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A B S T R A C T

In order to have highly flexible secondary beamlines collimation is crucial. Collimators are blocks of material
placed along the beamline that let the main beam pass within the collimator aperture limits, while most of the
particles beyond it interact in the material and gets absorbed or loses enough energy to be deflected away from
the beam core by the magnets placed downstream. Some particles can interact at the edge of the collimators
and be accepted within the main beam, creating background for the experiments downstream. The thickness
of the layer contributing to this potential background is called Skin Depth. It depends on the material of the
collimator, on the beam momentum as well as the acceptance of the beamline in terms of momentum band and
divergence. This article presents the first studies with GEANT4 and FLUKA based simulations on the effects of
such interactions at the CERN secondary beamlines.
1. Introduction

The CERN secondary beamlines in the North [1] and the East
Area [2] are designed to deliver beams of secondary and tertiary
particles as well as attenuated primary protons and ions from the SPS
and PS accelerators, see Fig. 1. The experimental areas of the SPS
North Area comprises two surface halls, EHN1 and EHN2, as well as
an underground cavern, ECN3. The beamlines deliver secondary and
tertiary beams of hadrons, electrons and muons in the energy range
< 360 GeV/c at a maximum flux of 107–108 particles/spill to these
areas. Primary beams are attenuated to similar intensities in the surface
halls as well. The East Area delivers beams of mixed as well as pure
hadrons, electrons and muons in the momentum range < 15 GeV/c at a
maximum flux of 5 × 106 particles/spill. In order to provide flexibility
in momentum spread, beam flux, beam spot size and beam divergence,
depending on the requirements of the downstream experiments, each
beamline is equipped with a collimation system whose aperture settings
can be modified.

Secondary beamline collimators are made of heavy materials with
a high stopping power that are used to either define the acceptance
or momentum of the beam or as a ‘‘cleaning collimators’’ to absorb
the secondary particles that escape the acceptance collimator placed
upstream. These collimators can have adjustable apertures in either
one or two planes, respectively, and come also in a version with fixed
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aperture. The main beam passes within the aperture limits while the
particles beyond its acceptance interact in the material. The collimator
lengths range between 5–10 𝜆, where 𝜆 is the nuclear interaction length
of the material. In hadronic cascades the length scale is a nuclear
interaction length, 𝜆, while in electromagnetic showers it is a radiation
length, 𝑋0 [4]. If the particles interact close to the edge of the colli-
mator, lose a small amount of energy and still are accepted within the
main beam, they contribute to tails in the transverse beam distribution
and lead to potential backgrounds for the downstream experiments.
The mean depth of the collimator material that is responsible for
such effects will be referred to as the ‘‘Skin Depth’’ (please see the
following section for a more detailed definition). As these effects play
an important role in the design of the collimation system in a beamline,
the skin depth for different materials was studied for charged and
neutral particle beams at different incident momenta and for different
beam acceptance. The impact of the alignment of the collimators on the
‘‘Skin Depth’’ calculation was not taken into account for these studies
which aims to give a first estimation of this parameter for the secondary
beamlines at CERN.

For these studies, straight jaw collimators have been considered,
which are composed of one material only, i.e. no coating has been
taken into account. The studies have been carried out with the help
of FLUKA [5–7] and GEANT4 [8]. In this paper a brief overview of the
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Fig. 1. CERN accelerator complex including the North and East Areas highlighted in red [3]. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
collimation design principles for secondary beamlines is followed by
the details of the simulation. The results and estimation for the skin
depth are also presented in this paper.

2. Collimation at secondary beamlines

Primary protons impinging on a primary target produce secondary
particles, while a fraction escapes from the target without inelastic or
quasi-elastic interactions. The majority of the particles emerging from
the target are not useful for experiments and must be stopped as soon
as possible, while the rest are transported through the downstream
beamline. In the North Area, for example, the primary protons have
a momentum of 400 GeV/c and several 1012 or up to more than 1013
of them impinge on each of the primary targets per extraction. In
most cases only a few 108 or less are finally selected. Therefore, a
large share of the energy contained in the beam is deposited on the
primary TAX dump-collimator (Target Attenuator eXperimental areas).
This collimator is placed right after the target following a dipole magnet
or at a production angle to allow the passage of the selected beam.
This beam is then transported along the secondary beamlines through
a series of collimators to the experiments downstream.

