
UNIVERSITÀ DEGLI STUDI DI PARMA
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ABSTRACT

The most recent advances in the physics of low-dimensionality systems have been accom-
panied by the need for new methods of investigation or the extension of the existing ones.
The muon (µ+) is proven to be an excellent magnetic probe of matter and the Muon Spin
Rotation (µSR) a good tool, complementary to NMR or neutron scattering. However the
surface muons, characterised by a mean range of ∼ 150 mg/cm2, with a typical straggling of
∼ 20 mg/cm2, are suitable for bulk studies only.

The challenge offered by the study of thin films, surfaces, interfaces and nanomaterials
has motivated the efforts to extend the potentialities of the µSR method to the low energy
range. Thus, at the Rutherford Appleton Laboratory (RAL), Chilton, UK, a new pulsed
source of slow polarised muons has been developed, using the so-called moderator technique.
It relies on the particular mechanisms of thermalisation that charged particles undergo in
van der Waals insulators, as e.g. Ar or N2, characterised by considerable electronic gaps
(Eg ∼ 10 eV) and at the same time by low phonon frequencies (~ω ∼ 5 meV).

The slow (or epithermal) muon beam, tunable in the energy range from several eV to 20
keV, is generated when surface muons with a momentum of 26.5 MeV/c are moderated in a
100 nm layer of frozen rare gas deposited over an aluminium substrate at 7 K.

Measurements of moderation efficiencies in case of films of frozen Ar, Kr, Xe, N2 and CO2

gases as well as with bare diamond and aluminium substrates, have shown that argon is the
best moderator with an efficiency of 10−5 relative to the incoming particles.

The initial energy distribution of slow muons, measured by applying retarding potentials
to the substrate, gives a FWHM of 25 eV in case Ar and of 55 eV for N2 moderators. It
displays a constant behaviour within the band gap energy of the moderator followed by an
exponential decrease. The measured dependence of moderation efficiency on film thickness
shows a modest peak around 100 nm.

Thanks to the pulsed feature, the implantation time is automatically determined which,
together with the possibility of energy tuning, have permitted the first successful applications
of the epithermal muon beam. Thus, slicing experiments across a 20 nm copper film on quartz
substrate, have evidenced a 2 nm copper oxide surface layer. Other preliminary experiments
on a hexagonal cobalt film have suggested the existence of muon precession in the local
magnetic field.

Taking advantage of the pulsed nature of the ISIS facility we have also developed two
new methods dedicated to future LE-µSR experiments. They rely on the possibility to
apply external magnetic field, synchronous to the muon pulse and as short as 20µs. The
external pulsed magnetic field and/or field gradient are generated by a laminar current-loop
method. Whereas field gradients seem more appropriate for a straightforward imaging of
the implantation depth of positive muons in metals, the pulsed uniform magnetic fields are
shown suitable for the direct measurement of the sudden-to-adiabatic cross-over. The latter
method is also expected to be applicable to the study of the delayed muonium formation.
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RIASSUNTO

I più recenti sviluppi nella fisica dei sistemi a bassa dimensionalità hanno messo in luce sia la
necessità di nuovi metodi d’indagine che l’ampliamento di quelli già esistenti. Il muone (µ+)
si è rivelato un’eccellente sonda magnetica della materia e la tecnica di Muon Spin Rotation
(µSR) uno strumento utile, complementare al NMR e allo scattering neutronico. Tuttavia,
i cosiddetti muoni di “superficie”, caratterizzati da percorsi medi (range) di ∼ 150 mg/cm2,
con sparpagliamenti (straggling) tipici di ∼ 20 mg/cm2, sono appropriati solo per studi delle
proprietà del bulk.

La sfida posta dallo studio di film sottili, superfici, interfacce e nanomateriali ha motivato
notevoli sforzi, aventi come scopo l’estensione della tecnica µSR anche nell’ambito delle basse
energie. Cos̀ı al Rutherford Appleton Laboratory (RAL), Chilton, UK, una nuova sorgente
pulsata di muoni lenti polarizzati è stata sviluppata utilizzando la tecnica del moderatore.
Essa sfrutta i particolari meccanismi di termalizzazione che le particelle cariche subiscono
negli isolanti di van der Waals (tipicamente Ar o N2), caratterizzati sia da rilevanti gap
elettronici (Eg ∼ 10 eV) che da basse frequenze fononiche (~ω ∼ 5 meV).

