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THE FFAG IDEA 
- was to introduce alternating “strong” focusing to fixed-field accelerators 
  (enabling higher rep rates and beam currents than in synchrotrons) 
- either by alternating +ve and –ve bending magnets with radial edges, creating 

Alternating Gradient focusing (Ohkawa, Kolomensky, Symon, 1953-4)  
- or by using spiral sector magnets (Kerst 1955) - as later used in cyclotrons. 

 
 
 
 
 
 
 
 
 
 

K.R. Symon, D.W. Kerst, L.W. Jones, L.J. Laslett and K.M. Terwilliger, Phys. Rev. 103, 1837 (1956) 
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FFAG basics (4)
cardinal conditions of a FFAG
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FFAG and early developments (4)
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•  FFAG	
  –	
  strong	
  focusing	
  machine	
  in	
  which	
  the	
  field	
  is	
  
fixed	
  in	
  Qme.	
  

•  Scaling	
  FFAGs	
  were	
  the	
  first	
  to	
  be	
  invented	
  (1954).	
  
•  In	
  order	
  to	
  maintain	
  similar	
  orbits	
  and	
  fixed	
  tunes	
  

the	
  field	
  should	
  follow	
  the	
  following	
  profile.	
  

•  Many	
  other	
  “non-­‐scaling”	
  FFAGs	
  (and	
  scaling	
  
variants)	
  devised	
  since	
  then.	
  



Strong	
  focusing	
  revoluQon	
  

(L	
  to	
  R)	
  Brookhaven	
  physicists	
  Ernst	
  Courant,	
  M.	
  Stanley	
  Livingston,	
  and	
  Hartland	
  Snyder.	
  

John	
  Adams	
  at	
  CERN	
  (1959)	
  
1955 Michigan MURA Summer Study; Ernest Courant, Tihiro Ohkawa, 
Otto Frisch, and Dave Judd by the Radial Sector Model (under construction)

AG	
  synchrotrons	
   Wolfgang	
  Paul	
  FFAGs	
  (Kolomensky,	
  Okhawa,	
  Symon)	
  
The	
  MURA	
  years	
  	
  	
   Paul	
  traps	
  

“the	
  invenGon	
  of	
  strong	
  focusing	
  and	
  the	
  almost	
  simultaneous	
  gathering	
  of	
  the	
  first	
  believable	
  
experimental	
  data	
  on	
  orbits	
  in	
  the	
  Cosmotron	
  began	
  an	
  explosion	
  of	
  thinking	
  about	
  parGcle	
  accelerators	
  
that	
  fired	
  an	
  enormous	
  development	
  in	
  understanding	
  of	
  parGcle	
  accelerators”	
  	
  
Fred	
  Mills,	
  “O	
  Camelot:	
  A	
  Memoir	
  of	
  the	
  MURA	
  years”	
  



FFAGs	
  in	
  the	
  UK:	
  How	
  it	
  all	
  started	
  

•  In	
  the	
  mid-­‐2000s	
  the	
  BASROC	
  consorQum	
  set	
  up	
  the	
  CONFORM	
  project	
  to	
  
build	
  and	
  commission	
  EMMA,	
  fund	
  the	
  PAMELA	
  design	
  study	
  and	
  
invesQgate	
  other	
  applicaQons.	
  

•  EMMA	
  is	
  a	
  linear	
  non-­‐scaling	
  FFAG	
  (NS-­‐FFAG).	
  Although	
  in	
  first	
  instance	
  a	
  
model	
  for	
  a	
  muon	
  accelerator,	
  the	
  lessons	
  learned	
  on	
  EMMA	
  are	
  
applicable	
  to	
  FFAGs	
  for	
  other	
  applicaQons.	
  

•  PAMELA	
  was	
  a	
  design	
  for	
  a	
  hadron	
  therapy	
  complex	
  which	
  leveraged	
  the	
  
high	
  repeQQon	
  rate	
  and	
  variable	
  energy	
  extracQon	
  that	
  an	
  FFAG	
  allows.	
  A	
  
non-­‐linear	
  NS-­‐FFAG	
  design	
  was	
  adopted.	
  

•  In	
  addiQon,	
  the	
  design	
  for	
  the	
  muon	
  FFAG	
  which	
  formed	
  part	
  of	
  the	
  UKNF	
  
Neutrino	
  Factory,	
  was	
  studied	
  by	
  a	
  number	
  of	
  UK	
  (and	
  US)	
  researchers.	
  

•  These	
  projects	
  spurred	
  further	
  research	
  into	
  FFAGs	
  at	
  various	
  universiQes	
  
and	
  naQonal	
  labs	
  around	
  the	
  UK	
  which	
  conQnues	
  today.	
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LINEAR, NON-SCALING MW DRIVERS 
Conceptual designs have been made at BNL for several 

proton and heavy ion, high power (0.05 up to 100 MW) 
drivers, and a summary, with references, is given in [2]. 
Linear, F(–) D(+) F(–) triplet lattices are proposed for the 
1 to 11.6 GeV, proton energies and the 400 MeV/u, U238 
ion energy. The beam dynamics differs from that for the 
ȝ± ring, of the previous section, in that normalised, beam 
emittances are much less, space charge forces occur, the 
acceleration is in the stable region, and operation is far 
away from isochronism, with the Ȗ-values well below Ȗt. 
Both designs are similar, however, in that many integer 
betatron resonances are crossed, and the rings use many 
cells, with straight sections of § 2.5 m. 

A 4 MW, 50 Hz, 11.6 GeV proton driver for a Neutrino 
Factory is an example of one BNL design. It has a series 
chain of three, concentric rings in a common tunnel, with 
energy spans, 0.4 to 1.5, 1.5 to 4.45 and 4.45 to 11.6 GeV. 
Each ring has 136 triplet cells, with lengths of 5.934 m, 
6.022 m and 6.109 m, respectively. A time of 6-10 ms is 
needed for acceleration using ferrite tuned cavities, and a 
faster option is a harmonic jump method [2], with a fixed 
frequency rf system. Both schemes are challenging due to 
the requirement for a small number of proton bunches. 
The 2.5 m, straight sections appear too short to achieve a 
very low beam loss, H¯ injection system for the first ring. 
The fast extraction, kicker magnets are not as challenging, 
however, as for the ȝ± ring, as the emittances of the proton 
beam are so much less than those for the muons. 

LINEAR NON-SCALING CANCER RINGS 
Tumour irradiation by proton or carbon ions is used for 

advanced cancer therapy. The accelerators employed for 
this purpose include compact, superconducting cyclotrons 
(with an energy degrader) and a slow-cycling synchrotron 
(with resonant extraction over a wide range of energies). 
Initiatives for other types of accelerators include a scaling 
FFAG, faster-cycling synchrotrons and two, small radius 
linear, non-scaling types of FFAG ring, one of which is 
outlined here [3], together with its related gantry.  

Three concentric rings, each with 36 linear, non-scaling 
doublet cells sit in a common plane and enclosure. Ring 
circumferences are 34.56, 43.2 and 51.84 m (ratio 4:5:6). 
The two inner rings act in series to accelerate H+ ions up 
to 250 MeV, and the two outer, C6+ up to 400 MeV/u. The 
F(–)D(+) cells have a total length of order 1 m, and the 
drifts are 0.3 and 0.1 m. Beam dynamics is similar to that  
for the proton and ion drivers, and rapid, harmonic jump 
acceleration is assumed, with 10.8 MV peak needed in the 
outer ring, at a frequency § 1.3 GHz. 

