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Abstract

At the Paul Scherrer Institute (PSI), the muCool experiment aims to produce a device that
compresses the phase space of a positive muon beam by a factor of 10° with up to 10 # efficiency.
This device consists of a helium gas target that operates at cryogenic temperatures, featuring a
vertical temperature gradient and complex electric and magnetic fields. After compression, the
cooled muon beam is extracted into vacuum through a windowless orifice and re-accelerated to

keV energy levels for use in precision experiments.

This thesis focuses on the preparation steps to test the muon extraction stage. A series of
experiments and simulations were conducted to solve crucial difficulties. To deal with heat control,
various cooling methods were tested to determine the possibility for installation. For electrical
stability, breakdown voltage tests were conducted to check whether the optimal electrical field
could be applied in practice. Furthermore, simulations were performed to determine the optimal
positioning of scintillators that expose the muon motion, complemented by measurements on

how to effectively couple scintillators to SiPMs.

During the beamtime in 2024, a target designed for compression and extraction from the orifice
was tested for the first time. This marked a significant step toward achieving the full operation

of the muCool device.
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Introduction

The muon ( ) is a lepton of the second generation, with a mass of 105MeV=c2. The muon
is unstable and has a lifetime of2:2 us, however, this is long enough to carry out a variety
of experiments. These experiments are essential to perform precision measurements to verify
Standard Model predictions.
Due to parity violation in the weak interaction, muon beams are always polarised. Precision
experiments, including searches for the muon electric dipole moment, measurements of the
anomalous muon magnetic moment (g-2), and studies of charged lepton avour violation in
forbidden decays, are made possible by these beamH.[ Additionally, in solid-state physics,
muons are used to measure materials magnetic properties through the muon spin rotation
(USR) technique P]. Muons ( *) and electron can form muonium, a bound state combining a
positive muon and an electron. The absence of hadrons in this state makes it interesting for
accurate testing of quantum electrodynamics (QED). Transitions between the 1S and 2S states
in muonium can be measured by spectroscopy, which o ers an accurate test of QED and makes
it possible to calculate fundamental constants like the muon electron mass ratio [1] .
To conduct these experiments, high-quality, low-energy muon beams are essential. However, only
a few facilities can produce such beams, including TRIUMF, J-PARC, and the Paul Scherrer
Institute (PSI). At PSI, a high-power 1.3 MW cyclotron generates a 590 MeV proton beam that
strikes a graphite target, causing proton-proton interactions that produce pions( ). Through
the weak interaction, pions decay into muons and neutrinos, as represented by the following
reaction:

Lt : 1)

Since this decay is a two-body process, all muons produced from the decay of the pion at rest
have 4 MeV energy, corresponding to a momentum o8 MeV=c. In addition, the neutrinos are
left-handed, meaning that the resulting positive muons are right-handed.

The muons produced can be categorized into three types:

Vii



Surface Muons These monochromatic muons have a momentum of 29.8 MeV/c and are
produced when pions decay close to the target's surface.

~ Subsurface Muons These muons, which have momenta between 10 and 29.8 MeV/c, are
created when pions decay inside the target.

" Cloud muons These muons have a wide variety of momenta and are produced when pions
decay outside the graphite target while in ight.

In the high-intensity frontier, where high statistics is required, surface muons are typically used
for experiments. On the other hand, a slow muon beam of su cient intensity but with a much
smaller phase space (transverse size, momentum spread, and divergence) would be extremely
useful for various other particle physics studies. Producing slow muon beams with moderate
energy out of surface muons is not simple; the muon lifetime is only 2.2 , which means that
conventional cooling methods like electron cooling and stochastic cooling cannot be used.

To achieve this, a novel cooling method is required, which is the focus of the muCool experiment:
it consists of a cryogenic helium gas target, positioned in a 5 T magnetic eld. A surface muon
beam is stopped in the helium gas, which reduces the muon energy from few MeV to several eV.
The "stopped" muon cloud is then manipulated by using complex electric and magnetic elds
and gas density gradients. The muons are then extracted from the gas into vacuum, through a
windowless ori ce, re-accelerated to keV energy via a static or pulsed electric eld, and then
extracted from the magnetic eld. muCool reduces the phase space of a surface muon beam by
a factor of 10° with up to a compression e ciency of 10 4, which is in part limited by the short
muon lifetime [3].

