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Aim of the Switchyard 

Ensure the distribution and the 
focussing of the proton beam 
onto the targets. 

ESSnuSB layout 

Horn/Target Station 

No similar system 
appears to exist in the 
world for such target 
configuration and beam 
power… 
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EUROν Super Beam (2008-2012) 

More details: http://arxiv.org/abs/1212.0732 

General layout 

Switchyard / Horn / Decay tunnel layout 
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Proton Beam Switchyard (EUROν) 

E. Bouquerel et al., IPAC13 proceedings, TUPWO004 

•  Preliminary design done within EUROνSB 
•  Beam rigidity: 17.85 T.m 
•  2 bi-polar kickers (0.83 and 0.96 T) 
•  4 dipoles for angle compensation 
•  50 Hz repetition rate 
•  Total length: 30 m (Total volume: 845 m3) 
•  Focussing system made of 4x3 quadrupoles 
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Courtesy of 
V. Zeter 



Parameter EUROnu ESSnuSB 
Particle H- H- 

Proton Energy (GeV) 4.5 2.0 
Pulse Intensity (mA) 40 62.5 
Average beam power (MW) 4 5 
Beam Rigidity (T.m) 17.85 9.28 
Pulse Rep. Rate (Hz) 50 14 
Pulse length after accumulator (us) 1.5 1.5 

EUROν / ESSνSB differences  

Comparison of main beam parameters  

Need of updating or 
defining a new proton 
beam switchyard for the 
ESSνSB project  

Directly impacts on the magnetic 
field needed by the optical elements 
to deflect the beam onto one of the 
four target axis 
(A lower rigidity -> need of lower 
fields (= lower power consumptions) 

Impacts on the choice of the 
technology to be used to 
deflect the protons 
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What do we need to design a BSY? 

Deflecting system 
…kickers/pulsed magnets to deflect the protons in the 
desired trajectory…dipoles to compensate angles 
Focussing system 
…quadrupoles to focus the beam onto the target…  
Correcting system 
…sextupoles to correct eventual achromatic effects in 
the beam… 
Collimating system 
…to shape the beam before it hits the targets… 
Beam dump (if needed) 
…according to the configuration… 

Deflecting system

Focussing system

Correcting system

Collimating system

Targets station

Beam dump

Primary beam

Beam
Switchyard

Deflecting system

Focussing system

Correcting system

Collimating system

Targets station

Beam dump

Primary beam

Beam
Switchyard
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Transverse Beam Emittances 

Ø  The decrease of coordinate dispersion leads to the increase of angular 
dispersion (divergence), 

Ø  From beam emittance values, we can define: 
-  The acceptance of a transport system, 
-  The characteristics of magnetic elements (apertures, inductance..) and 
-  Their numbers. 

 

Ø One of the parameters the most important when 
designing a beamline, 

Ø  The emittance tells if a beam fits in the vacuum 
chamber or not, how difficult is to focus a beam, 

Ø Area in x, x’ plane occupied by beam particles, 
Ø Along a beamline the orientation and aspect ratio 

of beam ellipse in x,x’ plane varies, but area πε 
remains constant, 

Ø  Emittance is only constant in beamlines without 
acceleration, 
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Nominal parameters at the accumulator-switchyard interface 

Beam deflecting system  

Parameter Nominal 
value 

Particle Protons 
Pulse intensity (mA) 62.5 

Beam profile distribution Gaussian 
Energy (GeV) 2.5 

Beam power (MW) 5 
Repetition rate (Hz) 14 

Pulse length (µs) 1.5 
Transv. beam emittances, norm. rms (µm) x,y 25,25 

Momentum dispersion (∆p/p) rms 0.1% 

Ø  Transverse emittances at the exit of the accumulator much larger than the one at the 
end of the ESS linac:  

 - Due to the charge exchange injection (foil hits during the phase space painting) 
Ø  Simulations done using a rms emittance of 25 µm (estimated emittances from the 

accumulator at the time of the studies). 
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Beam deflecting system  
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(similar to the one designed for EUROnu) 
b stands for “bipolar” / K stands for “kicker” / D stands for “dipole” 

 T stands for “target” / o stands for “oblique” (±45°) / BD stands for “beam dump” 

