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Abstract
The AMBER-experiment [1, 2], located in the North

Experimental Area at CERN, is the successor of the
NA58/COMPASS [3] experiment which ran from 2002-
2022. AMBER will start its data taking in 2023. The exper-
iment is served by the M2 beamline, employing secondary
and tertiary beams produced by 400 GeV 𝑐−1 protons from
the CERN Super Proton Synchrotron (SPS) impacting the T6
target. For the second phase of their measurements, AMBER
will require high-intensity kaon beams [4, 5]. This require-
ment for high-intensity beams implies a need for accurate
particle identification allowing tagging particles of interest
that would otherwise be lost for analysis. The beam particle
identification is carried out using Cherenkov (CEDAR) de-
tectors [6], whose tagging efficiency depends critically on
the beam divergence. In this paper we investigate the beam
parameters required, the performance achievable with the
current layout of the beamline, as well as possible improve-
ments.

PRESENT PERFORMANCE

The M2 beamline in the North Experimental Area at
CERN has provided muon and hadron beams for the COM-
PASS experiment for many years. For COMPASS, the main
interest was in the pion content rather than the kaon content
of the beam. This will change during the proposed second
phase of the AMBER experiment, when there will be several
periods of data taking dedicated to particles and physics with
strangeness.
In the current layout of the M2 beamline, there are in to-
tal 80 m of sections without vacuum, where the beam is

∗ Corresponding author: fabian.metzger@cern.ch

traversing air1. In these air sections, the beam undergoes
multiple scattering. The contribution of the scattering can
be calculated with Moliere’s formula [7, 8]. For air, the
radiation length is 303.9 m [9, p. 144], resulting in a multi-
ple scattering angle of 𝜃0 = 34.9 µrad at 190 GeV 𝑐−1 beam
momentum.
The beam divergence 𝑥 ′ = d𝑥

d𝑠 , 𝑦
′ = d𝑦

d𝑠 at the CEDAR lo-
cation in the M2 line for the current layout is depicted in
Fig. 1a. The distribution shows long tails in both directions.
Although, the distributions are wide, what is actually impor-
tant is the inclination angle (wrt. the beam axis) of a single
particle. In order to be detected by and distinguishable in
the CEDAR, the combined divergence,

√︁
𝑥 ′2 + 𝑦′2, needs

to be limited to 60 µrad [6]. This limit is motivated by the
difference in Cherenkov angles between kaons and pions, as
these are the two species that emit Cherenkov light at angles
closest to each other. It is represented by the black ellipses
in Fig. 1 and 2.

POSSIBLE IMPROVEMENTS

One has several possibilities to improve the beam quality
at the CEDAR location. On the one hand, one can limit the
amount of multiple scattering by installing vacuum pipes.
On the other hand, there are improvements that can be made
to the beam optics and collimation settings. The influence of
such changes will be discussed in the following sections. The
results are based on simulations using the BDSIM package
[10], version 1.6.develop, with Geant4 [11] version 10.7.2
and the physics list FTFP_BERT.

1 These air sections were never important in the original design as a beam-
line for muons.
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Suppression of Multiple Scattering

The first study looked at the influence of replacing the
in-air sections of the beamline with in-vacuum sections by
installing beam pipes in these regions. The beam divergence
at the CEDAR location in M2 in this case is shown in Fig. 1b.
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(a) Divergence for the current M2 layout.
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(b) Divergence for a full vacuum implementation.

Figure 1: Beam divergence at the CEDAR location. The
black ellipses represent the maximal angle a particle can
have to be distinguishable in the CEDAR which is 60 µrad.

Comparing the distributions for both cases, one can observe
that the width does not noticeably decrease when placing
additional vacuum sections along the whole beamline. This
is to be expected as the beam needed to be small and loosely
collimated to keep the background to the experiment at a
reasonable level. However, what is clearly visible is that
the beam core in the full vacuum case is 50 % more intense
than in the in-air case, meaning that there are many more
particles having angles small enough to be tagged by the
CEDAR detector. This originates from two effects: a cleaner
collimation as the correlations between 𝑥 and 𝑥 ′, and 𝑦 and
𝑦′ expected from the beam optics are not washed out by
multiple scattering due to the better vacuum conditions; and
the overall increase in the total flux by 20 % when installing
beam pipes along the whole beamline as the number of
particles lost along the line is smaller. The gain in total
flux can also be partly explained by the cleaner collimation
scheme.
With this implementation, the overall gain in terms of kaon
intensity could be in the order of 50 % going from 2×106

to 3×106 kaons within the CEDAR acceptance for a total
of about 1.2×1013 protons on the T6 target. Approximately

one quarter of the beam would be then tagged by the particle
identification system.