Materials used in the secondary beamline collimators vary accord-
ing to applications. For example, tungsten has a nuclear interaction
length of approximately 10 cm and therefore has a high stopping
power. This combined with some thermodynamical properties, like a
high melting point, makes it a suitable material for the collimator jaws
along the apertures. The bulk materials are usually steel or copper.
Materials commonly used are listed in Table 1. Some general design
considerations for the collimation systems of charged and neutral par-
ticle beamlines are presented in the following sections, along with some
examples from the CERN North Area [9].

2.1. Charged particle beam collimation

When a collimator is placed in a charged particle beam, the beam
core is accepted within the aperture limits, however the rest of the
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Table 1
Materials commonly used for collimation at the CERN secondary beamlines with their
respective values of nuclear interaction length, radiation length, density and stopping
power [10]. The iron and tungsten used, however, are alloys with a small percentage
of light materials and the values correspond to that.

Material 𝜆𝐼 (cm) 𝑋0 (cm) 𝜌 (g/cm3) 𝑑𝐸
𝑑𝑥

(MeV/cm)

Be 42.1 35.2 1.8 2.9
Al 39.7 8.9 2.7 5.4
Fe 18.3 1.9 7.2 11.4
Cu 15.3 1.4 8.9 12.6
Pb 17.6 0.6 11.4 12.7
W 10.7 0.4 18.0 22.1

particles will interact in the collimator material and produce sec-
ondary particles which are either absorbed in the material or escape
the collimator following further interactions. Most of these secondary
particles escaping from the collimator have low energy and can cause
significant background for the experiments if not mitigated properly.
Some of these interactions also produce neutral hadrons and photons
which are harder to suppress. In order to deal with lower energy
charged particles, the collimators are normally followed by a number
of additional cleaning collimators as well as magnets, i.e. dipoles or
quadrupoles. These magnets, if tuned according to the nominal beam
momentum, will sweep the lower energy charged debris away from
the downstream experiment. However, muons are minimally affected
by the normal collimators. Indeed the typical dE/dx for muons in
iron is about 1.5 GeV/m. Therefore, for muons magnetised collimators
with toroidal field are used. These collimators, called Scrapers, help
to deflect away the muons passing through the yoke without affecting
the beam core. In order to give an additional kick and sweep these
muons away from the beam core, the Scrapers are complemented with
more massive toroids called Magnetised Iron Blocks (MIBs). All these
magnetic sweeping requires a long lever arm. Therefore, as a general
rule it is important to implement strong collimation as early as possible
in the beamline.
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Fig. 2. Profile of the jaws of Collimator 3 of the K12 beamline with copper shim plates.
The standard collimators in secondary beamlines at CERN are typ-
ically about 1 m long, much shorter than typical focal distances in
charged particle beamlines at high energies. Therefore, collimator jaws
are normally flat blocks. However, if a collimator is known to always
have a very small aperture and if it is located in a very sharp focus,
it may be of interest to shape the collimator jaws accordingly. An
example of such a case for a charged beam is Collimator 3 in the K12
beamline for the NA62 experiment [11], which has a nominal aperture
of ±1.2mm with tapered jaws before and after a flat section, as shown
in Fig. 2, including copper shim plates.

2.2. Neutral particle beam collimation

As for charged particle beams, in neutral particle beamlines all
collimators must be followed by sweeping dipoles, as interactions of
neutral particles (hadrons or photons) will produce charged interaction
products. In general, charged particle transport has to be suppressed
further down a neutral particle beamline, so the magnets should be as
strong as reasonably achievable, while ensuring that they have a com-
fortably larger aperture than the neutral beam core. The more upstream
the charged particles can be swept away the better, in particular pions
and kaons, which can decay into muons pointing to the experiment and
which are hard to suppress. However, neutral particle beam collima-
tion is more delicate than charged particle beam collimation. Neutral
hadrons impinging on a collimator will be more likely to undergo
strong nuclear interactions inside the material and their interaction
products, charged or neutral, may leave the collimator jaw with wide
angular and momentum spreads. Charged particles can be swept away
magnetically, but neutrals cannot. Mitigation is then only achievable
by means of multiple collimation stages, each in turn affected by the
skin depth of the collimators used, ideally with sweeping magnets at
each collimation stage.

