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Pb/Bi coolant 

Rubbia et al., CERN/AT/93-47 (ET), CERN/AT/95-44 (ET) 
Phys Rev C73, 054610 (2006) 
also MSR option: C.D.Bowman, NIM A320, 336 (1992) 



10MW Accelerator 

20 MW 
electrical 

1550MW 
Thermal Power 

600 MW  
Electrical  Power 
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Reactor part costs about ~2-3 billion to construct 
Fuel is ‘sort-of’ free 
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keff=0.95, i=33.7mA 

keff=0.99
i=6.5mA 
 

To meet a constraint of a 10MW proton accelerator 
we need keff>0.985 
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Ran successfully for 4 months in 2006 
 
700 kW, CW, liquid Pb-Bi 
First Pb-Bi spallation target 
 
‘Makes future licensing simpler’ 
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Funded and recruiting right now; construction 2015-1029 

SC Linac, 600 MeV, 2.5 mA 
57 MWth reactor 
Pb-Bi eutectic target/coolant 
Fuel (MOX) loading from underneath 
Examine transmutation of waste 
 
Useful proton source in its own right 
Replaces BR2 isotope reactor 
 
 Abderrahim et al., Nuclear Physics News, Vol. 20, No. 1, 2010 

http://myrrha.sckcen.be/ 

(JAEA plan similar project at JPARC) 
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Y.Ishi et al., ‘PRESENT STATUS AND FUTURE OF FFAGS AT KURRI 
AND THE FIRST ADSR EXPERIMENT’, IPAC’10 

Also RACE 
and TRIGA/TRADE planned experiments, e.g. Gabrieli, D’Angelo, Nucl. Eng. Design, 239, 2349 (2009) 
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Proof-of-principle proton FFAG 
(KURRI test ADSR, Japan) 

Proof-of-principle ns-FFAG 
(EMMA experiment, UK) 

FFAG Particle Dynamics – James Jones, James Garland (University of Manchester) 
(in conjunction with Cockcroft Institute and STFC Daresbury Laboratory) 
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Power flattening with 
multiple targets 

Fast spectrum 
(lead-cooled) 

Thermal spectrum 
(water-cooled) 

Geoff Parks, Ali Ahmad, Leo Goncalves 
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GEANT4 general particle transport code 
modified to model simultaneous spallation and fuel evolution 

C.Bungau et al., STUDY ON NEUTRONICS DESIGN OF AN 
ACCELERATOR DRIVEN SUBCRITICAL REACTOR’, IPAC’10 

Also work by L. Goncalves at Cambridge - http://agenda.hep.manchester.ac.uk/conferenceDisplay.py?confId=1550 
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UK civil research reactor 
100 kW, ~1m3 core 
235U plate fuel 
 
Coupled to 230 MeV proton cyclotron 
via solid W target 

ICIS – 25mm x ~6m (to final quad) 

180 deg irradiation tube- 
145mm x ~2.5m (to final quad) 

Hywel Owen/Matthew Gill (Manchester), David Bond/Trevor Chambers (Imperial), Elsa Benguigui (LPSC Grenoble) 



 

 

 
 

An ADS drives nuclear reactions that will stop if the proton beam from 
the accelerator stops  
Nuclearinfo.net 
 
“If the particle beam is switched off, it is impossible for the fuel to enter a 
chain reaction and cause a meltdown. Instead, the rate of fission will 
immediately begin to slow and the fuel will eventually cool down and die 
out”  
COSMOS magazine 
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Courtesy of David Coates, Cambridge 
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Critical – Control Rod Insertion 
 

1) Has an inherent reduction in the reactivity of the system as a direct 
consequence of the action  
2) Intrusive – requires a clear path 
 
 ADS- Accelerator Trip 

 

1)  No associated inherent reduction in the reactivity of the system 

2)  Non intrusive 

3)  The system must be sub-critical for this to work  

The ADS trip requires the reactor to be sub-critical 
and remain sub-critical to be effective  
 

Courtesy of David Coates, Cambridge 
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ADS operating modes to compensate for 
reactivity variations: 
 