My contribution to this experiment involved the development of a target designed to extract
muons from the muCool target into the vacuum, which was rst tested during the beamtime of
2024.

This thesis presents the simulations and experimental tests conducted in preparation for this
new target. It includes heat transfer simulations, experimental investigations of the electrical
stability of the target, and simulations for detecting the motion of the muons.



Chapter 1

muCool: Dynamics and Compression
of Muons in Helium

The muCool experiment is based on a phase space compression scheme that relies on interactions
between positive muons and helium gas in the presence of strong electric and magnetic elds.
It is necessary to study these interactions to fully understand the muon motion in the mucool
target.

This chapter presents an analysis of muon motion in E and B- elds rstly in vacuum and later
examining their dynamics in the gas environment. It goes through essential stages, beginning with
an understanding of the interaction processes and concluding with experimental con rmation of
compression techniques. These include transverse compression, longitudinal compression, and
mixed transverse-longitudinal compression.

1.1 Muon-Helium Physical Processes

In the muCool experiment muons from a few MeV energy are cooled down to 1-10 eV. In this
cooling process the muons are not only decelerated, the beam phase space is also reduced. During
this process, the interactions that muons and helium gas atoms undergo are the following:

~ From few MeV to keV: Muons lose energy mainly through helium ionisation and excitation.



Helium Muon Physical Processes

Figure 1.1: A* (muon) ejects an electron, ionizing B (neutral He gas atom). Taken from 4.

Figure 1.2: A* (muon) transfers energy, exciting B (neutral He gas atom). Taken from {l].

From keV to 100 eV: Most of the energy is lost during charge exchange reactions, which
result in the formation and ionisation of muonium (Mu) .

Figure 1.3: A* (muon) captures an electron from B (neutral He gas atom) forming muonium.
Taken from [4].

During the creation process, muonium with a binding energy of 13.6 eV is produced
*+He! Mu+He" .

The ionisation process occurs when the muonium collides with a helium atom and loses its
electron, setting the muon free once mordMu+He ! * +He+e ).

In this energy range, a single muon can go through several cycles of ionisation and muonium
production while slowing down [4].

~ From 100 eV to eV: Muons lose energy mostly through elastic interactions.
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Figure 1.4: A" (muon) de ects o B (neutral He gas atom) with no change to B's internal
state. Taken from [4].

1.2 Muon motion in the muCool target

Figure 1.5 illustrates the original muCool scheme $]. Muons of a few MeV energy enter a
cryogenic helium gas target within a 5 T magnetic eld and are decelerated to 1-10 eV. Let us

analyse the di erent compression stages separately.

Figure 1.5: A surface muon beam is stopped in cryogenic helium gas within a 5 T magnetic
eld and then compressed in various stages using the magnetic eld, electric elds and density
gradients. The muon "swarm" experiences transverse, longitudinal, and nal compression
before it is extracted into a vacuum and re-accelerated for further experiments. Taken from

[6].

1.2.1 Transverse Compression Stage
During the transverse compression stage, muons with energy of several eV drift in the +x-direction,
while being compressed in the y-direction.

To demonstrate this rst compression stage, the E- eld was arranged at a45deg angle with

respect to the x-axis:
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with Ex = Ey  1kV=cm.
While the B- eld was orientated upstream in the +z direction.

Initially, we analyze the muon motion in vacuum to understand the behavior of charged particles
inaE B eld. In crossed E and B- elds, muons experience a force along the direction of
E B. In order to fully understand their motion, illustrated in Fig. 1.6, let's have a closer look
at the trajectory of a muon that is initially at rest in these crossed E and B - eld, step by step:

" Muons at rest undergo only acceleration in theE- eld direction.

" Muons feel theB - eld as soon as their velocity (v 6 0) increases in the direction of the
E- eld.

The B- eld de ects the muons until they travel against the E- eld and come to a stop.
~ Then their motion resets and the process starts again.
There is a net movement in theE B direction (in gure 1.6 the direction corresponds to the

horizontal axis). This is due to the fact that the B- eld induces a force on the charged particle
causing a cyclotron motion with a certain frequency.

Figure 1.6: A positive muon at rest (position 1) drifts in the E B direction under crossed
electric and magnetic elds, following a cycloidal trajectory. Taken from [4].