Il fascio di muoni lenti (o epitermici), con energia accordabile da alcuni eV fino a 20 keV,
viene generato quando i muoni di superficie aventi un momento di 26.5 MeV/c sono moderati
in uno strato di 100 nm di gas nobile depositato su un substrato di alluminio a circa 7 K.

Misure di efficienze di moderazione su film di Ar, Kr, Xe, N2 e CO2 solidi, cos̀ı come su
alluminio o diamante puro, hanno mostrato che l’efficienza massima di 10−5 muoni lenti per
particella incidente, si ottiene utilizzando l’argon come moderatore.

La distribuzione iniziale di energia dei muoni lenti, misurata applicando potenziali ritar-
danti al substrato, fornisce un valore di 25 eV (FWHM) per Ar e di 55 eV per N2. Essa
mostra un andamento costante entro il gap energetico del moderatore, seguita da un decre-
mento esponenziale. La misura dell’efficienza di moderazione al variare dello spessore del
moderatore stesso sembra invece mostrare un lieve massimo attorno ai 100 nm.

La natura pulsata del fascio permette la rilevazione automatica del tempo d’impiantazione.
Ciò, assieme alla possibilità di accordare l’energia, hanno permesso le prime applicazioni del
fascio di muoni epitermici. Cos̀ı esperimenti di scansione su un film di 20 nm di rame su
quarzo, hanno dimostrato la presenza di uno strato superficiale di 2 nm di ossido di rame.
Altri esperimenti preliminari hanno rilevato la precessione dei muoni nel campo magnetico
locale in un film di cobalto esagonale.

Due nuovi metodi, dedicati a esperimenti futuri di LE-µSR, sono stati sviluppati sfrut-
tando la natura pulsata del fascio di ISIS. Essi si basano sulla possibilità di applicare campi
magnetici esterni di breve durata (20µs), in sincronia con l’arrivo del fascio di muoni. Sia i
campi che i gradienti di campo sono generati ricorrendo ad una spira piatta dove scorre una
corrente laminare pulsata. I gradienti si sono rivelati più appropriati per l’imaging immediato
delle profondità d’impiantazione dei muoni nei metalli, mentre il campo pulsato si è mostrato
uno strumento interessante per lo studio del passaggio dal regime adiabatico a quello im-
provviso. L’ultimo metodo potrebbe inoltre essere utilizzato per lo studio della formazione
ritardata del muonio.

vi
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Chapter 1

Introduction

1.1 Overview of muon physics

The development and the continuous extension of the different branches of physics has given

rise to an ever growing number of intersections and therefore to the birth of truly cross-

disciplinary research areas. Muon Science is such a field, which can be located at the borders

of elementary particle, nuclear and solid state physics research.

Since the muon discovery in cosmic rays in 1937 by Kunze [74], continuing with the early

studies in 1957 by Garwin, Lederman and Weinrich [49], which fully realised its considerable

potential as a probe particle, the muon has played an important role in our understanding

of nature. Extensive studies have been carried out to determine the muon properties and

interactions, but at the same time it has also been used as a probe to reveal the nature of

other particles and systems.

As for the first type of research, namely that which has the muon as its object of study,

it was this heavy lepton to give us the first indication that nature replicates particles in a

similar pattern, now known as generations. Yet, the existence of generations still persists

as a big mystery after over 50 years, so that the famous question of I. Rabi “Who ordered

that?”, related to the muon, still sounds topical.

Nevertheless, the muon as a heavy lepton has been a tool of primary importance in

searches for new physics at low energies. All-leptonic systems like the muonium (Mu≡ µ+–e−)

have offered unrivalled opportunities for precision measurements of fundamental constants.

The determination of the ground state hyperfine structure splitting, that of the 1s–2s level

separation of muonium and of the anomalous magnetic moment of the muon, together with

searches for rare particle decays, not included in the standard model, have been among the

main interests in this area of elementary particle physics.

There is a renewed interest in basic muon physics, also in the high energy range, since

physicists have been seriously considering the design and construction of a muon collider,

1



2 1. Introduction

which once completed, will potentially become a “Higgs Factory”, as well as will achieve a

much higher collision energy than all of the existing electron colliders.

Regarding the second type of research, that which uses the muon as an investigative tool,

with its ∼ 2.2µs mean lifetime (one of the longest of all the unstable elementary particles),

the muon is among those few “exotic” particles to have found a relevant place in condensed

matter physics. This very special status of the muon can be traced back to two classical

violations of the parity invariance which take place during its production and decay, leading

respectively to a very large spin polarisation and to a direct correlation between muon spin

and that of his decay positron.