1)  Use rods to continually flatten the 

reactivity variations and maintain fixed 
keff  

2)  Use fixed rods to set maximum keff and 
use the accelerator to compensate for 
reactivity movements 

      Note: The bare reactor is critical and 
requires rods to achieve sub-critical 
operation  

 

 

15% Pu Enriched Thorium Fuel 
Fast Spectrum 
Bare Reactor 



Thorium Reactor – Post Shutdown Criticality Increase 
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keff 0.9990 keff 0.9980 keff 0.9970 

keff 0.9960 keff 0.9950 keff 0.9940 

keff 0.9930 keff 0.9920 keff 0.9910 

keff 0.9900 keff 0.9898 keff 0.9895 

keff 0.9890 



Thorium Reactor – Post Shutdown Power Increase 
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Time  days  

Point in time at 
which the 
accelerator is 
switched off 

keff 0.999 

keff 0.997 

keff 0.994 keff 0.991 
keff 0.990 keff 0.9898 

keff 0.9895 

The analyses are discontinued 
at the point at which the reactor 
reaches criticality 



Thorium Reactor – Post Shutdown Time to Criticality  
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UK Civil Research Reactors closed: 
 
Harwell: Dido, Pluto, GLEEP 
Winfrith: SGHWR, Nester, Dimple 
Scottish Universities: UTR300 
ICI: TRIGA!.. etc. 

Remaining facility: 

Imperial College: CONSORT 



Q@E8@6>)6$"HI:#)

Power:        100kW (max thermal) 
Type:         Open pool 
Moderator:      Light water (coolant) 
Fuel:         MTR Type 
Excess Reactivity:   1.5% max at 100kW 
Commissioned:    1965 
Control Absorbers:  Four: 1 Safety Rod (Cd); [rod worth ~2%] 

              2 Coarse Rods (Cd) [rod worth ~2%] 
              1 Fine Rod (SS) [rod worth ~0.5%] 

Licensee:   Imperial College of Science, Technology & Medicine 
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1963   Government funding secured 

1964 - 1965  Construction and commissioning   
  (designed by Imperial College Nuclear  
  Power Group with GEC; constructed  
  by W.E. Chivers Ltd) 

1965   9th April first criticality established 
  (Nuclear Site Licence No. 7B issued  
  December 1968) 

1965 - 1983  Operated as a stand alone centre for  
  University of London 

1983 - 1997  Centre for Analytical Research in the  
  Environment (Imperial College of   
  Science Technology & Medicine) 

2005   40th Anniversary 

1965 - 2008  Continual operations (academic, R&D  
  and commercial/industrial applications) 

2008   31st March planned cessation of   
  operations 

2009 (Nov)  Return to critical operations 
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RB Coarse (Cd) 

RA Coarse (Cd) 

RF Fine (SS) 
RS Safety (Cd) 

Proton Beam 

–  D+-%1,#AM]#1(2-#,(#RN4*e#B%\fNUSQXPgM5NUNNNS#
•  ?A_=d#*F'E)'640E(+#6-#RQUW#Y+(F,M+6+Z#

Aims: 
1st demonstration of ADSR at significant power 
Reactor kinetic studies (load-following) 
Source-jerk keff measurement (ADTR concept) 
Fuel irradiation measurements 
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PON# VN# TTUV# TNN#

PON# V# TUV# TN#

PON# T# NUPO# P#

Assuming k=0.98 

Bruker (ACCEL) COMET 
3.4 m diam, 90 ton, 0.8 uA @ 250MeV 
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U3Si2 U9-Mo 



6:=)S:#IL%)



>"#-$I)Q:,H$0I)

Vacuum 
100 mm 

50 mm 

60 mm 

Al collar around W plug 

Reactor tank wall 

First fuel element 

Air circulation 

Cooling water 
circuit in Al 
vacuum pipe (Removable) Cd Control Rod 

Water coolant/moderator 

Concrete 

p+ 

n 

Table 2: Neutron yields from differing targets using incident protons, scaled from existing
data/simulations to deliver 1.125 × 1013 n/s as desired for CONSORT. The current re-
quired for CONSORT is compared to that achieved (or proposed in the case of TRADE).
Lower-energy protons result in an impractical target power, whilst the use of 1 GeV pro-
tons is discounted because of the size and capital cost of the accelerator, irrespective of
the achievable current. A 140 MeV high current proton cyclotron is under development
by ENEA/IBA, but is not yet demonstrated. We note that there is significant (×4) dis-
crepancy in the expected 7Li(p,n)7Be yield between the quoted values from Culbertson
et al. (2004) and those of Kononov et al. (2006).