A compact, linear, non-scaling, superconducting FFAG 
gantry, with an FDDF type lattice cell, offers the promise 
of a substantial, weight reduction [3], compared with the 
ion gantries that are currently under development.  

NON-LINEAR, NON-SCALING DRIVER 
A non-linear, non-scaling and non-isochronous NFFAG 

is an ISS option [5] for a 50 Hz, 4 MW, 3-10 GeV, proton 
driver at a Neutrino Factory. The orbit circumference has 
to be 801.447 m, at 10 GeV, to be compatible with the 
associated, 20 GeV, ȝ± decay rings. Insertions are not 
required for a ring of this size, so the magnet lattice uses 
only identical “pumplet” cells, of the type noted earlier. 
The number of cells is 66, so that the cell orbit length at 
10 GeV is 12.1431 m. For an injector, a 50 Hz, 0.2 GeV, 
H¯ linac feeds a 50 Hz, 0.2 to 3 GeV booster synchrotron, 
rather than an NFFAG, as it may have a more efficient, 
H¯ injection system. Figure 1 is a layout drawing for the 
linac, RCS booster and NFFAG driver ring. 

Figure1: Layout drawing of the 4 MW, NFFAG driver. 
Five magnets, of three, different types are used for the 

dFDFdO “pumplet” cell. The non-linear d and D units are 
vertically focusing, parallel edged, combined function 
magnets, but the d have (–), and the D have (+), bending 
The F is a (+) bend, non-linear, horizontally focusing, 
combined function unit, with edges parallel to those of the 
d and D, as indicated in the Figure 2. There are zero entry 
and exit, edge angles, respectively, for the input and the 
output d magnets. 

A modified, linear lattice code allows estimates to be 
made for the non-linear, field parameters needed in the 
cell magnets. Reference orbits are defined for the full 
energy range, starting at the highest energy. Successive 
searches are made for an adjacent orbit of lower energy, 

 
Figure 2: A single lattice cell of the 50 Hz, 4 MW, 3-
10 GeV, NFFAG proton driver ring. 
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Figure 5.8: (a) Schematic of a double-helix dipole. (b) A double-helix dipole in 3D.

of the magnet (and therefore field quality), but locally perturb the magnetic field within
the magnet.
To understand the source of these unwanted field components it is useful to remember

the working principle of the double-helix coil. Each helical coil in general generates two
field components: the multipole field and a solenoidal field. The second helix does the
same, but the direction of the solenoidal field is such that it is supposed to cancel out
the field of the first helical coil.
Figure 5.10 (a) shows the frontal view of two double helix coils, where the longitudinal

variation of the wire produces an arbitrary multipole field. It is clear from this that the
solenoidal field can never cancel, because two consecutive layers for obvious reasons can
never be at the same radius. The magnetic field of a solenoid at its centre can be
calculated easily [45]:

B

Sol

= JaF (↵, �) . (5.11)

F is a geometry dependent function, ↵ is the ratio of the outer and inner radius a of
the coil and � the ratio of the half length of the coil to the inner radius. The geometry
factor F changes very little for consecutive layers and the current density J is obviously
fixed. What does change is the inner radius for di↵erent layers, which leads to a slightly
di↵erent solenoidal field.
This can be remedied relatively easily by changing the stacking sequence of the layers.

Following the double-helix concept the direction of the current changes in each layer
from clockwise to counter-clockwise and vice-versa. By changing the direction only
every other layer, which is shown in Figure 5.10 (b), the situation is much improved.
Each double-helix coil will still produce insu�cient compensation and thus a remaining
solenoidal field. However, the residual solenoidal field of the two double-helix coils shown
in the figure will now have a di↵erent polarity, which in e↵ect will almost cancel.
This di↵erent stacking scheme has been named quadruple-helical coil owing to the
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PAMELA	
  CDR	
  (2012)	
  

FFAG11,	
  Trinity	
  College	
  Oxford	
  

Enhancement increases with ! but is ameliorated by
increasing fringe length; it also increases extremely rapidly
with x for small fringe lengths. However, it decreases with
increasing k because higher k magnets actually have
weaker fringe fields.

In ring design, this number fills a similar role to the
circumference factor of scaling FFAGs: it is the amount a
theoretical constant bending field must be multiplied by to
find the real maximum field strength in a ring of fixed size
and magnet filling factor.

3. Circumference factor comparison

Symon [1,4] defined ‘‘circumference factor’’ to be the
length of the top-energy closed orbit divided by the circum-
ference of a circle with the maximum curvature found any-
where on the orbit, which is equivalent to C ¼ jBjmax=hByi
where h"i denotes average around the orbit. For spiral scal-
ing VFFAGs with a singlet lattice, C ¼ Fenh=P where P is
the magnet packing factor. For the proton driver lattices
considered in the next section, Fenh ¼ 2:6–2:7 and P#1 ¼
4:3–5:3, giving C ¼ 11:2–14:4. For a synchrotron, C ¼
P#1, determined only by the drift space requirements. The
original MURA note considered FFAGs entirely filled with
magnets (P ¼ 1) when it quoted values of C ¼ 5–6 for
scaling FFAGs, soCPmay be a better metric for comparing
lattice bending efficiency independently of packing factor.
This is just equal to Fenh for the spiral VFFAGs and is
somewhat lower than the values for sector scaling FFAGs
with reverse bends, even though By goes locally negative in
the spiral VFFAG magnet’s exit end field.

III. PROTON DRIVER TRANSVERSE DYNAMICS

Parameters were sought for fixed-field rings to boost the
energy of the two ISIS [10] proton bunches from 800 MeV,
following the outline rf approach in [11]. Lattice cells
containing a single VFFAG magnet and a reasonably long
drift space, with enough dynamic aperture for the 150 mm
mrad geometric emittance proton beam are given in Table I.

The three-dimensional layout of such amachine is shown in
Fig. 8.
The beam power will increase in proportion to energy, so

options are provided for neutron production at 3 GeV, high-
power exotics production at 12 GeV and a ‘‘compromise’’
energy of 5 GeV, which provides more power for neutrons
but perhaps less efficiency. With the mean current 208 "A
presently achievable in ISIS, these would have beam
powers of 0.6, 2.5, and 1.0 MW, respectively, at 50 Hz.
The 12 GeV ring, the most aggressive design, with

applications to neutrino factories and muon colliders,
needed a slightly longer magnet to lower the peak field,
which in turn required larger edge angles. The field en-
hancement was evaluated at x ¼ 2 cm and not 4 cm to

TABLE I. Transverse parameters for VFFAG rings.

Ek;inj 800 MeV
Ek;ext 3 GeV 5 GeV 12 GeV

Mean radius 52 m (2$ ISIS)
Periodicity 80 cells per ring
Cell length 4.0841 m
Drift length 3.3174 m 3.1257 m

Magnet parameters

Magnet length 0.7667 m 0.9584 m
B0 0.5 T 0.4 T
k 2:01 m#1 2:2 m#1

! ¼ tan#edge 2.23 2.535
#edge 65.84% 68.47%

Fringe length f ¼ 0:3 m in B / 1
2 þ 1

2 tanhðz=fÞ
Bext 1.3069 T 2.0036 T 3.5274 T
Bfringe=Bbody 2:6941x¼4 cm 2:6174x¼2 cm

Bmax 3.5210 T 5.3979 T 9.2326 T

Beam optics

yext # yinj 0.4780 m 0.6906 m 0.9895 m
"u (per cell) 71.17% 71.63%

"v 28.60% 19.95%

Qu (ring) 15.815 15.917
Qv 6.357 4.433

Matched injection at drift midpoint

$u 3.445 m 3.506 m
%u 0.426 0.481
$v 7.145 m 10.284 m
%v #0:597 #0:960

FIG. 7. Field enhancements as a function of !, fringe length
(f), and distance from midplane (x) from 0 to 4 cm, in the 3 or
5 GeV magnet design with k ¼ 2:05 m#1.