Apart from its intrinsic properties, the use of muons depends of course also on the avail-

ability of intense, highly polarised muon sources. One of these is the ISIS Pulsed Muon

Facility at RAL (Rutherford Appleton Laboratory) located near Oxford (UK), where all the

experiments described in this thesis were performed1.

Implanted muon studies have shed new light on problems in condensed matter physics,

including those concerning magnetism, superconductors, semiconductors and quantum diffu-

sion2.

The main experimental technique that uses muons as probe particles is called with the

acronym µSR, which stands for Muon Spin Rotation/ Relaxation/ Resonance where the most

appropriate R is used, depending on which of these three variants is employed. The basic idea

of all of them consists in following the muon spin evolution in time, which will depend both

on the internal (microscopic) and on the external (macroscopic) magnetic field distribution,

thanks to the detection of the flux of decay positrons.

A key difference between this technique and those involving neutrons and X-rays is that

scattering is not involved. Neutron diffraction methods use the change in energy and/or

momentum of a scattered neutron to infer details about a particular sample. In contrast

muons are implanted into a sample and reside there for the rest of their lives.

Besides the use of the muon as an accurate microscopic magnetometer, revealing the

distribution and fluctuations of magnetic and hyperfine fields, a vast class of µSR studies rely

on the muon’s lighter mass compared to that of the proton.

In semiconductors, virtually all that is known about the crystallographic location and local

electronic structure of isolated hydrogen defect centers comes from studies of muonium.

The similarity between the positive muon and the proton is exploited also in a large number

of muon diffusion studies, where it provides a good isotope test for the models describing the

hydrogen behaviour in metals.

1For a complete list of muon facilities around the world, their type, energy, luminosity, etc. see e.g. [27] or,

for an updated listing, the online version [150].
2A simple introduction about the use of muons in these research fields is given in reference [13].
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Finally, there is a whole field of studies called muonium chemistry, in which one takes

advantage of the unique capability to follow the history of the implanted muons up to their

final state, to study radicals, catalytic processes or to characterise adsorbates.

1.2 Scope and purpose of present thesis

A big step forward in muon science was the discovery of the so-called surface muons origi-

nating from pions which decay at rest at the surface of the production target [16]. Muons

generated through this technique have a minimum energy of ' 4.12 MeV to which corre-

sponds a momentum of 28 MeV/c. They offer decisive advantages over decay-in-flight muons

including high degree of polarisation, high stopping rates and limited penetration depths (a

fraction of a millimetre to 1 mm equivalent to 150 mg/cm2) [96,95].

Although quite convenient in exploring the bulk properties of matter, the surface muons

are not suitable for the of study of surfaces, interfaces and thin films, mainly because of their

still high kinetic energy and of the relevant range straggling. This should be clear from the

following table, where typical values of the range and straggling (e.g. in glass) are shown as

a function of muon energy, with the last line referring to surface muons:

Energy (Ek) Range (R) Straggling (∆R)

[eV] 10.0 [Å] 5 [Å] 3
100.0 21 13

[keV] 1.0 [nm] 13.1 [nm] 5.4
10.0 75.0 18.0
30.0 244.0 36.0

[MeV] 4.1 [µm] 710 [µm] 100

Table 1: Muon range and straggling as a function of kinetic energy.

The development of a tunable slow muon beam with an energy ranging from a few eV to

several keV will advance the µSR technique by providing a new investigative tool to the

growing field of thin film and surface physics, as well as to the high precision and fundamental

physics experiments. Below we enumerate some of the possible applications of slow muons:

• A low energy muon beam is among the most appropriate tools for studies of surfaces,

solid interfaces and thin films. These investigations are expected to shed new light

into the complex phenomena taking place at these “sites”, important both for the pure

research as well as for the applied physics.
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• The study of fundamental processes in atomic physics including the ionisation, the

diffusion, the electron capture and the energy loss in matter. Muon data, when com-

pared to those available for protons will allow the analysis of variation of cross sections

for different particle masses and scaled velocities. This is quite an important test for

the theoretical models describing these phenomena, especially in the low energy range,

where there is a considerable lack of experimental data.

• Slow muons passing through a thin foil or gas target are neutralised with large proba-

bility and hence generate a muonium beam. At these low energies, the muonium atoms

are formed mainly in excited states, like e.g. in the 2s state, which is a preferred system

for high precision tests of quantum electrodynamics (QED) since, due to the absence

of hadronic corrections, a direct comparison with theoretical calculations is possible.

