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Abstract

Several previous fundamental precision measurements with muons (µ+), such as that of

the muonium (Mu) 1S-2S transition frequency and ground-state hyperfine splitting, were

limited by the statistics and the beam quality, in terms of vacuum yield, low energy and

long term stability. A Mu source with a larger flux can be achieved either by improving

the µ+ → Mu conversion rate or by improving the µ+ beam (smaller phase space, low

energy, high intensity). This thesis reports the ongoing efforts at ETH Zurich (ETHZ)

and PSI towards a high yield cryogenic Mu source and a new, low energy, high brilliance

positive µ+ beam. The former is based on mesoporous silica materials while the latter

is making use of a phase space compression of µ+ stopping and drifting in a helium gas

density gradient within suitable electric and magnetic fields.

The first observation of cryogenic Mu emission into vacuum following muon implanta-

tion in mesoporous thin silica films is reported. Based on a simple Geant4 Monte Carlo

simulation, a yield of Mu into vacuum of F v
Mu = 0.38(4) at 250 K and F v

Mu = 0.20(4)

at 100 K for 5 keV µ+ implantation energy is extracted from the measurements. Based

on the implantation energy dependence of the vacuum yield deduced from a quantum

tunneling model, a second experiment was performed for implantation energies below

5 keV where higher Mu vacuum yields are expected. Due to an upgrade in the LE-µSR

apparatus at PSI, new full muon transport simulations had to be performed in order

to understand the propagation of µ+ beam at very low energy. Mu physics and en-

ergy losses in the carbon foil are implemented and validated using time-of-flight (TOF)

measurements. The feasibility of Mu confinement is also demonstrated by using a SiN

membrane as the µ+ entrance window. These two achievements, high vacuum yield and

confinement, represent important steps towards next generation Mu spectroscopy.

Research and development (R&D) of the new µ+ beam compression scheme which

is ongoing at ETHZ and PSI are very encouraging. The feasibility of the longitudinal

compression stage was successfully demonstrated in 2011. This demonstration relies on

the agreement between the experimental results and the simulation based on Geant4,

after implementing µ+ physics processes at low energy such as elastic collisions and

charge exchange. A neutron radiography experiment has demonstrated the feasibility

to sustain the necessary density gradient for the transverse compression stage. A gas

density gradient concept was implemented into Geant4 simulations. With this, the

simulated time spectra and the experimental data can be compared when data will

available. An engineering run towards the test of transverse compression has been done

in Dec 2014. The realization of this beam line will enable one to produce a micro-beam

of muons and it will have many applications, especially to the µSR and precision physics

community.
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Zusammenfassung

Mehrere bisherige fundamentale Präzisionsexperimente mit Myonen (µ+), wie die Mes-

sungen der Myonium (Mu) 1S-2S Übergangsfrequenz und die Hyperfeinstrukturaufspal-

tung, waren limitiert durch Statistik und Strahlqualität bezüglich Vakuumausbeute,

Langszeitstabilität und niedrigen Energien. Eine Mu-Quelle mit höherer Intensität kann

entweder durch Verbesserung der µ+ → Mu Umwandlungsrate, oder durch Verbesserung

des µ+ Strahls (kleinerer Phasenraum, niedrige Energie, hohe Intensität) erreicht wer-

den. In dieser Arbeit wird von den fortlaufenden Bemühungen der ETH Zürich (ETHZ)

und des PSI berichtet, welche auf eine kryogene Mu-Quelle mit hohem Ertrag und einen

neuen, niederenergetischen µ+ Strahl mit hoher Brillanz abzielen. Ersteres wird mittels

mesoporösen Silica Materialen erreicht, und letzteres mittels einer Phasenraumkompres-

sion der µ+, welche in einem Helium Gas mit einem Dichtegradienten gestoppt werden

und durch entsprechende elektrische und magnetische Felder driften.

Es wird von der erstmaligen Beobachtung kryogenischer Myonium-Emission ins Vaku-

um berichtet, der Myon-Implantation in mesoporöse, dünne Silica-Schichten vorangeht.

Anhand einer einfachen GEANT4-Monte-Carlo-Simulation erhält man eine Ausbeute

von Myonium ins Vakuum von F v
Mu = 0.38(4) bei 250 K und F v

Mu = 0.20(4) bei 100 K

für 5 keV Implantationsenergie. Basierend auf der Abhängigkeit der Vakuumausbeute

von der Implantationsenergie wurde ein zweites Experiment mit Implantationsenergien

kleiner als 5 keV durchgeführt, bei welchen eine höhere Vakuumausbeute erwartet wird.

Aufgrund einer Verbesserung in der LE-µSR Apparatur am PSI musste eine neue, kom-

plette Transportsimulation durchgeführt werden, um die Propagation des µ+ Strahls bei

niedrigen Energien zu verstehen. Die Physik und Energieverluste von Mu in Kohlenstoff-

folien wurden implementiert und mittels Time-of-Flight (TOF) Messungen validiert. Die

Machbarkeit von Mu-Confinement wurde ebenfalls gezeigt indem eine SiN-Membran als

µ+ Eintrittsfenster benutzt wurde. Diese zwei Errungenschaften, hoher Vakuumertrag

und Confinement, sind wichtige Schritte auf dem Weg zu Mu-Spektroskopie der nächsten

Generation.

Die Forschung und Entwicklung (R&D) für das neue µ+ Strahlkompressions-Projekt,

welches an der ETHZ und am PSI stattfinden, ist vielversprechend. Die Machbarkeit

der longitudinalen Kompressionsstrecke wurde erfolgreich in 2011 demonstriert. Diese

Demonstration stützt sich auf die Übereinstimmung zwischen den experimentellen Re-

sultaten und Simulationen basierend auf GEANT4, nachdem die physikalischen Prozesse

bei niedrigen Energien für µ+, wie elastische Stösse und Charge Exchange, implemen-

tiert wurden. Durch ein Radiographie-Experiment mit Neutronen konnte die Umsetz-

barkeit, den für die transversale Kompression erforderlichen Dichtegradienten aufrecht

zu erhalten, gezeigt werden. Ein Konzept für den Dichtegradienten im Gas wurde in
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GEANT4-Simulationen eingebaut. Mit diesem können simulierte Spektren und expe-

rimentelle Daten verglichen werden. Ein “Engineering-Run” in Richtung transversale

Kompression wurde im Dezember 2014 durchgeführt. Die Umsetzung dieser Strahllinie

wird ein µ+ Micro-Beam ermöglichen, welcher viele Anwendungen haben wird, speziell

in der µSR und Teilchen- und Atomphysik.
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Chapter 1

Introduction

The hydrogen atom (H) [2–4] is the simplest atom in the universe. Because of its

simplicity, it represents an ideal platform to compare predictions from fundamental

theories like quantum field theory (see for example [5]) with measurements. H was

an essential player in the development of quantum mechanics (QM), representing the

most crucial test for the Dirac equation and triggering the development of quantum

electrodynamics (QED) [6]. In addition, studies on H have led to better understanding

of the nature of the nuclear force and to many techniques which are the base of all

modern technology such as atomic clock [7], nuclear magnetic resonance (NMR) [8] and

frequency combs [9, 10]. Precision spectroscopy measurements on H (see for example

[11]) have also led to precise determinations of the fundamental constants such as the

Rydberg constant R∞, the proton radius rp as well as the mass and electric charge ratio

between the electron and the proton, me/mp, qe/qp, respectively.

However, comparisons of the H energy spectra as predicted by bound-state QED with

experiments are limited by the complexity of the proton structure. Fortunately, nature

has provided us with some exotic “atoms” whose “nuclei” have no structure such as

positronium (Ps, bound state of e+ and e−) [12] and muonium (Mu, bound state of µ+

and e−) [13]. Since high energy scattering experiments and measurements of the g-2

have shown that leptons such as electrons and muons have no internal structure down

to dimensions of 10−18 m [14], both systems are free of nuclear effects and are thus

clean systems to test bound-state QED. Moreover, recent results from the precision

muon g-2 measurement at BNL [16] and the precision spectroscopy of muonic hydrogen

at PSI [17, 18] where discrepancies between experiment and theory of about 3σ and

7σ, respectively have been observed, have renewed the interest in these H-like systems.

Even though new experiments such as muon g-2 experiments at FNAL [19] and Japan

Proton Accelerator Research Complex (J-PARC) [20], muonium hyperfine structure

(HFS) at J-PARC [21], Lamb shift in muonic helium at PSI [22] and transition frequency
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Figure 1.1: The precise measurement of the muon g-2 factor is closely

related to the muonium ground-state hyperfine splitting and the muonium

1S-2S transition frequency. The measurements are best tests of the internal

consistency of the theory of electroweak interaction and can be used to extract

fundamental constants. Adapted from [15].

measurements in H and helium at MPQ [23, 24], Amsterdam [25, 26], Paris [27] and

Toronto [28] are running to shed some light on these discrepancies, the same is also

attempted by studying Mu, as some of the measurements are closely connected to each

other as shown in Figure 1.1. It should be noted that a more precise value of the muon

g-2 can only be obtained experimentally with an improvement in the knowledge of the

fundamental constants such as the muon to proton magnetic moment µµ/µp. Muonium

spectroscopy is the best way of extracting it [29–31].

In the following sections, a brief introduction about muon and muonium physics which

is relevant to this thesis will be given. For a thorough review about muons, see [32, 33]

and for muonium, see [34–38].

2

Zhang Ce



Introduction

1.1 Properties and production of muons

The muon was discovered as a constituent of cosmic-ray particle showers in 1936 by the

physicists Carl D. Anderson and Seth Neddermeyer [39, 40] and its properties are still

being studied. Within the framework of the elementary particle physics in the Standard

Model (SM), it is a second generation charged lepton. It has two charge types (positive

µ+ and negative µ−), and has an interesting mass value intermediate between the proton

mass and the electron mass. Its properties are summarized in Table 1.1.

Table 1.1: Fundamental properties of the muon taken from [41].

Mass, mµ 105.6583715(35) MeV/c2

Lifetime, τµ 2.1969811(22) µs

Charge, qµ ±e

Spin, s ~/2

Magnetic moment, µµ 4.49044786(16)×10−26 J/T

Spin g-factor, gµ 2.0023318414(12)

Gyromagnetic ratio, γµ = gµµµ/h 2π×135.69682(5) MHz/T

Besides the ones which are produced in the upper atmosphere as a result of primary

cosmic rays interactions and pion decays, muons are normally produced in medium-

energy proton accelerators such as at PSI where protons with energies of about 600 MeV

are directed at a production target consisting of a light element such as beryllium or car-

bon. The most abundant particles arising from the proton-nucleus reaction are charged

pions (π±), produced via the following channels:

p+ p → π+ + n+ p (1.1)

p+ n → π− + p+ p . (1.2)

Most of the produced π± escape the production target while some of them are thermal-

ized and stopped in the target itself. With a lifetime of τπ = 26 ns, the pion decays

through the weak interaction into a muon and a neutrino:

π+ → µ+ + νµ . (1.3)

Muons originated from the pions which decay at rest on the surface of the target are

called surface muons [42]. Surface muons are approximately mono-energetic (4.1 MeV

energy corresponding to a momentum of 29.8 MeV/c). This is a consequence of the

two-body decay of the π (Figure 1.2) and the fact that µ+ produced at the surface of

the target cross only a thin layer of material before being emitted out of the production
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1.1 Properties and production of muons

Figure 1.2: Due to the parity violation of the weak interaction, only left-

handed neutrino νµ is produced in a pion decay. This implies that the µ+

spin Sµ is anti-parallel to its momentum since the neutrino momentum pν

and its spin Sν must be anti-parallel. Adapted from [43].

target. Furthermore, due to the parity violation of the weak interaction, the µ+ spin

is aligned anti-parallel to its momentum as shown in Figure 1.2 since only the left-

handed neutrino is involved in the weak interaction. Therefore, a µ+ beam with nearly

100% polarization can be extracted from the production target and transported through

secondary beam lines to the experiments.

The µ+ also decays through the weak interaction with a lifetime of τµ = 2.2 µs into a

positron and two neutrinos

µ+ → e+ + νe + ν̄µ . (1.4)

Since this is a three-body decay, the positrons are not mono-energetic but have a

distribution (Michel spectrum) with an end-point energy of about Emax
e ≈ 52.8 MeV.

Again due to the parity violation of the weak decay, the direction of the decay positron

is distributed asymmetrically with respect to the spin of the muon Sµ. The positrons

are emitted with an angular distribution and asymmetry parameter given by:

Ne(θ, Ee) ∝ 1− A(Ee) cosθ (1.5)

A(Ee) = (Emax
e − 2Ee)/(3E

max
e − 2Ee) . (1.6)

where θ is the angle between Sµ and the positron momentum pe, Ee the positron

energy, Emax
e = mµc

2/2 = 52.8 MeV and A is defined as the muon decay asymmetry.

The angular distributions of the emitted positrons for different energies are plotted in

Figure 1.3. At the end-point energy where Ee = Emax
e , the decay asymmetry has the

maximum absolute value and is equal to −1. This case is shown in Figure 1.4. The

integration of A(Ee) over the whole positron energy spectrum yields a mean value of

A(Ee) =

∫ Emax
e

0

A(Ee)dEe =
1

3
. (1.7)
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Introduction

Figure 1.3: Spatial distribution of the emitted positron for different positron

energies. At the end-point energy, the decay asymmetry reaches the maxi-

mum. Adapted from [44].

As a result, the positrons are emitted preferentially in the direction of the muon spin

at the moment of its decay. The µSR technique utilizes this property to monitor the

precession of the muon spin inside a material. It was exactly this technique that led to

the discovery of Mu. Further detail about the µSR technique will be given in Chapter 3.

1.2 Properties of muonium

The discovery of the muonium atom can be traced back to the 1950’s when the physicists

at Chicago and Columbia were studying muon depolarization in various materials after

the discovery of the parity violation in the weak decay [45]. They discovered that

the muon polarization could range from 0 to 100% depending on the target material.

While µ− could form muonic atoms with successive decay or capture by the nucleus, µ+

decay into a positron and two neutrinos. As mentioned previously, the resultant decay
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1.2 Properties of muonium

Figure 1.4: The positive muon decays into a positron and two neutrinos.

The highest positron end-point energy Emax
e ≈ 52.8 MeV scenario is shown

to demonstrate the anisotropy of the muon decay, where the e+ is emitted to

the direction of the µ+ spin. Adapted from [43].

asymmetry with respect to the muon spin direction can be used to determine the muon

polarization at the decay time. The Chicago group which was then led by Val Telegdi

noted in one of their 1957 papers [46] that “The formation of a µ+e− atom (muonium)

can be a possible cause for the reduced asymmetry of µ-e decay in certain materials”.

Table 1.2: Fundamental properties of the muonium in the ground-state.

Mass, mMu 106.169369 MeV/c2

Lifetime, τMu 2.1969811(22) µs

Charge, qMu 0

Spin, s singlet or triplet

Gyromagnetic ratio, γMu 2π×13.94 GHz/T=102.88γµ

Since then, a lot of experiments were performed to search for the muonium atom and

to understand its properties (see Table 1.2) and its interactions with various materials,

for example, see [47]. Throughout this thesis, the muonium atom will be denoted by

Mu according to the definition given by [48], even though it was abbreviated by the late

V. Telegdi with the symbol M, and also being used by V. W. Hughes and collaborators

throughout their experiments.

Nowadays, Mu is understood as a hydrogen-like exotic atom and is one of the simplest

bound states governed by QED. Free from the hadronic uncertainties related with
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Figure 1.5: Energy levels of the muonium atom and the related transition

frequencies: the 1S-2S transition which can be excited with two photons at

244 nm wavelength, the ground-state hyperfine splitting at 4463 MHz, and

the 2S-2P Lamb shift at 1097 MHz.

the nuclear structure [4, 34], basic properties of the µ-e interaction can be examined

and fundamental constants related to it can be extracted by means of high-precision

spectroscopy. Some of its transition frequencies are calculated and measured to very high

precision as shown in Figure 1.5. Particularly, the ground-state hyperfine splitting [29]

and the 1S-2S transition frequency [30, 31] provide the best determination of the muon

mass, of the muon magnetic moment, and of the charge ratio between muon and electron.

The latter best verifies the charge equivalence between the first two lepton generations

(implicit input in the SM). Mu can also be used to probe for new physics such as lepton

flavor violation via searches of muonium-antimuonium oscillations [49]. Recently, a test

of antimatter gravity by means of Mu atom interferometry technique [50–52] and a

search of Lorentz and CPT symmetry violation using Mu atom [53] were proposed.
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Figure 1.6: Muonium atoms for precision measurements have been produced

by three different methods. 1) Stopping muons in a noble gas target (Kr, Ar)

produces Mu atoms at thermal energies with almost 100% yield. However,

Mu atoms produced with this method are subjected to collisional effects. Mu

in vacuum is produced typically by two techniques, 2) beam foil techniques

which produce also Mu in vacuum in the n = 2 state with keV energies, and

3) stopping a low energy µ+ beam in a solid target such as silica powders

and silica aerogels. The stopped µ+ catches an electron near to the end of its

ionization path and forms a Mu atom mostly in the ground state. Mu atoms

diffuse with thermal energies to the surface of the solid where emission into

vacuum occurs. Adapted from [54].
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1.3 Formation and detection of muonium atoms

In the early years, most of the experiments related to Mu atoms were done in a material

environment. An example of this is the measurement of the ground-state hyperfine

splitting of the Mu [55]. In the 1980s, several techniques were developed to produce

the Mu atoms in vacuum and this has expanded significantly the spectrum of possible

precision measurements, e.g. the measurement of the Mu 1S-2S transition frequency.

Since then, Mu in vacuum is typically produced by stopping an intermediate energy

or surface µ+ beam in a solid target such as tungsten foils [56], silica powders [57, 58]

or silica aerogels [59, 60] as shown in Figure 1.6. The stopped µ+ catches an electron

near to the end of its ionization path and forms a Mu atom. Mu then diffuses to the

surface of the solid where emission into vacuum occurs. Mu which diffuses to the surface

is emitted into vacuum. Prior to this thesis work, the highest measured vacuum yield

was (18±2)% per stopped µ+ obtained in SiO2 powders at 300 K [57, 58, 61].

Mu yield in vacuum is measured typically using a series of positron telescopes as

shown in Figure 1.7. The positron track is reconstructed back to the region in front of

the silica sample (muon target). From the time difference between the start detector

and the telescopes, the velocity distribution of the Mu can be determined.

1.4 Towards better muon and muonium sources

One of the main limitations in the experiments with low energy µ+ and Mu atoms is the

quality of the µ+ and Mu sources [34]. A Mu source with a larger flux can be achieved

either by improving the µ+ → Mu conversion rate or by improving the µ+ beam (smaller

phase space, low energy, high intensity) as proposed in [62, 63]. Hence, this thesis has

been devoted to the optimization of the µ+ to Mu conversion using mesoporous SiO2

thin films (see for example [64]) and to the development of a novel high brilliance low

energy µ+ source as proposed in [63].

Optimization of µ+ to Mu conversion

The choice of the mesoporous SiO2 as the conversion target was motivated by the fact

that Ps and Mu share similar formation mechanisms in the powder silica [57]. Recently,

a yield of Ps into vacuum as high as 40% from these porous samples has been measured

down to cryogenic temperatures [64]. In contrast to SiO2 powders, these samples can

be produced under well-controlled conditions with uniform pore sizes and distributions.

The long term stability was measured with Ps for which the vacuum yield was constant

in a time scale of months.
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1.4 Towards better muon and muonium sources

Figure 1.7: A typical setup for detecting muonium in vacuum. The positron

from µ+ decay of the Mu atom is used to reconstruct the decay position of

the Mu.

There is also a recent effort by Beer et al. to improve the emission of Mu atoms into

vacuum by using a laser-processed aerogel [65]. Hole-like regions with diameter of about

270 µm in a triangular pattern with hole separation in the range of 300-500 µm were

created using laser ablation. The achieved Mu yield in vacuum is 3% and it is 8 times

higher than the previous best measurement with aerogel samples before treated with

laser ablation [60]. Another order of magnitude improvement is needed to reach the

requirement for the proposed muon g-2 measurement at J-PARC [66].

In this thesis, in contrast to the typical detection technique where the Mu atom is

extracted downstream of the muon beam, a new type of arrangement is used where

the Mu atom is re-emitted into the opposite direction of the initial muon momentum

as shown in Figure 1.8. This technique is only possible by using keV energy muons.

Mesoporous silica is used for the Mu production in vacuum and several techniques are

used to extract the information regarding Mu formation.

10

Zhang Ce

Zhang Ce



Introduction

Figure 1.8: (left) For the typical techniques using hot tungsten foil or silica

powder, the Mu atom is extracted downstream of the muon beam. (right) In

this thesis, the muon beam is implanted into the mesoporous silica thin film

with a mean depth of 50 - 300 nm. The muons will form Mu atoms and

thermalize inside the bulk material before diffusing out to the vacuum region.

A novel high brilliance low energy muon beam line

This new beam line of low energy µ+ [63] leads to a reduction of phase space of up to a

factor of 1010 compared to a conventional muon beam line, with an overall efficiency of

10−3. It is based on a position-dependent muon drift velocity in a helium gas cell with

gas density gradient, electric and magnetic fields. The final average kinetic energy of

the muon beam is 1 eV and with a beam size below 1 × 1 mm2. Such a tertiary beam

may serve as an add-on to an existing or a future high intensity muon beam. It can, in

principle, be applied and used on several beam lines and also potentially at other future

facilities. It can also be used for next generation µSR applications (for small sample sizes

below 1 × 1 mm2), precision experiments such as muon g-2 [16] and searches for muon

electric dipole moment (µEDM) [67]. Additionally, a novel high brilliance low energy

µ+ source that is currently being developed at PSI can be implanted into a superfluid

helium target to produce a quasi-mono-energetic Mu beam [50, 52, 63]. Even though the

formation of Mu inside the superfluid helium has been measured [68, 69], the predicted

quasi-mono-energetic emission of the Mu atom from the superfluid surface [70] has not

been verified. Such a verification is planned at PSI in the coming years. In this thesis,

research and development going on at ETH and PSI for this novel beam line will be
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1.4 Towards better muon and muonium sources

elaborated.

The subsequent parts of the thesis are organized as follows:

Chapter 2 is essentially about the main features of the PSI proton accelerator, Low

Energy Muon (LEM) beam line and its spectrometer for µSR and PST measurements.

The preparation of the mesoporous silica thin film is also discussed in this chapter.

Chapter 3 and Chapter 4 are devoted to the principle of the experiment to optimize

the µ+ to Mu conversion rate. Two different techniques are used to obtain the informa-

tion regarding the muonium formation in the mesoporous silica material. In Chapter 3,

the µSR technique that is used to extract the muonium formation probability is de-

scribed. The later part of the chapter will be concentrated on the data analysis of the

µSR. In Chapter 4 the PST that is used to extract the muonium yield in vacuum will

be elaborated. It is then followed by the data analysis. A quantum mechanical diffusion

model is used to explain the observations. Possible improvements are also discussed at

the end of the chapter.

Based on the results from Chapter 4, Chapter 5 focuses on the second attempt of opti-

mization to go further down in the muon implantation energy. An upgraded LEM beam

line will be discussed where a spin rotator is installed and the positions of several ele-

ments have been optimized. Several physics models have been added to the simulation

in order to reproduce the measured time spectra. Then the data analysis methods from

the Chapter 3 and Chapter 4 are again applied to the data taken with the upgraded

beam line and several problems are discussed.

Chapter 6 focuses on the confinement of the Mu atom in a small volume. It is an

important step for the muonium spectroscopy especially for the 1S-2S transition fre-

quency measurement. The resulting longer interaction time between the Mu atom and

the laser will increase the number of excited Mu atoms and hence the event rate of the

measurement. A preliminary result of the analysis will be presented.

Chapter 7 is devoted to the research and development of a novel high brilliance slow

µ+ beam line. The principle of the beam line is first explained and is followed by the

simulations and the experimental results.

Chapter 8 is the conclusion of this thesis.
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Chapter 2

Experimental setup

This chapter first describes the source of µ+ used for the optimization of the µ+ → Mu

conversion, which is the LEM beam line at PSI. Next the LE-µSR apparatus, installed

at the end of this beam line and dedicated to µSR measurements, is presented. This is

followed by an introduction to mesoporous materials and finally the preparation of the

mesoporous silica thin films which are studied in this thesis for µ+ → Mu conversion.

2.1 The high intensity proton accelerator at PSI

The measurements described in this thesis were done at PSI using the LE-µSR apparatus

at the µE4 [71] beam line as shown in Figure 2.1. The High Intensity Proton Accelerator

(HIPA) delivers a proton beam of 590 MeV energy at a current up to 2.2 mA (1.3 MW).

The proton beam is pre-accelerated in a Cockcroft-Walton electrostatic column to an

energy of 870 keV and this is increased to 72 MeV in the 4-sector Injector 2 cyclotron.

Final acceleration of the main beam to 590 MeV occurs in the large 8-sector Ring

Cyclotron, followed by transportation of the beam to the 4-cm long graphite production

target E. Pions are produced from the nuclear interaction of the proton with the graphite.

The µE4 beam line which starts with two normal conducting solenoids is optimized to

collect muons coming from the decay of the pions stopped close to the surface of the

target (“surface muons”). The muon beam is then transported to the LE-µ+ apparatus

using optical elements such as bending magnets and quadrupoles.

2.2 The low energy muon spin rotation apparatus

The PSI low-energy muon beam line with µSR spectrometer (LE-µ+) [73] is an in-

strument dedicated for muon spin spectroscopy in thin films and multi-layers to study
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2.2 The low energy muon spin rotation apparatus

Figure 2.1: The PSI experimental hall and High Intensity Proton Acceler-

ator (HIPA). Adapted from [72]. See text for descriptions.
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Experimental setup

magnetism, superconductivity [74], the behavior of hydrogen-like muonium impurities

in semiconductors (see for example, [75]), organic materials (see for example [76]) and

many more. The high intensity (> 108 µ+/s) beam of 4.1 MeV surface muons from the

µE4 channel at PSI [71], as shown in Figure 2.2, is focused onto a moderator consisting

of a patterned 125 µm thick Ag substrate at 10 K followed by a 200-300 nm thick solid

Ar film with a 10 nm solid N2 capping layer. The moderator (detailed later) is set to

HV. The N2 capping layer improves high voltage stability [77].

A small fraction (10−5 - 10−4) of incoming µ+ escapes from the solid moderator with

a mean energy of 15 eV and a width of similar order [79, 80]. The moderation efficiency

η depends on the gas deposited and its thickness [81]. These moderated µ+ are then

transported to the sample region that has low background contamination. The majority

of the µ+ will either go through the moderator with higher energies (several 100 keV) or

be stopped by the moderator [82]. Since the moderation process is very fast compared

to the depolarization mechanisms, µ+ retain almost all their polarization [83].

The Ag substrate is set to a positive voltage Vmod which can be varied from 2.5 kV

to 20 kV. Thus the µ+ of eV kinetic energy leaving the moderator have an electrostatic

potential energy of Emod = e · Vmod. These µ+ are thus accelerated while leaving the

moderator, focused by a LN2 cooled einzel lens (L1) and deflected by 90◦ in an elec-

trostatic mirror as shown in Figure 2.2. The potential applied to the mirror is equal

to that of the Vmod to separate the low energy µ+ (LE-µ+) from the “high energy” µ+

crossing the moderator. Since the deflection is purely electrostatic, only the momentum

of the LE-µ+ is changed while the spin direction remains unaltered. After the deflection,

the spin of the LE-µ+ and its momentum are perpendicular to each other. To be more

precise, the initial muon spin is not exactly perpendicular to its momentum due to the

separator (the muon spin is rotated 10◦ clockwise) as is shown in Figure 2.2, before the

moderator in the µE4 beam line.

After traversing the mirror, the LE-µ+ is focused by another einzel lens (L2) onto the

trigger detector (TD), which gives the start signal for the LE-µSR measurements. This

TD was developed to register the LE-µ+ in order to perform the time differential LE-

µ+SR measurements [84]. It consists of a very thin carbon foil (thickness of 2.2 µg/cm2)

combined with a micro channel plate (MCP) located perpendicularly to the foil. It is

based on the detection of electrons which are ejected by the LE-µ+ traversing the foil.

These electrons are directed by a small grid system to the MCP3 where they are detected

(see Figure 2.3). In the carbon foil, the LE-µ+ loses an energy of Eloss
∼= 0.8 keV with

an energy straggling (RMS) of ∆Eloss
∼= 500 eV.

Finally the LE-µ+ is transported to the sample chamber by an einzel lens (L3) and a

conically shaped electrostatic lens (RA). A position sensitive MCP2 can be mounted at

the sample position to optimize the transport system settings, as shown in Figure 2.2.
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Figure 2.2: An overview of the LE-µ+ apparatus at PSI. Surface muons

coming from the µE4 beam line are moderated down to 15 eV and re-

accelerated towards the 45◦ electrostatic mirror. The momentum of the LE-

µ+ are flipped from anti-parallel to the spin to perpendicular in this step and

the LE-µ+ are guided towards the sample by electrostatic lenses. A start de-

tector marks the starting signal for the µSR measurement. Shortly before they

reach the sample plate, their kinetic energy are adjusted by applying high volt-

age on the sample plate. The positron generated in the decay process of the

LE-µ+ hits one of the detectors around the sample and ends the event [78].
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Figure 2.3: A schematic of the start detector for LE-µ+. Secondary elec-

trons are emitted after LE-µ+ traversing the thin carbon foil. These electrons

are directed by a small grid system to the MCP3 where they are detected.

Adapted from [84].
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The optimized HV settings of the various beam line elements (leading to a high beam

transmission and a minimal beam size at the sample position) are summarized in Ta-

ble 2.1 for two different moderator energies Emod.

