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Cyclotrons	  

PSI Cyclotron 
590 MeV 
2.2 mA, 1.3 MW 
 
 



High-‐Power	  Cyclotron	  Op5ons	  

Accelerated	  Species	   Advantages	   Disadvantages	  

H+	   Simpler	  ion	  source	  
Poor	  extrac;on	  efficiency	  
Auto-‐extrac;on	  limited	  to	  85%?	  

H-‐	   Stripping	  extrac;on	  
Lorentz	  stripping	  
Gas	  stripping	  

H2+	   Stripping	  extrac;on	  

Lorentz	  stripping	  
Gas	  stripping	  
Complex	  extrac;on	  path	  

 

6 

If either of these options can be realized, the ring cyclotron should be able to deliver a beam power 
of 16 MW in CW mode or 3.2 MW with a 20% duty factor. In this way, the third DAE!ALUS station 
power requirement could be met by installation of two such “super” modules, supplying a total 
power of 6.4 MW. 

The configurations described here allow delivery of different amounts of beam power at the 
different sites using similar cyclotron modules. This offers very great advantages in cost-reductions 
for design and construction, as well as for increased efficiency from commonality in operation and 
maintenance procedures.  

 
Figure 2.1: Possible layout of a cyclotron “super” module for the station at 20 km. Alternate RF 

bunches are merged into a single train injected into the SRC.  The two cyclotron injectors are driven 
at the 3rd harmonic (24.58 MHz), while the ring cyclotron is operated at the 6th (49.16 MHz). Beam 
merger is described in [Owen2011]. 

 

3. SPACE CHARGE EFFECTS  

Single-particle beam dynamics assumes negligible interactions between the particles of the beam. 
This assumption is not valid when the beam current exceeds 1 mA. Here, we compare the space 
charge effects for H2

+ vs. a proton beam. The space charge of the particle beam produces a repulsive 
force inside the beam bunches, thereby generating detuning effects. A measure of the strength of 
these effects is called the generalized perveance, [Reis2008] defined by the following formula: 

 

     332 !"#$ %%%%
=

m
qI

K
o

             (3.1) 

where q, I, m, ! and " are respectively the charge, current, mass and the relativistic parameters of the 
particle beam. The higher the value of K, the stronger the detuning effects. Formula (3.1) implies that 
the proton beam has a perveance double that of the H2

+ beam of the same velocity. However, if 

 

Favoured option: H2+ 
Calabretta et al., INFN-Catania 
arxiv:1107.0652 

Rext	   4.9m	  

<B>ext	   1.88T	  

Bmax	   <	  6.3	  T	  

V	   0.5-‐1	  MV/turn	  

dE	   3.6	  MeV/turn	  



From	  the	  Cyclotron	  onwards	  



Representa5ve	  High	  Power	  Beam	  Op5ons	  

PSI	   ISIS	   SNS	   J-‐PARC	   ESS	  

Accelerator	   Cyclotron	   Synchrotron	   Linac	   Synchrotron	   Linac	  

Max	  energy	   590	  MeV	   800	  MeV	   1	  GeV	   3	  Gev	   2.5	  GeV	  

Max	  mean	  current	   2.2	  mA	   200	  uA	   1.44	  mA	   1	  mA	  

Max	  power	   1.3	  MW	   160	  kW	   1.44	  MW	   1	  MW	   5	  MW	  

Repe;;on	  Rate	   CW	  (51	  MHz)	   50	  Hz	   60	  Hz	   25	  Hz	   16	  Hz	  

Target	   Zr	  &	  Pb	   W	  &	  Ta	   Hg	   Hg	   Hg	  

Rapid cycling synchrotrons? 



Scaling	  FFAGs	  

Kyoto Proton FFAGs 

F. T. Cole, R.O. Haxby, Rev. Sci. Inst. 28(6), 403 (1957) 

1950/60s: Electron Models 2000s: Proton Models 
(Swept-frequency RF) 



Scaling	  vs.	  Non-‐Scaling	  

- Orbit offsets are proportional 
to the dispersion function: 

Δx = Dx * δp/p 
 

- To reduce the orbit offsets to 
±4 cm range, for momentum 
range of δp/p ~ ± 50 % the 
dispersion function Dx has to be 
of the order of: 

Dx ~ 4 cm / 0.5 = 8 cm  

Narrowly-spaced orbits mean time-based extraction must be used in most cases 
- Pulsed kicker/septum magnets 



Possible	  Applica5ons	  of	  ns-‐FFAGs	  

are expected to provide a value for !13 within about 5 
years (Daya Bay and Double Chooz). 