Beam Optics
In addition to putting the entire beamline under vacuum,

it is also possible to modify the beam optics to enhance
the total number of hadrons and thus kaons transmitted. In
the original hadron beam implementation of the beamline,
the beam had to be small and loosely collimated shortly
upstream of the CEDAR to ensure the background was ac-
ceptable for the COMPASS-experiment. In such secondary
beamlines, a small beam naturally comes with a large diver-
gence resulting in less efficient particle identification. This
effect can be explained by Liouville’s theorem and is valid as
long as no particles are lost. However, as soon as the beam
does not undergo too much multiple scattering (we assume
completed vacuum along the line) it can be collimated far
upstream of the experiment, still in the underground part,
and transported to the CEDAR detector without impacting
experimental backgrounds. It is then possible to profit from
a large, low divergence beam allowing an efficient particle
identification with the CEDAR detector. The comparison of
the beam optics for both configurations of the line is depicted
in Fig. 3. As the most important parameters for the beam
size are 𝑅12 (horizontal) and 𝑅34 (vertical) the comparison
has been limited to only those even though the other beam
optics parameters have also been changed.
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Figure 2: Beam divergence for the modified beam optics.
In the simulation a full vacuum implementation has been
assumed. The black circle represents the maximal angle a
particle can have to be distinguishable in the CEDAR which
is 60 µrad.

As Fig. 2 shows, the modified optics results in an intense
beam spot within the CEDAR tagging acceptance. In such a
beamline setup, it would be possible to identify in the order
of 5×106 to 6×106 kaons per spill for about 1.2×1013 protons
on target. Compared to the current implementation this
would result in a factor 3 improvement in the total number
of kaons identified.

Collimation
As shown in the previous sections, it is possible to signifi-

cantly improve the overall secondary beam intensity sent via
the M2 beamline to the AMBER-experiment. As it is not
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Figure 3: Comparison of the main changes in the beam optics
between the old and new configuration. The position of the
new collimator required is shown. 𝑅12 and 𝑅34 describe
the evolution of the particle position as a function of its
initial angle in the horizontal and vertical plane respectively.
Modifying those parameters has the most influence on the
beam size and therefore on the divergence (𝑅22 and 𝑅44 are
0 at the CEDAR to guarantee a parallel beam).

the total beam intensity but the kaon intensity that matters,
from a radiation protection point of view, it would be desir-
able to limit the total intensity without impacting the kaon
intensity. As the latter is defined by the number of particles
identified by the CEDAR detector, the total intensity can be
reduced by collimating the parts of the beam that cannot be
tagged by the CEDAR without impacting the useful kaon
intensity. The effect of an additional collimator for this pur-
pose has therefore been studied. The proposed position of
this collimator is shown in Fig. 3.
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Figure 4: The intensity in 60 µrad relative to the full intensity
transmitted through the horizontal collimator for different
openings 𝑤 is shown in black. The error bars represent the
statistical error. In red, the of the horizontal divergence of
the beam is depicted. The error bars are based on variations
of the distributions widths for different simulations.

Fig. 4 shows the influence of this newly added collimator on
the beam intensity and divergence at the CEDAR location.
From Fig. 4, one can deduce that the intensity in 60 µrad rel-
ative to the full intensity through the collimator grows when
closing its opening 𝑤, meaning that one cuts beam particles
with large angles that would have not been identified by the
CEDAR. This is also underlined by the horizontal beam
divergence which gets reduced when closing the collimator.

Of course, further collimation would only be needed in case
the intensity needs to be reduced due to radiation-protection
limits. The proposed new collimator only works horizontally
and can clearly improve the beam divergence at the CEDAR
location. The effect of a vertical collimator has also been
investigated, but as the M2 line is a vertical beamline, there
are vertical bending magnets that introduce dispersion. Due
to this the gain in kaon acceptance by is small compared to
the intensity loss that comes from collimating the beam.

CONCLUSION
The current performance of the M2 beamline has been in-

vestigated in terms of optimising beam parameters at the loca-
tion of the particle identification system, to have a large, low-
divergence beam for efficient CEDAR tagging. By putting
the whole beamline under vacuum and modifying the beam
optics, one can gain a factor of 3 in the kaon rate that can
be tagged by the CEDAR compared to the current beamline
layout.
Due to the non-optimal particle identification limited by
the beam divergence, the COMPASS-collaboration devel-
oped an algorithm to use the tracking with the COMPASS-
spectrometer and gain information about the inclination an-
gle at the CEDAR-position by tracking it back to the accord-
ing location [12]. This is especially helpful in case of runs
with highest intensities. As in those cases the beam needs
to be collimated as little as possible, one has the possibility
to also identify particles outside of the CEDAR acceptance.
Future possibilities to improve the kaon rate compared to
the total rate include filtering out unwanted species from
the beam using a so-called RF separation technique [4, 5].
The limiting factor for this implementation is the cavity
size which impacts the overall kaon rate. To overcome this
problem, the number of protons on target would need to be
increased. However, as the quantity that matters the most
is the absolute number of kaons tagged by the CEDAR, op-
timisation of the beamline as demonstrated in this paper is
still preferable to a dedicated filtering system as long as the
filtering system itself is still limiting the total transmission.
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