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A new scheme to produce muon beams characterised by very low emittance, in such a way to
avoid the need for cooling, using a positron beam of about 45 GeV interacting on electrons on
target is being studied by our group. This scheme is challenging and innovative, and needs a
full design study to be developed. In particular, one of the novel topics to be investigated is
the interaction between the positron beam stored in a low emittance ring with a thin target, to be
inserted directly in the ring chamber to produce muons. Produced muons will then be immediately
collected at the exit of the target and transported to two µ+ and µ− accumulator rings. In this
paper, after having highlighted the rational in designing a muon collider, we descrive in detail
this new muon production scheme, discussing the simulation of the e+ beam interacting with the
target, its degradation in the 6-D phase space and the optimisation of the e+ ring design mainly to
maximise the energy acceptance.
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1. Introduction

Even if the idea of building a muon collider is not new at all, the first proposals date back
to several decades ago, this hypothetical machine is gaining more and more interest today as a
possible new generation of experiment, able to overtake the main limitations of actual colliders,
and in particular of LHC. Even if the Large Hadron Collider has yet to deliver numerous years of
data, due to the great effort needed to conceive and build such frontier machines it is already now
the time to study how to carry on the research on fundamental particle physics in the next years.

In this context, design studies are now ongoing on a Future Circular Collider, to be build at
CERN, with a circumference of about 100km and unprecedented energies and luminosities for both
hadron and lepton cases. However, even with respect to such huge and powerful machines, a muon
collider would still retain some advantages that make it worth studying.

The majority of these advantages comes from the use of muons itself. In fact, being 200 times
heavier than electrons, a beam of muons will suffer much less of Synchrotron Radiation emission,
that is the limit of circular e+ e− colliders, giving the possibility to reach much higher energies.
Moreover, the lack of light emission also allows to obtain much smaller energy spread of the beam,
resulting in a much higher energy resolution.

The advantages, however, are not only related to the accelerator, but also to the physics itself.
In fact, focusing for example on the Higgs boson, we know that its coupling goes with m2, meaning
that we expect a much higher production of Higgs boson at a muon collider.

In spite of these advantages there are also some critical points that have hindered so far the
design of a muon collider. First of all, muons decay in few µs. That means that the whole chain,
from generation to acceleration up to the interaction, must be performed very quickly. Moreover,
the traditional muon production scheme leads inevitably to large emittance beams. In fact, muons
are conventionally produced by colliding protons on target, and then exploiting the π/k decays.
Muons are thus produced with a variety of angles and energies, implying the necessity of beam
cooling to lower the emittance of the beam.

In this paper, we describe a new scheme to produce muon beams characterised by intrinsic low
emittance, in such a way to avoid the need for cooling.

2. Direct muon production

In this novel scheme, a primary beam of positrons interacts with a fixed target, the positron
beam having a energy (45 GeV) just above the threshold for the reaction e+e−→ µ+µ− [1] [2].
The essential advantage of this "direct muon production" is that low emittance is possible. In fact,
it happens that the angle between the 2 muons goes with

√
s, and is however small close to the

threshold. Moreover, also the energy difference between the two muons produced is small just
above the threshold, and thus is also the energy spread of the muon beam [referenza articolo]. As
a result, exploiting direct muon production it is possible to create a muon beam that has already at
creation small emittance, that in turns means that good luminosity is reachable with reduced muon
fluxes, thus resulting in reduced backgrounds. Finally, also the losses from decays are reduced. In
fact, the asymmetric scheme allows to obtain two already boosted muons, which will have higher
lifetime and which are both possible to collect.
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However, on the other side with respect to such advantages, this novel scheme has its main lim-
itation in the production rate, since the cross section for the process is about 3 orders of magnitude
lower than the one for the conventional one (µb vs mb).

Such a small cross section makes the choice of the target material crucial. In fact, the number
of produced µ pairs (Nµµ ) can be parametrised as:

Nµµ = Ne+ρe−Lσ(e+e−→µ+µ−), (2.1)

where Ne+ is the number of positrons hitting the target, ρe− is the electronic density of the target, L
is the length of the target, and σ the cross section of the production process.

So, the criteria to follow to choose the target are basically 3: first of all, to minimise the emit-
tance a thin target is needed. In fact, having a thick target would mean that muons are produced
all along its thickness, resulting in an increase in beam emittance. Secondly, the need to maximise
the production rate requires a high density target. Lastly, the positron loss should be reduced as
much as possible, since to rise the number of produced muons is it possible to conceive a recir-
culating scheme in which the positron beam interacts several times in the target. This last point
would require a low Z target, in order to limit the effect of bremsstrahlung and Bhabha scattering,
that would reduce the positron beam lifetime.

It is straightaway clear that these requirements are somehow conflicting with each other, and so
a careful study relying on Monte Carlo simulation is being performed. A possible tradeoff between
the conflicting requirements could be represented by not too heavy materials (like Be, C and Li)
and not too thin targets.

The other fundamental aspect to be considered in order to maximise the production rate is the
positron source, that has to be as intense as possible (∼ 1018e+/s).

3. Accelerator scheme

The accelerator scheme currently proposed is shown in Fig. 1, and starts from a standard
electron gun; these electrons collide with a conventional Heavy Target (HT) to produce e+e− pairs.