Let's analyze the motion of the muons in thisE B eld in the helium gas. The muCool target's
conditions lead to muon-helium interactions with an average frequency of .. The collision
frequency can be shown to depend on N, the number of density of helium gas;, the relative
velocity, and g (v;), the cross section for elastic collisions [4].

c=N eL(v)v (1.2)
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As illustrated in Fig. 1.7, this frequency in uences how the muon moves in the crossed E and
B- elds. It gives rise to a de ection angle  with respect to the E B direction. The de ection
angle can be derived from the ratio of the velocities in the given directions resulting in the ratio
of the collision frequency and the cyclotron frequency [5].

tan = 5= = (1.3)

The de ection angle increases for high collision frequencies, compared to the cyclotron frequency,
and is smaller for low collision frequencies, as seen in Fig. 1.7.

Figure 1.7: Muons at rest drift under crossed electric and magnetic elds, following inter-
rupted cycloidal motion due to collisions with helium atoms (yellow stars). Collisions de ect
the drift direction from the E B direction by an angle , with higher collision frequencies,
resulting in larger de ection at higher gas densities (blue) and lower collision frequencies,
resulting in smaller de ection at lower gas densities (green). Taken from [4].

This shows that adjusting these variables allows us to modify the trajectory of the muons. By
creating a vertical temperature gradient, as in Fig. 1.5, the density of helium in the target varies
at di erent points, allowing us to compress the muons in the y- direction.

1.2.2 Longitudinal Compression Stage

After transverse compression, muons are guided to the room-temperature longitudinal compres-
sion stage to reduce the z-direction muon "swarm" size. At this step, an electric eld of the
type:
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is applied within the gas, with Ey =2 E, 1KkV/cm. This electric eld contains a component
(Ey) perpendicular to the magnetic eld and a component parallel to it, pointing towards the
centre of the target at z = 0. Since the electric eld is parallel to the magnetic eld, the muon
drift velocity points longitudinally in the z-direction towards the target centre. At low density,
the perpendicular electric eld component (Ey) causes drift velocity to have a component in the
E B direction, which corresponds to the +x-direction. Thus, muons are compressed in the
z-direction and transferred to the nal stage with extraction into vacuum (Fig. 1.5).

1.2.3 Mixed transverse-longitudinal compression

The muCool longitudinal and transverse compression stages were separately demonstrated
[6]. Next these two stages were combined into the transverse-longitudinal compression phase,
which compresses transversely and longitudinally in one step. Figure 1.8 shows how the mixed
compression target uses complex electric elds to achieve transverse and longitudinal compression
at cryogenic temperatures with a temperature gradient.

Figure 1.8: The working principle of mixed transverse-longitudinal compression includes
stopping of muons inside a helium gas volume kept at cryogenic temperatures, characterised
by a temperature gradient. The magnetic eld in combination with an electric eld with
both transverse (E1) and longitudinal (E_) orientation is used to control particle motion.
Taken from [7].
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The drift velocity of the muons can be determined by taking into account the presence of electric
(E) and magnetic (B) elds, as well as gas collisions as follows:

E+le B+ g(r—_‘ B)B (1.4)

with ~= e=(m ) the muon mobility in the gas, ! = (eB)=m the muon cyclotron frequency
with the muon massm and . the average collision frequency of the muon with helium gas
atoms.

As muons move in the+ x direction, their spatial dispersion shrinks. The transverse electric eld
component (Et) compresses the y-distribution, whereas the longitudinal component compresses
the z-distribution. The development of the mixed compression target is technically challenging.
This target requires a stronger electric eld than longitudinal and transverse compression targets.
To e ciently guide muons through the gas, the mixed compression target requires a total electric
eld intensity of up to 1.5 kV/cm.

1.2.4 Mixed compression with extraction

Mixed compression in a closed target was demonstrated during beamtime 2019][ The primary
goal of beamtime 2024 is to extract muons from the target into the vacuum, which is also the
most challenging step for the muCool experiment.

Figure 1.9: lllustration of the mixed compression target embedded in a 5T magnetic eld,
with a cryogenic temperature gradient and electric eld components €, and Et). Muon
trajectories, simulated with GEANT4, shows the compression process, with the colour scale
representing the time from entering the target. Taken from [3].
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This implies that after the phase space compression, muons approach the tip of the target and
are extracted through a tiny windowless ori ce, as illustrated in Fig. 1.9 - 1.10. Maintaining a
consistent gas pressure and keeping the density gradient inside the target is challenging, since
helium gas constantly escapes through the ori ce.