FIG. 8. Perspective view of the 12 GeV ring.
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EMMA	
  (Daresbury,	
  UK)	
  

•  EMMA	
   is	
   a	
   linear,	
   non-­‐scaling	
   FFAG.	
   It	
   is	
   a	
   densely	
  
packed	
  ring	
  consisQng	
  of	
  84	
  quadrupoles	
  (offset	
  to	
  get	
  
bending).	
  

•  Experiments	
   demonstrated	
   that	
   beam	
   is	
   accelerated	
  
through	
   integer	
   tunes	
   in	
   the	
   serpenQne	
   channel	
  
without	
  significant	
  growth	
  in	
  oscillaQon	
  amplitude.	
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Figure 4 | Longitudinal phase space trajectories of beams with five different initial phases. All of these cases clearly demonstrate acceleration within the
serpentine channel. The phase values were measured directly, whereas the momentum values were reconstructed using the polynomial fits described in
Figs 2 and 3. a, Momentum estimated from horizontal beam position. b, Momentum estimated from horizontal betatron tune variation. c, Momentum
estimated from vertical betatron tune variation. The solid and dashed grey curves indicate the best estimates of the separatrix boundary between in-bucket
motion and the serpentine channel, calculated using the lower and upper bounds respectively of the estimated systematic error of ±25 ps in the orbital
period measurement in Fig. 1.
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Figure 5 | Standard deviation of beam orbit oscillations in the horizontal and vertical planes, calculated at each cell using a twenty-one cell window.
Results are shown for the first five turns of acceleration, for the five reconstructed trajectories in the serpentine channel in Fig. 4. a, Trajectory with red data,
b, yellow data, c, green data, d, blue data, and e, magenta data. In all cases there is no significant growth in oscillation amplitude.

of 0.0480 Tm is required to bend a beam extracted at the fifth
turn by 43�, thus demonstrating acceleration from 12.5± 0.1 to
19.2±1.0MeV/c, corresponding to 12.0±0.1 to 18.4±1.0MeV/c
in equivalent momentum. The uncertainty of the extracted beam
momentum is an upper bound given by the angular acceptance of
the extraction line vacuum aperture.

During acceleration the cell tune changes by more than 0.1 in
both horizontal and vertical planes. This implies that the total ring
tune changes bymore than 4.2, so that a beammust cross an integer
tune a minimum of four times. In spite of this traversal of integer
tunes, the BPM signals show no significant growth in beam centroid
oscillation, as shown in Fig. 5.

Stable acceleration in the linear non-scaling FFAG EMMA
has been successfully demonstrated. A detailed analysis further
indicates that the beam is accelerated in a serpentine channel from
12.0MeV/c to more than 18.0MeV/c within six turns, with a small
orbit shift of 10mm. During acceleration the beam traverses several
integer tunes in the horizontal and vertical planes without any
observed growth in beam oscillation amplitude.

This very rapid acceleration has direct implications for the
design of future muon accelerators. Furthermore, these results
encourage further exploration of non-scaling FFAGs for a broad
range of proton and ion accelerator applications. The practical

realization of the non-scaling FFAG opens up new possibilities
in the design and application of future accelerators, with the
potential for widespread impact in many areas of science,
technology and medicine. One example is the ongoing Particle
Accelerator for MEdicaL Applications (PAMELA) project7, which
uses non-scaling FFAGs as a proton and carbon-ion source for
charged-particle therapy.
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Table 1 | Principal parameters of EMMA.

Momentum 10.5–20.5 MeV/c
Circumference 16.57 m
Number of cells 42
Focusing Focusing/defocusing quadrupole doublet
Nominal integrated quadrupole gradient (focusing quadrupole/defocusing quadrupole) 0.402/�0.367 T
Radiofrequency 1.301 GHz
Number of radiofrequency cavities 19
Tune shift for the momentum range above ⇠0.3 to ⇠0.1 cell�1 (⇠12- to ⇠4-ring)
Acceptance (normalized) 3⇡mm rad

One of the principal applications for non-scaling FFAGs is the
acceleration of muons in a neutrino factory or muon collider.
EMMA has therefore been designed to dynamically mimic such a
FFAG using electrons, which are easier to produce and accelerate.
Because of the muon’s short lifetime of 2.2 µs in the rest frame,
acceleration would have to be completed within around ten turns in
either application, so by analogy a total voltage of more than 1MV
per turn is required in EMMA, provided by nineteen single-cell
normal-conducting cavities25.

Themagnet lattice consists of forty-two identical cells containing
quadrupole doublets26. The focusing and defocusing quadrupoles
are offset horizontally from the beam axis to provide a net bending
force and thereby circulate the beam around the machine. Over the
chosen acceleration range of 10.5–20.5 MeV/c, the fixed field and
absence of nonlinear elements for chromaticity correction causes
the tune to vary from typically 0.3 cell�1 to 0.1 cell�1, or 12-ring
to 4-ring, in both the horizontal and vertical planes. A number
of integer tunes of the ring—potential sites for instability—are
naturally crossed. Table 1 lists the principal EMMAparameters.

Two important aims of the present experiment are to measure
the beam position and orbital period as a function of momentum.
Beam position monitors (BPMs) are used to detect the beam
centroid position for each passage of the beam, so that both the
betatron oscillations and the closed orbit distortion (COD) can
be measured27.

The ALICE (Accelerators and Lasers In Combined Experiments)
accelerator28 is used as an electron source and a single 40 pC bunch
is injected into EMMA. A more detailed description of injection as
well as extraction can be found in refs 29,30. For all measurements
reported here, the momentum of the beam provided by the ALICE
injector was fixed at 12.5MeV/c. To characterize EMMA with
a range of different injection momenta, we mimic a change in
momentum by scaling the quadrupole strengths. This simulation
method gives a measurement of the dynamics directly equivalent
to changing the injected momentum in the whole range from 10.5
to 20.5MeV/c. Throughout the paper, the momentum is defined
in this way, and we call it ‘equivalent momentum’ when it has to be
clearly distinguished from the real momentum.

Beam emittance measurement is available only in the beam
transport line between ALICE and EMMA. Optics matching is
roughlymonitored by destructive yttrium aluminiumgarnet (YAG)
screens at two locations in the ring during the injection set-up.

The orbital period is measured with a signal from one electrode
of a BPM located halfway around the ring from the injection
point. The circulating beam is detected and displayed on an
oscilloscope for every turn. Instead of directly measuring the time
difference between consecutive turns, the timing relative to the
radiofrequency phase is recorded. For each equivalent momentum,
the measurement was repeated eight times and is shown in Fig. 1;
themomentumdependence is parabolic as predicted16,19,31.