CP VIOLATION MEASUREMENTS 
The traditional method for measuring the CP-violating 

term, "CP, is to look at the difference between oscillation 
probabilities for muon neutrinos and antineutrinos, using 
the + and – signs of the second term in Eq 3.  This is the 
basis for the CP-violation measurements derived from the 
long-baseline experiments being mounted or in operation 
around the world:  T2K; Minos and NO#A; CERN-to-
Gran Sasso (ICARUS, OPERA); and the LBNE at the 
Sanford Laboratory (Homestake-DUSEL).  Interactions of 
high intensity proton beams produce pions, which are 
focused by a strong solenoidal horn that, by polarity 
reversal, alternatively selects $+ and $

-
.  The pions are 

allowed to decay in a long channel, the resulting #µ or #µ 
being directed to the near and far detectors of the 
experiment.  Measuring the appearance of #e and #e in the 
far detector provides the oscillation rate.  The unknown 
parameters are "CP and !13 in the relevant equation. 

There is another way of evaluating the CP-violating 
term, which is to use the L dependence of the interference  
(%31 and %21) terms in Eq. 3, and to perform measurements 
at different distances. The DAE"ALUS experiment plans 
to exploit the second method of measuring "CP.  By 
producing the same neutrino spectra at three carefully-
chosen distances from the detector, a sensitive 
determination of "CP can be made.   

Note that although there are many terms in the 
expression of Eq. 3, Table 1 shows good numerical values 
for all but the !13 mixing angle, and the CP-violating term 
"CP. Sensitivity of experiments is usually expressed on the 
so-called “jelly-bean plot”, Fig. 4, which shows a contour 
of uncertainty around a potential location within the  
sin2!13, "CP space.  The collection of “jelly beans” in 
Figures 7-9 traces the size and shape of these uncertainties 
for a particular experiment in different regions of this 
sin2!13, "CP space.  The smaller the “jelly bean” the 
smaller the uncertainty in the measured point. 

 

 

Fig. 4:  Sample of “Jelly-Bean” plot 

THE DAE"ALUS EXPERIMENT 
To be sited around the Sanford Lab, the DAE"ALUS 

experiment uses the same 300 kton water Cherenkov 
detector planned for LBNE.    DAE"ALUS will place 
neutrino sources at three locations, 1.5 km (on the surface 
directly above the detector), and 8 km and 20 km from the 
detector (Figure 5).   

 
Fig. 5:  Schematic of DAE"ALUS experiment.  Three 
accelerator complexes at 1.5, 8 and 20 km distance from 
the detector, with approximate beam powers of 1 MW, 3 
MW and 7 MW respectively, produce adequate neutrino 
fluxes for the "CP measurements.  Each accelerator runs at 
a staggered times, each with 20% duty factor, enabling 
tagging of neutrino events in the detector by time of 
arrival.  The beam-on time is arbitrary, but greater than 
100 µs. 

Each of the neutrino sources will require sufficient 
power in its proton beam to generate a suitable flux of 
neutrinos at the detector site. This translates into beam 
energies around 1 GeV and power levels in the megawatt 
range. Such protons striking a target produce a large 
number of relatively low-energy pions.  If the target is 
large enough these pions will be slowed down and 
stopped.  In the process almost all of the $- will be 
captured by target nuclei, while each $+ will be stopped 
resulting in its subsequent decay to a µ+ and #µ, and a few 
microseconds later to a positron accompanied by a #µ and 
#e pair.  The energy spectra of the various components are 
shown in Figure 6.   

 
Fig. 6:  Energy spectrum of neutrinos from a “decay-at-
rest” beam. 

 
 
 

DAEδALUS:	  Neutrinos	  via	  Stopped	  Pions	  
PRL	  104,	  141802	  (2010)	  
Talks	  by	  M.	  Shaevitz	  &	  K.	  Scholberg	  at	  this	  conference	  

Subcri;cal	  Thorium-‐Fuelled	  Reactor	  
CERN	  AT/93-‐47	  

PAMELA	  Non-‐Scaling	  FFAG	  for	  Proton/Carbon	  Therapy	  
K.	  Peach	  et	  al.,	  IPAC’10,	  www.jacow.org	  

70-‐250	  MeV	  p	  
110-‐450	  MeV/u	  C	  
1	  kHz	  

Neutrino	  Factory	  
e.g.	  NIM	  A	  503,	  301	  (2003)	  	  