Target E /MeV n/p I /µA (ach.) I /µA (req.) Power /W p/s Reference

Li 2.8 0.0009 1000 2000 5600 1.25 × 10
16

Culbertson et al. (2004)

Be 30 0.019 60 to 250 96 2885 6.01 × 10
14

Abbas et al. (2009)

W 140 0.75 (200-300) 2.4 336 1.50 × 10
13

Herrera-Martinez et al. (2007)

W 230 1.8 0.8 to 1.0 1 230 6.25 × 10
12

this work

Pb 1000 20 N/A 0.09 90 5.625 × 10
11

Hilscher et al. (1998)

proton source of c. 230-250 MeV is better. The beam current of c. 1 µA
commercially available at this energy results in a target power of 230-250 W
which is manageable with air cooling, although there is space to provide a wa-
ter circuit if required. We compare the overall expected neutron production
yields with alternative candidate proton sources in Table 2.

5. Target Neutron Production and Core Coupling

Following the selection of source/target combination we must determine
the characteristics of neutron production in the target. Tungsten was chosen
as a target material as it is robust, widely used, and well-understood. An
air-cooled target at the moderate power level of 230-250 W should not expe-
rience significant damage, but there is the option to coat it with Tantalum if
required, as is regularly done for high-power solid spallation targets (Broome
(1996), Nio et al. (2005), Findlay (2007)). Similarly, we have as yet only
considered a preliminary bare unreflected target, as the water surrounding
the irradiation tube acts to scatter some side-going neutrons toward the core.
Later designs can in principle incorporate energy filtering and reflection, but
we consider this a minor issue at present as the neutrons are in any event
well-thermalised by the intervening water layer in this first scheme.

We validated our MCNPX simulations near to the chosen proton energy
by comparing the predicted neutron multiplicity against measured data in a
lead target at 197 MeV (Lott et al. (1998)); this is shown in Figure 7. The

13
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Needs development of compact neutron instrumentation 
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C. Bungau et al., PAC’09 
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courtesy of J. Thomason (RAL) 

2) Based on a ~3.3 GeV RCS 
fed by bucket-to-bucket 
transfer from ISIS 800 MeV 
synchrotron (1MW)  

3) RCS design also 
accommodates multi-turn 
charge exchange injection 
to facilitate a further 
upgrade path where the RCS 
is fed directly from an 
800 MeV linac (2 – 5 MW)  

1) Replace ISIS linac with 
a new ~180 MeV linac 
(~0.5MW)  
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Courtesy of C.Prior, ASTeC/RAL/Oxford 

S.Lawrie et al. IPAC’10 
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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 
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•  J0)62#044%'%10E(+#
•  ^01G%#044%),0+4%#
•  L((2#28+0*64#10+G%#Y<04,(1#

W5V#6+#*(*%+,F*Z#
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•  I??3#=1((<5(<5)16+46)'%#

H%6+G#4(**6--6(+%2#0,#
$01%-HF18#^0H(10,(18#

10-20 MeV e-, 42x FD, ~16m 
1 bunch @ 20 Hz, 20-40pC 

Injected bunch 4/7 around the 
ring; rest of ring now being 
connected up. 
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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 
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PSI Cyclotron 
590 MeV 
2.2 mA, 1.3 MW 
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- Orbit offsets are proportional 
to the dispersion function: 

!x = Dx  "p/p 
 

- To reduce the orbit offsets to 
±4 cm range, for momentum 
range of !p/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 



9:%%2&1$).0012H"A:,%):`),%ZGG.C%)

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. 
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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.