• The possibility to vary the muon implantation energy allows to perform delicate depth

slicing experiments related to the magnetic flux penetration in type II superconductors,

like probing the internal field distribution as a function of depth below the surface

of a superconductor [61], or more generally will enhance the systematic study of the

interplay between magnetism and superconductivity both in ceramics and intermetallic

materials.

• Closely related to the previous point is the study of magnetically ordered surfaces. This

could be achieved by delivering a narrow low energy µ+ beam at a grazing angle, in

quite a similar fashion to an analogous technique which uses deuterium. For antiparallel

electronic spin ordering, half of the muonium atoms (if present) are formed in a triplet

state and half in a singlet state, which is promptly depolarised due to the hyperfine

interaction. In case of parallel electronic spins instead, the muonium will be formed in

triplet states only, which therefore retain the initial spin polarisation. As a consequence,

a measure of muon polarisation could give information about the electronic spin ordering

in the sample [93].

• The chemistry of surfaces, the catalysis and the dynamics of the impurities also could

be investigated by the standard use of muonium as a light isotope of hydrogen.

Part of the work described in this thesis was done within the framework of a project for

the development of a slow muon beam at the ISIS pulsed muon facility (RAL). This project

started in 1996 and involved an international collaboration among the Rutherford Appleton

Laboratory and the universities of Heidelberg, Parma, Stuttgart and University College Lon-

don. In the relevant chapters, reference and acknowledgement to written reports and thesis

concerning collaborative work and findings, are given.
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The epithermal muons may be generated through different approaches, but the less com-

plex and, at the same time the most promising one, seems to be the so called moderator

technique. It closely follows analogous techniques [55,88], widely used to produce low energy

positrons, and can provide slow muons with an efficiency up to ∼ 10−4–10−5.

At ISIS the generation of the epithermal muon beam3 was achieved by using cryogenic

films of rare gas solids (typically Ar) or solid N2, which exhibit the highest efficiencies among

the known moderators [57, 56]. The superior moderation properties of these van der Waals

solids, characterised both by considerable electronic gaps (Eg ∼ 10 eV) as well as by low

phonon frequencies (~ω ∼ 5 meV), is supposed to be due to the particular mechanisms of

thermalisation of charged particles in them.

By taking into account the available rate of surface muons at ISIS (∼ 4 · 105 µ+/s [39]),

the moderation yields a few epithermal muons per second which, although not adequate for

a permanently installed slow muon source, were sufficient for performing preliminary experi-

ments and also for demonstrating some applications. This was made possible firstly because

of the intrinsically low background and secondly because of the pulsed beam structure.

Indeed, in doing µSR the availability of a trigger signal is crucial to correlate the arrival

time of a slow muon with its decay time. The pulsed character of the ISIS facility auto-

matically provides this signal through its narrow time-structure (82 ns FWHM pulse width),

therefore allowing for a slow muon source which will retain its initial narrow energy distri-

bution. This is a key feature of a pulsed beam and constitutes its main advantage over a

continuous slow muon beam, because experiments where muons can be stopped within a

few (top) atomic layers of a given sample are possible and, by an additional electrostatic

acceleration, delicate depth slicing investigations can be performed.

In fact, at the other slow muon source at PSI4, also based on frozen rare gas moderators,

the intrinsic lack of a triggering signal is solved by the insertion, into the continuous muon

beam, of a very thin carbon foil (∼ 3.3µg/cm2) to detect the incoming muons via secondary

electrons. This however, gives rise to a ∼ 0.5 keV decrease in the energy resolution of the 16

keV muon beam and to a simultaneous increase in the background level, due to muonium

formation in the trigger detector [94]. On the other hand, while this approach destroys

the initial energy bandwidth of 25 eV FWHM, it gives a more accurate timing resolution as

compared to that obtained at ISIS, which is limited by the finite pulse width. In some sense

the two facilities should be regarded as complementary to each other.

As can be seen from a quick inspection of the contents, this thesis consists essentially of

two parts which are related to each other by sharing the same central topic, the generation

3Here the terms epithermal and slow muons are used as synonyms. For a brief description of the terminology

used to describe these beams according to their energy ranges, see for example the page 344 of [95].
4Paul Scherrer Institut, Villigen, Switzerland.



6 1. Introduction

and use of slow muons. In the first part of the thesis, regarding the collaborative work, we

discuss the design, construction and testing of the apparatus for the generation of slow muons

at ISIS, and also some of the experiments performed using the newly developed beam.