Because of the lattice periodicity, the BPMs lying between the
two quadrupoles in each of the 42 cells should ideally record the
same horizontal beam position (as a function of momentum) and
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Figure 1 |Orbital period in the EMMA ring as a function of momentum,
calculated from the measurement of beam arrival time over ten turns at a
single BPM relative to a reference 1.3GHz sinusoidal radiofrequency
signal. The time is then scaled by the ratio of beam velocity difference
between real and equivalent momenta. The error in the orbital period is the
standard deviation of eight measurements. The almost quadratic behaviour
of the orbital period confirms the prior theoretical prediction, and the
indicated fitted second-order polynomial is used to derive a best
estimate of the expected longitudinal behaviour for use in later
measurements (Fig. 4).

a constant vertical position in the accelerator mid-plane. In reality,
deviations from the ideal lattice generate observed CODs of up to
±5mm in the horizontal and vertical planes when the fractional
part of the ring tune is near 0.5. In the horizontal plane, stray
fields from the injection and extraction septa have been identified
as major sources of COD, but it is not known at present what
is responsible in the vertical plane. The alignment of the main
quadrupoles is within 0.05mm and is thus responsible for at
most ±1mm of COD.

As the phase advance in each cell is, to a good approximation,
identical, the measured betatron oscillations in a portion of
the ring can be used to calculate both the cell and ring tune.
A numerical analysis of the fundamental frequency (NAFF)
algorithm32 was performed over twenty-one consecutive cells
to obtain the fundamental frequency. The mean and standard
deviation of the cell tune were calculated using the first ten turns of
data and are shown in Fig. 2 alongwith the BPM signals.

Before attempting acceleration in a serpentine channel, which
requires a high radiofrequency voltage, a lower voltage that was
predicted to be insufficient to drive a serpentine channel was
applied. This voltage was still sufficient to capture the injected beam
within a radiofrequency bucket. There were two purposes for this
initial experiment. One was to estimate the accelerating voltage per
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Figure 2 | Beam position and cell tune for fixed momentum beams. a, Horizontal and vertical beam position in consecutive cells over 10 turns for an
equivalent momentum beam of 12.0 MeV/c. The closed orbit has small cell-to-cell fluctuations arising from magnet imperfections, around which betatron
oscillations are observed. b, Horizontal and vertical beam position computed as an average position over 10 turns from measurements such as a for a range
of equivalent momenta. Uncertainties shown are the standard error of the mean. c, Horizontal and vertical cell tune for 12.0 MeV/c equivalent momentum,
computed using the NAFF (ref. 32) algorithm with a Hanning filter on horizontal and vertical position data, respectively, over a window of 21 cells centred
at the indicated cell number. The value fluctuates for the same reasons as given in a. d, Horizontal and vertical tune computed as an average of tune data
such as in c. The uncertainty reflects an upper bound estimate using the standard deviation of the data points from the average, assuming no correlation in
the NAFF-estimated tunes. A least-squares fit of a second-order polynomial to the data for the horizontal position, and horizontal and vertical cell tunes
are used to provide three independent mappings from measured data to momentum, which can be used to reconstruct the longitudinal phase space during
acceleration (Figs 3 and 4).

turn seen by the beam; by looking at the synchrotron oscillation
period in a radiofrequency bucket, the amplitude of the vector sum
voltage of the cavities was estimated. The second was to measure
the phase offset of the radiofrequency voltage with respect to the
timing of injected beam; by scanning the radiofrequency phase from
0� to 360�, the offset value that produces the smallest synchrotron
oscillations in a radiofrequency bucket was determined.

Once the radiofrequency voltage is greater than 1MV a
serpentine channel begins to appear in the longitudinal phase space;
a voltage of 1.9MV was chosen to create a wide serpentine channel.
For five different initial values of the phase where serpentine
channel acceleration is expected to occur, the horizontal and vertical
orbit positions were measured as a function of the number of
cells through which the beam has passed. The orbit and cell tune
excursions, measured using consecutive BPM readings, for one
case are shown in Fig. 3.

We now have all the required information to reconstruct a
picture of the longitudinal phase space during acceleration. The
beam momentum was extracted from previous measurements
of horizontal beam position and horizontal and vertical cell
tunes measured at different equivalent momenta. The phase
in longitudinal phase space was derived from an independent
radiofrequency phase measurement based on the BPM signal.
The trajectories in longitudinal phase space were reconstructed by
combining the momentum information with this phase evolution.
In Fig. 4, trajectories are shown based on momenta estimated from
horizontal beamposition and horizontal and vertical tune.

Beam extraction is analogous to injection. The kicker pulse
timing allows specific turns to be extracted following acceleration.
The beam energy is measured directly after extraction using
two fluorescent screens either side of the first extraction line
dipole, which acts as a spectrometer. The integrated dipole field
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Figure 3 | Beam position and cell tune for an accelerated beam.
a, Horizontal and vertical beam position in consecutive cells for the first five
turns for a beam injected with an equivalent momentum of 12.0 MeV/c.
The horizontal position shows a systematic shift due to acceleration on top
of the scattered positions observed in Fig. 2a. b, Horizontal and vertical cell
tune computed with the same method as in Fig. 2c. Both tunes show a
systematic shift due to acceleration. For both results, second-order
polynomial fits are performed to estimate momentum as a function of cell
transited when compared to the fixed momentum data of Fig. 2b and d.
This information is used in Fig. 4.
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PAMELA	
  (JAI,	
  Oxford)	
  

between the magnets in the triplet in order to optimize the
magnetic bore size. The field profile of each magnet is the
same as in the previous section, namely the multipoles up
to a certain order are included and the fringe field has a
constant extent of 60 mm.

The resulting tunes throughout acceleration are shown in
Fig. 8. In the case up to decapole, the maximum variation
of the total horizontal tune is 0.092 and of the total vertical
tune is 0.250. These values are very similar to the case
before and well within half an integer.

D. Dynamic aperture

A calculation of the dynamic aperture in the case of
rectangular magnets with parallel alignment is made. The
calculation covers a cell tune range of 0.70–0.75 and 0.25–
0.30 in the horizontal and vertical plane, respectively. In
each of these scans, the tune in just one transverse plane is
varied while in the other transverse plane it is fixed at the
nominal value described above. The calculation is made at
injection energy to study the case where the beam is at its
largest size in physical space. An error-free lattice is
assumed and multipole components up to decapole are
included. To select a particular value in the tune space,
the field index k (and hence the coefficients of each multi-
pole term) and the ratio of the F and D strength are
adjusted.
The search for dynamic aperture begins by tracking for

1000 turns a single particle that has identical starting
conditions in both planes—in each case the initial coordi-

nate is given by !
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J=!x;y

q
and the initial angle is zero. J

is the action variable and !x;y is the horizontal and vertical
Twiss parameter. The tracking is started at 2J ¼
1" mmmrad normalized amplitude and then increased in
steps of 1" mmmrad until the particle is lost. The dynamic
aperture is given by the highest amplitude particle that
survives tracking.
It is clear from the results shown in Fig. 9 that it is

possible to choose a point in the tune space where the
dynamic aperture is more than 30"mmmrad normalized
in both transverse places, which is sufficient for our pur-
poses. One of the local minima in the dynamic aperture
results in Fig. 9 can be attributed to a coupling between the
transverse planes where the sum of the transverse tunes is

FIG. 8. (Color) Cell tunes throughout acceleration for the case of
rectangular-shaped magnets with different order of truncation.
Three magnets are aligned parallel with each other. Horizontal
cell tune in (a) and vertical cell tune in (b). Dashed lines and
associated numbers show total tune of a 12 cell ring.