R Barlow et al. / Nuclear Instruments and Methods in Physics Research A 624 (2010) 1–194

retune lattice to vary 
longitudinal Time Of Flight 
(TOF) curve, range and 
minimum 
 

 
retune lattice to 
vary resonances 
crossed during 
acceleration 

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

!"##$%%$" $ &'"(')*+'+##,' " -%!,.$ &'((,&'
!"#$%&'()(*+#,-./#!012'34)3%#5667'1)8#9:;)3:1)3<+#=>%()1+#?@"#

#
!"#$%&'$(
$AA5# >B# 12'# C)37%DB# 4>3B1# 8)8EB(:7>8&# 4>F'%# 4>'7%#

:71'38:1>8&#&3:%>'81#:(('7'3:1)3#:8%#>B#;'>8&#()8B130(1'%#:1#
12'# ,-./# =:3'B;03<# 9:;)3:1)3<"# $F6'3>'8('# 43)G# 12'#
>8>1>:7# ()GG>BB>)8>8&# 62:B'B# H43)G# ':37<# IJKJL# C>77# ;'#
3'6)31'%#:8%#7'BB)8B#4)3#40103'#G:(2>8'B#)4#:#B>G>7:3#1<6'#
C>77# ;'# %>B(0BB'%"# -2'# 63'B'81# 'F6'3>G'81:7# B1:10B# :8%#
40103'#67:8B#C>77#:7B)#;'#3'6)31'%!#

$ )/"01!)$" '
-2'# $AA5# :(('7'3:1)3# 2:B# ;''8# %>B(0BB'%# >8# %'1:>7#

'7B'C2'3'# :1# 12>B# ()84'3'8('# MKN"#O:B>(:77<+# >1# >B# :# 7>8':3+#
8)8EB(:7>8&# ..5P# H8BE..5PL# C2>(2# >B# ;'>8&# ;0>71# 1)#
%'G)8B13:1'#:8%#B10%<#>8#%'1:>7#12'#08>Q0'#4':103'B#)4#12>B#
1<6'#)4#G:(2>8'+#>8#6:31>(07:3R#
!! 12'#S'3<# BG:77#G)G'810G#()G6:(1>)8+# :663):(2>8&#
J#>8#B)G'#3'&>)8B#)4#62:B'#B6:('#

!! 12'#G071>67'#3'B)8:8('#(3)BB>8&B#%03>8&#:(('7'3:1>)8#
!! ;0(*'17'BB# )3# B'36'81>8'# :(('7'3:1>)8# 4)3# 3'7:1>S>B1>(#
6:31>(7'B#HB''#4>&03'#KL"#

T8#:%%>1>)8+#>1#C>77#;'#0B'%#1)#;'8(2G:3*#12'#6036)B'E;0>71#
)3#G)%>4>'%# 13:(*>8&# ()%'B# 12:1# :3'# ;'>8&#0B'%# 1)#G)%'7#
12>B# 1<6'# )4# :(('7'3:1)3# 4)3# 12>B# :8%# :# S:3>'1<# )4# )12'3#
:667>(:1>)8B#MIN"#

#

.>&03'#KR#,'36'81>8'#:(('7'3:1>)8R#12'#62:B'#)4#12'#;':G#
>B#B2)C8#C>12#3'B6'(1#1)#12:1#)4#12'#!.#B<B1'G#%03>8&#
:(('7'3:1>)8"#

$AA5# >B# ;'>8&# ;0>71# :1# 12'# ,-./# =:3'B;03<#
9:;)3:1)3<# :8%# C>77# :(('7'3:1'# '7'(13)8B# 43)G# KJ# 1)# IJ#
A'U"#-2'#6:3:G'1'3B# )4# 12'#G:(2>8'# :3'# B0GG:3>B'%# >8#
1:;7'# K"# T1# C>77# 0B'# :# %)0;7'1# 7:11>('# :8%# C>77# 2:S'# VI#
G:&8'1>(#('77B"#-2'#'7'(13)8#;':G#C>77#;'#63)S>%'%#;<#12'#
'F>B1>8&# 59T/$# :(('7'3:1)3# MWN# :1# 12'# =:3'B;03<#
9:;)3:1)3<# :8%# :# 8'C# >8X'(1>)8# 7>8'# 2:B# ;''8# ;0>71# 1)#
13:8B6)31# 12'#;':G#1)# 12'#$AA5#3>8&"#-2'# 7:<)01#)4# 12'#
4:(>7>1<#>B#B2)C8#B(2'G:1>(:77<#>8#4>&03'#I"###
#