The second part instead describes an autonomous work, mainly related with the possible

future applications of slow muons. The experiments which led to the development of two

new measurement methods, were performed by using “normal” surface muons. Since the

motivation and the ideas dealt with in the first part were explained somewhat in detail, let

us now give a brief outline of the concepts involved in the second one.

As was pointed out above, the mapping of the epithermal muon implantation profile is

of great practical and theoretical value. However, the method actually used for measuring

the range of surface muons, namely that of the variable degrader, would fail in case of slow

muons due to the large straggling introduced by the degrader itself. This problem was solved

by introducing a new method of measurement named PRI (Projected Range Imaging), which

allows the study of the range curves in metallic films in a “single shot” experiment, by making

use of magnetic field gradients. These latter were generated by a laminar current-loop, where

the loop itself serves as the object of measurement due to the high field gradient which are

established in it.

A remarkable feature of the current loop device, which takes full advantage of the pulsed

nature of the polarised source of muons, is the possibility to apply the external fields, syn-

chronous to the muon pulse arrival, with a duration as short as a few muon’s life-times

(∼ 20µs). This, apart from greatly reducing the thermal dissipation due to the significant

narrowing of the duty cycle, opens the way for another type of applications.

Namely, one can make use of the uniform magnetic field created in the air gap between

the two current carrying loops, where a thin sample can be positioned. The time evolution

of the muon spins, both as free muons and as muonium, can therefore be studied in response

to the pulsed magnetic field with two interesting consequences:

a) An appropriate delay in the application of the pulsed field, can significantly extend the

intrinsic frequency bandwidth (6.2 MHz at ISIS) due to the finite muon pulse width.

b) Moreover, the joint application of the pulsed and of a steady magnetic field allows the

detection of transition between two precession regimes: sudden and adiabatic. In this case,

the adiabatic cross-over is observed just by scanning the longitudinal static field. This latter

method is expected to be applicable to the experimental study of the muonium-radicals and

to the “delayed” muonium formation.

In closing this introductory chapter we describe the structure of the present work.

The first part, related to the generation of epithermal muons and experimental measurements

with them, begins with chapter 2, where we introduce the muon properties and the basic

concepts of the µSR technique.
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An overview of the different approaches to the problem of muon moderation is given in

chapter 3. Next we focus the attention on the moderator technique and give a detailed

description of the generation of low energy (LE) muons at ISIS.

Chapter 4 is dedicated to the exposition of the properties of the pulsed LE muon beam,

including the energy and angular distribution of slow muons, the beam polarisation and the

dependence of moderation efficiency from temperature and pressure. This chapter closes with

an account on theoretical aspects of muon moderation.

The following chapter 5 focuses on the experimental measurements performed with epither-

mal muons. Here, after a description of the procedures used to characterise our samples,

including X-ray diffractometry, AFM microscopy, etc., two significant examples are reported.

One concerns slicing experiments across a 20 nm copper film on quartz substrate with evidence

for a 2 nm copper oxide surface layer. The other is a preliminary experiment on a hexagonal

cobalt film which suggested the existence of muon precession in the local magnetic field.

The second part describes two possible µSR developments dedicated to LE-µSR.

It starts with chapter 6, where the problem of measuring range and straggling of muons in

matter is introduced. The main ideas involved in the generation of a pulsed magnetic field,

together with its practical implementation are explained in this chapter. Then we continue

with the first application i.e. the projected range imaging method and present the results

obtained in some metallic samples.

Chapter 7 deals with the narrowly confined pulsed magnetic fields and the problem of the

sudden-to-adiabatic cross-over. The experiments carried out by appropriately delaying the

pulsed magnetic field are also discussed. Possible applications to studies of delayed muonium

formation are envisaged.

In the last chapter (chapter 8), the most significant results of the present work are summarised

and some possible future developments are suggested.

Finally, in the appendices various calculations are carried out in detail. In appendix A

some formulas involving energetic relationships during decays are inferred. Furthermore, in

appendix B the formula used to perform the fits of straggling data is deduced.





Part I

Generation, properties and

experimental measurements

with epithermal muons
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Chapter 2

Muon properties and the

µSR experimental technique

This chapter is intended as an introduction to the basic concepts of µSR, so we begin by giving

some definitions and by explaining the basic techniques used when performing experiments

with muons. Since several excellent general references are available in the literature [27, 32,

124,125], the reader is referred to them for a more detailed account on the various aspects of

this technique.

2.1 Properties of muon

2.1.1 Un peu d’histoire1

The discovery of muon by Kunze in 1933 [74], in the tracks of a Wilson cloud chamber

exposed to cosmic rays, went almost unobserved, perhaps because the origin of the tracks

was completely unknown nor had such a particle been suggested yet by any theory.