Table 2.1: Optimized LE-µ+ beam line high voltage settings during the beam

time 2011 for the moderator voltages Vmod = 12, 15 kV [43].

Element High voltage settings (kV)

12 kV 15 kV

Moderator 12 15

L1 7.2 8.5

Mirror 12 15

L2 11.2 14

L3 6.67 9

RA 8.1 10.75

Figure 2.4 shows the schematic diagram of the LE-µSR sample chamber and its spec-

trometer [78]. The sample plate is surrounded by a radiation shield to reach cryogenic

temperatures down to 2.5 K. In the transverse field µSR configuration, a magnetic field

(WEW magnet) of up to 3400 G can be applied along the beam direction. A typical

value of the magnetic field is 100 G for a LE-µSR measurement and it is 6 G for a

LE-Muonium Spin Rotation (MuSR) measurement.

The sample is electrically-insulated mounted on the cryostat in order to apply an

acceleration or deceleration high voltage Vsample. The final kinetic energy of the LE-µ+

implanted into the sample Ein is given by

Ein = Emod − Eloss − e · Vsample , (2.1)

where Emod is the electrostatic potential energy of the µ+ leaving the moderator, Eloss

the energy loss of LE-µ+ in the carbon foil and Vsample the HV applied on the sample

plate. It is possible to tune the Ein of the LE-µ+ from 0.5 keV to 31 keV by adjusting

Vsample (±12 kV). The implantation depth can be chosen by varying the kinetic energy

of the µ+, between 0-500 nm. This technique is now called LE-µSR [78]. Examples of

implantation depth versus implantation energy are given in Figure 2.5 and Figure 2.6.

The µ+ stopping distribution in the mesoporous SiO2 thin film at the different implan-

tation energies was calculated using TrimSP [85, 86] and plotted in Figure 2.5. From

the stopping distribution, the mean implantation depth is calculated and plotted in

Figure 2.6. The mean implantation depth is about 80 nm for an implantation energy

of 5 keV. This is in contrast to the implantation depth of a surface muon beam where
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Figure 2.4: Schematic of the LE-µSR sample chamber. The sample is

glued on a silver coated copper mount contacted to a cryostat. The sample is

surrounded by a thermal shield. Scintillators for the positron detection are

grouped in upstream and downstream counters. Each of them is additionally

segmented into top, bottom, left and right.

the stopping depths in solids are of the order of several 100 µm. Due to the scattering

processes involved in thermalization, the straggling range is about 50-100 µm.

For PST measurements that will be described in Chapter 4, an additional Ag-coated

copper plate (nose sample plate) is mounted upstream of the usual sample plate holder

to increase the contrast in the detection efficiency. The positrons from µ+ decays are de-

tected by 64 BC-400 scintillator (5 mm thick, 120 mm in length) segments surrounding

the vacuum tube in a cylinder-like shape. They are grouped in upstream and down-

stream counters, and each of them is additionally segmented into top, bottom, left and

right. Readout of the scintillators is achieved by Avalanche Photo Diodes (APD). This

detector provides the stop signal of an µSR event. The time difference between the start

detector and the APD is then registered as an event by TDC.

2.3 Facilities for low energy muon spin rotation

Due to their relatively high momentum, surface muons are usually implanted deep into

the sample (0.1-1.0 mm). Such muons can be used to the study of properties of bulk

materials. Recent developments of low-energy µ+ beams with tunable kinetic energies

19



2.3 Facilities for low energy muon spin rotation
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Figure 2.5: Normalized muon stopping distribution in the mesoporous SiO2

thin film (F-sample, ρ = 1.1 g/cm3) at various implantation energies, calcu-

lated using TrimSP [85, 86].
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between 0.5-30 keV allow the use of the µSR technique with thin films. The implantation

depth can be chosen by varying the kinetic energy of the µ+, between 0-500 nm. This

technique is now called LE-µSR [78]. Several methods were proposed to generate low

Table 2.2: Parameters of the currently available LEM beam line.

PSI (continuous) RIKEN-RAL (pulsed)

Surface muon beam intensity 4.2×108 µ+/s 1.2×106 µ+/s

Repetition rate continuous 25 Hz

Time resolution 5 ns 7 ns

Energy resolution 500 eV 14 eV

Spin polarization 99% 50%

Beam spot 10 mm 4 mm

LEM intensity 5000 µ+/s 15 µ+/s

Moderation efficiency 10−5 − 10−4 3× 10−5

energy muon beams but currently only two of them are realized as summarized in

Table 2.2.

• Continuous LEM beam at PSI [74]: Surface µ+ are moderated by a thin layer (a

few 100 nm) of a van der Waals bound rare gas solid or solid nitrogen deposited

on the downstream side of a 125 µm Ag substrate.

• Pulsed (25 Hz) LEM beam at RIKEN-RAL muon facility at ISIS (UK): Surface

µ+ are moderated and stopped in a 2500 K hot tungsten foil. Mu atoms are re-

emitted from the hot surface into vacuum. Laser ionization of the emitted Mu

produces µ+ with thermal energy [87].

However, only the PSI LEM beam line has a reasonable rate (5000 µ+/s) to perform

routine experiments. All data presented in this thesis were taken between 2011 and 2014

with this apparatus installed at the secondary µE4 beam line at PSI [71]. The situation

would change with the installation of the pulsed LEM beam line at J-PARC [88] in the

coming years based on the same principle as the one of the RIKEN-Rutherford Appleton

Laboratory (RIKEN-RAL) muon facility.

Recently, another effort to produce an ultra slow muon beam line at PSI was pro-

posed [63]. The proposal is based on a position-dependent muon drift velocity in a

helium gas cell with gas density gradient, electric and magnetic fields. The final average

kinetic energy of the muon beam will be 1 eV with beam size below 1×1 mm2. Research

and development are on-going at PSI (see Chapter 7).
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2.4 Mesoporous silica thin film for the muonium production

2.4 Mesoporous silica thin film for the muonium

production

2.4.1 Definition of mesoporous materials

Porous materials are classified according to their pore sizes into microporous (<2 nm),

mesoporous (2-50 nm) and macroporous (>50 nm) [89]. Mesoporous materials were first

discovered by the Kuroda group [90] and Mobil Company [91] in the early 1990s. These

materials has since then attracted the attention of many researchers as their pore size

is beyond the limit of the conventional zeolites and thus can be used in a broader field,

for example, as a catalyst where large molecules are involved.

Mesoporous silica thin films used in this thesis were synthesized via a sol-gel method as

sketched in Figure 2.7. The sol-gel process uses a pure aqueous evaporation-induced self-

assembly (AEISA) method [92]. In this method, the inorganic species (e.g. tetraethyl

orthosilicate, TEOS) is first hydrolyzed and condensed into an oligomeric silica gel,

followed by a sol-gel transition due to further condensation, accompanied by the self-

assembly of surfactants and inorganic species to form mesostructures. Acid or base

is used as the catalyst for the hydrolysis and condensation of silica precursors, and

therefore commonly the reaction is conducted in either acidic or basic conditions.

The formation of mesoporous materials has been considered to be highly dependent

on the interaction between organic (surfactant) and inorganic (silica oligomers) species.

Different synthesis strategies are needed for different types of surfactants so that they

can maintain these interactions.

Surfactants are classified into the following types according to their charging prop-

erties: (a) anionic (S−), with negatively charged head groups, for example alkyl car-

boxylate, (b) cationic (S+), with positively charged head groups, for example hexade-

cyltrumethylammonium chloride (CTACl), and (c) non-ionic (S0), with neutral head

groups, for example pluronic F-127 triblock copolymer (EO106PO70EO106).

2.4.2 Sample preparation

TEOS was used as the silica source, cationic surfactants like Cetyl trimethyl ammonium

chloride (CTACl) and hexadecyltrumethylammonium bromide (CTAB) and non-ionic

pluronic F-127 triblock copolymer (EO106PO70EO106) were used as structuring agents,

respectively as shown in Figure 2.8. The thin films were prepared on polished silicon

wafers (semiconductor quality silicon by SILTRONIX, P-Bore type) by spin-coating at

3000 rpm using precursor sols of TEOS, surfactant, anhydrous ethanol (EtOH), distilled

water and hydrochloric acid (HCl) or nitrite acid (HNO3). The sol-gel was constantly
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Experimental setup

Figure 2.7: The process of mesoporous silica formation. The initial solution

contains cetyltrimethylammonium chloride (CTACl) as structuring agent,

tetraethoxysilane (TEOS) as silica precursor. The inorganic condensation

is achieved via the sol-gel process. In the first step, the structuring agents

form liquid micelles crystalline in the solution. With the evaporation process,

a silica network will form around the micelles. Structuring agent can be re-

moved by calcinating the gel up to 450◦ and this will yield a mesoporous silica

material. It is denoted by C-sample throughout this thesis. Likewise, meso-

porous silica made from F-127 structuring agent is denoted by F-sample.
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2.4 Mesoporous silica thin film for the muonium production

Figure 2.8: An overview of the mesoporous silica thin film preparation done

at CEA Saclay. (a) A 500 µm thick semiconductor quality silicon wafer (SIL-

TRONIX) is used as the deposition substrate for the mesoporous silica thin

film. (b) The silicon wafer is cut into square pieces of 20×20 mm2. (c) Non-

ionic pluronic F-127 triblock copolymer (EO106PO70EO106 and Tetraethoxysi-

lane (TEOS) used in the sample preparation. (d) Precursor sols of TEOS,

surfactant, anhydrous ethanol (EtOH), distilled water and nitric acid (HNO3)

are stirred at 300 rpm for 3-6 hours. (e) The sol-gel is deposited on a

20× 20 mm2 silicon substrate. (f) The spin-coating device used in the prepa-

ration. The angular frequency, which is measured by a tachometer, is tuned

to 3000 rpm by varying the applied voltage.
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Experimental setup

stirred at 200 rpm for several hours. The density of the C-sample (F-sample) is ap-

proximately 1.2(1.1) g/cm3 and the thickness is about 1 µm. There was a thin layer

of non-porous SiO2 (several nm) on the silicon wafer. The thin films were calcined at

250◦ in air soon after the spin-coating process for several hours in order to remove the

organic species.

Various samples were preselected with the ETHZ slow positron beam [64] and were

heated at 450◦ for 15 mins in air immediately before it is glued with a conductive

silver (G302 from Plano GMBH) to the sample plate (see Figure 2.9). The procedure

mentioned above is the same as in [64] and is summarized in Appendix D.
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2.4 Mesoporous silica thin film for the muonium production

Figure 2.9: Porous silica which is sitting on top of a 0.5 mm thick 20 ×
20 mm2 silicon plate is glued to the nose sample plate with a conductive silver

glue (G302 from Plano GMBH) which is attached to the cold finger of the

LE-µSR apparatus.
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Chapter 3

Optimization of muon to muonium

conversion: muonium formation

probability

In this chapter, the measurement of the Mu formation probability in mesoporous silica

materials is reported. The Mu formation probability, defined as the fraction of Mu

produced per µ+ implanted into the sample, can be measured by the µSR technique.

This technique, as explained in this chapter, provides information on the Mu formation

probability but not on the fraction of Mu that is emitted into vacuum. The Mu yield

in vacuum is studied with another technique that will be explained in Chapter 4.

3.1 Principle of the time-differential muon spin ro-

tation technique

The acronym µSR stands for muon spin rotation, or relaxation, or resonance, depending

respectively on whether the µ+ spin motion is predominantly a rotation (more precisely

a precession around a magnetic field), or a relaxation of the µ+ ensemble polarization,

or a more complex dynamics induced by additional radio frequency pulses to induce

spin-flips. It is a powerful tool capable of providing valuable information regarding

various chemical and solid-state physics phenomena especially for superconductivity and

magnetism investigation. Studying materials using µSR technique requires implantation

of polarized µ+ of several keV to MeV initial kinetic energy into the sample. The time

evolution of the µ+ spin is then monitored on the time scale of the µ+ lifetime by means

of the correlation between µ+ spin and positron emission as explained in Section 1.1. A

detailed description of the µSR technique can be found in [33, 93].
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3.1 Principle of the time-differential muon spin rotation technique

Figure 3.1: A schematic view of a time-differential µSR technique. After

registering a signal in the start detector, the spin-polarized µ+ is implanted

into the sample and undergoes Larmor precession due to the magnetic field
~B. The positron is emitted preferentially along the direction of the µ+ spin

at the time of the µ+ decay. Hence the time evolution of the µ+ spin can be

monitored with a positron detector. Adapted from [94].
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Figure 3.2: Typical µSR time histograms. Each histogram consists of an

exponential decaying function which describes the µ+ decay modulated at a

frequency given by the (a) µ+ spin precession in a 100 G magnetic field and

(b) µ+ and Mu spin precessions in a 5 G magnetic field. The red lines are

the exponential parts of the fits.

Most of the µSR experiments are time-differential measurements, as their purpose is

to monitor the µ+ polarization as a function of time. A schematic view of a typical

experimental setup is shown in Figure 3.1. A beam of µ+ with nearly 100% spin polar-

ization first passes through a µ+ entrance detector, which is commonly referred to as the

start detector, starting the clock for the time differential measurement. In the mate-

rial, where the µ+ stops, there is a magnetic field (external and internal) which causes

the µ+ spin to precess. With a lifetime of 2.2 µs, the µ+ decays by emitting a positron

preferentially in the direction of the µ+ spin. The clock is stopped when the positron

detector, usually a plastic scintillator partially surrounding the sample, has detected the

decay positron. All the time entries are then recorded in a histogram resulting in a time

distribution of the form

N(t) = N0e
−t/τµ [1 + A0Pµ(t)] , (3.1)

where t is the time difference between the start and the stop signals, and A0 the µ+

decay asymmetry mentioned in Section 1.1 which depends on the initial polarization of

the µ+ beam, the solid angle of the positron detector and the energy of the positron

detected. Pµ(t) is the projection of the spin polarization of the µ+ ensemble in the

direction of the positron detector n, normalized to the initial spin polarization:

Pµ(t) = P µ(t) · n/Pµ(0) . (3.2)

An example of the time histogram for a µSR measurement is shown in Figure 3.2(a).
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3.2 Transverse-field muon spin rotation

3.2 Transverse-field muon spin rotation

Once the µ+ is thermalized in the sample, the µ+ spin interacts magnetically with its

surroundings. The µ+ polarization P µ(t) is precessing with time if it is subjected to a

local magnetic field B. The local field is consisting of an internal field Bint and in case

of the transverse field µSR, an external field Bext applied perpendicular to the initial

spin polarization:

B = Bint +Bext . (3.3)

The internal fields can be originating from the surrounding atoms and nuclei and

from the interaction with the electrons of the sample. The time evolution of the µ+ spin

polarization is given by the classical Bloch equation

dP µ(t)/dt = γµP µ(t)×B , (3.4)

which describes the Larmor precession of P µ around B. If Bext is the dominating field

(Bext ≫ Bint), Bext and the local field B lie approximately in the same direction. In

this scenario, the time-dependent decay asymmetry can be written simply as:

Aµ(t) = A0Pµ(t) = Aµcos(ωµt+ φµ) , (3.5)

where φµ is the angle between P µ(0) and the direction of the positron detector, and

Aµ = A0Pµ(0) the decay asymmetry at t = 0. The precession frequency ωµ = γµB is

correlated the local magnetic field experienced by the µ+. Moreover, a damping term

is introduced to account for inhomogeneities of the magnetic field and depolarization

effects:

Aµ(t) = Aµe
−λµtcos(ωµt+ φµ) . (3.6)

A similar description can also be applied to the Mu atom. The implanted µ+ may

capture an e− from the surrounding and form Mu. Because of the hyperfine interaction

with the bound electron, the magnetic interaction of the µ+ in the Mu atom is enhanced

by about a factor of 100, more precisely γMu =102.88γµ (see Appendix A for more

details). The corresponding time-dependent decay asymmetry can thus be written as

AMu(t) = AMue
−λMutcos(ωMut+ φMu) , (3.7)

where AMu is the Mu decay asymmetry, λMu the Mu spin depolarization rate, ωMu =

γMuB the Mu precession frequency, and φMu the angle between PMu(0) and the direction

of the positron detector.

When a µ+ is implanted into a sample, a fraction of it remain in the diamagnetic

state as a µ+ and another fraction is forming Mu. Therefore combining Equation 3.1,

Equation 3.6 and Equation 3.7, the time-dependent positron count can be written as:

N(t) = N0e
−t/τµ [1 + Aµ(t) + AMu(t)] +Nbg . (3.8)
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Optimization of muon to muonium conversion: muonium formation probability

This is the most commonly used fit function for a µSR measurement involving both

µ+ and Mu precessions. Possible uncorrelated background is accounted for by the fit

parameter Nbg. The decay asymmetries Aµ and AMu are proportional to the fraction of

µ+ which remain as a free µ+ and form Mu, respectively. Figure 3.2(b) is showing a time

histogram where the fractions of µ+ and Mu are equal (Aµ = 0.15 and AMu = 0.15). This

is clearly visible from Figure 3.2(b) a fast oscillating AMu(t) term and slowly oscillating

Aµ(t) term.

3.3 Muon spin rotation measurements

Muon spin rotation (µSR) measurements were done with mesoporous silica F- and C-

samples and a fused quartz sample during the beam time in 2011. The mesoporous silica

samples were pre-selected with the ETHZ slow positron beam [95] and the fused quartz

was used as a reference measurement to compare the Mu formation probability. Data

from µSR measurements were stored in the ROOT [96] file format and were analyzed

using ROOT-based musrfit [97] framework developed at PSI for µSR data analysis.

Most of the data was taken for 8 million events. Datasets used for the data analysis are

summarized in Appendix E.

As the positron detection system (both upstream and downstream) of the LE-µSR

spectrometer is segmented into left (L), bottom (B), right (R) and top (T) (see Fig-

ure 3.3), the time-dependent decay asymmetry A(t) of each individual detector can be

written as:

AL(t) = Aµe
−λµtcos(ωµt + φµ) + AMue

−λMutcos(ωMut + φMu) (3.9)

AB(t) = Aµe
−λµtcos(ωµt + φµ +

π

2
) + AMue

−λMutcos(ωMut + φMu −
π

2
) (3.10)

AR(t) = Aµe
−λµtcos(ωµt + φµ + π) + AMue

−λMutcos(ωMut− φMu + π) (3.11)

AT (t) = Aµe
−λµtcos(ωµt + φµ +

3π

2
) + AMue

−λMutcos(ωMut + φMu −
3π

2
) ,(3.12)

as each of them are phase shifted relative to each other due to their relative geometrical

positioning. Aµ,Mu, λµ,Mu, ωµ,Mu and φµ,Mu are the decay asymmetry, the spin relaxation

rate, the Larmor precession frequency and the initial spin phase of the µ+ and Mu,

respectively. The opposite sign of the initial phase between µ+ and Mu terms is due

to the fact that µ+ is precessing in the clockwise direction whereas Mu is precessing

in the anti-clockwise direction as they have magnetic moments of opposite sign [98].

Equations 3.9 to 3.12 are used as fit functions for low-field measurements where the

Mu precession can be resolved within the time resolution of the apparatus. For higher

magnetic field (> 50 G), the Mu precession is so fast that it is not resolvable by the

31

Zhang Ce

Zhang Ce



3.3 Muon spin rotation measurements

Figure 3.3: The LE-µSR spectrometer is segmented into left (L), bottom

(B), right (R) and top (T) positron detectors. At t = 0, the µ+ spin is

pointing towards the left detector. The µ+ spin is precessing in the clockwise

direction. The direction angle of the µ+ spin will evolve accordingly to θ =

ωµt. The decay positron emitted preferentially along the µ+ spin direction

hitting a positron detector delivers the stop signal for the event.

µSR spectrometer and the fit functions simplify to:

AL(t) = Aµe
−λµtcos(ωµt + φµ) , (3.13)

AB(t) = Aµe
−λµtcos(ωµt + φµ +

π

2
) , (3.14)

AR(t) = Aµe
−λµtcos(ωµt + φµ + π) , (3.15)

AT (t) = Aµe
−λµtcos(ωµt + φµ +

3π

2
) . (3.16)

These functions are used to fit the µSR time histograms of the four detectors (L, B, R, T)

simultaneously with common parameters Aµ, λµ, ωµ and φµ as shown in Figure 3.5. The

typical fit region of the time spectra is from t = 0.05 µs to t = 8 µs and the histogram

binning is about 10 ns/bin. Typical fit results using the Graphical User Interface (GUI)

of musrfit are shown in Figure 3.4 for a 6 G measurement and in Figure 3.5 for a 100 G
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Si02-suprasil, 16mm/30mm nose, T=50.00 (K),WEW B=~5(G)/1.00(A) ,15.02 (kV),E= 5.02 (keV),Sample = 9.10 (kV)
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2011/lem11_his_1634,h:7 ,T=50.00K,B=5.51G,E=5.02keV ,Sample, WEW, Konti-2
2011/lem11_his_1634,h:6 ,T=50.00K,B=5.51G,E=5.02keV ,Sample, WEW, Konti-2
2011/lem11_his_1634,h:8 ,T=50.00K,B=5.51G,E=5.02keV ,Sample, WEW, Konti-2

Figure 3.4: A typical fit from musrfit toolkit using Equations 3.9 to 3.12

for a 6 G magnetic field and a fused quartz sample. Only data of upstream

detectors are considered. Fast spin precession of Mu can be seen on top of

the slow µ+ spin precession.

measurement, on a fused quartz sample. The asymmetry plots (Aµ(t)) of Figure 3.4 and

Figure 3.5 were extracted from the L, B, R and T segments of the upstream detectors

only. A distortion of the asymmetry occurs for the downstream detector as shown in

Figure 3.6 due to Mu emission into vacuum as explained in Chapter 4. This effect is

however negligible for the upstream detector and hence Equations 3.9 to 3.16 can be

used to fit the data of the upstream detector.
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3.4 Fraction of muon and muonium in the samples

Si02-suprasil, 16mm/30mm nose, T=49.98 (K),WEW B=~100(G)/17.50(A) ,15.02 (kV),E= 5.02 (keV),Sample = 9.10 (kV)
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Figure 3.5: A typical fit from musrfit toolkit using Equations 3.13 to Equa-

tion 3.16 for a 100 G magnetic field and a fused quartz sample. Only data

of upstream detectors are considered. µ+ spin precession is clearly visible.

3.4 Fraction of muon and muonium in the samples

In this section, the method to determine the fraction of µ+ which remain as free µ+ or

form Mu after implantation is described. These fractions are defined as

Fµ =
number of µ+ after implantation

number of implantated µ+
(3.17)

FMu =
number of Mu after implantation

number of implantated µ+
. (3.18)

For a weak magnetic field (≈ 6 G), the fraction of free µ+ and Mu in the samples after

µ+ implantation of can be determined from the experimentally fitted values of decay

asymmetries Aµ and AMu. This is because Aµ and AMu are proportional to the fraction

of µ+ and Mu at the moment of the µ+ decay [86]. In order to calculate Fµ and FMu
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Figure 3.6: Measured µ+ decay asymmetry Aµ(t) of a mesoporous silica

sample for the downstream detectors (L,B,R,T). Aµ(t) do not follow a simple

cos(ωt − φ) time evolution as described by Equation 3.13 to Equation 3.16

because of Mu emission into vacuum. As a comparison, fitted Aµ(t) for the

upstream detectors (L,B,R,T) are shown.

which are given by

Fµ =
Aµ

Atot
(3.19)

FMu =
2AMu

Atot
, (3.20)

the normalization factor which is called “total observable decay asymmetry” Atot of

the apparatus has to be known. It is important to note that this “total observable

decay asymmetry” is always smaller than the theoretical value A(Ee) = 1/3 that was

described in Section 1.1. This is mainly due to the fact that positron detectors are

not infinitely small. As a consequence, the measured decay asymmetry is an integrated

value over certain angle and hence is reduced. For simplicity, the “total observable decay

asymmetry” will be denoted as “total decay asymmetry” in the later part of the thesis.

The factor of 2 in front of AMu is due to the fact that only 50% of the µ+ precession in
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3.4 Fraction of muon and muonium in the samples

Mu can be resolved experimentally (see Appendix A for more details).

Determination of the total decay asymmetry

Atot of the apparatus can be determined by using a fused quartz sample, which is

known to have negligible so called “missing fraction” of µ+ precession signal [99]. The

missing fraction is the fraction of implanted µ+ which do not contribute to the observable

asymmetries due to fast depolarization effects. Taking this into account, the total decay

asymmetry Atot can be written as

Atot = Aµ + 2AMu + Amiss , (3.21)

where now Amiss accounts for fast depolarization (t < 5 ns). This missing fraction is

mainly caused by µ+ in Mu which lose its polarization rapidly due to the spin exchange

with the electrons of the surrounding [100, 101]. The existence of a missing fraction,

if not accounted for, will lead to an overestimation of Fµ and FMu. For a sample with

negligibly missing fraction (quartz sample), the total observable asymmetry of the µ+

decay is given by

Atot = Aµ + 2AMu . (3.22)

Another complication is represented by the limited time resolution of the LE-µSR spec-

trometer which is about 5 ns. Due to the fast Mu precession even at low magnetic

fields and the limited time resolution, the fitted value of AMu from the time spectrum

is smaller than the real AMu. The real AMu can be determined by applying a correction

Ct(ν) to the fitted AMu

AMu → Ct(ν)AMu , (3.23)

where Ct(ν) describes the reduction of observable asymmetry due to the finite time

resolution. This correction Ct(ν) depends on the precession frequency ν and thus on

the applied magnetic field. Ct(ν) is evaluated from a calibration measurement using a

Ag sample [102] as follows:

Ct(ν) =
Aµ(ν = 0)

Aµ(ν)
, (3.24)

where Aµ(ν = 0) is the fitted µ+ decay asymmetry at zero precession frequency (zero

magnetic field) and Aµ(ν) the fitted µ+ decay asymmetry in a magnetic field with

precession frequency ν. (A similar correction applies to the Mu precession as well but

it is very challenging to perform such a calibration.) The main idea of this calibration

method is that the physical Aµ generally does not depend on the precession frequency.

Hence, a reduction in the fitted Aµ can be attributed to the limited time resolution of

the apparatus. At B = 6 G where the Mu precession frequency is νMu = 8.38 MHz,
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Ct ≈ 1.3. Such a correction is not needed for Aµ at B = 6 G as the precession frequency

νµ = 0.081 MHz is sufficiently small.

For fused quartz at 250 K, the Atot at 5, 14 and 19 keV µ+ implantation energies and

B = 6 G are given by:

Atot(Ein, sample) = Aµ + 2CtAMu (3.25)

Atot(5 keV, quartz) = 0.084(2) + 2 · 1.3 · 0.052(2) = 0.218(6) (3.26)

Atot(14 keV, quartz) = 0.052(2) + 2 · 1.3 · 0.069(2) = 0.230(6) (3.27)

Atot(19 keV, quartz) = 0.041(2) + 2 · 1.3 · 0.075(2) = 0.235(7) . (3.28)

The smaller value of Atot(5 keV) compared to the others is due to the backscattering

effects at low implantation energies. The backscattered µ+ has a high probability to

capture an electron and form Mu [87] which moves rapidly from the sample plate towards

the surrounding materials. Due to the magnetic field inhomogeneity which increases

when moving away from the sample plate, the Mu precession suffers a strong dephasing

effect and hence a fraction of the µ+ polarization is lost. Since Atot does not depend on

temperature as visible in Figure 3.7(a), average values for each implantation energy are

used in analysis:

Atot(5 keV, quartz) = 0.233(5) (3.29)

Atot(14 keV, quartz) = 0.238(4) (3.30)

Atot(19 keV, quartz) = 0.240(4) . (3.31)

For the mesoporous silica F-sample shown in Figure 3.7(b), the Atot are much smaller

compared to those of fused quartz. This is caused by the fast depolarization of the Mu

just after its formation (t < 5 ns) in the mesoporous material. This is the “missing

fraction” [103, 104] mentioned at the beginning of this section. For example, for F-

sample at 250 K:

Atot(5 keV,F) = 2 · 1.3 · 0.020(2) + 0.123(2) = 0.175(6) (3.32)

Amiss(5 keV,F) = Atot(5 keV, quartz)− Atot(5 keV,F) (3.33)

= 0.233(5)− 0.175(6) = 0.058(8) (3.34)

Fmiss =
0.058(8)

0.233(5)
= 0.25(3) . (3.35)

This means that about 25(3)% of Mu formed in the F-sample undergoes fast depolar-

ization after its formation. The fraction of implanted µ+ which remains as free µ+ in

the sample is given by

Fµ =
Aµ(5 keV,F)

Atot(5 keV, quartz)
=

0.123(2)

0.233(5)
= 0.53(1) , (3.36)
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Figure 3.7: Total decay asymmetry Atot versus temperature for (a) fused

quartz and (b) mesoporous F-sample, at various implantation energies. No

strong temperature dependence is observed. For the F-sample, the values are

smaller than those of fused quartz due to the fast depolarization of the Mu

soon after its formation. This fast depolarization gives rise to the ”missing

fraction” of the total decay asymmetry Atot. The error bars are the fit errors

only.
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whereas the fraction of implanted µ+ that has formed Mu and kept their polarization

until before decaying is given by

FMu =
2CtAMu(5 keV,F)

Atot(5 keV, quartz)
=

2 · 1.3 · 0.020(2)
0.233(5)

= 0.22(2) . (3.37)

From Equations 3.35 to 3.37, it results that for mesoporous silica F-sample, 53(1)% of

the implanted µ+ remains as free µ+ whereas 22(2)% forms Mu keeping their polarization

until decay, and 25(3)% forms Mu depolarizing within the first 5 ns. About 50% of the

Mu formed in the mesoporous materials undergoes fast depolarization probably due to

the spin-exchange collisions in the pores.

