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Abstract 
The ESSnuSB, a neutrino facility based on the European 

Spallation Source, aims at measuring, with precision, the 
charge-parity violating lepton phase at the 2nd oscillation 
maximum. The ESS linac will be upgraded to provide an 
additional 5 MW beam for the neutrino facility to produce 
an unprecedented high-intensity neutrino beam. An accu-
mulator ring is employed to compress the 3 ms long pulse 
from the linac to four 1.2 µs short pulses in order to satisfy 
the target requirements and improve the physics perfor-
mance. In the operation of a high-intensity proton accumu-
lator, the most important issue is to minimize the uncon-
trolled beam loss in order to reduce the component activa-
tion and to make hands-on maintenance possible. For this 
purpose, a two-stage collimation system is designed, which 
consists of a thin scraper to scatter halo particles and sec-
ondary collimators to absorb those scattered particles. 
Phase advances between scraper and secondary collima-
tors, together with the material, thickness of collimators, 
have been detailed studied and numerical simulations have 
been performed to evaluate the performance of the colli-
mation system. This paper presents the first design of the 
collimation system. 

INTRODUCTION 
The European Spallation Source (ESS) [1], presently un-

der construction in Lund, Sweden, will be the world’s most 
powerful neutron source. Its superconducting linac accel-
erates proton pulses to 2 GeV, at a repetition rate of 14 Hz 
and a duty cycle of 4%. The RF cavities in the linac have 
the ability to accept a duty cycle of up to 10%, which leaves 
room for a neutrino facility by doubling the repetition rate. 
To this end, the ESS linac can, with moderate modifica-
tions, be used for the production of a very intense neutrino 
beam, the ESS neutrino Super Beam (ESSnuSB) [2-4].  

In order to improve the performance of the neutrino ex-
periment, the ESSnuSB will raise the ESS beam energy 
from 2.0 GeV to 2.5 GeV. H- will be accelerated in the 
linac, interleaved with proton pulses for neutron facility, 
and injected into the accumulator ring with the charge-ex-
change injection method. To mitigate the space-charge is-
sue in the accumulator, the linac pulse will be accumulated 
in four equal batches and the beam intensity for each batch 
will be reduced to 2.23×1014. Figure 1 shows the sketch 
layout of the ESSnuSB accumulator with transfer lines on 
the ESS site.  

The current accumulator lattice has a 384 m circumfer-
ence with four super periods in order to suppress structural 
resonances. Each of the four arcs contains four FODO cells 

and has a horizontal phase advance of 2  for closed dis-
persion. The four straight sections will be used for beam 
injection, collimation, extraction, and RF cavities, respec-
tively. Studies of the beam injection, extraction, and RF 
cavities for this accumulator can be seen in [5-8]. Table 1 
shows the main parameters. 

 

 
Figure 1: Sketch layout of the ESSnuSB accumulator with 
transfer lines on the ESS site [9]. 
 

Table 1: The Main Parameters of the Accumulator 

Parameter Value 
Circumference (m) 384 
Length of Straight / Arc (m) 56 / 40 
Max. Beta Hor. / Ver. (m) 28.4 / 35.0 
Tune Hor. / Ver. 8.24 / 8.31 
Natural chromaticity Hor. / Ver. -11.1 / -12.5 
Betatron acceptance ( mm mrad) 200 
Momentum acceptance ±1% 

BEAM COLLIMATION SYSTEM 
The beam collimation system is employed to clean the 

beam from halo particles in the ring to reduce the radioac-
tivation damage and make hands-on maintenance availa-
ble. Given that 5 MW of average beam power would be 
stored in the ring, a collimation system with a collimation 
efficiency of higher than 90% is required, according to the 
experience from the similar accelerators in the world, 
e.g. the SNS [10] and J-PARC [11]. A two-stage collima-
tion system is designed for the ESSnuSB accumulator. 

Two-Stage Collimation System 
Two-stage collimation system for the ESSnuSB accumu-

lator includes a thin scraper, which is the primary collima-
tor, to increase the scattering angle of the beam halo parti-
cles, followed by four thick collimators, two in horizontal 
plane and two in vertical plane, the secondary collimators, 
to absorb the scattered beam halo particles. The main ad-
vantage compared to the traditional single-stage collima-
tion system is that it can increase the impact parameter of 
the particles at the front of the secondary collimators which 
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can dramatically improve the collimation efficiency, which 
is defined as the ratio of particles lost on the collimators to 
the total particle loss in the ring.  

The straight section after the injection will accommodate 
the collimation system. To leave enough room for down-
stream placement of secondary collimators, the primary 
collimator is located before the center of the straight sec-
tion, where 𝛽௫ = 𝛽௬. Figure 2 shows the lattice function for 
one lattice super-period and the location of the primary col-
limator. 

 
Figure 2: Lattice function for one lattice super-period. Blue 
line at the top marks the primary collimator location. 
 