Propagating onto Middle of the 4 targets 

1 

•  Several configurations to deflect the proton beam have been developed 
and investigated: protons have been considered to propagate along other 
axes than the central one used for EUROnu. 
•  3 of them have been retained according to the number of kicker/dipoles 
needed, their working frequency, bipolar or not… 
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•  Several configurations to deflect the proton beam have been developed 
and investigated: protons have been considered to propagate along other 
axes than the central one used for EUROnu. 
•  3 of them have been retained according to the number of kicker/dipoles 
needed, their working frequency, bipolar or not… 
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•  Several configurations to deflect the proton beam have been developed 
and investigated: protons have been considered to propagate along other 
axes than the central one used for EUROnu. 
•  3 of them have been retained according to the number of kicker/dipoles 
needed, their working frequency, bipolar or not… 
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Beam focussing system  
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- Simulation of the size of the beam / envelopes (optimisation) 
-  Determination of the number of quadrupoles needed+ their location, physical parameters 
(aperture, length, gradient fields) 

Config. 1 

T1 axis 

x 
 
 
 
 
y 

12 quadrupoles needed 
Total length: 43.4 m 
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Beam focussing system  
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- Simulation of the size of the beam / envelopes (optimisation) 
-  Determination of the number of quadrupoles needed+ their location, physical parameters 
(aperture, length, gradient fields) 

Config. 2 

18 quadrupoles needed 
Total length: 72.2 m 
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Beam focussing system  

Targets

T4

T3

T2

z
p
2	  GeV,
5	  MW,
70	  Hz

Primary
beam

T1

dipoles quad coldipolesquad Targets

T4

T3

T2

z
p
2	  GeV,
5	  MW,
70	  Hz

Primary
beam

T1

dipoles quad coldipolesquad

- Simulation of the size of the beam / envelopes (optimisation) 
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Config. 3 

18 quadrupoles needed 
Total length: 79.2 m 
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Max. magnetic fields and total intensity estimated providing some assumptions 
(i.e. magnetic lengths) 

Rise/Fall times: order of ms  
Would not require kicker type devices but 
classical dipoles to deflect the beam* 
(low Hz operating system) 

Number of turns of coil, N > 1 
*Private communication, L. Ducimetiere, Head of 
Section TE-ABT-FPS, CERN  

Beam deflecting system  

Parameters / Configurations 1 2 3 Units 
Max. deflecting angle 94 133 186 mrad 
Magnetic length 2 2 2 m 
Max. Magnetic field 0.54 0.73 0.81 T 
Type of device bipolar classical classical - 
Magnet horizontal half aperture 135 190 269 mm 
Repetition Rate 3.5 7 3.5 Hz 
Rise/Fall times < 12 < 12 < 25 ms 
Pulse duration 1.5 1.5 1.5 µs 
Total intensity, NI (per pole) 20.6 29.0 40.7 kA. turns 
Inductance 3.4 4.8 6.8 µH 

From preliminary simulations: 
IPAC2015 Proceedings, MOPWA017 
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Beam focussing system  

  Total 
length (m) 

Number of 
dipoles 

Max. bending 
field (T) 

Number 
of quad. 

Max. 
gradient 

field (T/m) 
Config.1 43.4 6 (2 bipolar) 0.54 12 -2.4 
Config.2 72.2 6 0.73 18 3.6 
Config.3 79.2 6 0.81 18 3.4 

Config. 1 Config. 2 

Courtesy of 
V. Zeter 
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Up to now, Config.1 appears to be the best solution for distributing the protons onto the 
horn system* : 

Beam focussing system  

Disadvantages of Config.1: 
- A beam dump is mandatory, 
- The protons deflected by the first pulsed dipole go towards the 
second one. This implies this device having a consequent 
vertical aperture and therefore leading to a certain impact on its 
inductance, 
- The bipolarity of the pulsed magnets implies a consequent 
horizontal aperture and the use specific power supply units. 

Advantages of Config.1 
-  It proposes the shortest total length (43.4 m); 
-  The smallest number of quadrupoles needed (twelve); 
-  The minimum highest bending and gradient fields (0.54 T and 2.4 T/m) for 
the dipoles and quadrupoles respectively.  
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*Private communication, L. Ducimetiere, 
T. Zickler, M. Barnes (CERN)  



Beam Dump (Config.1) 
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Ø  A preliminary design studied for EUROnu, 
Ø  Aim: Stop the beam in case of failure of the magnets, 
Ø  Located after the pair of bipolar magnets, 
Ø  Conceptual design based on the use of graphite 

(ρ= 2.2 g.cm-3) surrounded by a cast iron shielding 
(ρ= 6.9 g.cm-3) to absorb the remaining particles, 

Ø  Partially inspired from the dump designed for the 
T2K experiment.   