Similar calculations can be repeated for the fused quartz sample using the asymmetries

from Equation 3.26, and the corresponding fractions are Fµ = 0.62(3), FMu = 0.39(1)

and Fmiss = 0 since it was assumed at the beginning that there is no missing fraction in

a fused quartz sample.

It should be noted such a determination of FMu from AMu is possible only at low

magnetic fields (≈ 6 G). At medium or high magnetic fields, Mu precession is too fast

to be resolved experimentally and AMu is washed out.

3.5 Mu formation probability

There are two ways to determine the Mu formation probability F 0
Mu per implanted µ+:

(I) Directly: using the fitted value of AMu and Atot, through equation
2CtAMu

Atot
as

explained in previous section

(II) Indirectly: using the fitted value of Aµ and Atot, through equation 1− Aµ

Atot

.

Direct method

As explained in Section 3.4, this measurement is only possible at low magnetic fields.

However in a magnetic field of 6 G, µ+ precesses only about 180◦ in the 10 µs mea-

surement time window (e.g., Figure 3.4). This strongly limits the accuracy of the fitted

asymmetry Aµ. From Table 3.1 and Table 3.2, it can be seen that the fitted values of

Aµ are larger for 6 G measurements than that for 100 G measurements. This could be

due to a systematic fit problem when fitting a small fraction of a modulation: there is a

strong correlation between Aµ and e−λµt in the fit function of e.g. Equation 3.9. An un-

derestimated damping factor λµ could give rise to an overestimation of Aµ. Moremore,

AMu is only sensitive to the Mu fraction, which does not undergo fast depolarization.
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3.5 Mu formation probability

Because of these two problems, an “indirect method” is used to extract a more precise

value of the Mu formation probability.

Indirect method

To get a more precise F 0
Mu value, measurements at 100 G were used. F 0

Mu is determined

indirectly from the fraction of disappearing µ+ via

F 0
Mu = 1− Fµ . (3.38)

The correctness of this indirect approach relies on the fact that Aµ is not expected to

depolarize in silica [105]. Summarizing, this indirect method is more precise because

several oscillations (e.g. Figure 3.5) of the µ+ can be measured and it is insensitive to

the Mu depolarization effect.

Not all the µ+ from the LEM beam are implanted into the sample. Part of the µ+ are

hitting the sample and the rest are hitting the Ag coating of the Cu nose sample plate.

Since no Mu is formed in the Ag, the Fµ determined from the fit is an overestimation

of the actual value. The fraction x of µ+ which is hitting the sample (normalized to the

total µ+ in the beam) can be determined as explained in Appendix C. Accounting for

this fraction x, the corrected Mu formation probability is then given by

F 0,cor
Mu =

1− Fµ

x
. (3.39)

For mesoporous silica F-sample at 250 K and 5 keV x = 0.75. Thus, the corrected Mu

formation probability is

F 0,cor
Mu (5 keV,F) =

1− 0.117(1)
0.233(5)

0.75(4)
=

0.50(1)

0.75(4)
= 0.66(4) . (3.40)

The Mu formation probability for F-sample resulting from an average at various tem-

peratures and implantation energies as shown in Figure 3.8 is 0.64(2). The corresponding

value for C-sample is 0.60(2). These values are comparable with the results obtained

in silica powders [57]. Table 3.1 and Table 3.2 summarizes the values obtained using

mesoporous silica C-sample and F-sample for the beam time in 2011.

Mu formation probability in mesoporous silica

The Mu formation probability for the fused quartz sample calculated using Equation 3.39

is F 0,cor
Mu = 0.87(4), in good agreement with [106]. The difference in F 0,cor

Mu between the

mesoporous SiO2 and quartz samples is probably caused by the absence of “delayed Mu
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Figure 3.8: Initial fraction of Mu formed in the sample for a mesoporous

silica F sample.

formation” in the porous samples. Here “delayed Mu formation” refers to the capture of

an electron by a thermalized µ+, where the electron originates from the µ+ own ioniza-

tion track. This process is in contrast to the “prompt” Mu formation in charge-exchange

collisions during the µ+ slowing down, which occurs at about hundred eV to keV en-

ergies, followed by thermalization as Mu and not as µ+. At low implantation energies,

when the number of generated track electrons is less than 1000 or in the presence of

defects, “delayed Mu formation” is suppressed and only the “prompt” process accounts

for Mu formation [106]. In the mesoporous SiO2 samples, Mu formation is expected

to be dominated by the “prompt” process because track electrons will be hindered to

recombine with thermalized µ+ by scattering and capturing at pore boundaries. This is

why F 0,cor
Mu does not depend on implantation energy for the mesoporous silica samples.

Summarizing, for mesoporous silica C-sample, 60(2)% of the implanted µ+ form Mu

whereas 40(2)% remain as free µ+. The corresponding values of F 0,cor
Mu for F-sample and

fused quartz are 64(2)% and 87(4)%, respectively. About 50% of the formed Mu in the

mesoporous material depolarizes very fast (< 5 ns) whereas this depolarization is absent

in fused quartz.
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3.5 Mu formation probability

Table 3.1: Mu formation probability obtained using µSR technique for meso-

porous silica C sample in beam time 2011. T is the sample temperature, B

the magnetic field, E the µ+ implantation energy, Aµ the µ+ decay asymme-

try, AMu the Mu decay asymmetry, Atot the total decay asymmetry, F 0
Mu the

Mu formation probability and F 0,cor
Mu the corrected Mu formation probability.

T (K) B (G) E (keV) Aµ AMu Atot F 0
Mu F 0,cor

Mu

250 6 3 0.140(1) 0.006(1) 0.155(3) 0.38(10) 0.56(15)

250 6 5 0.139(1) 0.003(1) 0.147(3) 0.40(1) 0.53(3)

250 6 10 0.134(2) 0.004(2) 0.144(5) 0.45(10) 0.52(11)

250 6 14 0.126(2) 0.002(1) 0.131(2) 0.47(1) 0.51(2)

250 100 3 0.133(2) - - 0.41(9) 0.60(14)

250 100 5 0.127(2) - - 0.45(1) 0.61(3)

250 100 10 0.116(2) - - 0.52(9) 0.60(10)

250 100 14 0.111(2) - - 0.53(1) 0.58(3)

175 6 3 0.142(2) 0.003(2) 0.150(5) 0.37(10) 0.54(15)

175 6 5 0.150(3) 0.004(3) 0.160(9) 0.36(2) 0.48(4)

100 6 3 0.141(2) 0.011(2) 0.169(6) 0.37(10) 0.54(15)

100 6 5 0.134(2) 0.007(3) 0.152(8) 0.42(2) 0.56(4)

50 6 3 0.146(2) 0.001(1) 0.150(3) 0.35(10) 0.51(15)

50 6 5 0.144(5) 0.005(5) 0.157(13) 0.38(3) 0.51(5)
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Table 3.2: Mu formation probability obtained using µSR technique for meso-

porous silica F sample in beam time 2011. T is the sample temperature, B

the magnetic field, E the µ+ implantation energy, Aµ the µ+ decay asymme-

try, AMu the Mu decay asymmetry, Atot the total decay asymmetry, F 0
Mu the

Mu formation probability and F 0,cor
Mu the corrected Mu formation probability.

T (K) B (G) E (keV) Aµ AMu Atot F 0
Mu F 0,cor

Mu

250 6 5 0.123(2) 0.020(2) 0.174(5) 0.47(1) 0.63(4)

250 6 14 0.115(2) 0.014(2) 0.152(5) 0.52(1) 0.57(3)

250 6 19 0.108(2) 0.009(2) 0.130(5) 0.55(1) 0.57(3)

250 100 5 0.117(1) - - 0.50(1) 0.66(4)

250 100 14 0.102(2) - - 0.57(1) 0.62(3)

250 100 19 0.102(3) - - 0.57(1) 0.59(3)

175 6 5 0.133(2) 0.011(3) 0.161(7) 0.43(1) 0.57(3)

175 100 5 0.118(1) - - 0.49(1) 0.65(4)

100 6 5 0.135(2) 0.009(2) 0.158(5) 0.42(2) 0.56(4)

100 100 5 0.116(2) - - 0.50(1) 0.66(4)

100 100 14 0.096(2) - - 0.60(1) 0.65(3)

100 100 19 0.097(2) - - 0.60(1) 0.63(3)

75 6 5 0.133(2) 0.024(9) 0.194(23) 0.43(1) 0.57(3)

50 6 5 0.134(1) 0.005(2) 0.174(4) 0.42(1) 0.56(3)

50 100 5 0.114(1) - - 0.51(1) 0.68(4)

20 6 5 0.123(3) 0.030(11) 0.201(29) 0.47(2) 0.63(4)

20 6 14 0.117(3) 0.012(8) 0.148(20) 0.51(2) 0.55(3)

20 6 19 0.111(5) 0.16(24) 0.130(5) 0.54(2) 0.56(3)
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Chapter 4

Optimization of muon to muonium

conversion: muonium yield in

vacuum

As explained in Chapter 3, the µSR measurements provide information regarding the

Mu formation probability per implanted µ+, but do not provide information regarding

the Mu yield in vacuum. It only gives a value of the total formed Mu, but can not

distinguish between a Mu in vacuum and a Mu in the sample at the time of decay. To

extract this information, the LEM apparatus at PSI was modified and a new technique,

here called positron shielding technique (PST), was developed. The principle of this

technique along with the determined Mu yield in vacuum for mesoporous silica materials

will be discussed in this chapter.

4.1 Positron shielding technique

The principle of this technique is based on the idea that positrons from Mu decaying in

the sample and emitted in the direction of the downstream detector are stopped by the

sample itself, by the sample plate and by the cold finger of the cryostat. This is illus-

trated in Figure 4.1(a). Due to this shielding effect, the positron detection efficiency ǫdet
of the downstream detector is a function of µ+-decay-position as shown in Figure 4.1(c).

As expected, for no Mu emission into vacuum where the Mu staying inside the sample,

an exponential decay time spectrum from µ+ decay is observed (see Figure 4.1(d)). This

is due to the fact that the detection efficiency do not change over time since Mu (µ+) is

not moving. However, if Mu is emitted into the vacuum region in front of the sample, the

detection probability increases with time, as the decay positron is less shielded from the
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Figure 4.1: (a) Principle of the positron shielding technique (PST). For

Mu emitted into vacuum, the detection probability in the downstream detector

increases due to reduced shielding effects of the cryostat materials. (b) “Nose

sample plates” used in the PST measurements to increase the z-dependence

of the positron detection efficiency. (c) Positron detection efficiency of the

downstream detector as a function of µ+-decay-position z. The newly de-

signed copper nose sample plate gives a higher contrast compared to the usual

µSR sample plate made of aluminum. (d) Positron time spectra for down-

stream (red) and upstream (blue) detectors assuming that Mu atoms are emit-

ted in upstream direction from the sample plate. Due to Mu emission in vac-

uum, the time spectrum of the downstream detector shows a strong deviation

from a simple exponential decay expected from µ+ decay. The downstream

time spectra can be used to determine the Mu vacuum yield.
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downstream detector. Thus the time spectrum of the downstream detector deviates from

an exponential decay as shown in Figure 4.1(d). The time spectrum of the upstream

detector however remains almost unaltered because no shielding effect occurs there.

Due to the z-position (on the µ+ beam axis) dependence of the positron detection

efficiency, the time spectrum of the upstream detector bears information on the fraction

and the velocity distribution of Mu emitted into vacuum. Note that for the PST data

analysis, the sum of the time spectra of left, right, top and bottom segments of the

downstream detector are used. This is to remove the modulation related to the µ+ spin

precession. A comparison between measured and simulated time spectra thus can be

used to extract the the Mu yield in vacuum as described in Section 4.3.

A new sample plate was designed to replace the sample plate usually used in the

µSR measurements to provide a positron-detection efficiency with a stronger z-position

dependence. The z-dependent efficiencies for standard and new sample plates are

compared in Figure 4.1(c). The usual µSR sample plate made of aluminum has low

positron stopping power and do not provide a strong position dependence: on the axis

at z = 0 mm ǫdet = 0.26 whereas at z = −10 mm ǫdet = 0.33. The new sample plate

which is shown in Figure 4.1(b) (denoted as “nose sample plate” throughout this the-

sis) is made of copper and provide a stronger position-dependent positron detection

efficiency: at z = 0 mm ǫdet = 0.10 and at z = −10 mm ǫdet = 0.27. The thickness

was optimized as a trade-off between contrast (z-dependence) and count rate (statistical

accuracy).

The positron detection efficiency strongly depends not only on z but also on the

transverse coordinates x and y. Therefore the downstream time spectra strongly depends

on the initial space distribution of the Mu atoms which corresponds to the beam size of

the implanted µ+. Qualitatively, a large beam size results in a small contrast between

the time spectra with and without emission, because at large distances from the beam

axis the shielding effects decrease due to smaller amount of material the positron need

to cross to reach the surrounding scintillators. The µ+ beam size is µ+-implantation-

energy dependent as the implantation energy can be decreased by applying a positive

high voltage (HV) on the sample plate which give rise to defocusing field lines. Therefore

the beam size increases with decreasing implantation energy. Knowledge of the µ+ beam

size for all energies is essential for a precise simulation of the downstream time spectra

and successive comparison with measured data. Hence, a calibration method has been

developed to extract the correct beam size at different implantation energies.
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4.2 Calibration of the beam size

4.2 Calibration of the beam size

This calibration method relies on the correlation between the µ+ beam size and a pa-

rameter here defined as upstream-downstream asymmetry

Aud =
Nu −Nd

Nu +Nd
, (4.1)

where Nu and Nd are the total number of positron counts in the upstream and down-

stream detectors, respectively. The correlation curve, Aud vs beam size, as shown in

Figure 4.2(a) has been determined using Geant4 simulations. For this purpose, the

space distribution of the muons on the sample has been approximated by a Gaussian

distribution and simulation for various x- and y-variances σx,y have been computed. As

expected, Aud decreases with increasing µ+ beam size because the shielding effect of the

sample plate and cryostat materials decreases.

The measured Aud asymmetries are shown in Figure 4.2(b). The fitted values are

then reported also on Figure 4.2(a). A decrease of the asymmetry for decreasing µ+

implantation energy is observed. As already mentioned this has to be associated with

the increasing of beam size due to the defocusing effect caused by the required positive

HV applied to the sample plate to have lower implantation energy.
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Figure 4.2: (a) Simulated Aud values for various µ
+ beam sizes parametrized

with σx,y. The horizontal dashed lines are the experimentally determined Aud

values for various implantation energies. (b) Measured Aud for a fused quartz

sample (no emission of Mu in vacuum) at 5 keV (red), 14 keV (green) and

19 keV (blue) µ+ implantation energies.

This “calibration curve” is used to determine the experimental µ+ beam size at the

sample position. The µ+ beam size is determined by comparing the experimental Aud
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Figure 4.3: µ+ beam spot for 14 keV implantation energy (σx = 5.6 mm,

σy = 6.0 mm) measured using a MCP detector 17.5 mm downstream of the

position of the nose sample plate.

value of a fused quartz reference sample with simulations. From the measured Aud at

5, 14 and 19 keV, the RMS values (σx,y) of the beam were determined to be 9.7 mm,

7.0 mm and 6.4 mm, respectively.

The validity of this calibration method is supported by the fact that these beam

sizes agree well with the values from the full µ+ beam transport simulations done using

musrSim [107] and also with a beam spot measurement at 14 keV implantation energy

done with a MCP plate installed at a position 17.5 mm downstream of the position of

the nose sample plate (see Figure 4.3). The ∼1 mm smaller µ+ beam spot in the beam

spot measurement is due to the fact that the µ+ beam size was optimized for the usual

µSR sample plate which is 16 mm downstream of the position of the nose sample plate.

Hence a larger beam size is expected at the nose sample plate position.

4.3 Muonium yield in vacuum

In order to determine the fraction of Mu emitted into vacuum, simulated and measured

time spectra in the downstream detector are compared. In Figure 4.4(a), simulated time
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Figure 4.4: (a) Simulated time spectra for the PST in the downstream

detector for 0% (dashed green) and 100% (solid red). (b) Measured time

spectra for the F-sample porous material (dotted black) and the fused quartz

sample (solid blue). Mu vacuum yield is extracted by fitting the positron

spectra of the downstream detector to the linear combination of the simulated

positron time spectra of 0% and 100% Mu emission. Reproduced from [108].

spectra in the downstream detector using Geant4 [109] for 0% (f0) and 100% (f100) Mu

yield in vacuum are shown. In Figure 4.4(b), the measured data for suprasil (where

there is no emission into vacuum and thus corresponds to 0% emission) and for SiO2

porous material where emission into vacuum is expected are shown.

In order to extract the fraction of Mu emission into vacuum (F v
Mu), the measured time

spectra is fitted with

ffit(t) = n{(1− F v
Mu)f0(t) + F v

Muf100(t)}+ nppfpp(t) . (4.2)

where n is the normalization, fpp(t) the distribution of a prompt peak and npp the

normalization of the prompt peak. This prompt peak which occurs in the first bins

of the time spectra is originated from µ+ decaying in flight before reaching the target
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and from backscattered µ+ [110]. The shape of the prompt peak fpp(t) is determined

experimentally using the suprasil sample. Summarizing, the measured time spectra are

fit with three free parameters: n, npp and F v
Mu.

Fits of ffit(t) to the experimental data which have been taken for various implantation

energies and film temperatures typically give χ2 of 1.1-1.4, after optimizing the range

(30-500 ns) in which the peak distribution fpp(t) is used. The fluctuation of the fitting

values is about 10% and is assigned as a systematic error to F v
Mu. In the simulations

Mu is assumed to be emitted from the surface of the sample with a cos θ angular dis-

tribution [58, 111] and an energy spectrum corresponding to a Maxwell-Boltzmann at

the target temperature. Fitting the data with an isotropic angular distribution or a

different temperature worsens the reduced χ2 by more than 0.2.

Figure 4.5: Data after subtraction of the exponential muon decay distribu-

tion fit with ffit(t). The inset shows the prompt peak (without subtraction).

Reproduced from [108].

In order to better visualize the comparison between simulations and measurements

(Figure 4.5) the time spectra (data and fit) are shown after subtraction of the exponential

µ+ decay. The fused quartz data give a constant value (beside the prompt peak) as

expected due to the absence of Mu emission from this sample. On the contrary, for
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Figure 4.6: F v
Mu versus the temperature determined with PST for a F-

sample. For comparison, the results of the direct method (using AMu) from

µSR measurements in Section 3.5 are shown. Reproduced from [108].

the mesoporous thin film there is bump caused by the increased positron detection

efficiency when Mu is emitted into vacuum. The values of F v
Mu extracted from the fit

are presented in Figure 4.6. The best results have been obtained from the F-samples

which showed a Mu yield in vacuum of (38±4)% at 250 K and is (20±4)% at 100 K

for 5 keV implantation energy. The abrupt change of F v
Mu visible around 75 K is due

to absorption of Mu at the pore walls as already reported for silica powders [112, 113].

For 20 K F v
Mu is compatible with zero.

For comparison, in Figure 4.6, the fraction of Mu determined directly from the mea-

surement of the Mu asymmetry AMu with µSR technique is also presented. As one

can see, these points are systematically lower than F v
Mu obtained with PST. This is

because PST, in contrast to the µSR direct method, is also sensitive to the fraction of

Mu that depolarizes fast. Nevertheless, both methods give consistent results in terms

of dependence on the sample temperature and µ+ implantation energy (E).
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Figure 4.7: F v
Mu versus the implantation energy for the F-sample. The

curves are fits with the diffusion model described in the text.

4.4 Determination of the diffusion constant

In Figure 4.7, F v
Mu versus implantation energy E at 100 and 250 K is fitted with a

one-dimensional diffusion model originally developed for Ps [114, 115]. The Mu fraction

diffusing into vacuum is given by

F v
Mu(E) = F 0

Mu(E)J(E) (4.3)

J(E) =

∫ l

0

e−βxP (x, E)dx . (4.4)

where l is the film thickness, β = 1/
√
DMuτ the inverse of the diffusion length and DMu

the diffusion coefficient. The initial Mu fraction F 0
Mu is taken from Figure 3.8. The µ+

implantation profile P (x, E) was calculated using the TrimSP simulation validated for

µ+ with experimental data [86]. The only free parameter used to fit the data is the Mu

diffusion constant DMu and the resulting values determined from the fit are summarized

in Table 4.1. The Mu yield in vacuum as a function of the implantation energy for

F-sample is shown in Figure 4.7.

The good agreement between fit and data implies that DMu does not depend on the

implantation energy. This means that the Mu thermalization time is much shorter than
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4.4 Determination of the diffusion constant

Table 4.1: Diffusion constants, DMu and number of collision in the pores,

NC for mesoporous silica F-sample.

Sample T (K) DMu(cm
2s−1) NC

F 100 (4.2±0.4)×10−5 2050 ± 390

F 250 (1.9±0.2)×10−4 710 ± 150

Figure 4.8: A schematic representation of two interconnected pores in the

mesoporous SiO2. The nearly spherical pores have a diameter d and are

connected to other pores via holes of diameter b. The separation between

pores Λ is simply the pore diameter plus the wall thickness.

the diffusion time. A further argument that Mu thermalizes quickly is given by the

worsening of the χ2 when fitting the data of Figure 4.5 with distributions simulated at

temperatures different from the sample temperature. Therefore, the diffusion coefficient

as a function of the mean kinetic energy EMu of thermalized Mu in the pores can be

written as [111]

DMu = Λ/(3NC)
√

2EMu/mMu . (4.5)

where NC is the mean number of collisions that Mu undergoes in one pore before reaching

the next one, mMu the Mu mass and Λ the mean distance between the pores.

Similar to [111], the mesoporous silica has a microscopic structure consisting of ap-

proximately spherical pores interconnected via short channels, as shown in Figure 4.8.

This figure shows only two spherical pores of diameter d connected by a hole of diameter

b. If the porous films retain their hexagonal close packing (HCP) structure (at least over
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Optimization of muon to muonium conversion: muonium yield in vacuum

a short range) then it is expected that each pore has 12 nearest neighbors, all of them

connected in a manner similar to that shown in Figure 4.8. Thus, for pores connected

by channels of diameter b, the mean number of collisions per pore is expected to be

NC ≈ 4π(d/2)2

12π(b/2)2
=

d2

3b2
, (4.6)

which is the inverse of the escape probability per collision, from a simple geometrical

calculation.

The spacing between pores Λ, is the mean free path for Mu atoms that tunnel from

pore to pore. This is given by the pore diameter plus the wall thickness and may

be determined from the mean density of the porous material. For hollow spheres of

diameter d and nearest neighbor distance Λ in a HCP arrangement within a material of

density ρ0, the average density is approximately given by

ρ = ρ0(1− πd3/Λ3
√
18) . (4.7)

Using a silica bulk density of ρ0 = 2.2 g/cm3 and porous film density of ρ = 1.1 g/cm3,

Λ = 5.7 nm was obtained for a pore diameter of d = 5 nm. Using the experimentally

determined DMu, the mean number of collisions in each pore is NC = 2050 ± 390 at

100 K and NC = 710 ± 150 at 250 K for F-sample. These values confirm that Mu

thermalization is fast (∼ns) compared to the time scale of the diffusion process (∼ µs).

In fact, from the mass difference of Mu and SiO2 [116], one expects that in order to

reach thermal energy Mu needs ∼500 collisions.

4.5 Quantum mechanical tunneling

The obtained DMu values are three orders of magnitude smaller than expected from a

classical diffusion model [57]. Moreover, NC should not be depending on the tempera-

ture based on the geometrical argument in previous section. In order to explain these

disagreements, the Mu diffusion process in the porous material is interpreted as quantum

mechanical tunneling from pore to pore through a step potential barrier of (0.6±0.2) nm

width (corresponding to the pore walls thickness). From the mean number of collisions

NC , which is the inverse of the pore-to-pore tunneling probability, a height of the po-

tential barrier of (0.3±0.1) eV can be deduced. The uncertainty is dominated by the

poor knowledge of the material structure. With this quantum mechanical model the

observed dependence of DMu(T ) versus the temperature T can be reproduced. Since in

the regime of the measurements the tunneling probability scales approximately linearly

with T

DMu(T ) ∼
√

EMu/C) ∼
√
T/T−1 ∼ T 3/2 (4.8)
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4.6 Possible improvement

is obtained. The measured ratio D250K
Mu /D100K

Mu ≈ 3.81 compares well with the expected

value from the T 3/2 dependence of 3.95 supporting the validity of the model.

To check if the value of the potential barrier height obtained above can be identified

with the Mu work-function (W ), Density Functional Theory calculations within GAUS-

SIAN 98 [117] were performed on clusters of SiO2 containing up to eight silicon atoms

and terminated by oxygen, capped with hydrogen atoms. We compute the total energy

Etot
SiO2+Mu of the SiO2 matrix with a Mu atom and the total energy of the SiO2 fragment

alone Etot
SiO2. These computations yieldW = Etot

SiO2+Mu−Etot
SiO2−13.6eV = (−0.6±0.3) eV.

The main error for W originates from the uncertainty to locate the exact position of the

interstitial Mu site with respect the Si and O atoms. Considering the over-simplification

of the quantum diffusion model, it can be concluded that the experimental determination

of the work-function is consistent with the theoretical estimation. Further experiments

using other techniques and more precise measurements for Mu and Ps will be useful to

gain a deeper understanding of this intriguing diffusion process in mesoporous films.

4.6 Possible improvement

From Figure 4.7, according to the model, the Mu yield in vacuum should be even

higher at lower muon implantation energy, e.g. 40% at 2 keV at 100 K for F-sample

(blue curve). Even though 40% of Mu yield in vacuum at 250 K is already a factor

of two better compared to the previous measurements [58], for precision measurements

like Mu spectroscopy, it is more desirable to have Mu at very low temperature as the

exciting probability is proportional to the square of the interaction time between the

Mu atom and the laser. The attempt to produce Mu at low temperature at even lower

µ+ implantation energies was done in summer 2012 using an upgraded LEM beam line.

This is discussed in the next chapter.
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Chapter 5

Muonium production at very low

muon implantation energy

The Mu vacuum yield should increase with decreasing implantation depth. This hypoth-

esis has been confirmed by the prediction of the quantum mechanical diffusion model,

as shown in Figure 4.7. According to this model that was fitted to the previously mea-

sured data at higher energies, the Mu yield in vacuum is expected to be 40% for 2 keV

implantation energy and a temperature of 100 K (for mesoporous silica F-sample). For

next generation Mu experiments, it is desirable to have high vacuum yield at low tem-

perature. Therefore measurements at low implantation energies have been performed in

2012 with the aim to explicitly measure the vacuum yield for low implantation energies.

Moreover, in the same beam time period new mesoporous samples were tested. The data

have been analyzed as previously using µSR and PST techniques. However the analysis

of the data taken was complicated by the upgrade of the LEM beam line which was

completed during the 2012 accelerator shut-down. This upgrade significantly affected

the beam size and other features of the LEM beam line and the LEM spectrometer that

will be discussed in this chapter.

5.1 The upgraded LEM beam line

In 2012, the PSI low-energy µ+ beam line with µSR spectrometer [73] was upgraded.

The major changes include the installation of a spin rotator [118] (Figure 5.1) after the

electrostatic mirror and repositioning of the start detector closer to the sample region

(c.f. Figure 2.2). In the spin rotator the µ+ spin is rotated by 20◦ counter-clockwise.

The spin rotator was installed to improve the background rejection (mainly proton)

and to enable longitudinal µSR measurements (the µ+ spin has to be rotated by 80◦
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5.1 The upgraded LEM beam line

Figure 5.1: A schematic of the new LEM beam line. The 4 MeV surface

µ+ is moderated at an efficiency of about 0.01% to an energy of about 15 eV

before being re-accelerated again to energies up to 20 keV. The µ+ beam

is then bent by 90◦ at an electrostatic mirror before going through the spin

rotator and the start detector and arriving at the sample plate mounted to

the cold finger of the cryostat.
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clockwise or 100◦ anti-clockwise). After leaving the spin rotator the beam is refocused

with an einzel lens (L2) before hitting the 10 nm thick carbon foil (≈ 2.2 µg/cm2) of

the start detector. After a slight refocus via the L3 lens, the beam is strongly focused

by a conical lens before being implanted into the sample. The sample chamber of the

µSR spectrometer was not modified.

5.2 Muon spin rotation measurements

µSR measurements were done for a mesoporous silica F14 sample (an improved version

of the F-sample characterized in 2011 beam time) and a B-sample. The mesoporous

silica samples were pre-selected with the ETHZ slow positron beam. Most of the data

contained 8 million events. Data sets used for the data analysis are summarized in

Appendix E.

The fraction of Mu formed in the mesoporous sample is determined from µSR mea-

surements using the indirect way, that is, by measuring the muon Aµ and the total Atot

asymmetries and by accounting for correction related with the fraction of µ+ hitting the

sample. Both, the total decay asymmetries and the fraction of µ+ hitting the sample

were obtained differently compared with previous measurements described in Chapter 4.

5.2.1 Total decay asymmetry

As explained in Section 3.4, in order to determine the Mu formation probability, first the

total decay asymmetry Atot at various implantation energies are required. Due to the

limited time allocated for the beam time 2012, another approach was taken to determine

Atot. This is done by coating the Cu nose sample plate with a thin layer (∼500 nm)

of Ag. Ag was chosen because of its large decay asymmetry Aµ and because there is

no Mu formation in this material [86]. Moreover, Aµ of silver has been measured to

be temperature independent [86]. Atot at different µ+ implantation energies measured

using a Ag sputtered sample plate is shown in Figure 5.2. Since Atot does not depend

on temperature as shown in Figure 5.2, the average values for each implantation energy

in analysis are:

Atot(2 keV,Ag) = 0.157(1) (5.1)

Atot(3 keV,Ag) = 0.170(1) (5.2)

Atot(5 keV,Ag) = 0.186(1) (5.3)

Atot(10 keV,Ag) = 0.198(1) (5.4)

Atot(14 keV,Ag) = 0.204(1) . (5.5)
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5.2 Muon spin rotation measurements
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Figure 5.2: Total decay asymmetry Atot versus temperature for various µ+

implantation energies of the Ag measurements. There is no strong tempera-

ture dependence. The energy dependence is due to the backscattered µ+ that

form Mu which quickly depolarize in the applied magnetic field and move

rapidly to the thermo-shield surrounding the sample region. The dotted lines

are guides to the eyes.