2.3. Skin depth

In addition to the part of the beam that interacts with the bulk
of the collimator material and loses significant energy and can be
swept away with the dipole magnets, there may also be particles that
interact very close to the collimator edge and lose a small amount
of energy. These can remain within the beam core depending on the
momentum acceptance of the beamline. This is characterised by the
impact parameter called ‘‘Skin Depth’’. It is the mean thickness of the
layer at the collimator edge at which the beam impacts, loses a small
amount of energy and then scatters back into the collimator aperture to
be accepted within the main beam and cause potential background. The
distribution of the initial impact position of such particles that finally
emerge from the collimator edge and are accepted within the beam core
follows an exponential function, 𝛼𝑒−𝛼𝑥, where 𝛼 is the decay parameter.
The skin depth (𝛿𝑠) is calculated from this distribution with a cut at
90% of the population as:

𝛿𝑠 =
𝑙𝑛(10)

≈ 2.3 (1)
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𝛼 𝛼
The factor 𝑙𝑛(10) comes from a cut accepting 90% of the distribution.
For a given skin depth of value 𝛿𝑠 and a collimator with aperture of
size 𝑎, the effective aperture of the collimator, considering skin depth
corrections, will be 𝑎 + 𝛿𝑠. It is important to take this into account to
mitigate scattering products from the collimators creating backgrounds
and tails for the experiment.

In order to characterise the skin depth for different materials, inci-
dent momenta, and acceptance, GEANT4 and FLUKA based simulations
have been performed. Details and results are presented in the following
section.

3. Skin depth estimations for charged and neutral particle beam

The geometry description of the FLUKA and GEANT4 models cre-
ated for these skin depth studies is based on a simple block that
represents a single collimator jaw. The block spans 80 cm in X and
Y and has a length of 1 m in Z. It spans the plane 0 cm≤X≤80 cm, -
40 cm≤Y≤40 cm and -50 cm≤Z≤50 cm. The incident beam has a flat
spatial distribution of 0–8 mm in X with zero spread in Y which is
sufficient to estimate the skin depth values in the order of a few
hundred microns corresponding to one plane (X). The angular spread is
set to 𝜎𝑋′

0
= 5 mrad and 𝜎𝑌 ′

0
= 0 mrad to include the maximum angular

acceptance of most CERN Secondary beamlines. The model is shown
in Fig. 3 in the GEANT4 visualiser for an example of five incident 𝜋+

particles following the above distribution and interacting in the colli-
mator jaw. The particle tracks are identified by colour as shown in the
table enclosed in the figure. The skin depth is calculated for different
incident momenta, 𝑝0, where the chosen values are representative of
the CERN North Area. The number of events simulated in both GEANT4
and FLUKA is 106.

The version of GEANT4 used for the simulation is GEANT4.10.06
using the complete 𝐹𝑇𝐹𝑃 _𝐵𝐸𝑅𝑇 physics lists. It uses the Fritiof string
model and the Bertini cascade model. The Fritiof (FTF) model as-
sumes that one or two unstable objects — quark-gluon QCD-strings,
are produced in elementary interactions. It propagates the interac-
tions assuming that these objects can interact with other nucleons in
hadron–nucleus and nucleus–nucleus collisions, and can increase their
masses [12]. The Bertini (BERT) model is used for parametrisation of
the intranuclear cascade of hadrons and nucleons produced through a
series of interactions within the nucleus [13].

The FLUKA version used is 4-0.1 with FLAIR 3.1-2 with a DE-
FAULTS card set to PRECISIO (an option that includes more detailed
electromagnetic and hadronic processes leading to a higher precision),
without further cuts and using the standard FLUKA physics list. The
standard FLUKA physics list distinguishes among three main hadronic
interaction types: hadron-nuclear inelastic interaction, elastic scattering
and nucleus–nucleus interaction. Quasi-elastic processes are a minor
share of processes and are not discussed here, for more detail on these
see [14]. The hadron-nuclear uses at momenta below 3–5 GeV/c a pack-
age that includes a very detailed Generalised Intra-Nuclear Cascade
and a pre-equilibrium stage [15], while at high energies it exploits the
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Fig. 3. Visualisation from the GEANT4 model for the collimation studies showing five incident 𝜋+ particles interacting in the collimator jaw. The particles in the shower are
identified by colour as described in the table inserted in the figure.
Fig. 4. Distribution of the angle (mrad) vs momentum (GeV/c) for the charged particles that interact at the edge of the 1 m long tungsten collimator and that are accepted within
the aperture limits for a 100 GeV/c incident 𝜋+ beam from GEANT4 (left) and FLUKA (right).
Fig. 5. The distribution of the impact point of the 100 GeV/c 𝜋+ particle for events
where a charged particle scatters off the collimator material and is accepted within the
aperture limits for a 1 m long tungsten collimator from GEANT4 and FLUKA.

