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Abstract

This study uses FLUKA simulations to investigate pion
production from proton interactions with a graphite target
for muon collider applications. A 40cm target is struck
with 0.8 GeV and 8 GeV/c proton beams, and pion yields
are evaluated in terms of angular and energy distributions.
The dependence of pion yield on target length is also exam-
ined, showing saturation near one interaction length for the
0.8 GeV beam, and saturation near two interaction lengths
for the 8 GeV/c beam. In addition to total production, a
subset of “acceptable” pions is defined based on capture
constraints (kinetic energy <400 MeV, forward-going, and
escaping the target). The results show that while the 8 GeV/c
beam produces higher overall yields, the 0.8 GeV beam pro-
vides a larger fraction of pions within the desired constraints.
Charge asymmetry is also observed in pion production.

INTRODUCTION

The development of a future muon collider represents a
promising path toward probing physics at the energy frontier.
A central challenge in realizing such a facility lies in the
efficient production of high-intensity muon beams. Since
muons are obtained from the decay of charged pions 7* —
u* + v, optimizing pion production at the target station is a
critical component of the collider design.

A demonstrator of a muon production system from target
to final cooling is needed to make a convincing case for com-
mitting to build a muon collider. We investigate the design
challenges and site specific optimization of the target system
for a demonstrator at FNAL. Pion production is governed by
the interaction of a high-energy proton beam with a dense
target material, typically via inelastic proton—nucleus colli-
sions. The resulting pion yield depends on several competing
factors, including the incident proton beam energy, target
material, and geometric parameters such as target length
and radius. In addition to total yield, analyzing the energy
spectrum and angular distribution of pions plays a crucial
role in determining downstream design and efficiency of the
capture and transport system.

A key consideration in target optimization is the proton
beam energy. Higher energies increase the inelastic pro-
ton—nucleus cross section, producing higher pion multiplic-
ities with a stronger forward boost, improving capture ef-
ficiency. Beam energies around 8 GeV are therefore com-
monly used as a reference for both demonstrator and collider-
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scale studies [1], and are broadly comparable to the 5 GeV-
10 GeV proton driver scenarios considered in the Muon Col-
lider 2026 European Strategy update [2].

Lower-energy beams, however, are particularly relevant
for a muon ionization cooling demonstrator. Proton energies
near 0.8 GeV, such as those foreseen in [3], are not intended
for a collider but offer a practical and cost-effective option
for a near-term demonstrator [1]. Leveraging existing or
planned high-intensity proton infrastructure at Fermilab [4]
could further reduce the need for a dedicated high-energy
driver.

In this work, we compare pion production from 0.8 GeV
and 8GeV/c proton beams on candidate targets using
FLUKA simulations [5-7]. The 8 GeV/c case represents
both demonstrator and collider scenarios, while 0.8 GeV is
primarily motivated by demonstrator studies. We evaluate
total pion yields and the kinematic distributions relevant
for capture, assessing whether lower-energy, high-intensity
beams can provide a viable front-end for a muon collider
demonstrator.

SIMULATION SETUP

The simulation geometry consists of a graphite target
aligned along the beam axis, with a length of 40 cm (approx-
imately one interaction length) and a radius of 0.15 cm. The
small radius is chosen to reduce reabsorption and secondary
interactions of produced pions, thereby enhancing the ob-
servable pion yield. A proton beam of 100,000 primaries is
initialized 20 cm upstream of the target in vacuum.

The proton beam is modeled using the default FLUKA
beam definition as a pencil beam with zero transverse extent.
Beam size effects are not considered in this study, which
focuses on characterizing pion production within the tar-
get for different proton beam energies. Contributions from
secondary hadrons such as kaons are not explicitly sepa-
rated. No magnetic field is included in order to isolate pion
production and hadronic interactions within the target from
magnetic capture and transport effects. The inclusion of
realistic magnetic field configurations will be considered in
future studies.

A comparison is made between pions produced within
the target and those that escape it. A custom user routine
was developed to record pion information at creation and
at target—vacuum boundary crossing. This enables a direct
comparison between production and escaping pion distribu-
tions, providing insight into the effects of pion reabsorption
on the final pion yield and kinematic distributions.



PION SELECTION CRITERIA

In a muon collider, a proton beam strikes a target to pro-
duce secondary pions, which decay into muons. While pion
production spans a wide range of energies and angles, the
downstream solenoidal capture system can only efficiently
accept a limited range, constrained by the magnetic field and
aperture.

Design studies indicate that pion capture is most effec-
tive for energies below 400 MeV. These considerations are
consistent with the International Muon Collider Collabora-
tion (IMCC [8]) front-end design, which targets low-energy
pions.

Hence, the selection criteria used in this study are:

* pions that escape the target,

* pion kinetic energy < 400 MeV,

* forward-going pions, defined by cos 8, > 0.

These cuts select pions most relevant for efficient capture,
and both positive and negative yields are evaluated to assess
charge symmetry.