FIG. 7. Converting rectangular magnets facing the machine
center (dotted line) to rectangular magnets aligned parallel
with each other (solid line).

FIG. 6. (Color) Cell tunes throughout acceleration for the case of
rectangular-shaped magnets with different order of truncation.
Three magnets face the machine center as in Fig. 5. The
horizontal cell tune is shown in (a) and the vertical cell tune in
(b). Dashed lines and associated numbers show total tune of a 12
cell ring.

SHEEHY et al. Phys. Rev. ST Accel. Beams 13, 040101 (2010)
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•  Approximate	
   scaling	
   field	
   -­‐	
   retain	
   just	
   enough	
   mulQpole	
   components	
   to	
   keep	
   the	
   tune	
  
variaQon	
  within	
  a	
  half-­‐integer.	
  

•  Fix	
  working	
  point	
  in	
  second	
  stability	
  region	
  of	
  Hill’s	
  equaQon	
  to	
  reduce	
  magnet	
  aperture.	
  
•  Novel	
  double-­‐helix	
  SC	
  magnets	
  developed.	
  

S.L.	
  	
  Sheehy	
  et	
  al,	
  PRST-­‐AB	
  (2010),	
  K.	
  J.	
  Peach	
  et	
  al,	
  PRST-­‐AB	
  (2013)	
  

that the current flows in the opposite direction and the tilt
angle is negative. Combined function fields can be ob-
tained by introducing an additional parameter ", which
defines the ratio of the different multipoles. In the z direc-
tion the equation then reads

zð!Þ ¼ ðh!=2"Þ þ ½R= tanð#Þ&
X

n

"n sinðn!Þ: (10)

It can be shown that when superimposing the two helices
the direction of the current densities produce a pure cosine-
theta current density distribution. A direct consequence is
that the double-helix technology (in theory at least) is an
almost perfect approximation of a cosine-theta magnet.
The coil ends of a helical coil are not artificial structures
but a natural extension of the straight section of the coil,
which also contribute to the useful field.

The double-helix concept has been extended to a four
coil concept to eliminate higher order components, as
discussed in [26].

Helical coils have another advantage in comparison to
ordinary cosine-theta magnets, which is their flexibility.
Equation (10) suggests that each layer of a helical coil can
generate only one designed multipole or a combination of
multipoles. However, the equations also allow a single
helical layer (and thus an entire double or quadruple helical
coil) to generate a different multipole field at different
longitudinal positions. In an ordinary cosine-theta magnet
this is difficult to realize, as the number of constant current
density blocks increases with the multipole order, and so
additional wires of superconductor would have to be in-
troduced, which is inelegant. For helical coils there is
almost no issue—it is possible to vary the strength of
individual multipoles by changing the value of the relevant
"n, as shown in Eq. (10)

B. Magnet design

The magnet design was carried out using OPERA 3D from
Vector Fields (Cobham) [29]. As no nonlinear materials are
present, the magnetic fields can be evaluated using the
Biot-Savart law. Table VII shows the results of the design
process for the carbon ring offset solution. The solution is
suitable for both the F and the D magnet (with opposite
polarities). The design was carefully optimized in order to
minimize the peak magnetic field on the wire while main-
taining the desired performance.

As shown in Table VII, each multipole has multiple
double layers, necessary to reduce the peak field on the
wire, as each layer is exposed to the field of subsequent
layers. Since there is a substantial solenoidal field, sub-
dividing the coil in radial direction leads to a reduction of
the solenoidal component between layers (' 1=n).

An important parameter for the helical coils is the tilt
angle #. In general, it is advisable to choose a low
tilt angle, as this means that more of the current flows in
the longitudinal direction [ cotð#Þ]. However, choosing a

high tilt angle means that more turns can be wound in a
given space, which increases the performance. The situ-
ation is further complicated by the fact that an important
design parameter is the peak field on the wire, which not
only depends on the desired field of the multipole but also
on the unavoidable solenoidal field. The optimum tilt angle
for PAMELA is between 50( and 65(. Figure 20 shows
examples of the peak field on the wire for the D magnet for
the carbon lattice; only the 4th layer of each coil is shown.

TABLE VII. Carbon magnet designs—offset solution.

Unit F & D

"1 0.6152
"2 0.2863
"3 0.0803
"4 0.0162
"5 0.0020
Rinner mm 175
Router mm 221.2
Length m 0.972
Pitch mm 2
Number of turns 400
Tilt angle ( 60
Number of double layers 10
Wire radial thickness mm 1.3
Wire axial thickness mm 17
Gap between layers mm 1
Average current density A=mm2 468
Peak field wire T 4.7
Temperature margin K 1.2
Current A 860
Magnetic energy kJ 440
Inductance H 4.2

FIG. 20. Peak magnetic field on the wire of the D magnet for
the carbon ring for the 4th layer from the center.
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reason for this is twofold. First, chromaticity correction is
usually applied where the dispersion function is largest as
it is most effective at this point. However, the dispersion
function in linear ns-FFAGs tends to be small as this gives
the desirable property of a smaller orbit shift. This means
that the nonlinear magnet strengths to obtain chromaticity
correction must be large in such a machine. Second, the
upper limit on cell tune variation is inversely proportional
to the number of cells. The requirement that the total tune
variation is restricted to within an integer (or preferably
half an integer) indicates that a small number of cells is
preferable, whereas a linear ns-FFAG tends to have a large
number of cells. This makes chromaticity correction even
more challenging.

In addition to the resonance crossing phenomena, exist-
ing concepts for linear nonscaling FFAGs for proton
therapy had the general feature of being very densely
packed with magnets, allowing only short straight sections
for injection, extraction, and rf cavities, usually less than
0.5 m. This is a particular concern for fully stripped carbon
ions, where the higher magnetic rigidity means that
long straight sections become crucial, particularly for
extraction.

To overcome the resonance crossing issues and provide
longer straight sections of over 1 m, a new lattice design
approach has been adopted. This design begins with a
scaling FFAG and makes a number of changes that break
the scaling law, while retaining the small tune variation
which is required. Additional positive features emerge
from this design such as a reduced orbit excursion and
simplified magnets. In fact, it was found that the orbit
excursion of a scaling FFAG could be significantly reduced
if the FDF triplet focusing structure was adopted and a
large field index in the second stability region of the
solution of Hill’s equation was used, where F is a focusing
and D is a defocusing magnet [23]. Although the orbit
excursion cannot be of the order of millimeters like that
in a linear nonscaling FFAG, a reduction of about a factor
of 5 from a scaling FFAG is expected. Note that the
reference orbits do not pass through the magnetic centers
and so the FDF triplet provides focusing in both planes and
bending in the horizontal plane.

B. Proton ring design

Starting with the concept of a radial-sector FDF triplet
scaling FFAG, a number of changes and simplifications are
made [12].