Gribov–Glauber multiple collision mechanism [16]. For elastic scatter-
ing FLUKA uses a series of parameterised and tabulated interactions.
Finally for nucleon–nucleon interaction above 5 GeV per nucleon it uses
DPMJET-II or DPMJET-III [17], between 0.1 and 5 GeV the modified
Relativistic Quantum Molecular Dynamics [18] and below 0.1 GeV the
Boltzmann Master Equation [19]. The results from the different runs in
the two simulation packages are summarised below.
79
Fig. 6. Skin Depth as a function of the angle cut for 𝛥𝑝∕𝑝 < 2% and 𝛥𝑝∕𝑝 < 1% from
GEANT4 for a tungsten collimator.

3.1. Charged particle beam

To estimate the skin depth relevant for charged particle beamlines a
𝜋+ beam was simulated following the aforementioned distributions. All
charged particles that leave the collimator block before the end of the
1 m and reach the X<0 m region are scored. The distribution of these
outgoing particles for a 100 GeV/c 𝜋+ beam incident on a 1 m tungsten
block in the 𝑋′ vs momentum space is presented in Fig. 4 from GEANT4
and FLUKA respectively.

The outgoing beam has a low energy tail which can potentially
create background for the downstream experiments. The distribution
of the initial impact points of the primary 𝜋+ beam on the collima-
tor for the events with such outgoing particles is shown in Fig. 5.



Nuclear Inst. and Methods in Physics Research, B 512 (2022) 76–82G.L. D’Alessandro et al.

F
s
a
a
t
a

Fig. 7. Skin Depth calculated for different momenta using a cut of 𝛥𝑝∕𝑝 < 2% and an angular cut of 2 mrad in X’ and Y’ from GEANT4 (left) and FLUKA (right) for a tungsten
collimator.
Fig. 8. Distribution showing the angle (mrad) vs momentum (GeV/c) for the neutral particles that interact at the edge of the collimator for a 1 m long Tungsten block and are
accepted within the aperture limits for a 100 GeV/c incident K𝐿 beam from GEANT4 (left) and FLUKA (right).
Fig. 9. Distribution of impact point for 50 GeV/c and 150 GeV/c incident momenta K𝐿 beam, for events where scattered neutral particles are accepted within the aperture limits
for two angular cuts of 1 mrad and 2 mrad from GEANT4 (left) and FLUKA (right).
The distributions from the two software packages are in very good
agreement. However, not all of these particles interacting with the
collimator material and accepted within the aperture will be trans-
ported through the rest of the beamline. The downstream bending
magnets will sweep away the lower energy tails. The resulting skin
depth, therefore, depends on the acceptance used for the cuts. This was
estimated from the slope 𝛼 of the exponential distribution as shown in
ig. 5, after applying the acceptance cuts, according to Eq. (1). Fig. 6
hows the calculated skin-depth for a 100 GeV/c incident pion beam on
1 m tungsten block as a function of different angular and momentum

cceptance cuts. As seen, the skin depth is more sensitive to the angular
han the momentum cut, as expected at these energies. Following this

reasonable cut on the momentum of 𝛥𝑝∕𝑝 < 2% and divergence
within 2 mrad was set on the outgoing particles to also estimate the
Skin Depth of the materials for the different incident momenta. Fig. 7
shows the Skin Depth as a function of the incident momenta for a
tungsten collimator. As seen the skin depth is directly correlated with
the incident momenta for the lower momentum values but the effect
reduces and the skin depth plateaus for momenta greater than about
100 GeV/c.

The Skin Depth values were also calculated for different materials
using a 100 GeV/c 𝜋+ beam and the aforementioned cuts. These results
are summarised in Table 2.
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Table 2
Skin Depth for a 100 GeV/c incident 𝜋+ beam for different materials calculated in
FLUKA and GEANT4.

Material 𝐺𝐸𝐴𝑁𝑇 4 (μm) 𝐹𝐿𝑈𝐾𝐴 (μm)

Be 1106 ± 16 1092 ± 16
Al 1005 ± 15 964 ± 17
Fe 598 ± 16 616 ± 16
Cu 575 ± 14 508 ± 14
Pb 577 ± 15 556 ± 16
W 322 ± 11 306 ± 10

In this case the skin depth is strongly correlated with the nuclear
interaction length of the material as expected, with the values being
larger for larger nuclear interaction lengths.

