0.8 GeV/c beams is identical.

0.8 GeV/c
0.4 GeV/c
0.2 GeV/c
0.1 GeV/c

—

qrt[beta] [m"1/2]

N4

0.8 F
o5} >
0.4 F

In the beginning and the end, we
can insert dispersion matching
section with as twice as much
larger field index magnets.

0.5 - 1 1.5
‘_J SCIEN‘lc ol LA A S
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Ref. Lagrange, et.al., NIM A, Vol. 691 (2012) 55.

FFAG as a beam transport line
what has been done

Experimental large momentum acceptance has been
validated at KURRI by J.B. Lagrange.

Hadron Beam Facility

", - o LY

~ Materials and Life Science

{ B.(y) = Byesp (%)

Y horizontal
coordinate
Movable
H- beam i
fromv__Lmac Bellows Vacuum Bellows
/ Chamber - /
AN
A VWWVWWY = &
L — =Y Fluorescent

T— — screen

Imate T Camera—1—
Collimator system Movable straight Scaling FFAG cell H_J

Courant-Snyder parameters
measurement system
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FFAG as a beam transport line
future challenge

FFAG undulator with large momentum acceptance for the
beams from laser plasma accelerators?

0,04

0,03 F

0,02 F

0,01 F

y [m]

1 02GeVic

x [m]

Phosphor X-ray CCD
Aluminum screen 1

Magnetic  foil (movable)
quadrupole
lenses Undulator

wJransmission

1 0.5Gevic Gas cell \ grating
I HIE Gold
L H] 04GeVie  Laser beam S
‘ 0.3 GeV/c x
Phosphor
Magnetic screen 2
spectrometer

Ref. Fuchs, et.al., Nature Physics, Vol. 5, No. 11
(2009) 826.

Ultimate undulator with field gradient!?
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Challenge of FFAG magnets in all area

In synchrotrons

Orbit and optics are controlled
as a function of time ().

Dipole strength is adjusted
as a function of time.

Gradient of quadrupole is
adjusted as a function of
time.

30

flexibility in operation
In FFAGs (and cyclotrons)

Orbit and optics are controlled as a
function of space coordinates

(X.¥,2)-

Field profile should be
adjusted as a function of
space coordinates.

FFAGs in particular, AG
focusing means there are
many azimuthal
harmonics.



Ref. Sheehy, et.al., PRST-AB 13, 040101 (2010).

Challenge of FFAG magnets in all area
combination of multipoles

FFAG magnetic field profile is decomposed by multipoles and
keep individual strength as a control knob.

In practice, the first few normal multipoles are enough to
shape field profile which satisfies beam dynamics.

ro + r\k
BZ=BZO( '_O )

- BzO(l +

1 k(k—l)---(k—n+1)rn). 3)

n

!

dipole, quadrupole,
sextupole, decapole,
dodecapole

by Holger Witte

Advantage: luning
Disadvantage: heat leak...

&s ce & Technology
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Challenge of FFAG magnets in all area
proposal of small test ring

Taking the first 5 multipoles (knobs), adjust the lattice either cyclotron
like (fixed frequency) or FFAG like (fixed tune) or in between.

cyclotron mode FFAG mode
. e .
(fixed frequency) (fixed tune)
- fix freq
fix tune
& 1.14-H = tryboth
=
2
0.228 7 ) 5 Skt
) \ =
2 02274\ —
L | I 1 1
£ 0.226- 0.10 0.15 020 0.5
z {): 225+ momentum [GeV/c|
B - -
0.10 0.15 020 0.25 o 1.827 — try both
momentum [GeV/c] 5 ! , —
. 1.80-
=
5 .
1.78 -

|

0.10 0.15 020 0.25 _
32 momentum [GeV/c] 3 kel



Summary

As 3 linac challenges

Large aperture devices for injection and extraction.

As a synchrotron
High bunch charge operation.
Experimental study is going on at KURRI.

As a cyclotron
Optics with idea borrowed from synchrotron (e.g. long straight).

Magnets which put the beam both in H and V directions.

As a beam transport
Large momentum acceptance beam line.

FFAG undulator
Magnet challenge
Do we have necessary and sufficient knobs2= T 2
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Thank you for your attention.
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