-:;7'#KR#$AA5#Y:3:G'1'3B#
$8'3&<#3:8&'# KJ#1)#IJ#A'U#
/'77# =)0;7'1#
Z0G;'3#)4#('77B# VI#
!.# K[#(:S>1>'B\#K"W#P]^#
/'77#7'8&12# W[V"V_K#GG#
!>8&#(>3(0G4'3'8('# K`"ab#G#
#

+##,'.,))$!+%'
5B#12'#63>G:3<#6036)B'#)4#$AA5#>B#1)#B10%<+#:B# 4077<#

:B#6)BB>;7'+# 12'#;':G#%<8:G>(B#)4#8BE..5PB+#_#%>44'3'81#
G:&8'1>(# 7:11>('B# MVN# 2:S'# ;''8# (3':1'%# 1)# 63);'# 12'#
7)8&>10%>8:7# :8%# 13:8BS'3B'# 62:B'# B6:('# )4# 12'# G:(2>8'"#
-2'#63)6'31>'B#)4#12'B'#7:11>('B#:3'#B0GG:3>B'%#>8#1:;7'#I"#
-)# :(2>'S'# 12'# :>GB# )4# 12'# 63)X'(1+# 12'<# 2:S'# ;''8#
%'B>&8'%#1)#2:S'#%>44'3'81#108'#4))163>81B+#:8%#2'8('#(3)BB#
%>44'3'81# G:X)3# 3'B)8:8('B# HB''# 4>&03'# WL"#5B# $AA5# >B#
47'F>;7'#'8)0&2#1)#>813)%0('#*8)C8#c'33)3Bd+#4)3#'F:G67'#
G:&8'1>(# 4>'7%# '33)3B# >8# B)G'# G:&8'1>(# ('77B+# :8%#
:B<GG'13>'B+# '"&"# 12'#80G;'3#)4# 6)C'3'%#!.#(:S>1>'B+# >1#
C>77#;'#6)BB>;7'#1)#%)#%'1:>7'%#B10%>'B#)4#12'#'44'(1#)4#12'#
3'B)8:8('B# :B# :# 408(1>)8# )4# 12'# G:(2>8'# 6:3:G'1'3B"# T8#
:%%>1>)8+# :B# 12'# 1>G'E)4E47>&21# H-).L# >8# :# 8)8EB(:7>8&#
G:(2>8'# >B# 8)1# 6'34'(17<# 6:3:;)7>(# :8%# B<GG'13>(# :;)01#
12'# ('813:7# '8'3&<+# >1# >B# >G6)31:81# 1)# (2'(*# 2)C# 12'#
7)8&>10%>8:7# ;':G# %<8:G>(B# (2:8&'# :B# 12'# 6:3:;)7:#
(2:8&'B"# -2'# 7:11>('B# 2:S'# ;''8# %'B>&8'%# B)# 12:1# 12'#
6)B>1>)8# )4# 12'# G>8>G0G# >8# 12'# -).# )((03B# :1# %>44'3'81#
'8'3&>'B#:8%# 12'#-).#S:3>:1>)8# >B#%>44'3'81# HB''#4>&03'#VL"#
-2'# B6'(>4>(:1>)8B# 4)3# 12'# G:(2>8'# 2:S'# 7:3&'7<# ;''8#
%'1'3G>8'%#;<#12'#8''%B#)4#12'B'#_#7:11>('B"#