3.2. Neutral particle beam

For the neutral particle beam estimations, a 100 GeV/c K𝐿 beam
was simulated with the same distribution and geometry as for the
charged particle beam. The charged interaction products were ignored
for the studies, as they would be removed by magnetic sweeping [20].
Fig. 8 shows the distribution of angle versus momentum of the neutral
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Fig. 10. Skin Depth for K𝐿 beam incident on a 1 m long tungsten block at various momenta for an angular cut of 1 mrad from GEANT4 (left) and FLUKA (right).
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Table 3
Skin Depth for 100 GeV/c K𝐿 beam for different materials calculated in GEANT4 and
FLUKA.

Material 𝐺𝐸𝐴𝑁𝑇 4 (μm) 𝐹𝐿𝑈𝐾𝐴 (μm)

Be 565 ± 19 565 ± 18
Al 575 ± 20 550 ± 21
Fe 331 ± 22 351 ± 21
Cu 248 ± 19 287 ± 17
Pb 225 ± 18 310 ± 16
W 138 ± 12 180 ± 10

particles leaving a 1 m tungsten collimator in the 𝑋 <0 region, for
GEANT4 and FLUKA, respectively.

Since the neutral particles are not affected by the bending magnets,
a momentum cut is not reasonable in this case. Only an angular cut was
therefore used to estimate the Skin Depth for different materials for a
neutral beam. Fig. 9 shows the distribution of the impact point for the
events where the incident beam is accepted within the aperture limits
of the collimators after interaction, for two different incident momenta
(50 and 150 GeV/c) and angular cuts (1 mrad and 2 mrad). As seen
from both software the dependence of the distribution is stronger on
the angular cut than the incident momentum. The distribution differs
considerably between the two angular cuts for the same incident mo-
mentum, e.g., 1 mrad and 2 mrad for a 150 GeV/c incident momentum,
but is almost identical for the different incident momenta and same
angular cut.

In a next step the Skin Depth value was checked as a function of
the incident momenta for an angular cut of 1 mrad as shown in Fig. 10,
which also does not show strong dependence on the incident momenta
for the range of values studied.

In addition we calculated the Skin Depth for the different materials.
Table 3 shows the values for some commonly used materials for a
100 GeV/c incident K𝐿 beam and an angular cut of 1 mrad for the
accepted particles.

3.3. Applications of skin depth studies

Some studies on skin depth were developed for the collimation
system of the NA48 experiment in the past. These studies helped in the
design and development of this beamline that made use of a 𝐾𝐿s beam
nd a collimation system based on momentum defining, acceptance
nd cleaning collimators [21]. The positions of these were calculated
recisely using the skin depth as explained before. An experiment using
𝐾𝐿 beam is currently being investigated within the Physics Beyond
olliders (PBC) studies at CERN [22] called KLEVER [20]. It aims to use
𝐾𝐿 beam as well and for this experiment the characterisation of the

kin Depth to design the collimation system is once again fundamental
or a successful run. In particular, to select the material that would best
uit the collimation needs of the experiment knowing the value of the
81

kin depth parameter is crucial.
4. Conclusion

This paper summarises the effect of the interaction of secondary
beams in the collimation system and the impact parameter "Skin Depth"
for different incident momenta and materials. First detailed simulation
studies have been performed for charged and neutral particle beams
at the CERN North Area to estimate this parameter in order to miti-
gate the background from the scattered products for the downstream
experiments. It has been shown that skin depth is directly correlated
with the nuclear interaction length of the material for both neutral
and charged particles. Skin depth does not depend strongly on the
initial beam momentum for 𝑃0 > 100 GeV/c but varies considerably
with the beamline acceptance, e.g., the momentum and angular cuts.
These considerations are fundamental for precise beamline design for
the secondary beams as is currently being done for KLEVER. These
studies are also useful for material activation studies, topic of particular
interest for high-energy proton accelerators. Although some studies on
this impact parameter and beam collimation have already been done in
the past, e.g., for NA48 as well as in the context of colliders [23,24], no
exhaustive studies have been developed before for secondary beamlines
with a precise definition of skin depth. Simulations presented in this ar-
ticle show a good agreement between GEANT4 and FLUKA providing a
useful input for future design of collimators in the CERN East and North
Area and can be extended to other beams that use a similar energy
range. Further investigations on the effects of collimator misalignment
on the skin depth values are being carried out and will be presented in
future.
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