From Figure 5.3, for the Ag measurements, a smaller value at lower implantation en-

ergy is expected due to the backscattered µ+ which forms Mu and lost its polarization

immediately. It is also important to note that these values are much lower compared to

the measurements done on a fused quartz sample in 2011 (c.f. Equations 3.29 to 3.31).

This difference, as will be explained later, is probably due to larger contamination of

the time spectra with the so called “foil Mu”: muonium atoms formed in the carbon

foil of the start detector and transported into the spectrometer. In the LEM upgrade,

the start detector was moved considerably closer to the sample region. Hence, the “foil

Mu” plays a more important role after the beam line upgrade. A 10-15% of “foil Mu”

formation in the carbon foil is enough to explain the observed decrease.

5.2.2 Mu formation probability

To determine the Mu formation probability for F14- and B-samples, the indirect method

discussed in Section 3.5 was used. Accounting for the fraction x of µ+ hitting the sample,
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Figure 5.3: Total observable asymmetry Atot versus implantation energy

for the Ag coated nose sample plate and the same nose sample plate with an

additional 20×20 mm2 area of Ni coating at the sample position. For the Ag

measurements, a smaller value at lower implantation energy is expected due to

the backscattered µ+ which forms Mu and loose its polarization immediately.

A higher value at lower implantation energy for the Ni measurements means

that the µ+ beam is hitting the region outside the 20 × 20 mm2 area coated

with Ni.

the corrected Mu formation probability is then given by

F 0,cor
Mu =

1− Fµ

x
. (5.6)

Determination of x, as explained in Appendix C.2, relies on the measurements with a Ni

sputtered nose sample plate. This 500 nm thick Ni is coated on the same area occupied

by the sample (20×20 mm2). In Ni, the fraction of µ+ that hits the sample experiences a

broad distribution of static internal magnetic fields (≈ 64 mT) [119], and hence exhibits

a fast relaxation during the first 100 ns [120]. Therefore the residual precession signal

Ares
µ (Ni) observed in the LEM apparatus is coming from those µ+ which are stopping

outside the 20× 20 mm2 sample region. Hence the fraction x of µ+ hitting the sample

is given by

x = 1−
Ares

µ (Ni)

Atot(Ag)
, (5.7)
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5.2 Muon spin rotation measurements

where Ares
µ (Ni) is coming from the Ni coated plate measurement and Atot(Ag) coming

from the Ag coated plate measurement described in previous section. Since no strong

temperature dependence of Ares
µ (Ni) has been observed, the averages at various implan-

tation energies can be used:

Ares
µ (2 keV,Ni) = 0.069(1) (5.8)

Ares
µ (3 keV,Ni) = 0.060(1) (5.9)

Ares
µ (5 keV,Ni) = 0.053(1) (5.10)

Ares
µ (10 keV,Ni) = 0.036(1) (5.11)

Ares
µ (14 keV,Ni) = 0.031(1) . (5.12)

A higher value at lower implantation energy for the Ni measurements means that the

µ+ beam is hitting the region outside the 20× 20 mm2 area where the Ni is sputtered.

Measurements of Ag and Ni coated plates are summarized in Figure 5.3.

Combining Equation 5.6 and Equation 5.7, the corrected Mu formation probability

F 0,cor
Mu in the sample is obtained:

F 0,cor
Mu =

1− Fµ

x
=

1− Aµ

Atot(Ag)

1−
Ares

µ (Ni)

Atot(Ag)

=
Atot(Ag)− Aµ

Atot(Ag)− Ares
µ (Ni)

. (5.13)

For the mesoporous silica F14 sample at 20 K, the corrected Mu formation probabilities

at various µ+ implantation energies are

F 0,cor
Mu (14keV) =

Atot(Ag)−Aµ

Atot(Ag)− Ares
µ (Ni)

=
0.204(1)− 0.090(2)

0.204(1)− 0.031(1)
= 0.66(1) (5.14)

F 0,cor
Mu (5keV) =

0.186(1)− 0.102(2)

0.186(1)− 0.053(1)
= 0.63(2) (5.15)

F 0,cor
Mu (2keV) =

0.157(1)− 0.100(2)

0.157(1)− 0.069(1)
= 0.65(3) , (5.16)

whereas for the B sample at 20 K and at 14 keV implantation energy, it is

F 0,cor
Mu (14keV) =

0.204(1)− 0.089(2)

0.204(1)− 0.031(1)
= 0.66(1) . (5.17)

The Mu formation probabilities for B and F-14 samples measured in low magnetic field

(5 G) are shown in Figure 5.4. As mentioned before in Section 3.5, measurements at
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Figure 5.4: Mu formation probability versus temperature for the mesoporous

silica F14-sample (a) and the B-sample (b), at a 5 G magnetic field. These

values are just for reference and are not used in the final calculation.
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5.3 Positron-shielding-technique measurements

low magnetic fields suffer from systematic fit problems and hence Figure 5.4 is only for

reference. By considering only measurements from 100 G, the Mu formation probability

for F14-sample and B-sample are then 0.65(1) and 0.66(1), respectively. These values

are slightly higher but in good agreement with the C-sample [0.60(2)] and F-sample

[0.64(2)] measured in beam time 2011.

5.3 Positron-shielding-technique measurements

As previously explained, to determine the fraction of Mu emitted into vacuum, sim-

ulated and measured time spectra of the downstream detectors have to be compared.

These time spectra depend strongly on the beam size. In previous measurements the

beam size was determined from upstream-downstream asymmetry Aud. Aud after the

insertion of the spin rotator and the re-placement of the start detector decreased, as

seen by comparing the horizontal lines of Figure 5.5 with Figure 4.2. This implies that

the upgrade of the LEM beam line has lead to an increased µ+ beam at the sample posi-

tion. In Figure 5.5, the very small measured asymmetries for low implantation energies

indicate that the beam size is strongly increasing with decreasing energy. The beam size

for 11 keV implantation energy measured with a MCP at the standard plate position

was about 6 mm as shown in Figure 5.5. However the corresponding size determined

from the asymmetry measurement has yielded a value of 9.0 mm. This disagreement

and the fact that Aud measurements were indicating a large blow up of the beam for

low implantation energies motivated a more exact study of the beam propagation in the

LEM beam line, and a detailed study of the Aud dependence on the various beam line

parameters.

5.4 Simulation of the LEM beam line

A Geant4-based (version 9.4 patch04) simulation of the beam propagation has been

accomplished. Low energy physics processes currently not available in Geant4 were

implemented to describe the energy losses and formation processes in the thin C-foil of

the start detector. Figure 5.6 shows the geometry implemented in the Geant4 simulation.

Most of the crucial parts of the apparatus are included, from the L1 einzel lens, spin

rotator (SR) to the sample chamber. The detailed geometry including radiation shield,

sample holder and cold finger of the cryostat are also implemented.

Precise electric and magnetic field maps are inputs to the Geant4 Monte Carlo simu-

lation. The magnetic field map of the spin-rotator was calculated using the commercial

OPERA finite element programs (TOSCA/OPERA-3D) [121], and the electric field
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Figure 5.5: (a) Simulated upstream-downstream asymmetry Aud for various

values of the muon beam size σx,y for the 2012 measurement. The horizontal

dashed lines are the measured asymmetries using the Ag coated sample nose

plate. This plot is used to determine the µ+ beam size at the sample position.

(b) Measured µ+ beam spot at 11 keV implantation energy using a MCP

detector. The measured values of σx = 6.4 mm and σy = 6.0 mm disagree

with the simulated values of σx,y ≈ 9.0 mm obtained via the comparison of

measured and simulated Aud.
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5.4 Simulation of the LEM beam line

Figure 5.6: Schematic view of the LEM beam line as implemented in the

Geant4 simulation. The beam which is given by the black solid line is sim-

ulated starting after the moderator. The arrows indicate spin (blue) and

momentum (red) directions.

Figure 5.7: Electric potential in the conical lens regions (left) and in the

sample nose plate region (right), calculated with COMSOL multiphysics.

Maximum electric potential (red) is 1 kV in both figures. They are then

scaled to match the values in the LEM beam line.
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maps were calculated with the finite element software COMSOL [122]. Due to the mod-

ified sample plate setup in this work, the electric field maps of the conical lens (RA) and

the copper sample plate with cylindrical nose were re-calculated. The electrostatic mod-

ule of COMSOL was used and a fine mesh was applied for higher accuracy calculations.

The results are shown in Figure 5.7. The electrostatic potential at the nose sample

plate shows a strong curvature also in the region of the muon propagation. Because of

this, the corresponding electric field (gradient of the potential) has a radial component

which leads to a defocusing of the beam. Therefore the sample nose plate which leads

to a strong z-position dependence of the positron detection also distort significantly the

muon beam. This is especially severe for lower implantation energies.

Implementation of low energy muon physics
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Figure 5.8: (a) Formation of Mu and Mu− in the carbon foil due to the

charge exchange process. (b) The charge state yields of the µ+ exit-

ing the carbon foil as a function of incoming muon energy at the

foil surface, according to a velocity scaling of the proton data parameteri-

zations [1].

The current version of Geant4 has a vast amount of libraries for physics processes.

However, several low energy processes are still missing and need to be implemented

into the simulation code. For example, “fast” Mu generation at the thin carbon foil is

implemented by velocity scaling of existing data from proton-carbon foil collisions [1,

80, 110]. These “fast” Mu will be stopped when they reach a material interface. The

energy loss of the µ+ passing through the carbon foil is not correctly generated by the

physics library G4MuIonisation for two reasons: first because not all physics processes
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5.4 Simulation of the LEM beam line
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Figure 5.9: (a) Time of flight distribution of the µ+ from the start detec-

tor to a micro-channel plate detector placed at the sample plate position for

12 kV µ+ beam transport energy. The peaks are corresponding to the prompt

photons, the foil “fast“ Mu and the µ+, respectively. (b) Energy distribution

of µ+ and Mu after passing through the 10 nm carbon foil of the start de-

tector, determined from the time-of-flight spectrum. The µ+ energy after the

moderator was set to 12 keV. (c) Energy loss distribution of µ+, calculated

from the energy spectrum. The energy loss distribution is fitted with a Landau

distribution which gives a most probable value of 0.9 keV.

have been implemented and second because the foil is very thin (tens of carbon layers).

Time-of-flight (TOF) data have been used to measure the energy loss in the thin C-foil

and to validate the Geant4 simulations. Before commenting and showing the measured

TOF distribution, the various processes occurring in the C-foil have to be introduced. µ+

crossing the C-foils lose energy due to elastic and ionization processes. Some electrons

usually leave the foil together with the µ+. Additionally the muon can exit the foil at

various charge states: µ+, Mu and Mu−. The yield versus energy for these processes are

given in Figure 5.8.

To precisely quantify the energy loss of the µ+ in the C-foil, TOF distributions between

the signals recorded in the start detector and a MCP placed at the sample position

(MCP2, see Figure 5.1) have been recorded. Energy of the Mu can be calculated by

utilizing the fast Mu formed at the carbon foil which also reaches the MCP2 and from

the drift distance dTD−MCP2. Since the energy of the Mu is not affected by the electric

fields in the start detector, it is equal to the energy of the Mu or µ+ coming out from

the carbon foil, ECFoil.

A measured TOF spectrum is shown in Figure 5.9. The start signal, which is the

time zero of the measurement, is given by a click in the entrance detector usually from

electrons ejected by the µ+ from the C-foil (see Figure 2.3 of start detector). Three
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Muonium production at very low muon implantation energy

peaks are well distinguishable. They are produced by γ, Mu and µ+ leaving the C-foil.

The γ are the first to reach the MCP2. The last are the µ+ which have to overcome the

negative potential applied at the C-foil. The neutral Mu atoms, on the contrary, do not

feel the electrostatic potential and therefore arrive earlier than the µ+.

From the TOF spectrum, the energy spectrum can be obtained as shown in Fig-

ure 5.9(b) as explained in Appendix D. Subtracting from this energy spectrum the

energy of the µ+ prior to the entrance into the C-foil, which is given by the moder-

ator HV, it is possible to deduce the energy losses Eloss in the foil itself as shown in

Figure 5.9(c).

The measured TOF spectra can be compared with the results of the simulations

as shown in Figure 5.10. A good matching has been achieved. However in order to

reach this good matching a small fraction of so called “unmoderated muons” have to

be included in the simulations. These are muons of slightly higher kinetic energy that

are leaving the moderator Ag foil even in the absence of the rare gas solid. The TOF

distribution produced by these “unmoderated muons” has been measured and is shown

in Figure 5.11. Differently to the situation in Figure 5.10 this measurements has been

performed with non-zero voltage at the conical lens. Therefore the distances between the

Mu peak and the µ+ for this unmoderated muons have to be adapted from Figure 5.11

to Figure 5.10. The resulting good agreement between simulation and measurements

confirms the validity of the velocity scaling of proton data for the formation of “fast”

Mu in the carbon foil.

In order to extract the Mu vacuum yield, it is essential to know very precisely the

muon beam size, which can be inferred from the upstream-downstream asymmetry Aud.

Hence to study the the beam size at various implantation energies, measurements and

simulations of the Aud were performed. Several parameters (whose initial values are

summarized in Table 5.1) in the beam line and µSR apparatus that could possibly alter

the µ+ beam size are studied in detail:

• Implantation energy of the muon beam

As the bias on the sample plate increases at lower implantation energy, the beam

becomes defocused and reduces Aud. This is confirm experimentally as shown in

Figure 5.12 and via simulations given in Figure 5.13(a).

• Initial phase space of the muon beam

Initial phase space (vertex and tilt angle) after the acceleration section of the

moderator is taken to be σvertex
x = σvertex

y = 7.5 mm and σtilt
x = σtilt

y = 2.0◦

from a recent simulation [80]. The initial polarization vector is chosen as Pµ =

(0.9848, 0, 0.17365) since the µ+ spin is rotated by 10◦ clockwise after traversing the
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Figure 5.10: Measured and simulated time-of-flight spectra from the start

detector to the sample plate, at 12 keV transport energy and VRA = 0 kV and

VL3 = 0 kV. Good agreement is reached when including also the “unmoderated

muon” contribution shown in green and the formation of “fast” Mu in the

carbon foil.

Table 5.1: LEM beam line settings during the experiment and for the Geant4

simulation.

High voltage setting (kV)

12 kV 15 kV

Moderator 12 15

Einzel lens, L1 7.19 8.99

Mirror 12 15

Spin rotator, SR (E) 2.09 2.29

Spin rotator, SR (B) 62.3 G 69.7 G

Einzel lens, L2 8.38 10.484

Lens, L3 8.99 11.483

Conical lens, RA 9.15 11.9

Sample plate -2.9 to 10.1 -4.7 to 9.3
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Figure 5.11: TOF spectra of the unmoderated µ+ determined from a mea-

surement without solid rare gas deposition. The measured distribution (green)

is fitted with the sum of two 2 Lorentzian functions.

electrostatic separator of the µE4 beam line before entering the LEM instrument.

The vertex sigma varied between 5.5 mm and 9.5 mm while the tilt sigma was

varied between 0◦ and 4.0◦. The effect of vertex sigma and tilt sigma on Aud are

shown in Figure 5.13(b,c). There is no strong dependence of Aud on σvertex
x,y and σtilt

x,y

in the simulation. But there should be an effect on the beam transmission: when

vertex sigma or tilt sigma is too large the transmission should rapidly decrease.

• Electric and magnetic field of the spin rotator

The magnetic field of the spin rotator was fixed to Bz = −62.3(−69.7) G for 12(15)

keV transport energy to obtain the experimental µ+ spin rotation of 20◦ counter-

clockwise. The spin angle with respect to the µE4 beam direction (corresponding

to -x direction in the simulation) is then changed from +10◦ (the angle after

the separator in the µE4 beam line) to -10◦. The electric field was varied from

Ex = 1.85 to 2.25 kV/mm and is chosen such that the beam is centered on the

original sample plate position (16 mm downstream of the nose sample plate) as

shown in Figure 5.14. From Figure 5.13(d), Aud reaches maximum at around

2 kV/mm. This is when the beam is centered on the sample plate and most of

the positrons are shielded from the downstream detectors. However, for a fair
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5.4 Simulation of the LEM beam line
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Figure 5.12: Aud versus µ+ implantation energy for the measurements with

implantation energy from 2 keV to 14 keV. The spectra are flat and are as

expected from measurements without Mu emission into vacuum.

comparison between simulation and measurement, the beam spot is centered on

the usual µSR sample position as is in the actual measurement. Hence this is why

the value of Ex is 2.09 in Table 5.1.

• Electric potential of the conical lens (RA) When the high voltage (HV) is

too small or too large, the beam is not properly focused on the sample position.

This causes a reduction in the Aud. A comparison with simulation is given in

Figure 5.13(e), and is experimentally confirmed.

• Offset of the sample plate position

It is very obvious that there is a strong dependence of the Aud on the offset (in

the downstream direction) of the nose sample plate position. Moving the sample

plate downstream, in z-direction, will decrease the Aud as the positrons will be

less shielded from the downstream detector. The dependence of the Aud on the

offset is shown in Figure 5.13(f).
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Figure 5.13: Aud versus µ+ implantation energy for the measurements and

the simulations. The discrepancies between the experimental data and the

musrSim simulations are reduced after implementing detailed processes ex-

plained in the text.
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Figure 5.14: Mean µ+ beam position (x,y) as a function of the ESR
x . The

ESR
x value is chosen such that the beam is centered on the original sample

plate position (16 mm downstream of the nose sample plate).

5.5 Sources of discrepancy

After implementing foil Mu formation in the carbon foil of the start detector and intro-

ducing Landau energy loss distribution in the carbon foil, the µ+ and Mu energy spectra

on the sample plate at different µ+ implantation energies were reproduced. However, to

explain the discrepancy in the Aud between the experiment and the simulation, several

possibilities are discussed in this section.

Unmoderated muons

It has been shown in [82] that about 87% of the incoming surface µ+ beam is stopped

in the 125-µm thick Ag foil where the solid layer of Ar and Ne are deposited on or in

the copper frame surrounding it. About 13% of them will go through the moderator as

unmoderated µ+, whereas about 0.01% will be moderated and becomes slow µ+. The

measured and simulated energy spectrum of the unmoderated µ+ both agree with each

other and the fitted mean energy and the width are respectively about 485 keV and

235 keV. Even though a large fraction of them will not be reflected by the electrostatic

mirror, they contribute about 10% of the event rate as shown in Figure 5.11.
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Muonium production at very low muon implantation energy

This is because, as visible from Figure 5.11, the unmoderated µ+ which has energy

close to the re-accelerated moderated slow µ+ (12 keV) can go through the spin rotator

and reaches the sample chamber. The event rate of this unmoderated µ+ is about 10%

of the moderated µ+.

Disagreements in the Aud between the simulations and the measurements are probably

coming from the contribution of particles other than the moderated slow µ+. Unmod-

erated µ+ is one of the more likely candidates as they have a larger beam spot (xRMS

and yRMS) as shown in Table 5.2 and hence a lower value of Aud.

Table 5.2: Measured values of the µ+ beam spot xRMS and yRMS for the

unmoderated µ+ and moderated µ+. It should be noted that due to the finite

size of the active region of the MCP detector (42 mm in diameter) the actual

xRMS and yRMS could be larger, especially for the unmoderated µ+.

Energy (keV) Spin rotator Moderator xRMS (mm) yRMS (mm) µ+ type

15 No No 6.1 6.0 unmoderated

15 No Yes 5.3 4.9 moderated

15 Yes No 7.2 7.2 unmoderated

15 Yes Yes 6.2 6.0 moderated

The reason why there was a good agreement between simulation and experiment for

the 2011 setup (without SR, xRMS = 6.1 mm) is probably because the beam spot

for the unmoderated µ+ was not as large as the one for the 2012 setup (with SR,

xRMS = 7.2 mm). The ≈1.2 mm larger RMS values is sufficient to cause the observed

deviation. Indeed, from a recent measurement as shown in Figure 5.15, Aud is smaller

for the one without moderator.

Electric and magnetic fields of the spin rotator

Even though the trajectory of the µ+ with the velocity v = E
B
will not be altered when

it is traversing the spin rotator, imperfectness of the electric and magnetic fields will

cause the µ+ to deviate from its original path. Such a situation obviously exists in the

current LEM setup. The electric field of the SR has to be tuned from its applied value

of 2.68 kV/mm to 2.09 kV/mm in order to center the beam on the original sample plate

position.
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Figure 5.15: Aud versus µ+ implantation energy for the measurements with

moderator and without moderator. Aud of the latter is smaller as expected

from a larger beam size.

Scattering of muons on the carbon foil

Scattering of µ+ on the carbon foil is simulated using G4MuMultipleScattering of the

Geant4 package. Even though the agreement in terms of transmission was shown in

[118], the distribution of the scattering angle can not be measured experimentally and

a larger uncertainty is expected due to the inhomogeneity of the density of the thin

carbon foil.

Conclusion

The accuracy of the simulation of the new LEM beam line and µSR spectrometer is

improved by including several processes such as Mu formation in the carbon foil and the

Landau energy loss distribution into the musrSim package. The time of flight spectra

are reproduced to very high accuracy. Disagreement between simulation and experiment

in the Aud is mainly due to the unmoderated µ+ which has a larger beam spot, although

the uncertainty in the spin rotator field map and the uncertainty in the scattering angle

of the µ+ in the thin carbon foil also contributes.

Extraction of precise values of the Mu emission into vacuum is not possible due to
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Muonium production at very low muon implantation energy

uncertainties related with the muon beam size at the sample plate, especially for low

implantation energies. However the detailed investigation have lead to implementation

and understanding of the various processes and energy losses occurring in the thin C-foil.

Moreover, a large fraction of polarized Mu was observed using µSR technique, indi-

cating that the samples investigated in 2012 could have even a better performance than

the sample of 2011 in term of Mu yield in vacuum.
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Chapter 6

Confinement of muonium for the

1S-2S transition frequency

measurement

As summarized at the end of Chapter 4, a sizable fraction of thermalized Mu is emitted

into vacuum from mesoporous thin SiO2 films per implanted µ+. At 250 K the Mu

vacuum yield is 0.38(4) and at 100 K it is 0.20(4). The high Mu vacuum yield, even

at low temperatures, is an important step towards a more precise measurement of the

Mu 1S-2S transition frequency planned at PSI. Such a source of cold Mu opens the

possibility of performing continuous wave (CW) laser spectroscopy of this transition.

This decreases both statistical and systematical uncertainties compared to the previous

measurement [31] as the power broadening and residual first order Doppler shift related

to pulsed laser spectroscopy could be eliminated. Utilizing a µ+ beam similar to the one

used for the µSR and PST measurements described in this thesis, an improvement of

about an order of magnitude can be achieved. This will provide a stringent test of bound-

state QED, the best verification of charge equality in the first two generations of particles

and the best determination of the muon mass. The next generation Mu spectroscopy

experiment will make use of this improved Mu production from mesoporous materials

studied in this thesis, and also gives rise to the possibility of confining Mu in a hollow

cylinder.

6.1 Principle of the muonium confinement

The principle of the Mu confinement in a hollow cylinder is sketched in Figure 6.1. Low

energy µ+ cross a SiN entrance window and finally stop in the mesoporous thin-film.
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6.1 Principle of the muonium confinement

Figure 6.1: Confinement of Mu inside a hollow volume with inner walls

made of quartz. After crossing the thin SiN entrance window the µ+ stop in

the mesoporous SiO2 thin film. Mu exiting the thin film into the vacuum are

confined because of reflections at the SiN and quartz walls.

TrimSP simulations show that about 96% of the µ+ with initial energy of 15 keV are

transmitted through a 50 nm SiN window with a mean energy of 4.1 keV (0.9 keV

RMS) and implanted in the mesoporous silica. The formed Mu atoms then drift to the

thin-film surface, emitted into vacuum and move freely in vacuum till they hit the walls

surrounding the target. These walls are made of SiO2 (quartz) which has a negative work

function for Mu. Hence, Mu reflection at the walls occur in the same way as during the

drift through the network of pores in the mesoporous silica target. When reflected they

bounce back into the free space towards the laser beam which is positioned along the

axis of the cylinder. Therefore, the reflections at the target walls increase the number

of Mu atoms crossing the laser beam. The probability to laser excite a Mu atom is

substantially increased leading to an improvement in signal rate by about one order of

magnitude.

Another merit of using this kind of configuration is that a smaller beam size of µ+

hitting the Mu production target can be achieved. As mentioned previously in Chapter 4

and Appendix C, a higher µ+ implantation energy corresponds to a smaller µ+ beam size

on the sample plate position. By removing the start detector which consists of a thin

carbon foil to reduce the scattering effect (one could instead use the secondary electrons

coming from µ+ hitting the SiN window for this purpose like in [123]) and increasing

the bias voltage applied on the moderator substrate to achieve higher transportation

energy, a µ+ beam size of less than 8 mm can be realized for an implantation energy

of 20-30 keV. The final µ+ implantation energy on the mesoporous silica sample can be
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Confinement of muonium for the 1S-2S transition frequency measurement

Figure 6.2: The Mu emitted into vacuum from the mesoporous thin film are

confined inside a hollow volume. In this way the probability to cross the laser

beam before muon decay occurs is substantially improved. An enhancement

cavity is used to guarantee Doppler-free excitation of the 1S-2S transition.

The same laser beam is used to ionize the 2S-state. The charged particles are

then transported to the corresponding particle detectors using electrostatic or

pulsed electric fields.

tuned using SiN entrance windows of different thickness.

Next generation measurement of Mu 1S-2S transition frequency

Figure 6.2 depicts a possible schematic setup for the 1S-2S spectroscopy experiment of

Mu. The muon beam from a low energy beam line crosses the entrance window and

is stopped in the mesoporous thin-film where Mu is formed and ejected into vacuum.

Transversally to the muon direction there is a cw laser beam with a wavelength of 244 nm

exciting the Doppler-free two-photon transitions from the 1S to the 2S state. The laser

that is being used for the Ps spectroscopy [123] will be upgraded with an commercially

available second harmonic generation (SHG) stage to deliver 100 mW at 244 nm [124].

A build up cavity will be used in order to get a circulating power of the order of 5-8 W.

Such an enhancement factor of 50-80 is achievable with current available mirrors [125].

The Mu atoms crossing the laser beam either come directly from the Mu production

target or after reflection at the walls surrounding the target. If the laser frequency is

resonant with the 1S-2S transition, the Mu atom can be excited from the ground state

to the metastable 2S-state. To determine the number of atoms which have been excited

into the 2S-state the idea is to ionize the 2S-state atoms. This may be achieved either

81



6.2 Setup to test muonium confinement

using a second laser beam tuned to be resonant with the 2S-to-continuum transition or

to use the same 244 nm laser beam which was used to excite the 1S-2S transition. If the

2S-state is ionized, the Mu atom dissolves leaving a free electron and a free µ+ which can

be detected after acceleration and transport to the corresponding particle detectors. A

resonance curve is obtained by plotting the number of µ+ detected in time coincidence

with an electron versus the laser frequency.

The optimization of µ+ to Mu conversion from mesoporous silica and the possibility

to confine Mu are essential to improve the accuracy of the Mu 1S-2S transition measure-

ment because of the low estimated signal rate which is of the order of only one event/h

(including the “confinement” factor).

6.2 Setup to test muonium confinement

Figure 6.3: (Left) Schematic view of the SiN membrane support and the

nose sample plate for testing Mu confinement. The SiN membrane is held

by two aluminum thin plates of 0.5 mm and 1.0 mm in thickness. (Right)

Blow-up view of the SiN membrane support. Pillars of various heights en-

able studies of confinement between mesoporous silica and SiN membrane for

various distances (h = 1, 3, 5 mm). (Inset) Picture of the SiN membrane

mounted on the nose sample plate.

The ability to confine the formed Mu atoms in a hollow volume is an essential require-

ment for next generation Mu spectroscopy. To test that Mu atoms are really confined
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Confinement of muonium for the 1S-2S transition frequency measurement

and reflected at the walls, a measurement was performed at the LEM beam line of the

µE4 area at PSI. A setup as sketched in Figure 6.3(Left) was used to demonstrate the

effect of Mu reflecting between the walls. This effect can be investigated by studying

the time spectra of the downstream detectors using PST explained in Chapter 4.

Two aluminum thin plates of 0.5 mm and 1.0 mm are sandwiching a 3 × 3 array of

50 nm-thick 5.6× 5.6 mm2 SiN membranes (Silson, Blisworth, U.K.) that have 0.2 mm

support ribs (see Figure 6.3(Inset)). This gives a SiN membrane with overall area of

17.6 × 17.6 mm2 and an average transmission of > 80%. The membrane is installed in

front of the mesoporous SiO2 thin-film, which is glued to the nose sample plate. Pillars

with different heights are used to vary the distance between mesoporous silica and SiN

window as shown in Figure 6.3(Right). This membrane was cooled with a cryocooler

down to 4 K without any observable mechanical damage.

The produced Mu atoms will be emitted into the vacuum space between the meso-

porous material and the SiN entrance window. If reflections at the walls occur while

bouncing, the Mu atoms will diffuse from the center of the setup in radial direction.