Then, an Adiabatic Matching Device is used to collect positrons, that are accelerated and
injected in the main positron ring. At the current design stage, this is a 6.3km 45GeV storage ring
in which a target for muon production (T) is inserted, in such a way to make positrons collide
with it several times. In such a configuration, muons are produced with an energy of 22GeV and a
Lorentz γ factor of about 200, implying that they will live about 500µs. In correspondence of the
production target there are two separate accumulation rings, followed by a fast acceleration that
injects both muon beams in the actual collider.

A first set of parameters for the positron ring is shown in Fig. 2a, while a very preliminary
set of parameters for a possible muon collider exploiting the proposed scheme is shown in Fig. 2b.
However, what is worth to stress is that thanks to the very small emittance a luminosity comparable
to the conventional one is possible with much lower muon fluxes.

3.1 Positron ring optics scheme

A complete optical design for the positron ring has been produced, consisting in a series of
200m cells, with a total length of 6.3 km. The beta functions and momentum acceptance for the
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Figure 1: Actual design of the accelerator complex, as described in the text.

Figure 2: On the left (a): set of parameters for the positron ring. On the right (b): set of preliminary
parameters for a possible muon collider exploiting the described scheme.
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cell are shown in Fig. 3, and are being studied both with MADX-PTC and Accelerator Toolbox,
finding good agreement between the two codes. Some more details on the machine are reported in
the table in Fig. 3.

Figure 3: Twiss functions (a) and momentum acceptance (b) of the positron ring cells, studied with MAD-X
PTC and Accelerator Toolbox, and a table (c) with some parameters of the lattice.

3.2 Low β interaction region insertion

The ideal goal for this machine would be to have a zero dispersion and low beta Interaction
Region in which to place the muon production target, in order to minimise the degradation produced
by the target and maximise the muon production. For the moment, the optimisation of the lattice
allowed to reach these values at the target position:

βx = 1.6m;βy = 1.7m;Dx = 5.4mm.

The dynamic and momentum aperture corresponding to this values are shown in Fig. 4, where
it is clear the worsening effect of adding the Insertion Region in the cell. However, also in this
field further optimisation are underway, in particular attempting to match the transverse minimum
beam size with constraints of target thermo-mechanical stress, that put some limits on the size of
the beam impinging on it. Also dynamic and momentum aperture can still be optimised.

4. Multi turn simulation studies

Due to the peculiarities of the proposed machine, with multiple interactions of the primary
beam within the target, a dedicated multi turn simulation scheme has been set up, in order to follow
the evolution of the beam and to optimise its parameters. The simulation starts with the initial 6D
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Figure 4: Top: Beta functions and Dispersion when adding the target to te cell. Bottom: dynamic (left) and
momentum (aperture) of the cell when inserting the target.

beam distribution, taken from the equilibrium emittances. This distribution is tracked for a whole
turn up to the target using both Accelerator Toolbox and MAD-X PTC for comparison. Then, the
behaviour of the positrons inside the target is simulated by means of FLUKA and GEANT4 Monte
Carlo codes, which exit distribution is sent back to the tracking program until the next interaction
in the target.

So, at each pass through the target the positron beam undergoes two processes. Firstly, it
gets an angular kick due to Multiple Scattering, leading to an increase in the emittance. Secondly,
positrons loose energy due to bremsstrahlung, and thus the role of momentum acceptance of the
positron ring becomes crucial.

By means of this multi turn simulation it is also possible for example to study the variation of
the positron beam lifetime as a function of the target thickness and material, and also to evaluate
which is the process that dominates the loss, that turns out to be radiative loss in the target, rather
than Multiple Scattering, as shown in Fig. 5.

Fig. 6 shows the phase space plots for several stages of the multi turn simulation (first turn,
turn n. 35 and superimposition of the first 35 turns) for the case of 3mm Beryllium target.

Moreover, this multi turn simulation allows to evaluate the increase in beam size as a function
of turns, also factorising the contribution coming from bremsstrahlung and Multiple Scattering to
this emittance increase. As shown in Fig. 6, it turns out that in the current machine design the
dominating contribution is given by bremsstrahlung, that however is expected to become almost
negligible once a 0 dispersion interaction region will be available.

5



P
o
S
(
E
P
S
-
H
E
P
2
0
1
7
)
5
3
1

Studies of a scheme for low emittance muon beam production from positrons on target Francesco Collamati

Figure 5: Top: fraction of particles surviving as a function of number of turns for several thicknesses of
Beryllium target (left: zoom for 3mm Be case). Bottom left: contribution to particle losses for the two
processes. Bottom right: beam lifetime as a function of target thickness.

5. Conclusion

In this paper, a novel approach to muon production was described, that could allow the design
of a muon collider characterised by very low emittance without the need of cooling. To overcome
the main limitation of this new production scheme, that is the low rate due to the small cross section
of the process of interest, it is crucial to optimise the target choice, in such a way to maximise the
number of muons created, resulting in the need to sustain a high radiation load.

A first design of the low emittance positron ring has been developed and presented in this
paper, with preliminary studies of beam dynamics, also exploiting a multi turn simulation that has
been specifically developed joining tracking codes like MAD-X PTC or Accelerator Toolbox with
Monte Carlo codes like FLUKA and GEANT4.

Even if there is still plenty of room for optimisation in several aspects, from the machine to
the target to the positron source needed, the first results shown in this paper seems to be promising.
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Figure 6: Phase space plots for the first turn of the simulation (top), turn n. 35 (middle) and the superimpo-
sition of the first 35 turns (bottom).
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