First, the magnetic field no longer follows the scaling
field profile, so the design becomes nonscaling. The scaling
field profile is expanded and only the dipole and first few
multipoles are retained. This significantly changes the
magnet design, allowing superconducting magnets to be
employed rather than iron-cored magnets with complicated
pole shaping used in a scaling FFAG. To ease cost, con-
struction, and alignment issues, the magnets are made

rectangular rather than sector shaped and are aligned along
a straight line in each cell rather than along an arc, further
violating the scaling law.
A number of parameters can be used to characterize the

PAMELA lattice design, including the field index k and
geometrical factors including the lattice packing factor,
magnet length, and average radius. The field index k
influences both the magnetic focusing strength and the
orbit excursion, that is, the difference in radial position
of the maximum and minimum energy orbits, as shown by
the two dotted lines in Fig. 2. A large field index results in a
small orbit excursion, which is advantageous as it reduces
the bore of the magnets, the beam pipe aperture, and the rf
aperture. However, the field index is limited when using the
first stable region of Hill’s equation, where the phase
advance per cell is less than 180!.
In this design the second stable region of the solution to

Hill’s equation is used, with a horizontal phase advance per
cell greater than 180!. This allows for a larger field index to
be used, resulting in a smaller orbit excursion. The avail-
able working points as a function of field index and D=F
magnet strength ratio are shown in Fig. 3.
By carefully choosing the field index to be large, here

k ¼ 38, a D=F ratio is then selected which results in cell
tunes of around !x ¼ 0:72, !y ¼ 0:27 which are later
optimized. In this case the maximum field values are
4.0 T in the D magnet and 4.25 T in the F.
The lattice packing factor, ", is the total length of the

FDF triplets compared to the machine circumference. In
order to access the second stable region of Hill’s equation
for an FDF triplet focusing lattice while maintaining suit-
able dynamics, it is preferable to have a small (" # 0:5)
packing factor [23]. However, too small a value for "
results in short magnet lengths. This may result in

FIG. 2. Layout of the proton lattice with injection orbit (inner
dotted line) and maximum energy orbit (outer dotted line).
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FFAGs:	
  Issues	
  being	
  addressed	
  	
  

Issue	
   DescripCon	
   Projects/Designs	
  

Matching	
   Allow	
  inserQons	
  for	
  injecQon/
extracQon,	
  racetrack	
  lahces	
  

NORMA,	
  NuSTORM	
  

CharacterisaQon	
   Measure	
  lahce	
  properQes.	
  
InjecQon	
  matching.	
  DiagnosQcs.	
  	
  

KURRI	
  collaboraQon	
  

Iso-­‐everything	
   Isochronous,	
  zero-­‐chromaQcity	
  
design	
  for	
  cw	
  operaQon.	
  

VerQcal	
  FFAG,	
  Pumplet,	
  (PIP)	
  

Compactness	
   Eliminate	
  reverse	
  bends	
  or	
  reduce	
  
packing	
  factor	
  to	
  reduce	
  
circumference.	
  

Spiral	
  FFAG,	
  racetracks	
  with	
  packed	
  
arcs,	
  PIP.	
  

CollecQve	
  effects	
   High	
  intensity	
  machines.	
   KURRI	
  collaboraQon,	
  SimulaQon/Ion	
  
traps.	
  



NORMA: Normal-conducting Racetrack Medical 
Accelerator	
  

•  Scaling FFAG	
  
•  30→350 MeV protons	
  
•  Normal conducting magnets	
  
•  Therapy & Tomography	
  
•  Straight section to give 'racetrack' 

shape for injection and extraction	
  
•  Matching cells have same geometry, 

but different fields	
  

Ring	
   Racetrack	
  
Cell Radius (m)	
   9.6	
   10.55	
  
Circumference (m)	
   60.4	
   70.7	
  
Orbit excursion (cm)	
   43	
   49 	
  
Ring tune	
   7.72, 2.74	
   7.71, 2.68	
  
Peak field (T)	
   1.57	
   1.74	
  
DA (mm mrad)	
   68.0	
   57.7	
  
Max drift (m)	
   2.4 (x10)	
   4.9 (x2)	
  

Rob Appleby, James Garland, Kiril	
  
Marinov, Hywel Owen, Sam Tygier	
  



NORMA: Design and optimisation	
  

l  Optimise ring for size, fields and DA	
  

l   	
  

l  Add straight sections.	
  Re-optimise after adding matching section.	
  

http://dx.doi.org/10.1103/PhysRevSTAB.18.094701	
  

Geometry	
   Tune	
   Misalignments	
  

Extend drift	
   C-S parameters	
   Fine tune	
  



FFAG	
  R&D	
  at	
  Imperial	
  (1)	
  

•  ApplicaQons	
  in	
  fundamental	
  
physics:	
  
– SubstanQal	
  effort	
  on	
  
applicaQons	
  in	
  novel	
  neutrino	
  
beam	
  generaQon	
  (nuSTORM	
  
and	
  nuPIL)	
  -­‐>	
  J-­‐B.	
  Lagrange	
  talk	
  

– Design	
  work	
  for	
  PRISM	
  FFAG	
  -­‐
next	
  generaQon	
  muon	
  to	
  
electron	
  conversion	
  experiment	
  

Layout	
  of	
  FDF	
  PRISM	
  ring	
  

...and	
  its	
  huge	
  acceptance	
  



FFAG	
  R&D	
  at	
  Imperial	
  (2)	
  

•  ApplicaQons	
  in	
  medicine	
  and	
  
applied	
  science:	
  
– Design	
  work	
  for	
  the	
  novel	
  zero-­‐
chromaQc	
  NS-­‐FFAG	
  proton	
  gantry	
  

–  InvesQgaQons	
  on	
  medical	
  
racetrack	
  allowing	
  for	
  proton	
  
radiography	
  (in	
  collaboraQon	
  with	
  
Manchester	
  University)	
  

– Developing	
  novel	
  soluQons	
  for	
  
spallaQon	
  neutron	
  producQon.	
  

350	
  MeV	
  ring	
  for	
  proton	
  radiography	
  

Layout	
  of	
  the	
  novel	
  FFAG	
  gantry	
  



PIP:	
  Compact	
  radioisotope	
  source	
  	
  
•  4	
  sector	
  FFAG/strong	
  focusing	
  proton	
  cyclotron	
  for	
  isotope	
  

producQon.	
  Design	
  by	
  Carol	
  Johnstone.	
  
•  Focusing	
  both	
  from	
  field	
  profile	
  and	
  edge	
  effects.	
  No	
  reverse	
  

bends	
  
•  2	
  RF	
  cavQes,	
  200	
  kV	
  per	
  turn.	
  
•  InjecQon	
  at	
  75	
  keV.	
  	
  ExtracQon	
  at	
  14	
  MeV	
  (99mTc)	
  and	
  at	
  28	
  

MeV	
  (therapeuQc	
  isotopes).	
  	
  

ChromaQcity/TOF	
  
•  VerQcal	
  tune	
  passes	
  an	
  integer	
  but	
  resonance	
  

crossing	
  is	
  quick	
  (within	
  a	
  turn).	
  
•  TOF	
  variaQon	
  within	
  0.3%.	
  
InjecQon	
  
•  Radial	
  injecQon	
  septum	
  capture	
  simulated	
  in	
  Opal	
  
ExtracQon	
  
•  ElectrostaQc	
  deflector	
  and	
  septum	
  looks	
  feasible	
  

Currently	
  studying	
  internal	
  target	
  for	
  99mTc	
  producQon	
  



• 	
  20mA	
  tracked	
  to	
  28	
  MeV	
  in	
  Opal	
  
• 	
  20	
  x	
  any	
  exisQng	
  commercial	
  radioisotope	
  cyclotron!	
  