Therefore with increasing time, they will approach the scintillators which are surround-

ing the sample plate. The scintillators are used to detect the positrons from muon

decays. The positrons emitted by Mu that have moved a large distance radially have a

considerable larger probability to reach the downstream positron detector. This is due

to the reduced shielding by the nose sample plate made of Cu which is illustrated in

Figure 6.4(a). Therefore, if Mu reflection and diffusion occurs, the time spectra of the

downstream detector are distorted as a consequence of the position-dependent detection

probability reflecting the space evolution of Mu as shown in Figure 6.4(b). These are

the typical PST time spectra discussed in Chapter 4.

In order to better visualize the effects of Mu atoms emitted into vacuum and reflecting

between the SiN window and the mesoporous SiO2, the Geant4 simulated positron

time spectra is divided by e−t/τµ to eliminate the muon lifetime effect as shown in

Figure 6.4(c). Such “normalized” time spectra can be interpreted as the time evolution

of the detection efficiency of the positron detector. For µ+ or Mu stationary on the

sample plate, the detection efficiency of the decay positron as seen from the downstream

detector remains unchanged at any instance. Hence a straight horizontal line is expected

(black histogram). For Mu emission into vacuum without SiN entrance window, an

increase in the “normalized” spectra is expected due to the larger detection probability

(red histogram). For simplicity, this “normalized” time spectra will be denoted as time

spectra from here onwards.

When a SiN window is installed, the time evolution is more complicated. First, Mu

propagate freely till it reaches the SiN wall. Thus the time spectra at the beginning

are “identical” with the histograms computed without SiN wall (red histogram). But
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Figure 6.4: (a) Confinement of Mu in between the SiN entrance window and

the mesoporous SiO2 thin film. After crossing the thin SiN entrance window

the µ+ stop in the mesoporous SiO2 thin film. Mu emitted into vacuum are

confined because of reflections at the SiN and quartz. The reflection probabil-

ity can be investigated by studying the time spectra of the downstream detec-

tors. (b) Time spectra of the downstream detectors simulated with Geant4 for

various separations h between the SiN entrance window and the mesoporous

SiO2 thin film. (c) “Normalized” time spectra. Same time spectra as in (b)

but with cancellation of the muon-decay related effects.
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Confinement of muonium for the 1S-2S transition frequency measurement

when the SiN wall is reached, this increase in the detection probability stops because

the Mu are either adsorbed at the wall or back-reflected. Back-reflection causes the

Mu to radially drift towards the surrounding positron detectors. The slow increase of

the time spectra at late time is related with this slow diffusion. The various curves in

Figure 6.4(c) have been simulated for various distances between the mesoporous silica

and the SiN window. The time when the Mu hits the SiN window is visible in the time

spectra and increases, as expected, with the distance. This time also depends on the

sample temperature as will be discussed later.

6.3 Does muonium stick at the SiN wall? (Prelimi-

nary)

The positron time spectra of the downstream detectors for measurements done at h =

1 mm separation and various temperatures are shown in Figure 6.5(a). For comparison,

the simulated time spectra are shown in Figure 6.5(b). As was reported in Section 4.3

and visible in Figure 4.6, Mu emission into vacuum increases with temperature. The

time spectra of Figure 6.5(a) for times t ∈ [0; 0.5] µs show a fast increase till a “plateau”.

This “plateau” level is proportional to the Mu emission into vacuum F vac
Mu , whereas the

slopes depend on the kinetic energy distribution of the emitted Mu, therefore on the

sample temperature. For later times t ∈ [1; 8] µs, the histograms show slow increases due

to radial diffusion of the Mu atoms. The slopes of these increases depend not only on the

Mu kinetic energy distribution but also on the type of reflection (specular, isotropic etc.)

and on the reflection probability. Thus the slope at delayed times contains information

on the reflection probability R. For the 20 K simulation it is assumed that Mu do

not diffuse out of the sample and hence the time distribution is flat. This assumption,

based on results from Figure 4.6, has been confirmed by the measured time spectra

(black histogram) in Figure 6.5(a). If Mu adsorption to the SiN window occurs, the

spectra becomes flat after 0.5 µs, whereas for the reflection scenario, the histogram is

still increasing gradually. The data down to temperature of 100 K clearly indicate Mu

bouncing between the two walls and thus the feasibility of confinement.

The positron time spectra of the downstream detectors for measurements performed

at h = 5 mm separation are shown in Figure 6.5(c). For comparison, the simulated

time spectra are shown in Figure 6.5(d). As seen in the figures the larger separation is

causing larger “plateau” levels (the shadowing effects of the mechanics decreases with

distance) and longer times before the “plateau” is reached as expected.

The simulations start with the Mu emission from the mesoporous sample with the vac-

uum yield F vac
Mu of Figure 4.6, with a cos θ angular distribution and a Maxwell-Boltzmann
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Figure 6.5: (a) Measured time spectra at T = 20, 100 and 250 K for a SiN

window height of 1 mm (a) and of 5 mm (c). The corresponding simulated

time spectra are shown in (b) and (d), respectively. The time spectra are

divided by a factor of e−t/τµ .

kinetic energy distribution according to the sample temperature. For the reflection at

the walls, a Knudsen reflection from a rough surface is assumed. A reflectivity of 100%

is assumed for T=250 K, 175 K and 100 K and 0% at 20 K far the values reported in

the table.

The measured flat background level significantly depends on the height h in as much

as a non-negligible fraction of the µ+ beam stops in the SiN windows holder and the

positron detection efficiency strongly depends on the height h. Thus a precise compar-

ison between measurements and simulation requires precise knowledge of the µ+ beam

and precise knowledge of the relative positioning between sample holder and positron

detectors, including effects related with the thermal contraction of the sample mount.

However a simple estimate of the reflection probability can be evinced from the slope
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Table 6.1: Summary of the gradients extract from the time spectra. a0
and a1 are the coefficients of the fit function f(t) = a0 + a1t, and ra =

a1(T )/a1(250 K). In the simulation it is assumed 100% reflectivity except at

T = 20 K where 0% reflection probability was assumed.

Measurements Simulations

Fit parameters a0 a1 ra a0 a1 ra
SiN-1.0mm/250K 61113(68) 837(16) 1 4983(20) 266(5) 1

SiN-1.0mm/100K 60168(67) 363(15) 0.43(2) 4309(18) 143(4) 0.54(2)

SiN-1.0mm/20K 58497(70) 19(18) 0.02(2) 3797(16) -3(4) -0.01(2)

SiN-5.0mm/250K 64134(75) 614(18) 1 6759(22) 162(5) 1

SiN-5.0mm/175K 63724(65) 542(15) 0.88(4) 6053(23) 127(6) 0.78(4)

SiN-5.0mm/100K 62319(64) 322(16) 0.52(3) 5351(20) 74(5) 0.46(3)

of the time spectra at late times. The measured and simulated time spectra are fitted

from t = 2 µs to t = 6 µs with the fit function f(t) = a0 + a1t. The results are

summarized in Table 6.1. The ratio

ra =
a1(T )

a1(250 K)
(6.1)

can be used to match simulations with data and to extract the Mu reflection probability.

This ratio does not depend on the above mentioned complications related with the flat

background level, but depends only on the physics occurring in the confinement volume.

A ratio rexpa < rsima indicates that there is additional Mu adsorption at the walls compared

to the 250 K case. From Table 6.1, it can be seen that at h = 1 mm, rexpa < rsima but at

h = 5 mm, rexpa > rsima . Considering the 10% uncertainties in the F vac
Mu assumed in the

simulation and a very primitive analysis method (slope comparison), it can be concluded

that the reflection effect is significant and the Mu confinement is feasible. The observed

reflectivity is compatible with 100% within 20% of accuracy.

The demonstration of Mu reflection from SiN wall can also be done by using a quali-

tative comparison between measured and simulated time spectra as shown in Figure 6.6

and Figure 6.7. In Figure 6.6(a) where h = 1 mm and T = 250 K, the scenarios of 100%

reflectivity (reflection) and 0% reflectivity (adsorption) are simulated. It is expected

that in the scenario of adsorption, once the Mu is sticking to the SiN wall, there will

be no change in the detection efficiency of the downstream detector. Hence the time

spectra will reach a “plateau” as soon as the Mu is reaching the SiN wall. However

in the measured time spectra of Figure 6.6(b), such effect, has not been observed and
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Figure 6.6: Simulated (a+c) and measured (b+d) time spectra for reflection

and sticking scenarios, h = 1 mm and various temperatures. The time spectra

are divided by a factor of e−t/τµ .
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Figure 6.7: Simulated (a+c) and measured (b+d) time spectra for reflection

and sticking scenarios, h = 5 mm and various temperatures. The time spectra

are divided by a factor of e−t/τµ .
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6.4 Two-frequency method

hence again validating the claim that the reflection effect is very significant. It is very

clear that the Mu atoms are bouncing between top and bottom plates even at cold

temperatures and thus confinement can be realized. In addition to this second method,

there is also another way to distinguish between the reflection and adsorption scenario.

This method, called the “two-frequency method”, is explained in next section.

6.4 Two-frequency method

Adsorption of the muonium atoms on the surface can be observed via the frequency shift

of the Mu hyperfine splitting (HFS) [126]. If Mu atoms are adsorbed to the surface of a

material, this implies a bond between the atoms and the surface mediated by a surface

electric field. Such an electric field mixes the s- and the p-waves of the atom. Thus the

HFS is reduced as the overlapping of the e− wave function with the µ+ is reduced. Such

a distortion in the hyperfine interaction causes the µ+ spin precession in the Mu bound

at the surface to be different from the precession of the free Mu.

Measurements were performed in transverse magnetic field of 33 G. The HFS for

isotropic Mu can be expressed in terms of the Mu triplet frequencies ν12 and ν23 (two-

frequency method [127]) and the muon Larmor precession frequency νµ by [112, 128]

ν0 =
1

2

[

(ν12 + ν23 + 2νµ)
2

ν23 − ν12
+ ν12 − ν23

]

. (6.2)

A derivation of this equation is given in Appendix A.6. In vacuum, the HFS is ν0 =

4464 MHz. The splitting of the ν12 and ν23 lines at 33 G for a fused quartz sample shown

in Figure 6.9(a) yields ν0 = 4531(173) MHz, in agreement with the value obtained

in [55] of ν0 = 4509(3) MHz. This value is slightly higher than the one in vacuum

due to the “compression” of the Mu atom in the crystalline environment. Due to the

limited statistical accuracy, unfortunately it is not possible to distinguish Mu embedded

in a crystalline quartz from a free Mu. However the taken data is analyzed with this

“two-frequency method” because Mu adsorbed at the surface may feel a stronger and

asymmetric field that causes an observable shift of the HFS.

The frequency ν12(B) and ν23(B) are functions of the magnetic field and are given by

the Breit-Rabi equation explained in Appendix A. For small magnetic fields this two

frequencies reduces to the νMu = νe/2 as described by Equations A.58 and A.61. With

increasing magnetic field a splitting of the two frequencies occurs. For small magnetic

field the Mu precession frequency can be approximated by an average value of ν12(B)

and ν23(B) but for larger fields both components need to be considered separately. To fit

the time spectra of the measurements which have been conducted at 33 G, the following
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asymmetry function was used

A(t) = Aµ(t) + A12
Mu(t) + A23

Mu(t) (6.3)

where both Mu precession frequencies with amplitude AMu(ν12) and AMu(ν23) have been

accounted for. A typical fit for two different time scales is shown in Figure 6.8. Fitting

the µSR time spectra with Equation 6.3 yields the frequencies ν12 and ν23 which are

needed to determine the HFS via Equation 6.2.

Figure 6.8: A typical asymmetry spectra for a 33 G µSR measurement. (a)

For a longer time scale, the slowly varying µ+ spin precession is visible. (b)

For a shorter time scale, the “beat” of the two Mu precession frequencies ν12
and ν23 are visible.

To cross check the correctness of the fitted ν12 and ν23 values, the power spectrum of

the Fast Fourier Transform (FFT) of the time distribution is considered. Typical power

spectra in the region of interest are shown in Figure 6.9. The dots arise from a Fourier

transform of the measured data, whereas the solid lines arises from the Fourier transform

of the function A(t) fitted to the time spectrum. It has to be stressed that the solid

line do not represent a fit to the power spectrum. But in the resonances region strong
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6.4 Two-frequency method

Figure 6.9: The splitting of the ν12 and ν23 lines at 33 G for (a) a fused

quartz sample at T = 270 K, (b) a mesoporous silica (Fh1) sample at T =

250 K, (c) a mesoporous silica (Fh1) sample with Si3N4 window at T = 250 K

and (d) a mesoporous silica (Fh1) sample at T = 20 K. The solid lines do

not represents fits. They are obtained from the Fourier transform of the

asymmetry fit to their respective time spectra.
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Table 6.2: Summary of the measurements of the Mu HFS ν0. At 100 K,

the ν0 value for the SiO2 porous with SiN window is in agreement with the

one of SiO2 porous, implying that no extra surface interaction is happening

with the configuration with a SiN entrance window. The vacuum value of ν0
is 4463 MHz.

Configuration T [K] ν12 [MHz] ν23 [MHz] B [G] ν0 [MHz]

Fused quartz 270 44.974(23) 45.903(27) 32.411(98) 4531(173)

SiO2 porous 100 44.620(13) 45.535(30) 32.538(57) 4528(160)

SiO2 porous 175 44.567(29) 45.502(27) 32.534(57) 4423(188)

SiO2 porous 250 44.531(24) 45.466(22) 32.501(45) 4415(154)

SiO2 porous/SiN-5mm 100 44.749(17) 45.685(56) 32.386(72) 4454(274)

SiO2 porous/SiN-5mm 175 44.702(20) 45.625(15) 32.536(69) 4506(123)

SiO2 porous/SiN-5mm 250 44.553(31) 45.519(21) 32.455(69) 4281(167)

SiO2 porous/SiN-1mm 20 44.384(32) 46.019(57) 32.612(73) 2548(188)

SiO2 porous/SiN-1mm 100 44.787(31) 45.708(22) 32.588(68) 4533(100)

SiO2 porous/SiN-1mm 250 44.636(15) 45.587(15) 32.440(65) 4363(97)

SiO2 porous/SiN-1mm-SiO2 100 44.760(23) 45.680(11) 32.557(69) 4532(544)

SiO2 porous/SiN-1mm-SiO2 175 44.732(22) 45.684(20) 32.526(60) 4377(137)

SiO2 porous/SiN-1mm-SiO2 250 44.586(19) 45.501(20) 32.490(55) 4521(136)
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correlation between data and solid lines should be visible. The fitted ν12 and ν23 values

are summarized in Table 6.2 and the dependence of ν0 on the temperature for various

configurations are plotted in Figure 6.10. The measured values are in agreement with

the vacuum value. More statistics are needed to investigate the effect of Mu adsorption

on the SiN surface. The only exception is represented by the 20 K measurement which

shows a very strong shift of the HFS. This has to be ascribed to Mu sticking at the pore

walls of the mesoporous material as no emission into vacuum has been observed. The

power spectrum at 20 K is shown in Figure 6.9(d). Due to strong depolarization effects

the Mu precession is basically not visible in the time spectrum but the power spectrum

of the fit shows a peak suitable to the observed power spectrum.
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Figure 6.10: Hyperfine splitting of muonium at the ground state versus

temperature for various configurations.

6.5 Summary and conclusion

Improvement of the µ+ to Mu conversion using mesoporous material, and the possibility

of Mu confinement which has been demonstrated here open the way to a more precise

measurement of the Mu 1S-2S transition frequency. Very preliminary analyses using

gradient ratio and qualitative comparison show that the reflection effect of Mu on the
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SiN wall is very significant compared to the adsorption effect. The measured time

spectra showed that Mu atoms are reflected from the SiN or SiO2 surface even at 100 K.

The actual enhancement factor achievable with this reflectivity is strongly depends on

the final setup design and cannot be given at this stage.

Mu two-frequency method has also been used to study the effect of adsorption to

the surface but no strong evidence has found for the case of surface adsorption due to

limited statistics. Only measurements at 20 K have shown a very strong shift of the

HFS indicating (for this temperature) Mu sticking at the pore walls of the mesoporous

material.
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Chapter 7

Phase-space compression of a muon

beam

As explained before in Section 1.4, an improved µ+ beam is essential to the next gen-

eration precision measurements involving µ+ and Mu. As standard µ+ beams have

a relatively high energy and poor phase space quality, several ideas have been pro-

posed [62, 63] to produce a low energy and high quality µ+ beam. Among them, a new

scheme [63] making use of stopped µ+ in a cryogenic He gas target is under development

at PSI. Through the stopping process, a high intrinsic phase-space compression can be

achieved. The remaining challenge is to extract the µ+ fast enough into vacuum. This

can be done by compressing the stopped µ+ swarm with electric fields and guiding it to

a small extraction hole.

Related schemes have been used in the field of rare isotope investigations [129, 130].

High energy ion beams are stopped in He gas and manipulated with DC and RF electric

fields to induce drift, radial compression and extraction from a gas target. Typical

manipulation and extraction times are 5-200 ms. Due to the short lifetime of the µ+,

which is about 2 µs, much faster techniques are needed.

The new concept for fast µ+ beam compression is based on a position-dependent µ+

drift velocity ~vD in a gas. In a long He gas target placed in a longitudinal high magnetic

field, the stopped µ+ beam are first transversely, then longitudinally compressed and

finally extracted into vacuum through 1 mm2 extraction holes in transverse direction

(see Figure 7.1). The whole operation takes place in less than 10 µs and should lead to

a phase-space compression of 1010. An intense slow µ+ beam can then be obtained with

a 10 ns time resolution at a few eV energy or a micro-beam can be focused into a beam

spot of 10 µm diameter at 10 keV. Such a beam can be applied to µSR measurements

for micro-sized samples and thin films, to precision measurements like Mu spectroscopy,

and to new physics searches like µ+ EDM and Mu−Mu conversion.
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Figure 7.1: Schematic of the phase space compression of the µ+ beam pro-

posed in [63]. µ+ traveling in the −z direction are stopped in 5 mbar He

gas at cryogenic temperatures. First, transverse (y direction) compression

occurs within a density gradient in He gas (blue region). Then at room tem-

perature the longitudinal z direction) compression takes place (red region). In

the yellow region a mixed transverse-longitudinal compression precedes before

extraction into vacuum. Reproduced from [131].

The principle of the fast µ+ beam compression [63, 131, 132] is explained in the

subsequent sections.

7.1 Principle of the experiment

The drift velocity of charged particles in gas in the presence of electric ~E and magnetic
~B fields is [133]

~vD =
µE

1 + ω2τ 2c

[

Ê + ωτcÊ × B̂ + ω2τ 2c (Ê · B̂)B̂
]

(7.1)

where Ê and B̂ are the unit vectors along ~E and ~B, ω = eB/m the cyclotron frequency

with m the µ+ mass, µ the µ+ mobility in the gas and τc the mean time between

collisions. For small ωτc the µ
+ drift is along the electric field lines. This is the regime of

high gas density where the collision rate is large. For large ωτc the third term dominates
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and µ+ follow the magnetic lines. The second term that is proportional to Ê × B̂ is

largest for ωτc ≈ 1, whereas it vanishes for for ωτc → 0 and ωτc → ∞.

µ+ compression can be achieved by making the drift velocity position dependent. For

example, by producing a gas density gradient via a temperature (T ) gradient and by

using an electric field configuration with spatially dependent magnitude and direction,

~vD(~x) = ~vD(τ(~x), ~E(~x)) = ~vD(T (~x), ~E(~x)) . (7.2)

The beam line that will be developed is composed of a sequence of stages as shown

in Figure 7.1. In the initial transverse compression stage a µ+ beam is stopped in

He gas at 5 mbar pressure inside a 5 T longitudinal magnetic field ~B and a transverse

electric field ~E. The gas temperature in this first stage has a vertical gradient from 4

to 12 K. At lower densities (top part) τc is large and ~vD is dominated by the Ê × B̂

term. Hence, the µ+ drift diagonally in the y direction and in the +x direction. By

contrast, at larger densities (bottom part) the first term of Equation 7.1 dominates and

the resulting drift velocity is along Ê. Therefore, µ+ originating from the upper (lower)

part of the stop distribution while drifting in the +x direction are moving downwards

(upwards) giving rise to a compression in the transverse (y) direction. The 10 mm wide

stopping volume in the y direction is thereby reduced to a swarm of µ+ moving in the x

direction with a height of 0.5 mm (in the y direction) and a length (in the z direction)

of 50 cm or more [63].

The µ+ swarm is then entering a second stage at room temperature (low density)

where longitudinal compression (in the direction of B̂ or z) takes place. Hence,

the µ+ are directed towards the exit hole as shown in Figure 7.1. The third term of

Equation 7.1 is here dominant. The electric fields are designed such that Ez changes sign

in the center of this region. Thus, µ+ drift to the center along the magnetic field lines,

which gives rise to longitudinal compression. This method depends crucially on whether

µ+ undergo a “runaway effect” in the gas target [134]. A non-vanishing Ey component

guarantees that the µ+ swarm drifts also along the +x axis because of the Ê × B̂ term.

An additional µ+ swarm compression in both the y and z direction occurs in a third

stage followed by vacuum extraction through small holes at particular locations of the

gas target.

7.1.1 Transverse compression

In the initial transverse compression stage a µ+ beam is stopped in He gas at 5 mbar

pressure inside a 5 T longitudinal magnetic field B̂ = (0, 0, 1) and a transverse electric

field Ê = 1/
√
2 (1, 1, 0). The gas temperature in this first stage has a vertical gradient

from 4 K to 12 K corresponding to an average STP pressure of about 200 mbar. Hence a
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Figure 7.2: Transverse compression stage based on density gradient in he-

lium gas at 4.6 mbar, 5 T magnetic field and an electric field of 1800 V/cm.

µ+ coming along the z-axis are stopped in the gas. Several µ+ trajectories

for µ+ “stopped” in the gas are simulated starting 10 mm away from the left

target wall. The drift time up to the “throat” is given in ns near the starting

point of each µ+ trajectory. Constant density lines are shown together with

the density scale (colored lines). Taken from [63].

standard surface µ+ beam can be stopped in such a gas target within a length of about

1 m. A high intrinsic phase space compression is achieved through the stopping process.

The remaining challenge is to compress and extract the µ+ into vacuum.

A density gradient is created in the y direction by having the lower wall of the target

at lower temperature and the upper wall at higher temperature, with the density at

the center of the target (y = 0) such as ωτc = 1. At lower densities (top part) τc is

large and ~vD is dominated by the Ê × B̂ term. Hence the µ+ drift diagonally in −y

direction and in +x direction. By contrast, at larger densities (bottom part) the first

term of Equation 7.1 dominates and the resulting drift velocity is along Ê. Therefore, as

shown in Figure 7.2 µ+ originating from the upper (lower) part of the stop distribution

while drifting along the +x direction are moving downwards (upwards) giving rise to

a compression in transverse (y) direction. Simulations of the process indicate that the

15 mm wide stopping volume in the y-direction is thereby reduced to a swarm of µ+

moving in x-direction with an height of 0.5 mm (in y-direction) and a large (1 m) length

(in the z direction) in an average time of 2 µs.

The µ+ flow, which has been transversely compressed but extends over a long length
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in the z direction enters a second stage at room temperature (low density) where longi-

tudinal compression (in the direction of B̂ or z) takes place.

7.1.2 Longitudinal compression

Following transverse compression, the µ+ swarm then enters a second stage at room

temperature (low density) where longitudinal compression (in the direction of B̂ or z)

takes place to direct the µ+ towards the exit hole as shown in Figure 7.1. The third

term of Equation 7.1 is here dominant because ωτ ≫ 1.

The compression is achieved by implementing an Ez field that alternates in direction.

The whole z-range is thus divided in sections of length d. In each section, the Ez changes

sign in the center of this region (taken to be at z = 0 in what follows) and the µ+ are

compressed towards it. Thus, µ+ drift to the center following the magnetic field lines

giving rise to longitudinal compression. A non-vanishing Ey component guarantees that

the µ+ swarm drift also along the +x axis because of the Ê × B̂ term.

Longitudinal compression occurs over a relatively large length of the µ+ swarm. This

is possible only if at sufficiently high Ez/N , where N is the gas density, “runaway”

occurs [134]. As shown by [134] for protons, when the kinetic energy T of the charged

particle reaches values greater than 1 eV, the momentum transfer cross-section σmt for

elastic scattering (p-He scattering) decreases with T like 1/T or faster. The energy loss

due to collisions is not compensating for the energy gain from the electric field and

the proton can accelerate to high energies till other processes comes into play. The

onset of “runaway” has been demonstrated for protons drifting in He gas [135]. Fast

longitudinal compression of the µ+ swarm within 10-15 cm length requires the µ+ to be

accelerated at “runaway” conditions. Figure 7.3 shows some simulated µ+ trajectories

in the transverse and longitudinal compression stages. Efficient extraction of the µ+

into vacuum requires further compression from the few mm into the sub-mm regime.

This is achieved in the next stage.

Efficient extraction of the µ+ into vacuum requires further compression from the few

mm into the sub-mm regime. This is achieved in the next stage.

7.1.3 Extraction into vacuum

The longitudinal compression is followed by an additional compression along both y and

z axis, again at cryogenic temperature as shown in Figure 7.4. The cold temperature

yields the necessary density and also guarantees a low µ+ energy when extracted into

vacuum.

µ+ are extracted from the region (filled with He gas) where compression occurs in
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Figure 7.3: µ+ trajectories in the transverse and longitudinal compression

stages projected in the y − x and z − x planes. The circle indicates the µ+

stop area. Reproduced from [132].

vacuum via a small orifice of 1 mm diameter. As a consequence, He gas also exits this

orifice. Therefore to guarantee the required 5 mbar pressure over the various compres-

sion regions helium gas needs to be continuously injected into the gas cell. To avoid

turbulence that would destroy the necessary temperature gradients, the He gas is in-

jected with radial symmetry along the y-z plane at the end of the third stage as shown

in Figure 7.5 (left).

Preliminary simulations of the gas stream, using ANSYS and shown in Figure 7.5

(Right), have demonstrated that the 5 mbar pressure can be sustained without tur-

bulence in the compression regions [132]. The simulations suggest the plausibility of

the gas injection concept. The experimental verification of an injection and differential

pumping scheme will be part of the next steps.

As a final stage, µ+ drifting into the vacuum at random times (quasi-continuously) are

re-accelerated along the z-direction (magnetic field direction) with a pulsed electric field
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Figure 7.4: Schematic view of the whole compression scheme in the x − y

plane. The colored lines represent density and temperature contour lines, the

arrows the electric field lines. The thin black irregular lines are simulated µ+

trajectories. Taken from [63].

producing µ+ bunches. This results in a micro-beam with a well-defined time structure.

For many applications (for example Mu spectroscopy) it is necessary to extract the µ+

from the 5 T magnetic field into a field-free region. Efficient extraction is not easy

but quasi divergence-free non-adiabatic extraction can be achieved by introducing a

ferromagnetic grid [136] at the exit of the beam into the field free region.

7.2 Demonstration of the longitudinal compression

Demonstration of the longitudinal compression was achieved in 2011 using PSI’s πE1

beam line tuned at a momentum of 10 MeV/c. µ+ coming from the beam line enter

the gas target, cross the entrance detector and a part of them stop in the He gas. The

stopped µ+ can then be compressed longitudinally along the µ+ beam and the magnetic

field. The µ+ stop volume, where compression occurs, is 160 mm long and has a cross

section of 6 × 10 mm2. The walls of the gas target have several strips to define the

electric fields as shown in Figure 7.6.

To attract the µ+ to the center, a negative high voltage (HV) was applied at the

z = 0 mm strip whereas the strips at z = ±80 mm were grounded. S1 is the 30 µm

thick entrance detector read out by G-APDs. It provides the “start time” (tstart) of

the measurement. S2 is used to align the target along the beam and provides anti-

coincidences to identify µ+ stops in the gas. P1 and P2 are two positron counters made

of 1 mm thick 8×8 mm2 scintillators readout with 3×3 mm2 G-APDs. The waveforms of

these four detectors were recorded by a DRS4 [137] based waveform digitizer developed
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7.2 Demonstration of the longitudinal compression
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Figure 7.5: (Left) Sketch of the µ+ extraction region which encompasses the

He gas injection, the orifice and skimmer for differential pumping. Lengths

are in mm. (Right) Simulated velocity vectors of the helium gas. Reproduced

from [132].

at PSI. The positron counters are shielded by thick brass collimators in order to detect

only positrons originating from decays around z = 0.

A special program using ROOT framework [96] was developed for the waveform anal-

ysis. As the DRS4 data file is written in a binary format as shown in Figure 7.7 for

maximal readout rate, it is first converted to decimal prior to waveform analysis. The

position of the peak minimum in the recorded waveform is giving the “stop time” (tstop)

of the event. This tstop approach is sufficient for this measurement because the µ+ drift

occurs on a µs time scale whereas the rise time of the pulses are of the order of ns.

By plotting the number of events in the positron counters (P1 and P2) versus time

(tstop− tstart), a time histogram as shown in Figure 7.8 is obtained. Events with multiple

peaks have been discarded. The histograms were multiplied with et/τµ to remove the µ+

lifetime effect. The resulting plots given in Figure 7.8 show that all curves become flat

at times larger than 500 ns. This means that after 500 ns compression is finished and a

pure exponential decay with the µ+ lifetime is observed. The “prompt” peaks originate

from the higher energy µ+ decaying in flight in the acceptance region of P1 and P2.

When a negative HV is applied, the µ+ are attracted close to P1 and P2. The resulting

e+ time distribution (blue curve) shows an increase caused by the µ+ drift into a region

with higher positron detection efficiency. On the contrary, by applying a positive HV,

the µ+ are pushed to a region with smaller detection efficiency resulting in a decrease

of detected positrons (green curve).