Assumptions:  
The beam (Gaussian) hits the centre of the graphite core.  
Beam parmaters for the simulations: 
•  Kinetic energy: 2.5 GeV 
•  Number of particles (1 pulse): 3.17x1012 protons 
•  Beam power (1 pulse of protons): 71.4 kW (technically possible 
to stop the system after one pulse??) 
•  Beam size estimated at the entrance of the dump (X, Y): 46.2 mm 
•  Max. divergence angle (Xm, Ym): 3.02 mrad 
 

Ø  230 cm of dump would be necessary to absorb 
100% of the protons: 
  - 26.1 kW (36.6 %) in the graphite and 
  - 45.3 kW (63.4%) in the iron shielding. 

Ø  The peak of the power absorbed in the system is 
located in the iron and has a value of 3.4x10-5 GeV/
cm3/p. (heating power of 1.48 W/cm3) 

To be updated for 
7.14x1014 particles! 
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357 kW per pulse? 



Limitations of the BSY  

(Remember: 
Emittance area is 
constant here) 

Ø  The particles will spread after a shorter distance than before, 
Ø  The aperture of the deflecting/ focussing devices should be increased 
and/or their number should be increased to shape the beam as wanted before hitting 
the targets. 

EMITTANCE ∝ SIZE . DIVERGENCE  To simplify a bit: 

If EMITTANCE       , SIZE              then DIVERGENCE  

If EMITTANCE       , DIVERGENCE           , then SIZE           

Ø  The aperture of the deflecting/ focussing devices should be increased still. 
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Limitations of the BSY  

N
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I is the intensity applied per coil (A), 
VAP is the vertical aperture of the magnet (m), 
B is the magnetic field (T), 
µ0 is the permeability of free space (4πx10-7 Vs/Am), 
N is the number of turns (coils) 
 

L is the inductance (H), 
HAP is the horizontal aperture of the magnet (m). 

If EMITTANCE        thus VAP        thus L            

Two limitations here: 
-  Inductance should be less than 5-10 µH 
                     Because of the maximum current ramp rate dI/dt that can’t reach high values: 
-  Increase the aperture of magnets decreases the quality of the magnetic field generated. 
Why not increasing the number of coils (N) then to increase L value? 
-  Intensities of more than 40 kA turns (NI) per pole are hardly achievable (?) 
Then we could decrease the deflection angles of the dipoles BUT this would extend the 
beamline = addition of more quadrupoles to manage the beam (as big beam divergence)… 

dt
dILRIVTOT +=

(order of magnitude currently reached) 

What about using collimators before the switchyard?  
 What consequences on the neutrino production? 21 
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What if 4 rings? 

ESS linac 

4-rings system 
BSY 1 

BSY 2 
Horn 

Ø  Need of 2 interfacing systems: One to distribute the beam onto each ring (BSY 1) and one 
to distribute the beam onto the horn station (BSY 2). 

Ø  BSY 1: 
- Small emittance of the beam coming from the linac = small apertures of the magnetic devices, 
- Need of quadrupoles to focus the beam before the the injection into the accumulator, 
- Could use a system similar as the one for the PSB Booster (?) 
Ø  BSY 2: 
- The space charge in the ring leads to a defocusing of the stored beam, thus using 4 rings reduces the 
defocusing effect by a factor 4. 
- One can assume a smaller emittance of the extracted beam from each accumulator than when using one 
accumulator (?). 

Could significantly ease the feasibility of the focussing system to the targets. 
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If 4 rings: beware of the horn PSU limitations! 



To be done 

3	  m
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Ø  Progress on the design of the quads/dipoles: study the possibility of 
extending (updating) technical limitations, acceptance, feasilibity of 
the PSU, 

Ø  Errors calculations (losses), 
Ø  Energy deposition on the collimators (never been studied up to now), 

what impact on the Neutrino production? 

Ø  Progress on the feasibility of the beam dump for Config. 1. 

Ø Need to think further about failure scenarios (safety issues) 
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Thank you for your attention! 