The optimal phase advance between the primary and the 
secondary collimator, for maximum interception effi-
ciency, can be calculated as [12]: 𝜇୭୮୲ ൌ arccos ሺ𝑛୮୰୧୫ 𝑛ୱୣୡ⁄ ሻ,                       (1) 
where 𝑛prim and 𝑛sec are half apertures of primary and sec-
ondary collimators normalized to RMS beam size. For the 
ESSnuSB accumulator, considering the acceptance of pri-
mary and secondary collimators as 70 π mm mrad and 
120 π mm mrad, respectively, we can get 𝑛prim=2.35, 𝑛sec=3.07, and the optimal phase advance from Eq. (1) ap-
proximately equals to 40º. So, the secondary collimators 
are ideally located at 40º and its complementary location 
140º. Considering the real lattice situation, the phase ad-
vances of the secondary collimators are shown in Table 2. 
 

Table 2: Collimator Information 

Name Type Phase advance 
Hor. / Ver. 

Prim Horizontal/Vertical 0º / 0º 
Sec_V1 Vertical 20º / 38º 
Sec_H1 Horizontal 40º / 96º 
Sec_V2 Vertical 90º / 121º 
Sec_H2 Horizontal 130º / 154º 

Material and Thickness for Primary Collimator 
The material choice of the primary collimator normally 

follows two rules: 1) small energy loss and 2) large multi- 
Coulomb scattering angle. Figure 3 shows the comparison 
of RMS scattering angle together with energy loss for 

2.5 GeV of proton beams interaction with a variety of ma-
terials. After also considering the availability, heat toler-
ance, melting point, and thermal conductivity, tantalum, 
tungsten, and platinum are good choices for the primary 
collimator. 

The thickness choice for primary collimator is also a bal-
ance between scattering angle and energy loss to the proton 
beam. A thick scraper also increases the probability of 
large angle scattering, which may cause particle loss down-
stream before reaching the first secondary collimator. Fig-
ure 4 shows an example of the RMS scattering angle and 
energy loss for a 2.5 GeV proton beam interacting with tan-
talum of different thicknesses. If we choose the RMS scat-
tering angle larger than e.g. 4 mrad and the energy loss less 
than e.g. 1%, the thickness of 6-20 g/cm2 is expected to be 
a good choice. 

 
Figure 3: The RMS scattering angle and energy loss for 
2.5 GeV of proton interaction with different materials with 
the thickness of 10 g/cm2. 

 
Figure 4: The RMS scattering angle and energy loss for 
2.5 GeV protons interacting with different thickness of tan-
talum. 
 

Numerical Simulations 
Multi-particle simulations have been performed with the 

PyORBIT code [13] to evaluate the performance of the col-
limation system. 

Since the collimation system only affects the beam halo 
particles, to simplify the simulation process, initial parti-
cles will have a larger amplitude than the primary collima-
tor aperture, starting just at the front of the primary colli-
mator, which means all particles will hit the primary colli-
mator first. Initial particle distribution is in “L” type in real 
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space with a typical width of 10 µm and a uniform distri-
bution, which matches the shape of the primary collimator. 
Space charge effects are not included in the simulation.  

Tantalum with 10 g/cm2 of thickness is chosen for the 
primary collimator and tungsten with 1.5 m of length for 
the secondary collimators. Locations of the secondary col-
limators are shown in Table 2. In order to compare the par-
ticle loss rate for different collimator types, three types of 
secondary collimator combinations are studied: 1) all col-
limators in two-sided type, 2) first collimator in rectangular 
type and others in two-sided type, and 3) all collimators in 
rectangular type.  

Figure 5 shows the particle loss rate in the collimation 
section with different types of configurations. For type 1, 
the major particle loss in the collimation section other than 
in the collimators appears just after the first secondary col-
limator. Changing the first secondary collimator into a rec-
tangular type (type 2) reduces the beam loss after the first 
secondary collimator from around 7% to less than 1%. For 
type 3, beam loss after other secondary collimators can also 
be reduced. Figure 6 shows the beam loss map of the whole 
ring with the configuration of type 3. The collimation effi-
ciency can reach 97%, which is 2% higher than type 2 and 
12% higher than type 1. 

 

 
Figure 5: Particle loss rate in collimation section with dif-
ferent collimator types. 
 
 

 
Figure 6: Beam loss map of the ring with the configuration 
of type 3. 
 

Studies of the relationship between collimation effi-
ciency, ring acceptance, and primary collimator thickness 
are also performed. Figure 7 shows the relationship be-
tween collimation efficiency and the ring acceptance. The 
collimation efficiency increases with the ring acceptance 
and comes to a quasi-flat top when the acceptance comes 
to about 200 π mm mrad. Figure 8 shows collimation effi-
ciency and the power loss before reaching the secondary 
collimators with the thickness of the primary collimator. 
The collimation efficiency rises to a quasi-flat top when the 
thickness of primary collimation comes to 6 g/cm2 while 
the power loss continues increasing due to the large angle 
scattering of the primary collimator. 

 

 
Figure 7: Relationship between the collimation efficiency 
and the ring acceptance.  
 

 
Figure 8: The collimation efficiency and the power loss be-
fore reaching secondary collimators as a function of the 
thickness of the primary collimator. 

CONCLUSION 
The basic collimation system for the ESSnuSB accumu-

lator has been designed and numerical simulations have 
been performed to evaluate its performance. The collima-
tion efficiency can reach 97%. Further optimization work 
is ongoing. 
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