The curve for large positive HV at delayed time essentially corresponds to a back-

ground measurement. Its flat asymptotic behavior (after multiplication with exp(t/τ))

reveals that this background is µ+-correlated. It arises from µ+ stopping in the target
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Phase-space compression of a muon beam

Figure 7.6: Scheme of the setup used to test longitudinal compression. µ+

from πE1 beam line crosses the entrance detector S1 producing the “start

signal” (tstart) of the event. The µ+ beam is collimated before entering the 5-

12 mbar helium gas target at room temperature. µ+ stopping inside the target

will be drifting towards the central region where P1 and P2 are located. The

event is ended when a positron from the µ+ decay is hitting P1 or P2 giving

the “stop signal” (tstop). (Inset) Picture of the inner walls of the target. The

various metallic strips are set at different high voltages (HV).
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7.2 Demonstration of the longitudinal compression

Figure 7.7: DRS4 data format. Example of the binary file when two out of

four channels are switched on. Taken from [138].
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Phase-space compression of a muon beam

Figure 7.8: Measured and simulated (continuous lines) positron time spectra

multiplied with et/2200 for two different pressures, where t is the time in ns.

The simulations account for µ+ chemical capture with a rate of 40× 106 s−1

and a misalignment between the target and the magnetic field of 1 mrad (see

text). Reproduced from [131].

walls, in the beam collimators, in the beam dump and in the inactive region of the

target. It was observed that the background was reduced by only 20% when emptying

the gas cell (relative to 5 mbar and HV=0).

7.2.1 Geant4 Monte Carlo simulation

Geant4 [109] Monte Carlo simulations with the geometry shown in Figure 7.9 were done

in order to analyze the measured time spectra (which include prompt peak, background,

slowing down, and compression) and to quantify the µ+ beam compression. However, the

µ+ physics in a standard Geant4 package at low energy (0.1-1000 eV) does not correctly

reflect the reality where the elastic collision is dominant instead of the inelastic one.

In the standard Geant4 package, the energy loss process and the scattering process

are handled independently. The energy loss of a particle is handled by the ionization
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7.2 Demonstration of the longitudinal compression

process according to the stopping power provided by NIST down to particle energy of

1 keV. Below 1 keV and down to 10 eV, the model of a free electron gas [139] is used.

In this model, the energy loss is proportional to particle velocity. When the particle

energy is below 10 eV, it is treated as “stopped” and is set to zero energy. Tracking

of the particle will be terminated if there is no “at rest” processes such as decay of a

particle. On the other hand, the scattering of a particle is handled by the scattering

process according to the multiple scattering model based on Lewis theory [140].

Hence, the standard package is extended to include µ+ physics processes in the

0.1 eV−1 keV energy range [141]. Below 1 keV energy standard Geant4 processes are

replaced with the elastic µ+−He collision, Mu formation and Mu ionization processes.

Data available for protons were scaled to be used for µ+: velocity scaling is used for the

charge-transfer processes [142] and energy scaling for the elastic collisions [143]. Among

these processes the elastic µ+−He scattering is the decisive interaction that controls the

µ+ compression. It has been included in the Geant4 Monte Carlo simulation starting

from the proton differential cross sections calculated in [144].

Elastic scattering

Collisions are usually characterized by the differential cross section defined as the ratio

of the number of particle N scattered into direction (θ, φ) per unit time per unit solid

angle dΩ = sinθdθdφ, divided by incident flux jI,

dσ(θ, φ)

dΩ
=

N

jI
. (7.3)

In case of Coulomb potential which is a central potential V (r), i.e. a potential energy

that depends only on the distance r from the origin, the differential cross section is only

a function of the scattering angle θ for particle with velocity v [144]:

dσ(θ, φ)

dΩ

∣

∣

∣

∣

v

= |f(θ)|2 (7.4)

where f(θ) is the scattering amplitude of the scattered wave.

The total elastic scattering cross section, which is the flux of particle scattered in all

directions σel [144], is defined as

σel =

∫

dΩ
dσ(θ, φ)

dΩ
=

∫ 2π

0

dφ

∫ π

0

dθ sinθ
dσ(θ, φ)

dΩ
(7.5)

= 2π

∫ π

0

dθ sinθ |f(θ)|2 , (7.6)
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Phase-space compression of a muon beam

Figure 7.9: Details of the simulated section. The whole geometry is inside a

5 T PST solenoid. The µ+ is simulated starting from the left bottom corner.

After registering a start signal at S1, the µ+ is collimated before entering the

5-12 mbar helium gas target at room temperature. µ+ is stopped inside the

target and will be drifting towards the region where P1 and P2 are located.

The measurement is ended when a positron from the µ+ decay is hitting P1

or P2.
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7.2 Demonstration of the longitudinal compression

and the momentum-transfer cross section, which is an effective scattering cross section

describing the average momentum transferred from a particle to a target is defined as

σmt =

∫

dΩ
dσ(θ, φ)

dΩ
(1− cos θ) =

∫ 2π

0

dφ

∫ π

0

dθ sinθ
dσ(θ, φ)

dΩ
(1− cos θ) (7.7)

= 2π

∫ π

0

dθ sinθ |f(θ)|2 (1− cos θ) . (7.8)

The scattering amplitude f(θ) and the cross sections σel and σmt are being calculated

with very high precision in the center of mass (CM) frame [144].

Both cross sections can be used for the simulation of the transport of the particle

depending on the situation. Due to the 1− cos θ term in Equation 7.8, the σmt is much

smaller than the σel because the importance of forward scattering is suppressed (σel ≈
5σmt at 0.1 eV and σel ≈ 200σmt at 100 eV). σel represents a more precise description of

the scattering process but it costs in computational power. For longitudinal compression

where the density is low (1017 atom/cm3), it is affordable to use the σel but for transverse

compression where the density is much higher (5×1018 atom/cm3), σmt is a better choice

considering the trade-off between the precision and computational time.

In the Geant4 simulation, the elastic scattering process between µ+ and He is imple-

mented in the following way:

(I) The kinetic energy of the µ+ is transformed into the center of mass (CM) collision

energy TCM.

(II) The mean free path of a step is calculated using the total elastic cross section:

λel =
1

σelN
, (7.9)

where N is the number of atom per unit volume (density). The step length is then

given by λel multiplied by a random number with an exponential distribution.

(III) A second random number is generated to select the scattering angle of the µ+

according to the differential cross section. The scattering angle θ in the CM

reference frame is sampled according to the differential cross sections
dσ(θ, φ)

dΩ
given in [144]. θ is then transformed into the scattering angle φ in the laboratory

frame:

tanφ =
sin θ

cos θ +m/M
, (7.10)

where M is the He mass and m the µ+ mass.

110



Phase-space compression of a muon beam

 T [eV]
-110 1 10 210 310 410 510

/g
]

2
 [M

V
 c

m
z

U

10

210

310 Measured Stopping power

Elastic Scattering

Charge exchange

12 mbar, 68.75 V/cm

5 mbar, 62.5 V/cm

Figure 7.10: Energy loss processes of µ+ at low energy. The hollow circles

show the stopping power (dT/(N ds)) where ds is the path length) caused by

ionization, excitation and charge exchange processes. The curve with trian-

gles represents the energy loss (dT/(N dz)) caused by elastic scattering per

unit length in a fixed direction (z, electric field direction). The vertical blue

and red lines are the resulting equilibrium energies at the experimental con-

ditions.

(IV) Another angle ϕ is randomly generated to obtain the scattering angle in another

dimension. This initial direction is then rotated to the new direction (sinφ cosϕ,

sinφ sinϕ, cosφ).

(V) The energy loss of this step in the lab frame is then calculated using

dT =
2m

m+M
(1− cos θ)TCM . (7.11)

Note that for the implementation of the momentum transfer cross section σmt, σel in

step (II) is simply replace by σmt and in (III) the θ angle is generated isotropically in

the CM frame.
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7.2 Demonstration of the longitudinal compression

Charge exchange

When a µ+ crosses matter in the keV energy regime, it undergoes charge exchange, that

is electron-capture and electron-loss processes. Both processes have been accounted for

separately in the simulation using the velocity scaled cross sections of [142] with 11 eV

energy loss in the electron-capture process, and 13.6 eV in the electron-loss process and

no change in direction for both processes.

Energy loss of µ+ at low energy

The stopping power caused by these processes is given in Figure 7.10 where for simplic-

ity only the net µ+ energy losses caused by the full charge exchange cycle is represented

without separating electron-capture and electron-loss. The µ+ stopping power given by

the circles in Figure 7.10 which results from velocity scaling the measured proton stop-

ping power [145] deviates from the stopping power given by the charge exchange. This

is because it also includes non-negligible processes as ionization and excitation of the

target helium atom. Because no cross sections are available for these processes, between

300 eV and 1 keV the energy losses of the charge exchange processes is deliberately in-

creased to reproduce the measured stopping power. Such an approximation is sufficient

as simulations show that the drift of the µ+ is insensitive to the precise implementation

of these processes, as they spend only a small amount of time in this energy range.

The curve shown with triangles in Figure 7.10 illustrates the approximate energy

loss of diffusive motion per unit length along a given direction (dz) when only elastic

scattering takes place. For a given energy T it amounts to [134]

1

N

dT

dz
≈ 2Tσmt(T )

( m

m+M

)1/2

. (7.12)

By equating energy loss with energy gain due to the applied electric field E,

1

N

dT

dz
≈ E

N
, (7.13)

one can estimate the average µ+ equilibrium energy at the corresponding field and

density conditions. For example, as shown in Figure 7.10 at E = 69 V/cm and a

pressure of 12 mbar the average kinetic energy is 0.8 eV. As E/N and the average

energy increase, there is an energy region where the product Tσmt(T ) (see right side of

Equation 7.12) does not increase anymore. At this point Equation 7.13 can no more

be fulfilled and runaway occurs. This is shown in Figure 7.10 for 5 mbar, where the

limiting process is the charge exchange at 200 eV.

The simulation allows for tracking µ+ without averaging the angular distribution in

terms of a momentum transfer cross section as used in Equation 7.12. A time evolution
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Phase-space compression of a muon beam

Figure 7.11: µ+ distribution at various times during the compression for 5

mbar and HV = 550 V. Reproduced from [131].

of the µ+ spatial distribution during compression in the target is given in Figure 7.11.

Starting from an approximately flat stop distribution (blue curve), the µ+ are com-

pressed in the center. Some broadening of the peak at intermediate times is caused by

µ+ which have already reached the center but are still oscillating while thermalizing

around the minimum of the V-shape potential. Figure 7.11 shows that it takes less than

2 µs to compress the stopping µ+ in the gas target within ±2 mm.

The positron time spectra of P1 and P2 simulated with the Geant4 are shown in Fig-

ure 7.12. The 12 mbar (blue continuous) curve has a fast and a slow component. The

slow component which become visible at times later than 700 ns arises from slow µ+

drifting at the equilibrium energy of 0.8 eV. The fast component results from compress-

ing µ+ while having several hundreds eV energy, thus still in the process of slowing down

to the equilibrium energy. For 5 mbar no fast and slow component can be distinguished

since the equilibrium drift energy is higher (around 200 eV). Hence most µ+ arrive at

the center of the target before they slow down.

The measured time spectra of Figure 7.8 do not show any hint of a slow component.

At 12 mbar the measured compression is completed at about 500 ns. According to

simulations, at this time the µ+ energy ranges from 1 eV to 10 eV. The explanation

for the absence of the slow component is that at these energies the µ+ interacts with

impurities, organic molecules or water, to form muonic ions or to replace a proton of
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7.2 Demonstration of the longitudinal compression

Figure 7.12: Simulated positron time spectra without (continuous lines) and

with (dashed lines) µ+ chemical capture to impurities with R = 40× 106 s−1

and 10 eV cutoff. Reproduced from [131].

these molecules (isotopic exchange).

This interaction originates from the polarization potential between the µ+ and the

He atom. It attracts the µ+ from a far distance into the atom with a cross section

varying as 1/velocity at low energies. This results in an interaction rate independent

on the energy. Above a certain energy the µ+ may interact with the molecule without

“chemical capture”. Therefore, a constant loss rate R in the low energy range up to

a cut-off energy is introduced into the simulation and is taken to be 10 eV. Large

desorption rates have been measured in the target (PCB glued with Araldite) giving

rise to impurities of about 1014 molecules/cm3 corresponding to few atomic mono-layers

when integrated over the active target length. It is known that few mono-layers of

impurities on the Ar-moderator surface of the LEM beam line [71] are sufficient to

reduce by one order of magnitude the number of µ+ with energy between 0 to 30 eV

emerging from the surface [84].

The dotted curves in Figure 7.12 show the effect of this “chemical capture” assuming
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Phase-space compression of a muon beam

a rate of R = 40× 106 s−1. The measured time distributions show a larger flat (µ+ cor-

related) background than the simulations. This increased background can be explained

by a small (within experimental uncertainties) misalignment between the magnetic field

lines and the target that causes an increased number of µ+ stopping in the target walls

in front of the positron detectors. Adjusting the simulations to include misalignment

and “chemical capture”, results in a complete agreement with the measured spectra as

shown in Figure 7.8.

7.2.2 Realization of longitudinal compression

In conclusion, the compression of stopping µ+ in the magnetic field direction has been

demonstrated for the first time. It is an essential part in the realization of the beam line

proposed in [63]. This demonstration relies on the agreement between the experimental

results and simulations based on Geant4 extended to account for low energy processes.

While the cross sections at low energy in He gas are known only for protons, cross

sections scaled from protons are used for µ+. Variation of the elastic µ+−He cross

section by a factor of 2 leads to simulated time spectra that disagrees strongly with the

measurements. Therefore these measurements confirm the correctness of the used cross

sections. Applying the simulation to µ+ starting the longitudinal compression process

at low energy as in [63], a compression process with almost no losses in walls or Mu

formation is predicted. The compression of the 160 mm wide µ+ swarm to a 4 mm width

takes place in less than 2 µs. Hence, no physical unknown process seems to prevent the

realization of this part of the beam line.

7.3 Towards test of the transverse compression

Transverse compression has been be tested at the end of year 2014 at PSI πE1 beam

line. A simplified schematic setup of the target and the detector system required for

this experiment is shown in Figure 7.13.

A surface µ+ beam of 28 MeV/c crosses a µ+ entrance detector and then stops in

a cold He gas target at a pressure of 5 mbar, inside a 5 T longitudinal (along the µ+

stopping axis) magnetic field. The gas target has a gradient in temperature from 4 K

(bottom) to 12 K (top) as shown in Figure 7.1 and Figure 7.2. µ+ drift along the x-axis

and the swarm is compressed in the y-direction if suitable electric fields are applied as

detailed in Section 7.1.1.

To demonstrate µ+ drift and transverse µ+ compression, some long (along z-axis) scin-

tillators (Si) are placed around the target preferentially close to the target cell “throat”.

The time spectra (relative to a µ+ entrance detector) of the positron hits in the various
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7.3 Towards test of the transverse compression

Figure 7.13: Schematic view of the gas-cell and a simplified positron de-

tection system to test the transverse compression stage. The scintillators

(green) are used to detect the decay positrons. The target is made by two

quartz plates (blue) with lateral walls made of Kapton foils. The electric field

is defined by about hundred metallic strips (red) arranged on the inner walls

of the target set at various HV. µ+ drift from the stopping volume (yellow)

in x-direction while compressing in y-direction towards the cell “throat”.

scintillators carry the information regarding the µ+ swarm compression and drift. In

this simplified scheme the S3 time spectrum increases with time while µ+ drift towards

it. Furthermore, an anti-coincidence with S6 can be used to clean-up this spectrum

and more precisely disentangle µ+ which have drifted from the stopping volume to the

“throat” without impinging into the target walls. In addition, the scintillators S1 and

S2 carry information about the secondary µ+ beam alignment relative to the target.

In order to better disentangle between drift-with-compression and drift-without- com-

pression the µ+ beam will be collimated to about 4 mm diameter, and directed to various

vertical positions in the gas cell.
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7.3.1 Preliminary simulations of the positron detection system

Geant4 simulations are performed to optimize the positron detection system taking into

account the space at disposal in the bore hole (φ = 200 mm) of the PSC solenoid, the

various constraints given by the thermal shield while minimizing the amount of material

to guarantee fast cooling at cryogenic temperatures. At the current development stage, a

sophisticated positron tracker is not needed. One of the various geometries investigated

is given in Figure 7.14.

Figure 7.14: Scheme of a detector-target geometry simulated using Geant4.

The various scintillators are given by Si. The particle trajectories starting at

various initial positions (Pi) are given by the arrows for two simplified cases:

drift without compression (left), drift with compression (right).

The time spectra recorded in the various positron detectors for µ+ starting at various

vertical position Pi drifting in x-direction with constant speed are given in Figure 7.15.

When drifting to the right, the detection efficiency for S3 increases and for S1 decreases,

giving rise to the corresponding variation of the time spectra. µ+ that ultimately stop

on the walls can be distinguish from µ+ compressed in the “throat”. Disentangling a

simple drift (bottom plots) from a drift accompanied by compression (top plots) is thus

feasible, given the large differences in the time spectra. Note that these time spectra

consider the simplified situation of particles drifting along the indicated arrows with

constant speed. However in reality the time spectra will be smeared out due to random

diffusion, and extended stop and energy distributions of the µ+.

These preliminary simulations indicate the feasibility of a simple detection scheme to

demonstrate transverse compression. Variations of the experimental parameters such
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Figure 7.15: Simulated time spectra for three scintillators (S1, S7, S3)

for µ+ moving with constant speed for various initial vertical positions (Pi)

for the two cases shown in Figure 7.14: (Top row) only drift in x-direction,

(Bottom row) drift in x-direction accompanied by compression in y-direction.

The time spectra have been multiplied by et/2.2 where t is the time in µs.

as electric field, pressure and stopping position will allow us to switch from a drift

mode, to a compression mode, to measurements of background. Detailed investigations

are ongoing, where ratios between detectors, placement of collimators and so on are

considered. One must consider the background, but the test of longitudinal compression

made in 2011 at the πE1 beam line demonstrated that it is well under control and that

it is basically only µ+ correlated.

7.3.2 Optimization of the muon beam momentum

Simulation of the last part of the beam line has been accomplished using Geant4. The

aim of this simulation was to optimize the momentum of the beam for maximal stop-

ping probability in the cold He gas target accounting for the various foils, collimators,

entrance detector, target window that the µ+ needs to cross. An event display of the
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Phase-space compression of a muon beam

simulation which include also the positron detection system is shown in Figure 7.16. The

corresponding evolution of the kinetic energy and beam size is shown in Figure 7.17.

The momentum of 17.2 MeV/c has been found to be optimized - to have the maximal

stopping probability in the He gas cell (20%) for the foils and scintillator thickness given

in the Table 7.1.

Table 7.1: An example of the optimized positions of the elements for the

demonstration of the transverse compression. The positions are optimized

such that the µ+ stopping probability in the He gas cell is maximized.

Element Geometry Dimension Position

PSC Magnet cylinder(rin, rout, z) (150, 200, 1000) (0,0,0)

Foil F1 disk(r, z) (15,0.02) (0,0,-470)

Flange CF1 cylinder(rin, rout, z) (15,150,10) (0,0,-465)

Entrance detector disk(r, z) (15,0.09) (0,0,-447)

Foil F2 disk(r, z) (40,0.02) (0,0,-200)

Flange CF2 cylinder(rin, rout, z) (40,100,20) (0,0,-190)

Foil F3 disk(r, z) (40,0.02) (0,0,-150)

Flange CF3 cylinder(rin, rout, z) (40,90,10) (0,0,-145)

Collimator disk(r, z) (35,20) (0,0,-120)

Collimator hole 1 disk(r, z) (2,20) (16,5,-120)

Collimator hole 2 disk(r, z) (2,20) (0,0,-120)

Collimator hole 3 disk(r, z) (2,20) (16,-5,-120)

Target foil front trapezium(ymin, ymax, z) (2,24.2,0.025) (0,0,-100.0125)

Collimator top T1 box(x, y, z) (50,20,30) (-2.7,20.5,-85)

Helium gas target trapezium(ymin, ymax, z) (2,24.2,300) (0,0,50)

Collimator top T2 box(x, y, z) (50,20,30) (-2.7,20.5,185)

Target foil back trapezium(ymin, ymax, z) (2,24.2,0.025) (0,0,200.0125)

7.3.3 Simulation of transverse compression

In order to simulate the transverse compression stage, beside the low-energy processes

explained in Section 7.2.1, a gas density gradient has to be implemented. In the

G4Material class of the Geant4 package, the density of a material in a given volume

is constant. Parameterization of the volume in the G4DetectorConstruction is one of

the easiest solution but it is expensive in terms of computational time. A fast solution

given here is to explicitly implement the position dependent gas density into the mean
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7.3 Towards test of the transverse compression

Figure 7.16: An event display from the Geant4 simulation of the transverse

compression. The µ+ beam is coming in from the left. The foils are attached

to the front part of the flanges (brown) and their positions are optimized. The

positions of the scintillators (green) are also optimized to have less background

from the positrons originated from the µ+ stopping on the front target foil.
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Figure 7.17: Geant4 simulation of the (a) beam size (xrms, yrms), and (b)

kinetic energy and beam transmission, of the µ+ in the last part of the beam

line. The step-wise change in kinetic energy are due to the µ+ crossing

vacuum foils or the plastic scintillator.
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7.3 Towards test of the transverse compression

Figure 7.18: Geometries and variables used in deriving position-dependent

gas densities. (a) Gas density in a cylindrical cell given by ρ(y, l) according

to Equation 7.15. (b) Gas density of a triangular helium gas cell given by

ρ(x, y) according to according to Equation 7.18. The bottom plate is cooled to

a temperature T1 and the top plate is warmed to a temperature T2. The colors

do not reflect the actual gas density gradient and are only for illustration.

free path calculation of the transportation. This can be achieved by substituting in N

of Equation 7.9 with N(x, y) where x, y correspond to the transverse coordinates.

The local density can be calculated using a thermal conductivity model of the He gas.

Assuming that the thermal conductivity of the He [146] is

k(T ) = aT n (7.14)

where a = 1/
√
M , M the mass of the He atom and n is gas dependent (n = 0.5 for an

ideal gas and n = 0.68 for 4He.). Then the particle density distribution (ρ) in the vertical

direction y for the He gas in a cylindrical cell as shown in Figure 7.18(a) with bottom

plate at a temperature T1 and the top plate at a temperature T2 with ∆T = T2−T1 > 0

is given by

ρ(y, l) ∝ p

R ·
[(

∆T

l
1

1+n

)

· y 1

1+n + T1

] , (7.15)
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Phase-space compression of a muon beam

where p is the gas pressure, R the gas constant and l the height of the cell. Detailed

derivation of the formula can be found in [146]. This formula assumes that there is no

convection. The applicability of this formula to the test setup of transverse compression

has been confirmed by performing a neutron radiography experiment using cells filled

with 3He [147]. At the same time, neutron radiography has also demonstrated the

feasibility to sustain the gas density gradient needed for the transverse compression.

In the setup for the test of transverse compression as shown in Figure 7.18(b), the

distance between top and bottom plates of the cell is x-position dependent and has to

be modified according to

l′(x) = l+ − 2xl−
w

, (7.16)

where l+ = (l1+l2)/2 and l− = (l1−l2)/2, while l1, l2 and w are as given in Figure 7.18(b).

The vertical distance from the bottom plate as shown in Figure 7.18(b), has also x-

position dependent and is modified according to

y′(x) = y − l′(x)

2
, (7.17)

where y is the coordinate in the y-axis. Substituting Equation 7.16 and Equation 7.17

into Equation 7.15, the final gas density is given by

ρ(x, y) ∝ p

R ·











∆T

(l+ − 2xl−
w

)
1

1+n



 ·
(

y − l+ − 2xl−
w

2

)
1

1+n

+ T1







. (7.18)

7.3.4 Simulations with the gas density gradient

Geant4 simulations were performed using ρ(x, y) from Equation 7.18 to calculate the gas

density N(x, y) which is needed to calculate the mean free path λmt = 1/σmtN(x, y).

Instead of the elastic scattering differential cross section from [144], the momentum

transfer differential cross section was used. The reason is that unlike longitudinal com-

pression where the setup is held at room temperature, transverse compression is done

at cryogenic temperature with the same gas pressure. This means that the gas density

is about 50 times higher in this first stage and hence much frequent elastic scattering

(at least 30×106 steps per event and hence very expensive in terms of computing cost).

Instead of generating a random number to select the scattering angle of the µ+ accord-

ing to the differential cross section, the scattering angle is generated randomly in 4π

direction.

In Figure 7.19, a typical simulation of the transverse compression stage is shown. Only

the elastic µ+-He collision process has been accounted using the momentum transfer
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cross section. Effects such as charge exchange process can be implemented for improved

precision. By comparing the simulated and measured time spectra, it is possible to

determine the µ+ drift velocity, the compression efficiency and to investigate the validity

of the various cross sections assumed.

7.4 Conclusion and outlook

Ongoing research and development (R&D) of the new µ+ beam compression scheme

at ETH and PSI are very encouraging. The second part of the scheme, longitudi-

nal compression was successfully demonstrated in 2011. This demonstration relies on

the agreement between the experimental results and simulation based on Geant4, after

implementing µ+ physics processes at low energy such as elastic collision and charge

exchange.

A neutron radiography experiment has demonstrated the feasibility to sustain the

necessary density gradient for the transverse compression stage. An engineering run

towards test of the transverse compression was complete in Dec 2014. A gas density

gradient was implemented into Geant4 simulation by the means of recalculating the gas

density and hence the mean free path of the µ+ in the low energy physics process. With

this, the simulated time spectra and the experimental data can be compared when data

will available.
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Figure 7.19: Simulated time spectra for the positron detectors installed at various positions around the

target for the test of transverse compression. Each of them is showing distinctive behavior due to the drift of

the µ+ beam. The red, green and blue lines represent the time spectra for various initial µ+ positions given

by the black hollow circles. These simulations have been done at 5 mbar He gas pressure and top-bottom

temperature of T2 = 12 K and T1 = 4 K, respectively, starting for µ+ at rest and using only the momentum

transfer cross section.
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Chapter 8

Conclusions

During the course of this thesis, the requirements for next generation fundamental preci-

sion measurements with muons have been studied in detail through various experimental

campaigns and simulations.

A factor of two improvement in muonium vacuum yield has been achieved using meso-

porous silica materials at room temperature, but also high vacuum yield at cryogenic

temperatures has been observed for the first time: 20% at a temperature of 100 K.

Moreover muonium reflection at walls has also been investigated. A preliminary anal-

ysis of the taken data shows high reflection probability which implies that muonium

can be confined in a small hollow volume which could be illuminated efficiently by a

laser beam. These two achievements, high vacuum yield and confinement, represent

important steps towards next generation muonium spectroscopy.

The first steps towards the development of a novel, low-energy, high-brilliance positive

muon beam have been very encouraging. This new beam line makes use of a phase-space

compression of muons stopping and drifting in a helium gas within suitable electric and

magnetic fields. The feasibility of the longitudinal compression stage has been tested

and no unknown limiting process which would hinder the beam line realization has been

observed. Cross sections for low energy processes scaled from proton data have been

validated. An engineering run towards the test of transverse compression was completed

in Dec 2014. The realization of this novel tertiary beam line will enable one to produce

a micro-beam of muons having several applications, especially for the µSR and precision

particle physics community.

These results have been achieved by developing several new techniques. First, a

positron shielding technique was developed to monitor the muonium yield in vacuum, by

modifying the existing LE-µSR apparatus. Second, the Geant4 simulation package has

been extended down to 0.1 eV by implementing µ+ physics at low energy such as elastic

collision and charge exchange. The concept of density gradient has also been explicitly
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implemented into the Geant4 simulation enabling comparison between simulated time

spectra and experimental time spectra of the transverse compression.
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Appendix A

Muonium precession

In order to understand the time evolution of the µ+ polarization in Mu atom in a

magnetic field discussed in Section 3.2, a minimal theoretical treatment of this system

is given in this chapter. This requires some knowledge of the Mu energy levels in the

magnetic field. Therefore this chapter begins with a description of the energy eigenstates

of the Mu atom placed in a magnetic field. Then the time evolution of the µ+ in Mu

atom in a longitudinal and a transverse magnetic field is explained. Finally the two-

frequency method used to determine the Mu ground-state hyperfine structure (HFS) in

Section 6.4 is discussed.