The	  EMMA	  Project	  

•  BASROC	  –	  Bri;sh	  Accelerator	  Science	  and	  Radia;on	  Oncology	  Consor;um	  

•  CONFORM	  –	  The	  first	  project	  
–  Build	  EMMA	  –	  the	  first	  non-‐scaling	  FFAG	  accelerator	  
–  Design	  PAMELA	  –	  Hadron	  Therapy	  Machine	  

•  Funded	  by	  Research	  Councils	  Basic	  Technology	  Grant	  
–  April	  2007	  -‐>	  March	  2011	  
–  GBP	  7.47	  M	  (approx.	  $12.2M)	  	  

•  Interna;onal	  collabora;on	  
–  Brookhaven,	  FNAL,	  LPSC	  Grenoble,	  TRIUMF	  
–  (UK)	  Cockcron	  Ins;tute,	  John	  Adams	  Ins;tute,	  Science&Technology	  Facili;es	  

Council	  



Project	  Milestones	  
Project	  start	   	   	   	   	   	   	  Apr	  2007	  
Design	  phase	   	   	   	   	   	   	  Apr	  2007	  –	  Oct	  2008	  
Major	  procurement	  contracts 	   	  May	  2007	  –	  Aug	  2009	  
Off	  line	  build	  of	  modules	   	   	   	  Oct	  2008	  –	  15th	  Jun	  2010	  
Installa;on	  in	  Accelerator	  Hall 	   	  Mar	  2009	  	  -‐	  Sep	  2009	  
Test	  systems	  in	  Accelerator	  Hall 	   	  Jul	  	  -‐	  Oct	  2009	  
1st	  Beam	  down	  the	  Injec;on	  line	   	   	  26th	  Mar	  2010	  
1st	  Beam	  through	  4	  sectors	   	   	   	  22nd	  Jun	  2010	  
1st	  Circula;ng	  beam	  in	  EMMA 	   	  16th	  Aug	  2010	  
1st	  Accelerated	  beam	  in	  EMMA 	   	  Sep	  2010	  
EMMA	  Experiments	   	   	   	   	  Sep	  2010	  –	  Mar	  2011	  
UK	  Basic	  Technology	  Grant	  completed 	  Mar	  2011	  

	   	   	  	  



EMMA	  Structure	  and	  Parameters	  

Energy	  range	   10	  –	  20	  MeV	  

LaSce	   F/D	  Doublet	  

Circumference	   16.57	  m	  

No	  of	  cells	   42	  

Normalised	  acceptance	   3π	  mm-‐rad	  

Frequency	  (nominal)	   1.3	  GHz	  

No	  of	  RF	  cavi5es	   19	  

Repe55on	  rate	   1	  -‐	  20	  Hz	  

Bunch	  charge	   16-‐32	  pC	  

Cavity	  Voltage	   2.3	  MV/turn	  

Repe55on	  Rate	   5-‐20	  Hz	  

Ion 
Pump 

Cavity	   F	   D	  



Flexible	  EMMA	  Design	  

Nuclear Instruments and Methods in Physics Research A 624 (2010) 1–19 



Different	  LaSce	  Configura5ons	  are	  Needed	  

Time of Flight vs Energy 

baseline RF frequency is 1.3 GHz. To allow a sufficiently detailed
study of the lattice during acceleration, it was concluded that 42
cells are required in the ring. These are doublet cells, as that is the
most cost-effective way of minimizing the required voltage. For
practical reasons, the magnets in the doublet are aligned along the
same axis, and the device in the long drift has its longitudinal axis
aligned with the horizontally focusing magnet to which it is
adjacent.

To explore the potentially large transverse dynamic aperture of
this machine, an approximate scaling from muon accelerator
parameters was used to select a normalized transverse acceptance
of 3pmm mrad [21]. The aperture required in the magnets and
the beam pipe is then a combination of the horizontal range
required for the variation of the closed orbit with energy, the
transverse beam size required for the large transverse emittance
and the need to accommodate the range of desired lattice
configurations.

2.1. Magnetic lattices

The magnetic lattice determines the tune and time of flight on
the energy-dependent closed orbit as a function of energy. The
time of flight as a function of energy determines the longitudinal
dynamics. If the time of flight was perfectly parabolic, then ideally
(in the sense of minimizing the longitudinal phase space
distortion of the beam) the minimum in the time of flight should
be at the central energy. However, since the time of flight is not
perfectly parabolic, the ideal location of the minimum is else-
where. Thus it must be possible to study of how the longitudinal
dynamics changes when the minimum of the time of flight is at a
different point in the energy range.