-:;7'#IR#Y3)6'31>'B#)4#12'#_#$AA5#7:11>('B#
9:11>('# -).# !'B)8:8('B#(3)BB'%#
# G>8>G0G# W FeK# FfI <eK# FEI <eJ#

JbJIIK;# ,<GG'13>(# g'B# g'B# Z)#
JbJIIK(# ,<GG'13>(# g'B# Z)# Z)#
JbJIIK%# ,<GG'13>(# Z)# Z)# Z)#
JbJIIK'# ,<GG'13>(# g'B# Z)# g'B#
JbJIIK4# KV#A'U# g'B# g'B# Z)#
JbJIIK&# Ka"a#A'U# g'B# g'B# Z)#
JbJIIK2# KV#A'U# g'B# Z)# g'B#
JbJIIK># Ka"a#A'U# g'B# Z)# g'B#
(

+23+/$#+ ),.'3/"&/,##+'
-2'#'F6'3>G'81:7#63)&3:GG'#>B#;3)*'8#>81)#1C)#6:31BR#

HKL#()GG>BB>)8>8&+#:8%#HIL#'F6'3>G'81:7#B10%>'B"#$:(2#)4#



+BB.)Q$11)

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 





+BB.)U"(:'I)

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 



B"b:#)QL"11$,-$O)D,b$HA:,)",=)+VI#"HA:,)

N2HX$#) N2HX$#) 8$0I'/)g_m)

?0o6*F*#H%0*#2%v%4E(+## TNV# *102#

9(16s(+,0'#G((2#j%'2#
1%G6(+#

±#PO# **#

?6+6*F*#&%1E40'#G0)#0,#
,;%#H%0*#

PV# **#

9(16s(+,0'#2%v%4E(+#
nF0'6,8##

±#T# r#

?6+6*F*#v0,5,()#YgN>#
5Tr#Z#

"V# +-#

]6%'2#16-%M<0''#E*%#YTNNr#
,(#TrZ#

t#VN# +-#

"64B%1#*0G+%,#1%)%EE(+#
10,%#

PN# 9s#



D,b$HA:,)

Septum 
Kicker Kicker 

Septum 
Power supply 



.HH$1$#"A:,)6$%'1I%)

]6o%2#I+%1G8#?%0-F1%*%+,#
YInF6&0'%+,#?(*%+,F*Z#

.8)640'#?%0-F1%*%+,-#$F16+G#344%'%10E(+#
:<#3#KF+4;#



.HH$1$#"A:,)9#:0$#A$%)M%2,-)G2V$=)+,$#-()B$"%'#$/$,I%)

Direct E meas. 
on extraction line 



G"%I)P%)81:;).HH$1$#"A:,)5:,-:2,-)%2/'1"A:,%7)

1.6 MV/turn 

0.16 MV/turn 

Measurements in Aug/Sep 



+V0$#2/$,I"1)91",)
•  A1(--# 6+26&62F0'# 0+2# *F'E)'%# 1%-(+0+4%-# H8# )%1<(1*6+G# &0160H'%# -)%%2#

-8+4;1(,1(+# (-46''0E(+-U# b018# 6+[%4E(+# )(6+,# ,(# 41(--# 26\%1%+4%#
1%-(+0+4%-# 0+2# J]# &(',0G%# ,(# &018# ,;%# -)%%2# 0,# /;64;# 1%-(+0+4%-# 01%#
41(--%2U#

! 

"A =
#
Q$

% 
Bn

B 

R. Baartman and G. Guignard 
developed a theory of resonance 
crossing. For integer resonance 
crossing the betatron amplitude 
growth is: 
 Where QT Is the tune change per turn at the crossing 
point,    is the average beta function in the ring,     is the 
average magnetic field and Bn is the nth harmonic 
component of the field errors. 
 

Trajectory 
in phase 
space 

Integer resonance  

Orbit of particle 

Orbit of particle about the closed orbit 

Standard deviation from closed orbit 

Zgoubi single particle simulations were carried 
out where one integer resonance was crossed, 
indicated by vertical lines in the plot to the left. 

Zgoubi simulations indicate a 
good agreement with Baartman 
formula thus far. Experimental 
data is keenly awaited.  
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