Figure 1.10: (Left) Schematic of the extraction stage: The orange electrodes provide the
electric eld to steer the muons, while the grey plastic frame de nes the ori ce channel
and two di erentially pumped areas (Region | and Region IlI). (Right) Density contours of
helium gas at the ori ce region, simulated using ANSYS, with black lines indicating velocity
streamlines [3].

A sophisticated helium gas circuit was therefore designed. The system consists of two gas
injections: a "back injection" to maintain constant pressure in the target and "a side injection"
to produce a gas barrier near the aperture, as shown in Fig. 1.10.



Chapter 2

muCool Target

During beamtime 2024, a target designed for mixed compression and extraction from an ori ce
was tested for the rst time. This marked a signi cant step toward achieving the full operational
ability of the muCool experiment. All tests mentioned in the following chapters occurred under
similar conditions to those expected during beamtime.

The experimental setup includes a solenoid magnet that generates a 5 Tesla magnetic eld. The
target is precisely positioned at the centre of the solenoid. To provide the necessary temperature
gradient, the target is cooled at the bottom and heated at the top. A Pulse Tube Cryocooler
is used to cool to a temperature of 6K a copper nger that serves as both the support for the
muCool target and the thermal link to generate the temperature gradient in the target. This
chapter describes the target's design and functionality.

The target is made of a 3D-printed plastic frame around which a exible PCB (Printed Circuit
Board) is wrapped and glued with stycast epoxy resin as shown in Fig. 2.1. The PCB consists of
a Kapton foil with printed copper traces that generate the required electric eld. Sapphire plates
are attached to the top and bottom of the Kapton foil in order to regulate the temperature.
However, the materials' dissimilar thermal contractions provide an important challenge: when
cooled to cryogenic temperatures, plastic contracts signi cantly more than sapphire. This issue
is addressed in Chapter 3.
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Figure 2.1: (Top Left) Image of the target during the glueing process. (Top Right) A picture
of the ori ce area showing the precise alignment obtained in the positioning of the strip
electrodes relative the target frame. (Bottom Left) Photograph of the target during the
glueing process, showing the applied support and pressing mechanisms. (Bottom Right)
Picture of the glued target without any sapphires.

To achieve optimal target performance, the temperature gradient has to be stable from the
target's back to the orice. This creates additional complications at the ori ce, where the
aperture of 1 mm (y) x 1.3 mm (z) is de ned by the 3D printed plastic.

The target's functioning depends heavily on:

" Precise heat and temperature control

Electrical stability

A~

Detection of positrons.

Each of these aspects needs major testing to ensure precise measurements during the experiment.

E cient cooling at the target's bottom and heating at the top are critical for maintaining the
desired temperature gradient. Sapphire plates attached to the Kapton foil maintain the gradient
in the target's central region. However, overcoming the ori ce region's cooling issues, due to the
thermal contraction mismatch between the plastic and other materials, required new methods.
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Experiments using plastic bars, in particular L-shaped bars, were carried out to improve cooling
and heating in this region, as described in Chapter 3.

Applying high voltage to the target electrodes is required to produce the strong electric eld
needed to steer muons inside the target. Electrical breakdown tests were performed in order to
ensure that the system could withstand these conditions. On top of that, during the experiment,
free charges moving in the target (such as electrons or He ions, see Chapter 1) could accumulate on
the plastic's dielectric surface, resulting in stray electric elds. To prevent this, the plastic surface
must have a non-zero conductance so that charges could dissipate. In search of suitable solutions,
tests were conducted involving materials such as aluminium pyro MT, graphite, aluminium
powder, and Electrostatic Dissipative (ESD) coatings (both liquid and aerosol). These tests are
outlined in Chapter 4.

To expose the muon motion inside the target, positrons generated from their decay are detected
by scintillators placed outside the target. To observe phase space compression and extraction,
these detectors needed to be precisely placed within a copper collimator. However, due to the
target's 3D-printed plastic design at the extraction region, copper collimation could not be used,
requiring alternate ways for reducing false signals. To x this, the scintillators were placed

in specially constructed 3D-printed holders. Simulations and positional optimization of the
detectors and holders were conducted to ensure reliable performance. These are summarised in
Chapter 5.

The tests demonstrated the target's readiness to function for temperature control, electrical
stability, and positron detection. These e orts ensure that the muCool experiment's operation is
stable and that muon compression and extraction stage can be experimentally tested.