The tune as a function of energy is important as it determines
which resonances are crossed. Earlier simulations [22–24] had
shown that crossing certain single-cell non-linear resonances
could lead to emittance growth or non-linear coupling. The
highest efficiency lattices, meaning that they minimize the time of
flight variation with energy while reducing the required magnetic
fields and apertures, have a high horizontal tune and a low
vertical tune. During acceleration, they generally cross both the
3nx!1 and nx"2ny!0 single-cell resonance lines. However,
lattices that cross or do not cross various combinations of these
resonance lines must also be explored (see Fig. 2). Thus, lattices
will be studied which cross:

# the 3nx!1 and the nx+2ny!1 resonance lines,
# only the 3nx!1 resonance line,
# none of the third-order resonance lines, or
# the 3nx!1 and the nx"2ny!0 resonance lines.

The first of these has been chosen to be the starting ‘‘baseline’’
lattice, since it has a relatively small time of flight variation, and it
avoids crossing the nx"2ny!0, which is crossed more slowly than
the other resonances and is known to give non-linear coupling
effects [24].

The lattices that cross more resonances also have higher tunes.
Lattices with lower tunes have larger orbit excursions and require
larger horizontal apertures. Furthermore, when the minimum in
the time of flight as a function of energy moves away from the
central energy, the required aperture to accelerate over the entire
energy range also increases. To minimise the magnet and the
vacuum chamber apertures, the range over which the minimum
in the time of flight is moved is limited to be from 14 to 15.5 MeV
in kinetic energy. Furthermore, since the lower tune lattices
already require a large aperture, only the minimum in the time of
flight for the lattices which cross two third-order resonance lines

is varied. The result is a set of eight magnetic lattices that are used
in EMMA and is summarised in Table 1. The time of flight for
these lattices is shown in Fig. 3.

To create these different lattices, and to be able to tune any
individual lattice, one must be able to independently vary the
dipole and quadrupole fields in the magnets. To accomplish this,
each magnet is a quadrupole magnet, which can slide horizon-
tally. Each lattice is, therefore, specified by giving the strengths in
the two quadrupoles (labelled F and D for horizontally focusing
and defocusing, respectively) and the displacements of their
centres. The values for these parameters in a particular model for
the lattice can be found in Ref. [21].

2.2. RF parameters

The RF system in EMMA serves a number of functions. The
primary one is, of course, to accelerate the beam from the minimum
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Fig. 2. Single cell tune footprint over the full energy range for each lattice. Straight
lines are single-cell resonance lines up to third order, solid lines are upright driven
(except the linear coupling resonance).

Table 1
The eight EMMA lattices.

Lattice Time of Flight Resonances crossed

Designation Minimum 3nx!1 nx+2ny!1 nx"2ny!0
070221b Symmetric Yes Yes No
070221c Symmetric Yes No No
070221d Symmetric No No No
070221e Symmetric Yes No Yes
070221f 14 MeV Yes Yes No
070221g 15.5 MeV Yes Yes No
070221h 14 MeV Yes No Yes
070221i 15.5 MeV Yes No Yes
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to the maximum energy. However, it may also be used to measure
the time of flight at fixed energy and to study the crossing of
individual resonances. For the acceleration process, a study must be
made of the longitudinal phase space dynamics for a range of the
parameters that describe the longitudinal phase space [15],
including the RF voltage. To compute the time of flight at a fixed
energy or to cross a resonance slowly at a particular energy requires
that the RF frequency be synchronized with the time of flight on the
particle’s closed orbit, leading to the requirement for a variable RF
frequency between runs. The required deviations are !4019 kHz to
+1554 kHz around the 1.3 GHz baseline.

To ensure that the lattices with a symmetric time of flight can
be studied over a range of RF voltages, a maximum of about
2.3 MV of RF is required in the entire ring. With the voltage set at
its base value of about 1.1 MV, the beam makes 11 turns in the
baseline lattice. With only 42 cells, the energy changes with a
relatively small number of steps. At each cavity, the energy-
dependent closed orbit changes rapidly from the entrance of the
cavity to the exit, leading to a closed orbit distortion with a finite
number of cavities [16]. To reduce this, the maximum number of
symmetrically placed cavities possible should be used. As
simulation studies indicated that distortions would be large with
cavities in every third cell, it was decided to place them in every
other cell [16]. Unfortunately, due to the need for two kickers and
a septum for injection and extraction (see Section 4.1) and
problems that would arise from having cavities intervening
between the kickers or a kicker and the septum, this pattern
cannot be maintained over the entire ring. Instead, two of the cells
that would normally contain a cavity contain a kicker, giving a
total of 19 cavities in the ring.