• 	
  Losses:	
  currently	
  1.3%,	
  too	
  large	
  
•  no optimisation yet done  (can open vertical aperture if 
required) 

Vertical 
emittance 
growth 

PIP:	
  Compact	
  radioisotope	
  source	
  	
  



FFAG	
  for	
  Ion	
  Beam	
  Therapy	
  

•  Design uses two isochronous FFAGs:       
-  same basic design as for radioisotopes        
-  With straight sections to aid injection and extraction 
-  The design is in its early stages. 
-  Workshop planned:       
•  - 18th-20th January 2016       
•  - QE Hospital, Birmingham, UK      
•  - See: http://indico.cern.ch/event/456299/   
•  - All welcome 

•  Design of helium beam facility for 
cancer therapy:     
- half way between protons and 
carbon       
- much smaller fragmentation tail 
than carbon     
• - much smaller facility/cost than 
carbon! 



VerQcal	
  FFAGs	
  (S.	
  Brooks)	
  

•  In	
  a	
  SC	
  (conductor	
  dominated)	
  magnet,	
  it	
  is	
  more	
  efficient	
  to	
  generate	
  a	
  magneQc	
  
field	
  when	
  the	
  current	
  windings	
  are	
  in	
  the	
  opposite	
  direcQon.	
  

Horizontal SC magnet problem 

• Getting vertical B field requires same-direction 
current windings (nearby) 
 
 
 
 
 

• By proportional to x/(a2+x2) 
April 2013 Stephen Brooks, PASI 2013 & BNL seminar 4 

a 

Horizontal SC magnet variation 

• Getting horizontal B field requires opposite 
current windings and is easier 
 
 
 
 
 

• Bx proportional to a/(a2+x2) 
April 2013 Stephen Brooks, PASI 2013 & BNL seminar 5 
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a 

By ∝
a

a2 + y2

•  Rotate	
  magnet	
  so	
  field	
  is	
  verQcal.	
  Now	
  direcQon	
  of	
  increasing	
  field	
  is	
  
in	
  verQcal	
  direcQon,	
  	
  i.e	
  closed	
  orbit	
  moves	
  upward/downward.	
  

•  The	
  scaling	
  law	
  for	
  VFFAGs	
  

•  This	
  results	
  in	
  skew	
  focusing	
  opQcs.	
  
By = B0e

ky coskx Bx = −B0e
ky sinkx

Scaling VFFAG Field & Scaling Law 

April 2013 Stephen Brooks, PASI 2013 & BNL seminar 8 

S.	
  Brooks,	
  PRST-­‐AB	
  (2013)	
  



Tilted Orbit Excursion 

April 2013 Stephen Brooks, PASI 2013 & BNL seminar 40 

Å Teichmann (1962) also had idea 

VerQcal	
  FFAG	
  variants	
  (S.	
  Brooks)	
  
[HB2012] 

April 2013 Stephen Brooks, PASI 2013 & BNL seminar 22 

•  Spiral	
  VFFAG:	
  Edge	
  angle	
  eliminates	
  reverse	
  bending,	
  and	
  so	
  reduces	
  the	
  
circumference,	
  required.	
  This	
  is	
  introduced	
  by	
  QlQng	
  the	
  magnets.	
  

•  0.8-­‐12	
  GeV,	
  2.5	
  MW	
  spiral	
  VFFAG	
  design	
  for	
  an	
  ISIS	
  upgrade	
  developed.	
  

	
  

S.	
  Brooks,	
  PRST-­‐AB	
  (2013)	
  

•  Isochronism	
  can	
  be	
  achieved	
  but	
  requires	
  the	
  closed	
  orbit	
  to	
  follow	
  
a	
  curved	
  path,	
  moving	
  both	
  horizontally	
  and	
  verQcally,	
  to	
  ensure	
  
orbit	
  radius	
  is	
  proporQonal	
  to	
  velocity.	
  

•  In	
  this	
  case	
  the	
  field	
  increases	
  exponenQally	
  along	
  the	
  curved	
  orbit.	
  
	
  



KURRI	
  collaboraQon	
  (2012	
  –	
  ongoing)	
  

•  InternaQonal	
  collaboraQon	
  which	
  was	
  set	
  up	
  to	
  conduct	
  beam	
  experiments	
  using	
  the	
  
scaling	
  FFAGs	
  at	
  KURRI,	
  Japan.	
  The	
  ulQmate	
  aim	
  is	
  to	
  demonstrate	
  the	
  high	
  beam	
  
power	
  capability	
  of	
  FFAGs.	
  

•  IniQal	
  efforts	
  have	
  focusing	
  on	
  characterising	
  the	
  150	
  MeV	
  ADS	
  ring	
  at	
  low	
  intensity.	
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Parameter	
   Unit	
  

R0	
   4.54	
   m	
  

Lahce	
   DFD	
  

Ncells	
   12	
  

InjecQon	
  Energy	
   11	
   MeV	
  

ExtracQon	
  Energy	
   100-­‐150	
   MeV	
  

k	
  (field	
  index)	
   7.6	
  

fRF	
   1.6-­‐5.2	
   MHz	
  

Bmax	
   1.6	
   T	
  



KURRI	
  collaboraQon:	
  	
  
Measuring	
  the	
  radial	
  posiQon	
  and	
  field	
  index	
  

S.	
  L.	
  Sheehy	
  et	
  al,	
  submired	
  for	
  publicaQon	
  (2015),	
  hrp://arxiv.org/abs/1510.07459≈ 	
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KURRI	
  collaboraQon:	
  	
  
Summary	
  of	
  measurements	
  

Fig. 21: Measured fractional betatron tunes for the working point I

F

= 814 [A] and

I

D

= 1012 [A] throughout the acceleration cycle. Horizontal lines indicate nearby structure

resonances. Measured beam loss is shown in black points.
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Fig. 22: Measured betatron tunes and nearby resonance lines. Approximate timing of major

loss points are shown with triangle markers.

campaign to measure the synchronous phase of the beam as a function of rf voltage. The

procedure was as follows:

24/31

Tune	
  over	
  momentum	
  range	
  

S.	
  L.	
  Sheehy	
  et	
  al,	
  submired	
  for	
  publicaQon	
  (2015),	
  hrp://arxiv.org/abs/1510.07459≈ 	
  

Measurement	
  	
   Result/UClity	
  

Radial	
  posiQon	
  vs	
  Qme	
   Field	
  index,	
  Dispersion,	
  COD	
  

VerQcal	
  coherent	
  
oscillaQons	
  

VerQcal	
  orbit	
  matching	
  

Betatron	
  tunes	
   Tune	
  excursion	
  

Dispersion	
  at	
  foil	
   Dispersion	
  matching	
  

Synchronous	
  phase	
  vs	
  
rf	
  voltage	
  

Foil	
  thickness	
  



FFAG	
  for	
  high	
  power	
  spallaQon	
  
•  Higher	
  powers	
  can	
  be	
  reached	
  by	
  operaQng	
  the	
  FFAG	
  at	
  high	
  rep	
  rates	
  (compared	
  

to	
  RCS).	
  
•  The	
  large	
  horizontal	
  aperture	
  allows	
  a	
  larger	
  emirance	
  aspect	
  raQo	
  ε_h/ε_v	
  and	
  so	
  

a	
  reduced	
  space	
  charge	
  tune	
  shiv	
  (all	
  else	
  being	
  equal).	
  

