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Abstract

This study investigates how target geometry and material influence pion and muon pro-
duction from an 8 GeV proton beam, in support of target-system design for a muon collider
demonstrator. A 2 m long, 0.7 m radius solenoid with a 5 T peak magnetic field is used
to capture secondary particles, with the target positioned at its center. We examine how
variations in target radius, length, and material affect secondary-beam yield and emittance
at the solenoid exit. In parallel, we evaluate temperature rise within the target to assess
material limitations and guide future work on thermal and structural survivability. The
results provide initial intuition for optimizing both particle yield and target durability in
muon collider front-end systems.

1 Introduction

Muon colliders offer a promising path forward in high-energy physics, but their feasibility relies
heavily on producing intense muon beams with high efficiency. Since muons originate from
pion decays, and pions are created when protons strike a fixed target, the design of that target
becomes a central component in maximizing secondary-particle yield. This work investigates
how variations in target geometry and material affect pion and muon production, as well as the
resulting beam quality, within a solenoidal capture system.

2 Challenges

2.1 FLUKA user-routines

Flair, the graphical user interface of FLUKA, provides built-in scoring cards for energy de-
position, fluence, current, etc... However, extracting more detailed particle information often
requires custom user routines. For this work, understanding the spatial distribution and mo-
mentum of particles exiting the target was essential. To achieve this, two user routines were
realized: mgdraw.f and fluscw.f. These routines rely on pre-defined FLUKA variables, so learn-
ing their structure and data flow was a key milestone in enabling advanced and customized
particle tracking beyond default scoring capabilities.

Moreover, user routines can be applied beyond particle tracking. They can also be used
to define custom magnetic field configurations or to build user-defined particle sources within a
simulation, using magfld.f and source.f, respectively.
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2.2 Magnetic field

Figure 1: Magnetic field configurations gen-
erated by two different methods, in which the
peak field is 5 T. (a) Field map obtained from
the axial field approximation. (b) Field map
generated with G4beamline.

Flair does not provide a straightforward way to
define a solenoidal magnetic field directly. To ad-
dress this limitation, two approaches were explored
to reproduce the solenoidal field: the first using an
axial magnetic field approximation, and the sec-
ond by generating a field map in G4beamline and
importing it into Flair.

For the first approach, magfld.f was developed
to implement the axial magnetic field approxima-
tion, derived from Biot-Savart, of a 5 T solenoidal
field, EQ. 1.
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Where L is the length of the solenoid, R is the
radius of the solenoid, and z and r are the axial
and radial positions.

Although this method provides a reasonable
estimate close to the beamline axis, its accuracy
decreases significantly away from the axis. More-
over, integrating the effects of adjacent magnetic
fields is challenging because the combined magnetic field approximation would need to be cal-
culated manually.

The second approach offers a more comprehensive and flexible solution. It involves gener-
ating a magnetic field map using G4beamline, which produces over 4,000 data points describing
the 5 T solenoidal field. A custom Python script was then developed to reformat this data
for compatibility with Flair’s MGNDATA card, which reads in field points manually. Because
FLUKA relies on strict Fortran-based input formatting, even minor spacing inconsistencies
can cause read failures, requiring careful attention to detail during data preparation. Utilizing
G4beamline has the advantage of automatically accounting for fringe fields in the magnetic con-
figuration, and it simplifies the inclusion of additional magnetic sources, as it directly computes
the resultant magnetic field distribution. FIG.1 shows the magnetic field maps produced by the
two methods.

3 Target Design

Target design is an optimization problem that involves geometry, material choice and the place-
ment of the target relative to the proton beam. The goal is to maximize the yield of pion
and muon while limiting damage and extending the target life span. This study focuses on
how changes in target radius, length, and material affect secondary beam yield and quality,
quantified through mechanical emittance. In addition, we examine the temperature rise in the
target to understand material limitations and identify potential failure thresholds. Temperature
changes are reported as ∆T (K) per bunch, assuming 1013 protons per bunch.
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The simulation setup consists of an 8 GeV proton beam striking a target positioned at
the center of a 2 m, 5 T solenoid, where the field is strongest and provides efficient capture of
high-transverse-momentum pions and muons. Each simulation uses 100,000 primary protons.
Results are presented in two parts: geometry and material.