2.3. EMMA layout

To meet the specifications described above, EMMA needs an
injector able to deliver a beam with the required properties at any
kinetic energy between 10 and 20 MeV. It needs an injection line
to transfer the beam to the accelerator ring and to match the
optical parameters and an external diagnostics line to make
measurements that would significantly degrade the beam quality
if made in the ring. EMMA will use the existing ALICE accelerator
[18] at the STFC Daresbury Laboratory as the injector and the
resulting layout in the ALICE accelerator hall is shown in Fig. 4. As
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Fig. 3. Time of flight as a function of energy for different lattices.

Fig. 4. Layout of the ALICE accelerator. EMMA, including the injection and diagnostic beam lines, is shown at the bottom of the picture.
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retune lattice to vary 
longitudinal Time Of Flight 
(TOF) curve, range and 
minimum 
 

 
retune lattice to 
vary resonances 
crossed during 
acceleration 
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ALICE	  and	  EMMA	  at	  Daresbury	  Laboratory	  

Nominal Gun Energy  350 keV   

Injector Energy   8.35 MeV  

Max. Energy    35 MeV   

Linac RF Frequency  1.3 GHz 

Max Bunch Charge   80 pC  

Emittance    5-15 mm-mrad 



EMMA	  Cell	  

Long drift 210 mm 
F Quad 58.8 mm 
Short drift 50 mm 
D Quad 75.7 mm F 

D 

Cavity 

210 mm 

110 mm 

Beam stay clear aperture 

D 

65 mm 
55 mm 

Low Energy 
Beam 

High Energy 
Beam 

Independent slides 

42 identical doublets 





EMMA	  Layout	  

RF Cavities  
x 19 
YAG Screen  

Wall Current Monitor  

YAG Screen  

D Quadrupole x 42 
F Quadrupole x 42 
BPM x 81 
16 Vertical correctors  

Septum 
Power 
Supply 

Kicker 
Power 
Supplies 

RF distribution 
17 hybrid and phase shifter 
waveguide modules 

Septum 
Power 
Supply 

Kicker 
Power 
Supplies 

Extraction Septum 70° 
Kicker 
Kicker 

Injection Septum 65° 
Kicker 
Kicker 

Septum & kicker 
power supplies 



Major	  Challenge:	  Injec5on	  and	  Extrac5on	  

Kicker	   Kicker	   Septum	  65°	  

Maximum	  beam	  deflec;on	  	   105	   mrad	  

Horizontal	  good	  field	  
region	  

±	  23	   mm	  

Minimum	  ver;cal	  gap	  at	  
the	  beam	  

25	   mm	  

Horizontal	  deflec;on	  
quality	  	  

±	  1	   %	  

Minimum	  flat-‐top	  (+0,	  
-‐1%	  )	  

≥5	   ns	  

Field	  rise/fall	  ;me	  (100%	  
to	  1%)	  

<	  50	   ns	  

Kicker	  magnet	  repe;;on	  
rate	  

20	   Hz	  



Injec5on	  

Septum 
Kicker Kicker 

Septum 
Power supply 



Accelera5on	  Results	  

Fixed	  Energy	  Measurement	  
(Equivalent	  Momentum)	  

Typical	  Measurements	  During	  Accelera;on	  
Of	  A	  Bunch	  



Accelera5on	  Proper5es	  Using	  Fixed	  Energy	  Measurements	  

Direct E meas. 
on extraction line 



Fast	  vs	  Slow	  Accelera5on	  (ongoing	  simula5ons)	  

1.6 MV/turn 

0.16 MV/turn 

Measurements in Aug/Sep 



Conclusions	  

•  Serpen;ne	  accelera;on	  works	  

•  If	  resonances	  are	  crossed	  fast	  then	  there’s	  probably	  no	  problem	  

•  Slow	  resonance	  crossing	  might	  be	  okay	  if	  we	  can	  control	  lasce	  errors	  

•  Issues	  to	  solve:	  
–  Demonstra;on	  of	  mul;bunch	  accelera;on	  of	  protons	  
–  Injec;on/extrac;on	  



Thankyou	  



In-‐bucket	  synchrotron	  mo5on	  

Measure	  “accelera;on”	  orbit	  with	  4	  
different	  rf	  global	  phase.	  

+30,	  +120,	  -‐150,	  -‐60	  deg.	  
2.0	  MV	  
1.301	  GHz	  