A.1 Energy eigenstates of muonium

The energy levels of Mu calculated using non-relativistic Schrödinger equation are similar

to the one of hydrogen except for the difference in the reduced mass factor. The discrete

energy levels of Mu in first approximation are given by En = −R∞(1 − me

mµ

)/n2, where

n is the principal quantum number and R∞ is the Rydberg constant. The ground state

HFS interval of Mu is given in first approximation by the Fermi formula [148]

ν0 =
∆W

h
=

16

3
α2cR∞

µµ

µe
B

≈ 4.463× 109 Hz (A.1)

where α is the fine-structure constant, c the velocity of the light, ∆W the singlet-triple

energy difference, µµ the muon magnetic moment and µe
B =

e~

2mec
the electron Bohr

magneton. Higher order corrections to this Fermi formula can be found in [3, 36] and is

out of the scope of this thesis.
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A.2 One-particle spin-1/2 system

A.2 One-particle spin-1/2 system

Consider a spin-1/2 particle like an electron or a muon. The eigenfunctions of Ĵz, |α〉
and |β〉, are the spin-up and spin-down states of the particle

Ĵz |α〉 =
1

2
|α〉 (A.2)

Ĵz |β〉 = −1

2
|β〉 . (A.3)

The matrix elements of the Ĵz in this bases are

〈α| Ĵz |α〉 =
1

2
(A.4)

〈α| Ĵz |β〉 = −1

2
〈α|β〉 = 0 (A.5)

〈β| Ĵz |α〉 =
1

2
〈β|α〉 = 0 (A.6)

〈β| Ĵz |β〉 = −1

2
. (A.7)

Hence the matrix representation of Ĵz is

Ĵz =

(

〈α| Ĵz |α〉 〈α| Ĵz |β〉
〈β| Ĵz |α〉 〈β| Ĵz |β〉

)

=
1

2

(

1 0

0 −1

)

. (A.8)

Similarly, it can be derived that

Ĵx =
1

2

(

0 1

1 0

)

(A.9)

Ĵy =
1

2

(

0 −i

i 0

)

. (A.10)

These operators obey the permutation relations

[Ĵi, Ĵj] = i~ǫijkĴk . (A.11)

A.3 Muonium: Two-particle spin-1/2 system

The interaction of the Mu atom (two bound particles with spin-1/2) with an external

magnetic field is described by the following Hamiltonian

Ĥ = ∆W Î · Ĵ + geµ
e
BĴ ·B+ gµµ

µ
B Î ·B , (A.12)
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Muonium precession

where ∆W is the hyperfine splitting, Î = (Îx, Îy, Îz) the muon spin operator, Ĵ =

(Ĵx, Ĵy, Ĵz) the electron angular momentum operator, µµ
B =

e~

2mec
the muon magnetons,

ge ≈ +2, gµ ≈ −2 the electron and muon g-factors, and B is the external static magnetic

field. Under a magnetic field along the z-direction B = (0, 0, Bz), Ĥ (in the unit of

Planck constant, h) can be rewritten as

Ĥ = ν0Ĵ · Î+ νeĴz − νµÎz , (A.13)

where the first term account for the hyperfine interaction between the electron and the

muon, and the last two terms are the electron and muon Zeeman interactions with

frequencies νe = geµ
e
BBz and νµ = gµµ

µ
BBz, respectively. By defining

Ĵ+ = Ĵx + iĴy (A.14)

Ĵ− = Ĵx − iĴy , (A.15)

the term Ĵ · Î can be rewritten as

Ĵ · Î = ĴxÎx + Ĵy Îy + Ĵz Îz (A.16)

=
1

2
(Ĵ+Î− + Ĵ−Î+) + Ĵz Îz . (A.17)

Considering a basis set of product spin functions |mJ , mI〉 = |αα〉, |αβ〉, |βα〉 and

|ββ〉, it can be calculated that

Ĥ |αα〉 = (νeĴz − νµÎz + ν0Ĵ · Î) |αα〉 (A.18)

=

[

νeĴz − νµÎz +
1

2
ν0(Ĵ+Î− + Ĵ−Î+) + ν0Ĵz Îz

]

|αα〉 (A.19)

=
(νe
2
− νµ

2
+

ν0
4

)

|αα〉 (A.20)

Ĥ |αβ〉 =

[

νeĴz − νµÎz +
1

2
ν0(Ĵ+Î− + Ĵ−Î+) + ν0Ĵz Îz

]

|αβ〉 (A.21)

=
(νe
2
+

νµ
2

− ν0
4

)

|αβ〉+ ν0
2
|βα〉 . (A.22)

It is clear that |αα〉 is an eigenfunction while |αβ〉 is not. By defining

ν+ =
νe + νµ

2
(A.23)

ν− =
νe − νµ

2
, (A.24)
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A.3 Muonium: Two-particle spin-1/2 system

the Hamiltonian Ĥ can be expressed in terms of matrix, with the |αα〉, |αβ〉, |βα〉 and
|ββ〉 bases,

Ĥ =

















ν0
4

+ ν− 0 0 0

0 −ν0
4

+ ν+
ν0
2

0

0
ν0
2

−ν0
4

− ν+ 0

0 0 0
ν0
4

− ν−

















. (A.25)

If we label the states |me, mµ〉 as
|1′〉 = |αα〉 ; |2′〉 = |αβ〉 ; |3′〉 = |βα〉 ; |4′〉 = |ββ〉 , (A.26)

then the two eigenvalues are

ν1′ =
ν0
4

+ ν−; ν4′ =
ν0
4

− ν− . (A.27)

Since |1′〉 and |4′〉 are already eigenfunctions of Ĥ, to get eigenvalues ν2′ and ν3′ , we

have to diagonalize the central part of the matrix Ĥ . The characteristic polynomial of

the central 2× 2 matrix is

(−ν0
4

+ ν+ − ν)(−ν0
4

− ν+ − ν)− ν2
0

4
= 0 , (A.28)

where the solutions are

ν2,3 = −ν0
4

±
√

ν2
+ + ν2

0

2
. (A.29)

The conventional notation for the Mu eigenstates is

|1〉 = |αα〉 (A.30)

|2〉 = c |αβ〉+ s |βα〉 (A.31)

|3〉 = |ββ〉 (A.32)

|4〉 = c |βα〉 − s |αβ〉 , (A.33)

where c2 =
1

2

(

1 +
xB

√

1 + x2
B

)

, s2 =
1

2

(

1− xB
√

1 + x2
B

)

and xB =
2ν+
ν0

. The corre-

sponding eigenvalues are given by

ν1 =
ν0
4

+ ν− (A.34)

ν2 = −ν0
4

+

√

ν2
+ + ν2

0

2
= −ν0

4
+

ν0
√

1 + x2
B

2
(A.35)

ν3 =
ν0
4

− ν− (A.36)

ν4 = −ν0
4

−
√

ν2
+ + ν2

0

2
= −ν0

4
− ν0

√

1 + x2
B

2
. (A.37)
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Muonium precession

The energy levels described by Equation A.34 to Equation A.37 are shown in Figure A.1.

The weak-field quantum numbers (F ,mF ) corresponding to the zero or weak magnetic

fields (ν+, ν− → 0 and c, s → 1/
√
2) hyperfine states, and the strong field quantum

numbers (mJ , mµ) corresponding to the strong field limits (ν+/ν0, ν−/ν0 ≫ 1 and c → 1,

s → 0) are indicated for the four states labeled from 1 to 4.
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Figure A.1: Breit-Rabi diagram of Mu in the ground-state, as given by

Equation A.34 to A.37. At zero magnetic field, the energy difference between

the F = 0 and F = 1 states is the HFS splitting ∆W = hν0. At weak mag-

netic fields, (F ,mF ) are good quantum numbers whereas at strong magnetic

fields, (mJ ,mµ) are the good quantum numbers.

A.4 Muonium in a longitudinal magnetic field

If the muon ensemble is initially polarized and the electrons are not, then the initial

state of the system is

|φ(0)〉 = 1√
2
|αα〉+ 1√

2
|βα〉 . (A.38)
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A.4 Muonium in a longitudinal magnetic field

This initial state can be represented in terms of Ĥ eigenstates

|φ(0)〉 = 1√
2
|αα〉+ 1√

2
|βα〉 = 1√

2
|1〉+ 1√

2
(s |2〉+ c |4〉) . (A.39)

How does this system evolve in time? The |αα〉 = |1〉 state being eigenstate of Ĥ will

remain static while the mixed state |βα〉 oscillates between the states |2〉 and |4〉 at a

frequency ν24 = ν0
√

1 + x2
B. To understand this oscillation, only the time evolution of

the |βα〉 state is considered. To simplify the notation, we re-define |φ〉 = |βα〉. Thus its
time evolution is given by

|φ(t)〉 = 1√
2
(se−iE2t/~ |2〉+ ce−iE4t/~ |4〉) . (A.40)

The probability of finding the |φ(t)〉 state with the µ+ spin state in +z direction is then

P+z = | 〈αα|φ(t)〉 |2 + | 〈βα|φ(t)〉 |2 (A.41)

= | 〈1|φ(t)〉 |2 + |(s 〈2|+ c 〈4|) |φ(t)〉 |2 . (A.42)

The first term is

| 〈1|φ(t)〉 |2 =
∣

∣

∣

∣

1√
2
(se−iE2t/~ 〈1|2〉+ ce−iE4t/~ 〈1|4〉)

∣

∣

∣

∣

2

(A.43)

= 0 , (A.44)

because the |1〉, |2〉, |3〉, |4〉 states are orthogonal. The second term is

|(s 〈2|+ c 〈4|) |φ(t)〉 |2 =
∣

∣

∣

∣

1√
2
(s2e−iE2t/~ 〈2|2〉+ cse−iE4t/~ 〈2|4〉

+ cse−iE2t/~ 〈4|2〉+ c2e−iE4t/~ 〈4|4〉)
∣

∣

∣

∣

2

(A.45)

=
1

2
|(s2e−iE2t/~ + c2e−iE4t/~)|2 (A.46)

=
1

2
|e−i(E2+E4)t/2~(s2e−i(E2−E4)t/2~ + c2e−i(E4−E2)t/2~)|2 (A.47)

=
1

2
|(s2e−i2πν24t/2 + c2ei2πν24t/2)|2 (A.48)

=
1

2
(s2e−i2πν24t/2 + c2ei2πν24t/2)(s2ei2πν24t/2 + c2e−iω24t/2) (A.49)

=
1

2

[

s4 + c4 + c2s2(e−i2πν24t + ei2πν24t)
]

(A.50)

=
1

2

[

s4 + c4 + 2c2s2cos 2πν24t
]

, (A.51)
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where ν24 =
E2 − E4

h
= ν0

√

1 + x2
B as mentioned before. Substituting c2 and s2 into

Equation A.51, the muon polarization in the z-direction is obtained:

P+z =
1

2

(

1 + 2x2
B + cos 2πν24t

1 + x2
B

)

. (A.52)

The µ+ polarization has a component precessing with a frequency ν24 which is usually

too high to be resolved experimentally (ν0 ≈ 4.5 GHz).

A.5 Muonium in a transverse magnetic field

Similar calculation can be applied to the Mu in a transverse magnetic field configuration

even though it is much more complex in this situation and requires a transformation of

the basis as the initial polarization is perpendicular to the magnetic field. As the final

result, the muon polarization along the transverse direction is given by [98, 149]

P⊥ =
1

2

[

c2(ei2πν12t + ei2πν43t) + s2(ei2πν14t + ei2πν23t)
]

, (A.53)

where ν12, ν43, ν14 and ν23 are frequencies defined as

ν12 =
E1 −E2

h
= ν− +

ν0
2

− ν0
√

1 + x2
B

2
(A.54)

ν43 =
E4 −E3

h
= ν− − ν0

2
− ν0

√

1 + x2
B

2
(A.55)

ν14 =
E1 −E4

h
= ν− +

ν0
2

+
ν0
√

1 + x2
B

2
(A.56)

ν23 =
E2 −E3

h
= ν− − ν0

2
+

ν0
√

1 + x2
B

2
. (A.57)

For a low magnetic field, xB → 0 and these equations simplify to

ν12 → ν− (A.58)

ν43 → ν− − ν0 ≈ −ν0 (A.59)

ν14 → ν− + ν0 ≈ +ν0 (A.60)

ν23 → ν− . (A.61)

Thus for weak magnetic fields the transverse polarization P⊥ becomes

P⊥ ≈ 1

2

[

c2(ei2πν−t + e−i2πν0t) + s2(ei2πν0t + ei2πν−t)
]

. (A.62)
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Note that ν0 ≈ 4.5 GHz is much larger than ν− for small magnetic fields (ν− = 1.4 MHz/-

Gauss). ν0 is also not resolvable by the LEM apparatus because of the limited time

resolution (≈ 5 ns). Because of this, Equation A.62 can be simplified to

P⊥ ≈ 1

2
(ei2πν−t) . (A.63)

This shows why only half of the polarization of the Mu in the LEM apparatus is ob-

servable. Furthermore, from Equation A.24 we have that

ν− =
νe − νµ

2
≈ νe

2
, (A.64)

because the muon mass is much larger than the electron mass. Hence the muon spin

in the Mu atom is precessing at a frequency given by Equation A.64 which is half the

electron precession frequency.

A.6 Two-frequency precession of muonium

At intermediate magnetic field strength, the precession of µ+ in Mu is described by two

frequencies ν12 and ν23 defined in Figure A.2. The frequencies of the hyperfine splitting

ν0 of Mu in a material environment can be found by using two-frequency precession

method (see for example [150]). By studying the ν0, the “condition” of Mu atom,

whether it is being “compressed” or being “tear apart” can be investigated. The ν0
expressed in terms of ν12 and ν23 can be derived using the knowledge from previous

sections.

By taking the sum and the difference of Equation A.54 and Equation A.57, we get

ν12 + ν23 = 2ν− (A.65)

ν12 − ν23 = −ν0 + ν0

√

1 + x2
B (A.66)

= −ν0 + ν0
√

1 + (2ν+/ν0)2 (A.67)

= −ν0 +
√

ν2
0 + (2ν+)2 . (A.68)

Rearranging Equation A.68 we obtain

√

ν2
0 + (2ν+)2 = ν12 − ν23 + ν0 (A.69)

ν2
0 + (2ν+)

2 = ν2
12 + ν2

23 + ν2
0 − 2ν12ν23 + 2ν0(ν23 − ν12) . (A.70)
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Figure A.2: Energy-level diagram for Mu in the eigenstates labeled 1, 2 and

3. The Mu splitting frequencies ν12 and ν23 can be used to determine the Mu

hyperfine splitting ν0 via Equation A.74.

Solving for ν0 using Equation A.23, Equation A.24 and Equation A.65, we get

ν0 =
(2ν+)

2 − (ν23 − ν12)
2

2(ν23 − ν12)
(A.71)

=
(2ν− + 2νµ)

2 − (ν23 − ν12)
2

2(ν23 − ν12)
(A.72)

=
(ν12 + ν23 + 2νµ)

2 − (ν23 − ν12)
2

2(ν23 − ν12)
. (A.73)

This means that the Mu hyperfine splitting ν0 can be calculated by measuring the Mu

splitting frequencies ν12 and ν23 and the muon Larmor precession frequency νµ via

ν0 =
1

2

[

(ν12 + ν23 + 2νµ)
2

ν23 − ν12
+ ν12 − ν23

]

. (A.74)

A more detailed treatment is given in [112, 128]. Assuming that all the frequencies are

independent variables, then the error propagation is as follows:

σ2
ν0

=

(

∂ν0
∂ν12

)2

σ2
ν12

+

(

∂ν0
∂ν23

)2

σ2
ν23

+

(

∂ν0
∂νµ

)2

σ2
νµ , (A.75)
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where
(

∂ν0
∂ν12

)

=
2ν2

23 + 4ν23νµ + 2ν2
µ

(ν12 − ν23)2
(A.76)

(

∂ν0
∂ν23

)

=
−2ν2

12 − 4ν12νµ − 2ν2
µ

(ν12 − ν23)2
(A.77)

(

∂ν0
∂νµ

)

= 2

(

2ν12 + ν23 + 2νµ
ν23 − ν12

)

. (A.78)
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Appendix B

The growth of mesoporous thin

silica films

In this appendix, recipes used to prepare mesoporous silica thin films relevant to this

thesis are provided. They are based on [151] and [152] and have been optimized by L.

Liskay from CEA Saclay for positronium yield in vacuum.

B.1 CTACl-based (C) film

Materials

• CTACl (Hexadecyl trimethyl ammonium chloride, CH3(CH2)15NCl (CH3)3) (m=364.45)

(Sigma-Aldrich 52366-10G)

• TEOS (tetraethyl orthosilicate) m = 208.33 (Sigma-Aldrich 86578-1L)

• HCl 30% 9.45 mol/l (Sigma-Aldrich 17077-1L)

• distilled water

• glass or Si substrate (e.g. standard microscope cover glass)

Recipe

• global composition: 25 H2O : 5 x 10−3 HCl : 1 TEOS : 0.22 CTACl

• reference: Cohen et. al., Advance Materials 15, 572 (2003)

• 1 g CTACl
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B.1 CTACl-based (C) film

• 2.959 g TEOS

• 6.406 g [H2O + HCl] where [H2O + HCl] is 851.6 ml H2O + 1 ml 30% HCl

Procedure

• mix [H2O + HCl] (851.6 ml/1 ml)

• take 6.406g from the HCl solution and mix with 2.959 g TEOS; keep stirred

• add CTACl to the mixture when stirring vigorously

• cover it with Parafilm and let stirred overnight (16 h)

• mount the substrate on the spin coater (surface perpendicular to the axis; use

sticky tape)

• put a drop of gel in the middle with a glass rod and smear it over the surface; it

should cover the whole surface

• run spin coating (1000 rpm) for 2 min

• take the sample from the spin coater

• wait 1-5 hours at room temperature and then put the samples on the heating

plate; heat it to 130◦

• keep at 130◦ for about two days

• store at room temperature

• heat at 450◦ for 15 min in air just before mounting in the vacuum (heating up

with the plate)

Remark

The resulting film will be around 800 nm thick (to be confirmed again), although the

viscosity is not controlled so this value may change from preparation to preparation.

It seems that the 130◦ heating phase might not be essential.
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The growth of mesoporous thin silica films

B.2 Pluronic F-127-based (F) film

Materials

• Pluronic F-127 (triblock copolymer, 9003-11-6 Sigma-Aldrich), m=13336

• TEOS (tetraethyl orthosilicate) m = 208.33 (Sigma-Aldrich 86578-1L)

• HNO3 concentrated

• distilled water

• glass or Si substrate (e.g. standard microscope cover glass)

Recipe

• reference: Yantasee et al, The Analyst 128, 899 (2003)

• global recipe (molar ratio): TEOS : water : ethanol : HNO3 : Pluronic F-127 =

1 : 8 : 8 : 0.05 : 0.016

• 5.16 g F-127

• 3.430 g H2O

• 8.846 g EtOH

• 0.108 g HNO3 concentrated (≈69%)

• 5.0 g TEOS

Procedure

• dissolve F-127 in water + alcohol

• add HNO3

• add TEOS

• mix and keep stirring a day (max 200 rpm to prevent bubble formation)

• put a drop of gel in the middle of the silicon wafer with a glass rod and smear it

over the surface; it should cover the whole surface

• run spin coating (3000 rpm) for 1 min
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B.2 Pluronic F-127-based (F) film

• take the sample from the spin coater

• put the samples on the heating plate; heat it to 250◦

• store at room temperature

• heat at 450◦ for 15 min in air just before mounting in the vacuum (heating up

with the plate)

Remark

It seems that fast heating (dropping the sample on the pre-heated heating plate (results

in higher o-Ps emission from the deeper region (presumably the porosity is more open

due to the destruction of some of the walls).
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Appendix C

Fraction of muons hitting the

sample

To determine the Mu production probability per implanted µ+ we need to know the

fraction of the µ+ really hitting the mesoporous silica sample. This fraction is denoted

as x and is used to correct for the F 0
Mu obtained in Section 3.5. Two different approaches

have been used to determine x for the 2011 and the 2012 beam times and will be

explained in the following sections.

C.1 Beam time 2011

To determine the fraction of µ+ hitting the sample x, the muon decay asymmetries (only

the ones of the upstream detectors) for a 20× 20 mm2 fused quartz sample mounted on

the nose sample plate is compared with a fused quartz reference sample with a diameter

of 50 mm mounted on the regular LEM sample plate (which is 16 mm downstream in the

z-direction compared to the nose sample plate). Note that the muon decay asymmetries

(Aµ, AMu) of the upstream detector do not depend on the exact position (in z-direction)

of the sample. From the reference measurement which was done at 19 keV implantation

energy [106], the fraction of implanted µ+ which remains as free µ+ (not bound to form

Mu) can be determined from the fitted asymmetries

F ref
µ (19 keV) =

Aref
µ

Aref
tot

= 0.150(1) . (C.1)
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C.1 Beam time 2011

C.1.1 30 mm nose sample plate

From a µSR measurement done using a 20× 20 mm2 fused quartz sample mounted on

the 30 mm nose sample plate, the fraction of µ+ on the sample can be determined:

Fµ(19 keV) =
Aµ

Atot
=

0.045(1)

0.246(6)
= 0.18(1) . (C.2)

This result is slightly higher compared to the reference measurement F ref
µ (19 keV) =

0.150(1). This is due to µ+ stopping outside of the sample as these µ+ do not form

Figure C.1: The 30 mm nose sample plate as seen along the z-axis with a

20×20 mm2 sample in the center. The nose plate is coated with 1 µm of Ag.

Mu because they are implanted in Ag. Figure C.1 is showing the 30 mm nose sample

plate seen along the z-axis with a 20 × 20 mm2 sample in the center. The nose plate

was coated with about 1 µm of Ag. Thus µ+ which miss the sample are implanted into

Ag. We assume that in Ag, Fµ = 1 and FMu = 0 which is a good approximation of the

measured values [81]. Therefore we can write

Aµ = Ain
µ + Aout

µ (C.3)

AMu = Ain
Mu (C.4)

Atot = Ain
µ + Aout

µ + 2AMu . (C.5)
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Fraction of muons hitting the sample

The fraction x of µ+ hitting the sample is then given by

x =
Ain

µ + 2AMu

Atot

=
Atot −Aout

µ

Atot

. (C.6)

The fraction of µ+ after implantation (normalizing correctly to the number of µ+ which

really hit the sample) is thus given by

F cor
µ =

Ain
µ

Atot − Aout
µ

. (C.7)

Since F cor
µ has to be the same as F ref

µ we get

Ain
µ

Atot − Aout
µ

= F ref
µ . (C.8)

Substituting Ain
µ = Aµ − Aout

µ into Equation C.8 and rearranging the terms, we obtain

Aout
µ =

F ref
µ Atot − Aµ

F ref
µ − 1

. (C.9)

Finally after substituting Equation C.9 into Equation C.6 and rearranging the terms,

we find

x =
Atot − Aout

µ

Atot
=

Atot −Aµ

(1− F ref
µ ) · Atot

. (C.10)

For 19 keV muon implantation energy, the fraction of µ+ hitting the sample is

x =
Atot − Aµ

(1− F ref
µ ) · Atot

=
0.246− 0.045

(1− 0.150) · 0.246 = 0.96(4) . (C.11)

This means that for 19 keV implantation energy only about 4(4)% of the µ+ are missing

the 20 × 20 mm2 sample. Repeating the calculation for 5 keV and 14 keV, we find

x = 0.75(4) and x = 0.92(4), respectively. The results are summarized in Table C.1.

These values are used to correct the fraction of Mu formed in the sample as the following

equation:

F 0,cor
Mu =

F 0
Mu

x
=

1− Fµ

x
. (C.12)

where Fµ =
Aµ

Atot
as explained in Chapter 3.4.
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C.1 Beam time 2011

Table C.1: Total asymmetry Atot and fraction of µ+ beam hitting the sample

x for various implantation energies E. Values at 5, 14 and 19 keV were

calculated from the 30 mm nose sample plate measurements. Values at 3 and

10 keV were deduced from an empirical fit to the x values of 5, 14 and 19 keV

shown in Figure C.2.

E (keV) 3 5 10 14 19

Atot 0.225(36) 0.233(5) 0.243(45) 0.238(4) 0.240(4)

x 0.68(5) 0.75(4) 0.87(4) 0.92(4) 0.96(4)

C.1.2 45 mm nose sample plate

No fused quartz measurements have been done for the 45 mm nose sample plate. Thus

the data for the measurements performed with the 45 mm nose sample plate were

corrected in an approximate way using the 30 mm nose sample plate measurements. To

check the validity of this approximative correction, F 0,cor
Mu for C-sample measured with

the 45 mm nose sample plate for various implantation energies using the x extracted

from the 30 mm nose sample plate have been calculated:

F 0,cor
Mu (5 keV) =

1− Fµ

x
=

1− 0.127(2)
0.233(5)

0.75(4)
= 0.61(3) (C.13)

F 0,cor
Mu (14 keV) =

1− Fµ

x
=

1− 0.111(2)
0.238(4)

0.92(4)
= 0.58(3) . (C.14)

Both values of F 0
Mu agree well with each other confirming the validity of the correction.

In fact it was demonstrated with the F-sample using the 30 mm nose sample plate that

F 0
Mu is energy independent. This means that the correction of the energy-dependent

beam size was correct because it reproduces the observation that F 0
Mu do not depend on

the µ+ implantation energy. By assuming again that the fraction of µ+ beam missing

the sample is identical for the same implantation energy for both sample plates, the

fraction (1−x) of µ+ missing the sample for 3 keV and 10 keV can be obtained from an

educated empirical fit of (1 − x) versus µ+ implantation energy for 30 mm plate with

an exponential function

1− x = ea+bE , (C.15)

where a and b are the constants and E is the implantation energy. The fit results are

a=-0.74 and b=-0.13 as shown in Figure C.2. The deduced implanted fraction x at

3 keV and 10 keV are x = 0.68(5) and x = 0.87(4), respectively. Since F 0
Mu = 0.60(2)

(the average of F 0,cor
Mu (5 keV) and F 0,cor

Mu (14 keV) at all implantation energies, the total
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Fraction of muons hitting the sample
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Figure C.2: Fraction of µ+ missing the sample 1− x for the measurements

done on a 20 × 20 mm2 fused quartz mounted on the 30 mm nose sample

plate. The line is an educated fit with an exponential function.

asymmetries at 3 keV and 10 keV for C-sample can be determined:

F 0,cor
Mu (3 keV) =

1− Fµ

x
=

1− 0.133(2)
Atot(3 keV)

0.68(5)
= 0.60(2) (C.16)

⇒ Atot(3 keV) = 0.225(36) (C.17)

F 0,cor
Mu (10 keV) =

1− Fµ

x
=

1− 0.116(2)
Atot(10 keV)

0.87(4)
= 0.60(2) (C.18)

⇒ Atot(10 keV) = 0.243(45) . (C.19)

Atot(10 keV) is comparable with Atot(14 keV) and Atot(19 keV) in Table C.1 indicat-

ing the backscattering effect is negligible, while the smaller values of Atot(3 keV) and

Atot(5 keV) show that the backscattering effect increases with decreasing implantation

energy. All obtained values of Atot are “reasonable” thus strengthening the validity of

the correction.

Another consistency check can be done by comparing Aµ for various implantation

energies measured from C- and F-samples. Based on Table 3.1, for C-sample (on the
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C.2 Beam time 2012

45 mm nose sample plate) at 250 K, the following ratios can be obtained:

Aµ(3 keV, 100 G)

Aµ(14 keV, 100 G)
=

0.133(2)

0.111(2)
= 1.20(3) (C.20)

Aµ(5 keV, 100 G)

Aµ(14 keV, 100 G)
=

0.127(2)

0.111(2)
= 1.14(3) , (C.21)

whereas for the F-sample (on the 30 mm nose sample plate)

Aµ(5 keV, 100 G)

Aµ(14 keV, 100 G)
=

0.115(3)

0.102(2)
= 1.13(4) . (C.22)

The equality of the numerical values of Equation C.21 and Equation C.22 implies that

the ratio of the fraction of µ+ hitting the sample is the same for both sample plates

(30 mm nose and 45 mm nose). Note that for 14 keV implantation energy they are

about the same for both plates because there are no bias voltages applied on the nose

sample plates.

Comparing Equation C.20 with Equation C.21 it can be seen that Aµ increases with

decreasing energy. This means that at low implantation energy a higher fraction of µ+ is

hitting the Ag where no Mu formation occurs. This means that the beam size increases

at lower implantation energy. Results from Appendix C.1 are summarized in Table C.1.

C.2 Beam time 2012

For the measurements of beam time 2012, another approach is used to estimate the

fraction x of µ+ hitting the sample plate. The values estimated in beam time 2011 are

not valid anymore due to the changes in the LEM beam line.

First, the total decay asymmetry Atot(Ag) is measured using a silver-coated nose sam-

ple plate. Silver was chosen because of its large decay asymmetry Aµ and because there

is no Mu formation in this material [86]. Moreover, Aµ of silver has been measured to

be temperature independent [81]. Next, the central part of the nose sample plate corre-

sponding to the area occupied by the sample is coated with a 500 nm-thick 20×20 mm2

Ni layer. In a ferromagnetic material like Ni, the fraction of µ+ that hits the sample

experiences a broad distribution of static internal magnetic fields (≈ 64 mT) [119], and

hence exhibits a fast relaxation during the first 100 ns [120]. Therefore the residual

precession signal Ares
µ (Ni) which is observed in the LEM apparatus is coming from those

µ+ which are stopping outside the 20× 20 mm2 sample region. Hence the fraction x of

µ+ hitting the sample is given by

x = 1−
Ares

µ (Ni)

Atot(Ag)
. (C.23)
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Fraction of muons hitting the sample

The results from the data taken in summer 2012 are summarized in Table C.2 .

Table C.2: Fraction of µ+ implanted into the sample.

E (keV) 2 3 5 10 14

Atot(Ag) 0.157(1) 0.170(1) 0.186(1) 0.198(1) 0.204(1)

Ares(Ni) 0.069(1) 0.060(1) 0.053(1) 0.036(1) 0.031(1)

x 0.57(3) 0.65(2) 0.72(2) 0.82(1) 0.85(1)
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C.2 Beam time 2012
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Appendix D

Energy loss of muons in the carbon

foil from time of flight

measurements

time of flight [TDC channel]
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Figure D.1: Time of flight distribution for various particles from the start

detector to a MCP detector placed at the sample plate position (z = 18.5 mm)

for 12 kV µ+ beam transport energy. The peaks are corresponding to the

prompt photons, the foil “fast“ Mu and the µ+, respectively.

Energy loss of the µ+ in the carbon foil of the start detector (TD) was determined using

the data from run 321 to 327 (summer 2013). The time-of-flight (TOF) between TD and

the MCP2 detector located at the sample plate location (see Figure 5.1) was measured
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with different HV settings at the moderator (Vmod) between 8.5 kV and 18.0 kV. The

L3 and RA were set to 0 kV so that µ+ has a ”field-free” region to drift to the MCP2

and also to ease the calculation of the TOF for the charged particle. In Figure D.1, an

example of the time of flight distribution is shown.