Chapter 3

Heat and Temperature control

Thermal management is essential for the muCool experiment: the working principle of the
muCool device is based on maintaining a temperature gradient over the full target. The biggest
challenge was maintaining a temperature gradient in the ori ce region. Here the plastic frame
de nes the physical aperture through which muons are extracted and plastic bars are used to
align the kapton foil to the frame.

To ensure the temperature gradient at the ori ce region, the plastic bars need to be maintained
at the correct temperatures. Figure 3.1 presents an ANSYS simulation of the system, showing
the temperature distribution throughout the target. Here cylindrical copper rods are inserted in
the plastic bars and cooling of the rods in turn cools the plastic bars. The results showed that
while the lower bar may be e ciently cooled, the upper bar tended to experience heating from
thermal radiation and other heat sources. Cooling the lower bar is crucial for preserving the
temperature gradient required for good performance. Additional improvements to the cooling
system are necessary to maintain the inside target temperature within the speci ed range of 6.5
K to 22 K.

This chapter addresses methods to satisfy the cooling requirements of the plastic bars, optimising
thermal connection between materials, while also considering problems related to material
compatibility and structural integrity. To get initial insights into the cooling of plastic bars, a
number of simulations and tests were conducted with a simpler setup. This consists of copper
bar, a plastic bar and a heating source to reproduce the real experimental conditions.

First, we present thermal simulations of this simple setup performed with COMSOL Multiphysics.
Then we summarise the experimental tests carried out at cryogenic temperatures to verify the
simulation results. These studies were essential to understand the thermal requirements of the
muCool apparatus and gradually directed the design towards a new cooling system.

12
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Figure 3.1: (Top) Target temperature distribution at z = 0, with two purple lines indicating
the positions where temperature was analyzed along the speci ed axis.

(Middle) Temperature variation along the left purple line at x = -20 mm, comparing 3 cases:
no cooling, cooling with only bottom bar, cooling with both bars [8].

(Bottom) Temperature variation along the right purple line at x = -5 mm for the same cases

as above [8].
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3.1 Heat Transfer Simulations with COMSOL

3.1.1 COMSOL Multiphysics

COMSOL Multiphysics is a exible nite element method (FEM) [ 9] software which is able
to simulate complicated multiphysics problems such as heat transport, uid dynamics, and
electromagnetism, in a uni ed manner. Its key features include:

Geometry De nition: Users can design or import models representing the physical
components of the system.

Material Assignment: Provides a framework for de ning material properties such as
thermal conductivity and speci ¢ heat.

Boundary Condition Setup: Helps de ning interactions with the surrounding environ-
ment, such as heat ux or temperature constraints.

Mesh Generation: Creates a ne-tuned meshed/grid to ensure accurate calculations

while maintaining computational e ciency.

Simulation Execution and Analysis: Solves governing equations and visualizes results
for interpretation.

3.1.2 Simulation Setup
The simulation technique involved:

1. De ning Geometry:  The model represented a 1 cnO 1 cm O 10 cm L-shaped Visijet"
plastic bar [10]. The plastic bar was connected to a copper bar using a connecting medium
that varied depending on the kind of connection. Extensions for a temperature sensor were
added to the plastic bar, as shown in Figure 3.2.

2. Assigning Materials:  The material properties, such as thermal conductivity and speci c
heat, were assigned automatically by the software based on the selected materials. For
example, Visijet plastic was used for the L-shaped bar, copper for the cooling element, and
di erent materials for the connection, as listed in point 4. The temperature dependent
thermal conductivity of Visijet plastic was manually added and it is plotted in Fig. 3.3.

3. Boundary Conditions: The copper bar was connected to the cryostat's copper nger
which was kept at 5 7 K, and the Visijet plastic was in thermal contact with the copper bar
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through a thin foil of varying materials, acting as thermal connection. Heat was applied to
the left wall of the L-shaped plastic bar, corresponding to the left wall seen also in Fig. 3.2.

4. Connection Mechanisms/Materials Tested:

~ Indium Foil (0.1 mm and 0.25 mm thickness).
" Copper Foil (0.035mm and 0.1 mm thickness).
~ Apiezon Grease (a specialized thermal interface material).
5. Analysis: The simulations demonstrated the cooling e cacy of each connection type

under idealised circumstances, which served to direct material selection for ideal thermal
coupling.

Figure 3.2: L-shaped geometry used in heat transfer simulations.
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