•  FFAG	
  allows	
  beam	
  stacking	
  at	
  extracQon	
  energy	
  (Ishi	
  et	
  al,	
  HB2012).	
  Can	
  tailor	
  
pulse	
  structure	
  to	
  meet	
  requirements	
  of	
  mulQple	
  target	
  staQons.	
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S.	
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  workshop	
  



DF-­‐Spiral	
  FFAG	
  (S.	
  Machida)	
  

DF-Spiral FFAG

16

• New idea: DF-Spiral!
• Introduce (small) negative field on one side of the 

main spiral magnet.

• Shape edge is created between D and F.!
• Field flutter increases.!
• Knob of F/D ratio like radial type.

D

D

F
F

S.	
  Machida,	
  FFAG15	
  workshop	
  

•  Spiral	
  sector	
  FFAG	
  has	
  no	
  reverse	
  bends.	
  However,	
  spiral	
  angle	
  increases	
  with	
  number	
  
of	
  cells	
  and	
  qx,	
  qy	
  cannot	
  be	
  independently	
  varied	
  

•  To	
  reduce	
  required	
  spiral	
  angle,	
  increase	
  magneQc	
  flurer.	
  This	
  can	
  be	
  done	
  by	
  
introducing	
  a	
  negaQve	
  field	
  region	
  at	
  one	
  edge	
  of	
  the	
  spiral	
  magnet.	
  	
  F/D	
  raQo	
  can	
  be	
  
adjusted,	
  so	
  the	
  lahce	
  is	
  tuneable.	
  

qx
2 ≈ k +1
qy

2 ≈ −k + f 2 tan2ζ

where tanζ ≈ k ≈ N , f = B − Bav( )2 / Bav
2



3	
  GeV	
  DF-­‐Spiral	
  (S.	
  Machida)	
  

•  Lahce	
  layout	
  and	
  stability	
  diagram	
  of	
  3	
  GeV	
  DF-­‐Spiral	
  shown	
  above.	
  
•  Blue	
  point	
  shows	
  the	
  chosen	
  working	
  point	
  where	
  the	
  spiral	
  angle	
  is	
  low	
  

and	
  the	
  field	
  acceptable.	
  
•  This	
  is	
  a	
  candidate	
  for	
  an	
  ISIS-­‐II	
  ring.	
  

 

Figure 1: Stability diagram of DF-Spiral FFAG for the 3 GeV design. 

 

Finally, Table 4 shows main parameters when the operating point is chosen at the blue 

dot in Fig. 1. We assume the main magnets have to be superconducting (superferric) to 

reduce the operation cost. Use of DC superconducting magnets adds the huge advantage 

in terms of the operational cost and that is only possible with FFAGs. We will discuss it 

later. 

 

Table 4: Main parameters of the 3 GeV FFAG. 

Type DF-Spiral 

Kinetic energy range 0.4 – 3 GeV 

Momentum ratio ~4 

Cell number 36 

Magnet packing factor 0.31 

Spiral angle 58 degree 

Field index 50 

Orbit excursion 0.82 m 

Orbit radius 30.2 – 31.0 m 

Maximum field along the orbit 3.0 (3.3) T 

Straight section 3.6 m 

 

Figure 2 (a) is the foot print of the accelerator and Fig. 2 (b) is the lattice function. 

Figure. 3 is the cell tune range controlled by the ratio of focusing and defocusing 

magnets. 

 

 

   (a)     (b) 

Figure 2: (a) Footprint of the 3 GeV FFAG of 36 cells. (b) Lattice function of this ring 

when the cell tune is (0.220, 0.093). 

 

S.	
  Machida,	
  FFAG15	
  workshop	
  



	
  DF-­‐Spiral	
  “FETS	
  FFAG”	
  (S.	
  Machida)	
  

•  3-­‐27	
  MeV	
  DF-­‐Spiral	
  FFAG.	
  	
  
•  The	
  FETS	
  DF-­‐Spiral	
  FFAG	
  has	
  the	
  following	
  goals	
  

–  Demonstrate	
  DF-­‐Spiral	
  opQcs	
  and	
  operaQon.	
  
–  H-­‐	
  injecQon/extracQon.	
  
–  Tunability	
  with	
  addiQonal	
  trim	
  coils.	
  
–  Non-­‐uniform	
  painQng	
  at	
  injecQon.	
  
–  OperaQon	
  with	
  asymmetric	
  emirance.	
  
–  Beam	
  stacking	
  to	
  shape	
  Qme	
  structure.	
  

S.	
  Machida,	
  FFAG15	
  workshop	
  

 

Figure 4: Stability diagram of DF-Spiral FFAG for the 27 MeV design. 

 

Table 5: Main parameters of the 27 MeV FFAG. 

Type DF-Spiral 

Kinetic energy range 3 – 27 MeV 

Momentum ratio ~3 

Cell number 8 

Magnet packing factor 0.31 

Spiral angle 20 degree 

Field index 3 

Orbit excursion 0.48 m 

Orbit radius 2.1 – 2.6 m 

Maximum field along the orbit 1.7 (1.9) T 

Straight section 1.1 m 

 

Figure 5 (a) is the footprint of the accelerator and Fig. 5 (b) is the lattice functions. 

 

  

(a)     (b) 

Figure 5: (a) Footprint of the 27 MeV FFAG of 8 cells. Red part is a defocusing magnet 

and blue part is a focusing magnet. (b) Lattice function of the 27 MeV FFAG. 

 

Final remarks 

 

Some of the goals concerning high intensity beam dynamics will be done in parallel at 

KURRI under the STFC-KURRI collaboration experiment. We expect both projects are 

complementary, but the small FFAG downstream of FETS should give us more precise 

data and directly relevant to ISIS2. 

 

It is worth mentioning that the main magnets of 3 GeV FFAG should be superconducting 

(superferric). If it is possible to use cryocooler- cooled magnets, the operation cost can be 

reduced a lot without either AC power supply in a case of synchrotrons or large 



Summary	
  
•  FFAG	
  designs	
  to	
  meet	
  various	
  applicaQons	
  have	
  proliferated	
  in	
  recent	
  years.	
  
•  There	
  has	
  been	
  a	
  lot	
  of	
  progress	
  in	
  “Advanced	
  FFAG”	
  designs	
  that	
  allow	
  more	
  

complex	
  ring	
  geometries	
  (e.g.	
  racetracks).	
  
•  Experimental	
  methods	
  to	
  characterise	
  scaling	
  FFAGs	
  have	
  been	
  developed.	
  	
  
•  This	
  lays	
  the	
  groundwork	
  for	
  high	
  intensity	
  beam	
  physics	
  experiments	
  to	
  follow	
  

in	
  the	
  near	
  future.	
  
•  There	
  is	
  an	
  possibility	
  to	
  use	
  FETS	
  as	
  an	
  injector	
  for	
  an	
  FFAG.	
  This	
  opportunity	
  

should	
  be	
  used	
  to	
  test	
  an	
  FFAG	
  design	
  suitable	
  for	
  a	
  high	
  power	
  proton	
  ring.	
  
•  Finally,	
  we	
  are	
  edging	
  towards	
  proving	
  Symon	
  was	
  correct	
  to	
  assert	
  
	
  
“FFAG	
  synchrotrons	
  have	
  a	
  number	
  of	
  important	
  advantages	
  over	
  convenGonal	
  
synchrotrons.	
  A	
  major	
  one	
  is	
  beam	
  intensity.”	
  -­‐K.R.	
  Symon	
  et	
  al,	
  Phys	
  Rev	
  103	
  (1956)	
  
	
  