By utilizing the fast Mu formed at the carbon foil which also reaches the MCP2 and

from the drift distance dTD−MCP2, energy of the Mu can be calculated. Since the energy

of the Mu is not affected by the electric fields in the start detector, it is equal to the

energy of the µ+ coming out from the carbon foil, ECFoil. To get an accurate result for

the TOF, the drift distance dTD−MCP2 has to be determined. Its value is 563 mm from

the technical drawing and has to be cross checked using the TOF measured at different

HV settings.

The time zero t0 for a TOF measurement is given by:

t0 = tpp − tFE − tc , (D.1)

where tpp is the position of the prompt γ peak, tFE is the TOF of the foil electrons from

the carbon foil to MCP3 in the TD and can be determined from the time difference of

the two prompt peaks in the µ+ decay spectra, and tc is the TOF of a particle with the

speed of light from TD to MCP2. For run 321 to 327,

t0 = 305− 69− 10 = 226 , (D.2)

in the unit of TDC bin (1 TDC bin = 0.1953125 ns). Peak positions tP of the Mu and

µ+ are determined by fitting a Gaussian to the TOF peaks. Mean TOF of each particle

is calculated using

tpeakTOF = tP − t0 . (D.3)

By substituting the distance between TD and MCP2 dTD−MCP2 = 563 mm into the

equation below,

ECFoil =
mMu

2

(

dTD−MCP2

tMu,peak
TOF

)2

, (D.4)

where ECFoil is the Mu energy after exiting the carbon foil can be calculated. Since the

Mu is gaining 3.38 kV due to the negative bias applied to the carbon foil, and since it is

not decelerated due to its neutral charge state downstream side of the TD, the energy

loss in the carbon foil can be calculated using

Eloss = HV + 3.38−ECFoil . (D.5)

All the results are summarized in Table D.1. To check if the assumed drift distance

dTD−MCP2 is consistent with the experimental results, tµ
+,peak

TOF is compared to the tµ
+,calc

TOF

which is calculated based on simple kinematic calculations.
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Energy loss of muons in the carbon foil from time of flight measurements

Table D.1: Mean TOF of µ+ and Mu from TD to MCP2. The energy ECFoil

of the particle after the carbon foil is determined from Mu TOF peak. From

ECFoil, energy loss Eloss in the carbon foil can be calculated.

Vmod 8.5 10.0 12.0 13.5 15.0 16.5 18.0

tMu,peak
TOF (ns) 131.4(2) 123.0(2) 113.7(2) 107.8(2) 102.9(2) 98.8(2) 94.9(2)

ECFoil (keV) 10.84(4) 12.37(4) 14.49(5) 16.11(6) 17.67(7) 19.17(8) 20.78(9)

tµ
+,peak

TOF (ns) 152.7(2) 139.8(2) 126.4(2) 118.6(2) 112.1(2) 106.8(2) 101.6(2)

tµ
+,calc

TOF (ns) 152.9(3) 140.0(3) 126.5(3) 118.4(3) 112.0(3) 106.7(3) 101.8(3)

Eloss (keV) 1.04(4) 1.01(4) 0.89(5) 0.77(6) 0.71(7) 0.71(8) 0.60(9)

Ein (keV) 7.46(4) 8.99(4) 11.11(5) 12.73(6) 14.29(7) 15.79(8) 17.40(9)

Figure D.2: Schematic of the start detector. Starting from the left, the µ+

traversing through the carbon foil and several grids held at different electric

potentials before exiting the TD.
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The time-of-flight of µ+ for the drift from the carbon foil to the MCP2 is calculated by

dividing the start detector into several regions based on the electric potentials. dTD−MCP2

and ECFoil are the inputs to the calculation. The electric potentials VC , VF and VB (at

carbon foil, front and back ”triangle”) are set to -3.38, -3.19 and -3.56 kV respectively.

The drift lengths d1 to d5 on the beam axis are taken from the technical drawings (see

Figure D.2). The kinematics of the particle in the TD is calculated according to the

particle mass, the potential VC , VF , VB and the drift distances d1 to d5. The non-

relativistic equations of motions for the separate drift lengths are given by:

d1 =
1

2
a1t

2
1 + v1t1 , v1 =

√

2E1

m
, ∆V1 = (VC − VF ) , a1 =

q

m

∆V1

d1
, (D.6)

d2 = v2t2 , v2 =

√

2E2

m
, E2 = E1 + sign(q)∆V1, a2 = 0 , (D.7)

d3 =
1

2
a3t

2
3 + v3t3 , v3 = v2, ∆V3 = (VF − VB) , a3 =

q

m

∆V3

d3
, (D.8)

d4 = v4t4 , v4 =

√

2E4

m
, E4 = E2 + sign(q)∆V3 , a4 = 0 , (D.9)

d5 =
1

2
a5t

2
5 + v5t5 , v5 = v4 , ∆V5 = (VB − 0) , a5 =

q

m

∆V5

d5
. (D.10)

Here m is the µ+ mass, ai, vi and ti the acceleration, initial velocity, q the charge of the

particle and TOF in the five regions of the TD and E1 = ECFoil the energy at the exit

of the carbon foil. The drift time in each region can be written as

ti =
di
vi

for ai = 0 (D.11)

ti = −vi
ai

+ sign(ai)

√

(

vi
ai

)2

+
2di
ai

(D.12)

and the total TOF tTD through the TD is finally given by the sum

tTD =
5
∑

i=1

ti . (D.13)
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Appendix E

Dataset used for the data analysis

E.1 List of the datasets

All the data taken from 2011 to 2014 in preparation for this thesis are summarized in

Tables E.1 to E.3 and can be downloaded from [153].
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Table E.1: Data below are taken during the beam time in summer 2011 from 23.06.2011 to 26.06.2011.

Run is the run number, Stat is the number of events recorded, Sample is the sample description, Nose is the

diameter of the nose sample plate, T is the temperature, B is the magnetic field, E is the muon implantation

energy, Mod is the high voltage on the moderator, Sa is the high voltage on the sample plate and SR is the

angle of the muon spin at t = t0.

Run Stats Sample Nose [mm] T [K] B [G] E [keV] Mod [kV] Sa [kV] SR [◦]

1418 2504.6k SiO2-f 30mm 100 100 5.0 15.0 9.1 10

1419 2502.2k SiO2-f 30mm 100 100 14.1 15.0 0.0 10

1420 2502.6k SiO2-f 30mm 100 100 19.1 15.0 -5.0 10

1421 2506.3k SiO2-f 30mm 250 100 5.0 15.0 9.1 10

1422 2505.2k SiO2-f 30mm 250 100 14.1 15.0 0.0 10

1423 2506.6k SiO2-f 30mm 250 100 19.1 15.0 -5.0 10

1424 12007.6k SiO2-f 30mm 250 100 5.0 15.0 9.1 10

1425 12003.4k SiO2-f 30mm 175 100 5.0 15.0 9.1 10

1426 12008.8k SiO2-f 30mm 100 100 5.0 15.0 9.1 10

1427 12006.7k SiO2-f 30mm 50 100 5.0 15.0 9.1 10

1428 1004.3k SiO2-f 30mm 50 1498 14.1 15.0 0.0 10

1429 1006.9k SiO2-f 30mm 50 1498 5.0 15.0 9.1 10

1430 60.9k SiO2-f 30mm 250 1498 5.0 15.0 9.1 10

1431 8008.3k SiO2-f 30mm 250 6 5.0 15.0 9.1 10

1432 8000.4k SiO2-f 30mm 250 6 19.1 15.0 -5.0 10

1433 8007.7k SiO2-f 30mm 250 6 14.1 15.0 0.0 10

1434 8006.6k SiO2-f 30mm 175 6 5.0 15.0 9.1 10

1435 8004.2k SiO2-f 30mm 100 6 5.0 15.0 9.1 10

1436 8005.6k SiO2-f 30mm 50 6 5.0 15.0 9.1 10

1437 8003.1k SiO2-f 30mm 20 6 20.4 15.0 -6.3 10
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Run Stats Sample Nose [mm] T [K] B [G] E [keV] Mod [kV] Sa [kV] SR [◦]

1438 8004.2k SiO2-f 30mm 20 6 14.1 15.0 0.0 10

1439 8004.8k SiO2-f 30mm 20 6 5.0 15.0 9.1 10

1440 4447.8k SiO2-f 30mm 20 6 19.1 15.0 -5.0 10

1441 259.1k SiO2-f 30mm 250 6 2.0 12.0 9.0 10

1442 5002.8k SiO2-f 30mm 250 6 2.0 12.0 9.0 10

1443 2505.5k SiO2-f 30mm 250 100 2.0 12.0 9.0 10

1444 2505.3k SiO2-f 30mm 250 100 14.0 12.0 -3.0 10

1445 8003.6k SiO2-f 30mm 250 6 5.0 15.0 9.1 10

1446 20004.3k SiO2-f 30mm 75 6 5.0 15.0 9.1 10

1447 14618.9k SiO2-f 30mm 50 6 5.0 15.0 9.1 10

1448 2503.5k SiO2-c 45mm 250 100 5.0 12.0 6.0 10

1449 3001.1k SiO2-c 45mm 250 100 3.0 12.0 8.0 10

1450 2501.3k SiO2-c 45mm 250 100 10.0 12.0 1.0 10

1451 2503.3k SiO2-c 45mm 250 100 14.0 12.0 -3.0 10

1452 8002.2k SiO2-c 45mm 250 6 3.0 12.0 8.0 10

1453 8002.4k SiO2-c 45mm 250 6 5.0 12.0 6.0 10

1454 8003.9k SiO2-c 45mm 250 6 10.0 12.0 1.0 10

1455 8004.8k SiO2-c 45mm 250 6 14.0 12.0 -3.0 10

1456 8002.3k SiO2-c 45mm 100 6 3.0 12.0 8.0 10

1457 4161.0k SiO2-c 45mm 100 6 5.0 12.0 6.0 10

1458 8000.7k SiO2-c 45mm 250 6 6.1 15.0 8.0 10

1459 8003.1k SiO2-c 45mm 175 6 3.0 12.0 8.0 10

1460 8002.8k SiO2-c 45mm 175 6 2.0 12.0 9.0 10

1461 408.5k SiO2-c 45mm 175 6 5.0 12.0 6.0 10

1462 6002.9k SiO2-c 45mm 175 6 5.0 12.0 6.0 10

1463 6002.9k SiO2-c 45mm 50 6 5.0 12.0 6.0 10
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Run Stats Sample Nose [mm] T [K] B [G] E [keV] Mod [kV] Sa [kV] SR [◦]

1464 6003.8k SiO2-c 45mm 50 6 3.0 12.0 8.0 10

1631 2002.0k Suprasil 30mm 50 100 5.0 15.0 9.1 10

1632 2001.3k Suprasil 30mm 50 100 14.1 15.0 0.0 10

1633 2005.0k Suprasil 30mm 50 100 19.1 15.0 -5.0 10

1634 8003.4k Suprasil 30mm 50 6 5.0 15.0 9.1 10

1635 8004.0k Suprasil 30mm 50 6 14.1 15.0 0.0 10

1636 8003.6k Suprasil 30mm 50 6 19.1 15.0 -5.0 10

1637 8002.7k Suprasil 30mm 100 6 5.0 15.0 9.1 10

1638 8003.3k Suprasil 30mm 100 6 14.1 15.0 0.0 10

1639 8002.0k Suprasil 30mm 100 6 19.1 15.0 -5.0 10

1640 8002.6k Suprasil 30mm 175 6 5.0 15.0 9.1 10

1641 8002.8k Suprasil 30mm 175 6 14.1 15.0 0.0 10

1642 8003.8k Suprasil 30mm 175 6 19.1 15.0 -5.0 10

1643 8005.0k Suprasil 30mm 250 6 5.0 15.0 9.1 10

1644 8004.1k Suprasil 30mm 250 6 14.1 15.0 0.0 10

1645 8005.2k Suprasil 30mm 250 6 19.1 15.0 -5.0 10

1646 12002.6k Suprasil 30mm 250 100 5.0 15.0 9.1 10

1647 8004.8k Suprasil 30mm 270 6 5.0 15.0 9.1 10

1648 6754.9k Suprasil 30mm 270 6 14.1 15.0 0.0 10

1649 8004.3k Suprasil 30mm 270 6 19.1 15.0 -5.0 10

1650 25002.0k Suprasil 30mm 270 33 19.1 15.0 -5.0 10

1651 8005.6k Suprasil 30mm 20 6 19.1 15.0 -5.0 10

1652 8006.1k Suprasil 30mm 20 6 14.1 15.0 0.0 10

1653 8004.2k Suprasil 30mm 20 6 5.0 15.0 9.1 10
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Table E.2: Data below are taken during the beam time in summer 2012 from 24.07.2012 to 28.07.2012.

Run is the run number, Stat is the number of events recorded, Sample is the sample description, Nose is the

diameter of the nose sample plate, T is the temperature, B is the magnetic field, E is the muon implantation

energy, Mod is the high voltage on the moderator, Sa is the high voltage on the sample plate and SR is the

angle of the muon spin at t = t0.

Run Stats Sample Nose [mm] T [K] B [G] E [keV] Mod [kV] Sa [kV] SR [◦]

3427 5004.7k SiO2-f 30mm 250 100 14.3 15.0 0.0 -10

3428 4143.7k SiO2-f 30mm 250 5 14.3 15.0 0.0 -10

3429 4232.4k SiO2-f 30mm 250 5 5.0 15.0 9.3 -10

3430 8004.1k SiO2-f14 30mm 250 5 2.0 12.0 9.1 -10

3431 8005.9k SiO2-f14 30mm 250 5 3.0 12.0 8.1 -10

3432 8007.8k SiO2-f14 30mm 250 5 5.0 12.0 6.1 -10

3433 8007.8k SiO2-f14 30mm 250 5 10.0 12.0 1.1 -10

3434 8007.0k SiO2-f14 30mm 250 5 14.0 12.0 -2.9 -10

3435 8005.5k SiO2-f14 30mm 175 5 14.0 12.0 -2.9 -10

3436 8003.2k SiO2-f14 30mm 175 5 10.0 12.0 1.1 -10

3437 8008.6k SiO2-f14 30mm 175 5 5.0 12.0 6.1 -10

3438 8007.0k SiO2-f14 30mm 175 5 3.0 12.0 8.1 -10

3439 8005.2k SiO2-f14 30mm 175 5 2.0 12.0 9.1 -10

3440 8005.3k SiO2-f14 30mm 100 5 2.0 12.0 9.1 -10

3441 8002.2k SiO2-f14 30mm 100 5 3.0 12.0 8.1 -10

3442 8002.4k SiO2-f14 30mm 100 5 5.0 12.0 6.1 -10

3443 8002.8k SiO2-f14 30mm 100 5 10.0 12.0 1.1 -10

3444 8002.4k SiO2-f14 30mm 100 5 14.0 12.0 -2.9 -10

3445 3007.3k SiO2-f14 30mm 20 5 14.0 12.0 -2.9 -10

3446 3004.7k SiO2-f14 30mm 20 100 14.0 12.0 -2.9 -10
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Run Stats Sample Nose [mm] T [K] B [G] E [keV] Mod [kV] Sa [kV] SR [◦]

3447 3004.4k SiO2-f14 30mm 20 5 5.0 12.0 6.1 -10

3448 3003.1k SiO2-f14 30mm 20 100 5.0 12.0 6.1 -10

3449 3007.7k SiO2-f14 30mm 20 5 2.0 12.0 9.1 -10

3450 3006.9k SiO2-f14 30mm 20 100 2.0 12.0 9.1 -10

3451 8005.2k SiO2-f14 30mm 50 5 2.0 12.0 9.1 -10

3452 8005.9k SiO2-f14 30mm 50 5 5.0 12.0 6.1 -10

3453 8007.0k SiO2-f14 30mm 50 5 14.0 12.0 -2.9 -10

3454 8005.8k SiO2-b 30mm 250 5 2.0 12.0 9.1 -10

3455 8004.4k SiO2-b 30mm 250 5 3.0 12.0 8.1 -10

3456 8003.2k SiO2-b 30mm 250 5 5.0 12.0 6.1 -10

3457 8007.7k SiO2-b 30mm 250 5 10.0 12.0 1.1 -10

3458 8005.5k SiO2-b 30mm 250 5 14.0 12.0 -2.9 -10

3459 8004.5k SiO2-b 30mm 175 5 14.0 12.0 -2.9 -10

3460 8003.1k SiO2-b 30mm 175 5 10.0 12.0 1.1 -10

3461 8006.6k SiO2-b 30mm 175 5 5.0 12.0 6.1 -10

3462 8008.3k SiO2-b 30mm 175 5 3.0 12.0 8.1 -10

3463 8008.2k SiO2-b 30mm 175 5 2.0 12.0 9.1 -10

3464 8008.0k SiO2-b 30mm 100 5 2.0 12.0 9.1 -10

3465 8009.5k SiO2-b 30mm 100 5 3.0 12.0 8.1 -10

3466 8003.1k SiO2-b 30mm 100 5 5.0 12.0 6.1 -10

3467 8002.8k SiO2-b 30mm 100 5 10.0 12.0 1.1 -10

3468 8006.5k SiO2-b 30mm 100 5 14.0 12.0 -2.9 -10

3469 8005.4k SiO2-b 30mm 50 5 14.0 12.0 -2.9 -10

3470 8007.0k SiO2-b 30mm 50 5 10.0 12.0 1.1 -10

3471 8006.5k SiO2-b 30mm 50 5 5.0 12.0 6.1 -10

3472 8001.1k SiO2-b 30mm 50 5 3.0 12.0 8.1 -10
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Run Stats Sample Nose [mm] T [K] B [G] E [keV] Mod [kV] Sa [kV] SR [◦]

3473 8006.3k SiO2-b 30mm 50 5 2.0 12.0 9.1 -10

3474 8003.2k SiO2-b 30mm 20 5 2.0 12.0 9.1 -10

3475 8006.4k SiO2-b 30mm 20 5 5.0 12.0 6.1 -10

3476 8002.2k SiO2-b 30mm 20 5 14.0 12.0 -2.9 -10

3477 4004.5k SiO2-b 30mm 20 20 14.0 12.0 -2.9 -10

3478 4007.0k SiO2-b 30mm 20 35 14.0 12.0 -2.9 -10

3479 4003.9k SiO2-b 30mm 20 50 14.0 12.0 -2.9 -10

3480 4006.0k SiO2-b 30mm 20 100 14.0 12.0 -2.9 -10

3481 3005.0k Ag 30mm 250 5 2.0 12.0 9.1 -10

3482 3003.7k Ag 30mm 250 5 3.0 12.0 8.1 -10

3483 3004.9k Ag 30mm 250 5 5.0 12.0 6.1 -10

3484 3007.3k Ag 30mm 250 5 10.0 12.0 1.1 -10

3485 3005.2k Ag 30mm 250 5 14.0 12.0 -2.9 -10

3486 3008.0k Ag 30mm 250 100 14.0 12.0 -2.9 -10

3487 3005.3k Ag 30mm 250 100 5.0 12.0 6.1 -10

3488 3005.7k Ag 30mm 250 100 2.0 12.0 9.1 -10

3489 3004.3k Ag 30mm 100 5 14.0 12.0 -2.9 -10

3490 3006.4k Ag 30mm 100 5 10.0 12.0 1.1 -10

3491 3006.0k Ag 30mm 100 5 5.0 12.0 6.1 -10

3492 3008.4k Ag 30mm 100 5 3.0 12.0 8.1 -10

3493 3004.4k Ag 30mm 100 5 2.0 12.0 9.1 -10

3494 3007.7k Ag 30mm 20 5 2.0 12.0 9.1 -10

3495 3006.4k Ag 30mm 20 5 3.0 12.0 8.1 -10

3496 3007.8k Ag 30mm 20 5 5.0 12.0 6.1 -10

3497 3005.8k Ag 30mm 20 5 10.0 12.0 1.1 -10

3498 3006.1k Ag 30mm 20 5 14.0 12.0 -2.9 -10
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Run Stats Sample Nose [mm] T [K] B [G] E [keV] Mod [kV] Sa [kV] SR [◦]

3499 3004.7k Ag 30mm 20 100 14.0 12.0 -2.9 -10

3500 3005.2k Ag 30mm 20 100 10.0 12.0 1.1 -10

3501 3001.8k Ag 30mm 20 100 5.0 12.0 6.1 -10

3502 3001.6k Ag 30mm 20 100 3.0 12.0 8.1 -10

3503 3004.8k Ag 30mm 20 100 2.0 12.0 9.1 -10

3504 3005.0k Ag 30mm 20 20 14.0 12.0 -2.9 -10

3505 3007.2k Ag 30mm 20 35 14.0 12.0 -2.9 -10

3506 3008.2k Ag 30mm 20 50 14.0 12.0 -2.9 -10

3507 3006.0k Ag 30mm 175 100 14.0 12.0 -2.9 -10

3508 2704.9k Ag 30mm 175 100 10.0 12.0 1.1 -10

3509 2009.7k Ag 30mm 175 100 5.0 12.0 6.1 -10

3510 2019.3k Ag 30mm 175 100 3.0 12.0 8.1 -10

3511 2029.6k Ag 30mm 175 100 2.0 12.0 9.1 -10

4032 3005.0k Ag/Ni 30mm 250 100 3.0 12.0 8.1 -10

4033 3005.2k Ag/Ni 30mm 250 99 2.0 12.0 9.1 -10

4034 3007.6k Ag/Ni 30mm 250 100 2.0 12.0 9.1 10

4035 3003.6k Ag/Ni 30mm 250 99 5.0 12.0 6.1 10

4036 3004.6k Ag/Ni 30mm 250 99 5.0 12.0 6.1 -10

4037 3007.7k Ag/Ni 30mm 250 99 10.0 12.0 1.1 -10

4038 3002.7k Ag/Ni 30mm 250 99 14.0 12.0 -2.9 -10

4039 3003.5k Ag/Ni 30mm 250 99 14.0 12.0 -2.9 10

4040 3002.8k Ag/Ni 30mm 175 100 14.0 12.0 -2.9 -10

4041 3005.2k Ag/Ni 30mm 175 99 10.0 12.0 1.1 -10

4042 3005.7k Ag/Ni 30mm 175 99 5.0 12.0 6.1 -10

4043 3003.9k Ag/Ni 30mm 175 100 3.0 12.0 8.1 -10

4044 3009.9k Ag/Ni 30mm 175 100 2.0 12.0 9.1 -10
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Run Stats Sample Nose [mm] T [K] B [G] E [keV] Mod [kV] Sa [kV] SR [◦]

4045 3006.8k Ag/Ni 30mm 100 99 2.0 12.0 9.1 -10

4046 3006.9k Ag/Ni 30mm 100 99 5.0 12.0 6.1 -10

4047 2044.6k Ag/Ni 30mm 100 99 14.0 12.0 -2.9 -10

4048 3007.9k Ag/Ni 30mm 50 100 14.0 12.0 -2.9 -10

4049 3004.6k Ag/Ni 30mm 50 99 5.0 12.0 6.1 -10

4050 3008.2k Ag/Ni 30mm 50 99 2.0 12.0 9.1 -10

4051 3007.6k Ag/Ni 30mm 20 100 2.0 12.0 9.1 -10

4052 3005.6k Ag/Ni 30mm 20 100 3.0 12.0 8.1 -10

4053 3001.2k Ag/Ni 30mm 20 99 5.0 12.0 6.1 -10

4054 3005.6k Ag/Ni 30mm 20 99 10.0 12.0 1.1 -10

4055 3004.7k Ag/Ni 30mm 20 100 14.0 12.0 -2.9 -10
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Table E.3: Data below are taken during the beam time in summer 2014 from 04.07.2014 to 09.07.2014.

Run is the run number, Stat is the number of events recorded, Sample is the sample description, Nose is the

diameter of the nose sample plate, T is the temperature, B is the magnetic field, E is the muon implantation

energy, Mod is the high voltage on the moderator, Sa is the high voltage on the sample plate and SR is the

angle of the muon spin at t = t0.

Run Stats Sample Nose [mm] T [K] B [G] E [keV] Mod [kV] Sa [kV] SR [◦]

1068 3005.3k Ag 30mm 250 100 14.27 15.0 0.0 -10

1069 3003.7k Ag 30mm 250 100 14.27 15.0 0.0 -10

1070 3005.1k Ag 30mm 250 100 14.27 15.0 0.0 -10

1071 3002.0k Ag 30mm 250 100 11.09 12.0 0.0 -10

1072 3004.6k Ag 30mm 250 100 11.09 12.0 0.0 -10

1073 3003.2k Ag 30mm 250 100 11.09 12.0 0.0 -10

1074 21945.1k SiO2-fh1 30mm 100 33 4.97 15.0 9.30 -10

1076 25009.1k SiO2-fh1 30mm 250 33 4.97 15.0 9.30 -10

1077 17011.8k SiO2-fh1 30mm 175 33 4.97 15.0 9.30 -10

1078 8001.5k MOF5 30mm 100 33 4.97 15.0 9.30 -10

1079 8003.2k MOF5 30mm 150 33 4.97 15.0 9.30 -10

1080 8002.5k MOF5 30mm 175 33 4.97 15.0 9.30 -10

1081 8003.4k MOF5 30mm 250 33 4.97 15.0 9.30 -10

1082 8003.1k MOF5 30mm 250 33 1.99 12.0 9.10 -10

1083 5273.6k MOF5 30mm 175 33 1.99 12.0 9.10 -10

1084 25006.9k SiN/SiO2-fh1 30mm 100 33 14.27 15.0 0.0 -10

1085 25011.0k SiN/SiO2-fh1 30mm 100 33 16.96 15.0 -2.70 -10

1086 25008.2k SiN/SiO2-fh1 30mm 20 33 14.26 15.0 0.0 -10

1087 25005.6k SiN/SiO2-fh1 30mm 250 33 14.26 15.0 0.0 -10

1088 8572.0k SiN/SiO2-fh1 30mm 250 33 16.96 15.0 -2.70 -10
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Run Stats Sample Nose [mm] T [K] B [G] E [keV] Mod [kV] Sa [kV] SR [◦]

1089 25005.3k SiN-5.5mm/SiO2-fh1 30mm 100 33 14.26 15.0 0.0 -10

1090 25003.3k SiN-5.5mm/SiO2-fh1 30mm 175 33 14.26 15.0 0.0 -10

1091 22558.8k SiN-5.5mm/SiO2-fh1 30mm 250 33 14.26 15.0 0.0 -10

1092 25007.3k SiN/SiO2-1.5mm/SiO2-fh1 30mm 100 33 14.26 15.0 0.0 -10

1093 25006.6k SiN/SiO2-1.5mm/SiO2-fh1 30mm 175 33 14.26 15.0 0.0 -10

1094 25000.9k SiN/SiO2-1.5mm/SiO2-fh1 30mm 250 33 14.26 15.0 0.0 -10

1095 13006.2k SiN/SiO2-1.5mm/SiO2-fh1 30mm 250 33 16.96 15.0 -2.70 -10

3663 1056.6k Ag/Ni 30mm 250 100 5.27 15.02 9.00 -10

3664 1010.1k Ag/Ni 30mm 250 100 14.27 15.02 -0.00 -10

3665 1007.4k Ag/Ni 30mm 250 100 9.98 12.02 1.10 -10

3666 1002.1k Ag/Ni 30mm 250 100 4.99 12.02 6.10 -10

3667 1003.2k Ag/Ni 30mm 250 100 1.99 12.02 9.10 -10

3668 1000.4k Ag/Ni (no moderator) 30mm 250 100 5.27 15.02 9.00 -10

3669 1000.8k Ag/Ni (no moderator) 30mm 250 100 14.27 15.02 -0.00 -10

3670 1000.8k Ag/Ni (no moderator) 30mm 250 100 9.98 12.02 1.10 -10

3671 1001.2k Ag/Ni (no moderator) 30mm 250 100 4.99 12.02 6.10 -10

3672 1000.7k Ag/Ni (no moderator) 30mm 250 100 1.99 12.02 9.10 -10

3673 1000.5k Ag/Ni (no moderator) 30mm 250 100 2.99 12.02 8.09 -10

3674 1708.7k Ag/Ni (no moderator) 30mm 250 100 11.09 12.02 -0.00 -10
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[10] R. Holzwarth, T. Udem, T. W. Hänsch, J. C. Knight, W. J. Wadsworth,

and P. S. J. Russell, Optical Frequency Synthesizer for Precision Spectroscopy,

Phys. Rev. Lett. 85, 2264 (2000), URL: http://link.aps.org/doi/10.1103/

PhysRevLett.85.2264.

[11] S. Karshenboim, F. Pavone, F. Bassani, M. Inguscio, and T. Hänsch, editors., The

Hydrogen Atom, vol. 570 of Lecture Notes in Physics (Springer-Verlag Berlin and

Heidelberg GmbH & Co. K, 2001).

[12] A. P. Mills and S. Chu, Precision Measurements in Positronium (Adv. Ser. Direct.

High Energy Phys., 1990), chap. 15, pp. 774–821, http://www.worldscientific.

com/doi/pdf/10.1142/9789814503273_0015.

[13] V. W. Hughes and G. zu Putlitz, MUONIUM (Adv. Ser. Direct. High Energy

Phys., 1990), chap. 16, pp. 822–904, http://www.worldscientific.com/doi/pdf/

10.1142/9789814503273_0016.

[14] H. Martyn, TEST OF QED BY HIGH-ENERGY ELECTRON - POSITRON

COLLISIONS, Adv. Ser. Direct. High Energy Phys. 7, 92 (1990), URL: http://

www.worldscientific.com/doi/abs/10.1142/9789814503273_0005.

[15] K. P. Jungmann, Spectroscopy of the Muonium Atom, in The Hydrogen Atom,

edited by S. Karshenboim, F. Bassani, F. Pavone, M. Inguscio, and T. Hänsch
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