3.1 Geometry

To study the effects of target radius and length on the secondary beam, a graphite target
was used for all simulations in this subsection. We first examine how changing the radius
influences secondary-beam production while keeping the length fixed at 40 cm, approximately
one interaction length in graphite. When comparing targets of different radii, the beam spot size
increases modestly as the radius grows. The corresponding emittance differences remain minor
and fall within the level of statistical variation expected from Monte Carlo–based simulations.
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Figure 2: Plots of π+µ+ count and their re-
spective beam emittances as produced by tar-
gets of different (a) radii and (b) lengths at the
end of the solenoid.

FIG.2a summarizes the total number of pi-
ons and muons detected at the end of the solenoid,
along with their emittances, for target radii rang-
ing from 0.3 to 2.1 cm. Because all simulations
were generated using the same random seed and
therefore the same sequence of primary particle
histories, the statistical uncertainties in the differ-
ent runs are strongly correlated rather than inde-
pendent. Overall, the emittance tends to remain
fairly constant as the radius of the target increases.

Next, we explore how varying the target
length affects secondary-beam yield and quality,
keeping the radius fixed at 0.3 cm. Comparing tar-
gets with lengths of 39 cm and 78 cm shows that
the shorter target produces a smaller beam spot
size, while the longer target yields a more centrally
concentrated phase-space distribution, resulting in
a slightly lower emittance. The summary of pion
and muon yields and their emittances is presented
in FIG.2b. As before, the uncertainties are corre-
lated.

The temperature rise results are shown in the
2D plots of FIG.3a for targets with radii of 0.3,
0.6, and 0.9 cm. At first glance, the temperature
changes in regions close to the beam path appear
nearly identical and indeed they are, as confirmed
by the 2D plot in FIG.3a. Differences only emerge

farther from the beam trajectory. This behavior arises because FLUKA is a Monte Carlo
particle-transport code, it accurately models particle interactions with matter, but does not
simulate fluid or thermodynamic effects. Dedicated thermal–fluid solvers such as ANSYS will be
needed to capture these processes in future work. Nevertheless, FLUKA provides a reasonable
upper bound on the temperature rise, typically somewhat higher than what would occur in
reality.

FIG.3b shows a similar pattern for the length variation study. The temperature rise near
the beam entry region is essentially the same across all targets. As a sanity check, comparing
the maximum temperature increases at the entry point and at 20 cm downstream (FIG.3b)
shows very similar values, consistent with the explanation above.
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Figure 3: Temperature rise plots of targets with different (a) radii and (b) lengths

3.2 Material

Targets made from six different materials were individually simulated to study how each material
affects secondary beam yield, emittance, and temperature rise. All targets were modeled with
a radius of 0.3 cm and a length corresponding to two interaction lengths of their respective
materials. One of the first observations from these simulations is that the spot sizes of the
pion beams at the end of the solenoid are nearly identical across all materials, and the same
similarity appears in the phase-space distributions.

Figure 4: Temperature rise plots of targets with different materials
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Figure 5: Temperature rise plots of targets
made of different materials

FIG.4 highlights the differences in pion and
muon yields, as well as the emittances, for the var-
ious target materials. Although the variations in
emittance are not large enough to be considered
significant, Inconel shows a noticeably higher pion
and muon yield with a relatively low emittance
compared to the other materials.

In contrast, the temperature-rise results in
FIG.5 tell a different story. Beryllium exhibits
the smallest temperature increase along the beam
path. This is expected as Beryllium is the least
dense material in the set, so it experiences fewer
proton–proton interactions, leading to a smaller
energy deposition and therefore the lowest tem-
perature rise among the materials studied.

4 Conclusion

The studies presented in this work offer a first look at how target geometry and material choice
influence secondary-beam production for a muon-collider demonstrator. By varying the radius
and length of graphite targets, we found that changes in beam spot size, time distribution,
and emittance are generally modest and often within the statistical fluctuations expected from
Monte Carlo simulations. However, these trends still provide useful intuition: smaller radii and
shorter targets tend to produce more compact beams, while longer targets can slightly improve
phase-space concentration at the cost of broader time structures.

Material studies revealed that, for the same interaction lengths of the target, secondary
particle beam emittance is the same. However, noting that for higher-Z targets, such as tung-
sten, there is significantly more neutron production. Inconel stands out as a strong performer for
both pion and muon production, while Beryllium consistently shows the smallest temperature
rise due to its low density.

Overall, these simulations help establish a foundation for understanding how different
design parameters impact both beam quality and target durability. While FLUKA provides
valuable insight into particle interactions and an upper bound on temperature rise, future
work incorporating dedicated thermal and structural simulations will be crucial for identifying
realistic operating limits and guiding the development of a robust target for a muon collider
demonstrator.
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