DEPENDENCE OF PION YIELD ON
TARGET LENGTH

Before examining the detailed phase space distributions
of produced pions, it is instructive to first understand how
the overall yield scales with target length. Figure 1 shows
the evolution of total and accepted pion production as a func-
tion of graphite target length for both 0.8 GeV and 8 GeV/c
proton beams. In general, we expect pion production to level
off after approximately one interaction length of graphite
(around 40 cm), where the primary proton beam has largely
undergone its first inelastic interactions.
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Figure 1: Number of & yields per proton for different target
lengths of 0.8 GeV (top) and 8 GeV/c (bottom) proton beams
incident on a graphite target.

This expectation holds for the 0.8 GeV beam, where the
yield clearly saturates near this length. In contrast, for the
8 GeV/c beam, pion production continues to increase be-
yond one interaction length. This is driven by higher-energy
secondary particles that retain sufficient energy to undergo
further interactions with carbon nuclei, producing additional
pions and extending the cascade.

These results motivate the choice of a 40 cm target for the
detailed analysis that follows.

PION YIELD CHARACTERIZATION

Building on the previous sections, where the simulation
framework and target configuration were established, we now
turn to a quantitative characterization of pion production
in a 40 cm long graphite target struck by proton beams of
0.8 GeV and 8 GeV/c. The goal is not only to compare total
pion yields, but also to identify the subset of pions that are
relevant for downstream capture and transport in a muon
collider front-end system.

Angular Distributions

The angular distributions in Fig. 2 reveal a strong forward
bias in pion production for both beam energies. This ef-
fect is significantly more pronounced for the 8 GeV/c beam,
where pion production is heavily peaked near cos 6, ~ 1.
In contrast, the 0.8 GeV beam produces a broader angular
spread, with a comparatively larger fraction of pions at lower
cos 8,. However, after applying the acceptance criteria, both
cases show a substantial reduction in yield, particularly at
large angles, reinforcing the importance of forward-focused
production for efficient capture.

Energy Distributions

The pion kinetic energy spectra in Fig. 3 further highlight
the differences between the two beam energies. The 0.8 GeV
beam produces pions predominantly in the low-energy re-
gion, with a significant fraction naturally lying below the
400 MeV threshold. As aresult, arelatively larger proportion
of produced pions satisfy the energy acceptance criterion.

On the other hand, the 8 GeV/c beam generates a much
broader energy spectrum extending to several GeV. While the
total pion yield is considerably higher, only a small fraction
falls below the 400 MeV range relevant for capture. This
demonstrates a key trade-off: higher beam energy increases
total production but reduces the fraction of usable pions
within the desired kinematic region.

One important feature seen in both Fig. 2 and Fig. 3 is
the asymmetry between n* and 7~ production, which is
more pronounced at 0.8 GeV. In this regime, single-pion
production processes dominate, favoring 7*. In contrast, at
8 GeV/c, multi-pion production becomes dominant, leading
to a more balanced yield of 7% and 7.

Angular-Energy Correlations

The angular—energy distributions give insight into the
phase-space structure of pions passing the selection. For the
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Figure 2: Angular distributions for pions produced by
0.8 GeV (top) and 8 GeV/c (bottom) proton beams incident
on a graphite target. Note that the top panel is shown on a
linear y-scale, while the bottom panel is shown on a logarith-
mic y-scale. The bin size for both plots is A(cos 8,) = 0.05.
The y-axes are normalized to N /proton.
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Figure 3: Energy distributions for pions produced by
0.8 GeV (top) and 8 GeV/c (bottom) proton beams incident
on a graphite target. Note that the top panel is shown on a
linear y-scale, while the bottom panel is shown on a logarith-
mic y-scale. The bin size for the top plot is 0.01 GeV and
for the bottom plot is 0.1 GeV. The y-axes are normalized
to N /proton.

0.8 GeV beam (Fig. 4), pions are mainly concentrated at low
energies and span a broad angular range, with the majority
propagating in the forward direction.
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Figure 4: Angular-Energy distributions for pions produced
by 0.8 GeV proton beam incident on a graphite target. The
colorbar is normalized to N /proton.

In contrast, the 8 GeV/c beam, Fig. 5, exhibits a strong
concentration of pions at high cos 8., with a clear correla-
tion between forward emission and higher energies. The
acceptable pion population is confined to a narrow band at
low energies and near-forward angles, indicating that only
a small, well-defined region of the produced phase space
contributes to potentially usable yield.
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Figure 5: Angular-Energy distributions for pions produced
by 8 GeV/c proton beam incident on a graphite target. The
colorbar is normalized to N /proton.

CONCLUSION

These results show that optimization of a target system
for a muon collider depends not only on pion yield, but also
on beam intensity and downstream acceptance. Although
higher-energy proton beams produce more pions per interac-
tion, Fermilab can provide roughly two orders of magnitude
more 0.8 GeV protons than 8 GeV/c protons. Consequently,
the lower-energy beam can produce a larger overall yield of
useful positive pions at lower operational cost, despite its
lower per-event production rate.

Since the primary goal of the demonstrator is to validate
ionization cooling, only 7*-derived muons will be consid-
ered for the demonstrator. In addition, previous studies on
the influence of target geometry on pion and muon produc-
tion [9] further emphasize the importance of jointly optimiz-
ing beam and target parameters for the demonstrator.
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