The experiments by Neddermeyer and Anderson [102] four years later confirmed the

existence of the new particle, but the closeness of its mass to that of the pion, theoretically

predicted by Yukawa [157] as the carrier of the strong interaction, made them mistake the

true identity of muons.

Finally, they were Powell and collaborators in 1947 [77] who, by direct experimental

verification of pion decay into the non strongly interacting muon, ultimately determined its

identity as a lepton.

However it was only tens years later, in 1957, that muon spin rotation technique was born.

In experiments to establish the violation of parity conservation during muon decay Garwin

1For a broader historical overview including also possible future developments in muon science, refer to the

excellent online resource [20]. See also [24] for reprints of some of the original papers.

10
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et al. suggested that it was just the parity non-conservation that might furnish a sensitive

general-purpose probe of matter, hence opening the way for the modern µSR science.

The work in the successive twenty years, dedicated mainly to the rigorous testing of

quantum electrodynamics, was useful for producing the basic experimental apparatus and

techniques needed to perform the first µSR experiments. But, more importantly, it generated

an ever increasing interest in the unavoidable environmental effects which influenced the

fundamental measurements. In fact, quite quickly scientists realised that these secondary

effects were interesting areas of study in their own right, for which the muon was either the

best or the only available probe.

In the seventieth the µSR research received a major boost with the construction of a

number of dedicated intermediate-energy accelerators known as “meson factories”. These

facilities with their high-intensity muon fluxes are now systematically used in the current

research. In future other, even more intense, muon beams will allow new, sophisticated type

of experiments to be carried out, which are supposed to deepen our current understanding

on structure of matter.

In conclusion of this short historical overview one must say that “while the properties

of the muon have been well established, why many of these are what they are still remains

a mystery” [40]. However, this has not prevented the physicists from successfully using the

muons as a tool in materials science and in fundamental studies.

2.1.2 Main properties of muon

Electrons (e−), muons (µ−), taus (τ−) and the accompanying neutrinos (νe, νµ, ντ ), together

with the respective anti-particles make up the class of leptons, which are all unaffected by

the strong interactions [30, 65]. The modern Standard Model theory [30] considers muons,

together with the muonic neutrinos and the strange and charmed quarks to form the second

generation of fundamental fermions.

For leptons no internal structure is known so far. Scattering experiments have established

that charged leptons behave like point–like particles down to dimensions of 10−18 m [83,

84]. Purely leptonic hydrogen–like systems like muonium (Mu≡ µ+e−) offer therefore a

unique opportunity for precision experiments to investigate bound state QED without the

complications arising from nuclear structure [60]. The aim of these experiments is to search for

deviations from present models and to test fundamental symmetry laws like that of electron–

muon universality, which is assumed in the QED theory (see [73] for a recent review).

Since these type of studies are mainly subject of particle physics, we will not delve further

into them. In solid state physics on the other hand, muons are used to investigate the

properties of matter. Thus, they are used as a research tool rather than being the object of

research itself.
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Average lifetime τµ = 2.19703(4) · 10−6 s

Mass
mµ = 105.65839(34) MeV/c2

= 0.113428913(17) u

Charge qµ = e = 1.60217733(49) · 10−19 C

Spin J = 1
2~

Magnetic moment
µµ = 1.001165923(8)e~/2mµ

= 3.183347(9)µp
Gyromagnetic ratio γµ/2π = 13.553420(51) kHz G−1

Table 2: Main muon properties [52].

The muon properties are shown in table 2. The muon lifetime of 2.2µs, is quite long if

compared to those of other unstable elementary particles. It allows a relatively wide time

window for µSR studies, during which a sufficient quantity of information can be gathered.

One should note that the mass of the muon is approximately 1/9 of the proton mass and

almost 207 times that of the electron. Furthermore, its magnetic moment is about 3.18 times

that of the proton but only 0.00484 that of the electron. From these figures it is clear that

the intermediate physical properties of the muon induce one to consider it some times as a

“light” proton and others as a “heavy” electron [19,153].

However, it is the first viewpoint which is more appropriate to consider when studying

condensed matter with muons. In fact, the behaviour of µ− resembles more that of the

electron. Once implanted inside matter, the negative muons will interact through coulombian

forces and consequently will be attracted by the nuclei, forming a bound state with them in

just ' 10−14 s. Due to the much larger mass with respect to the electron, µ− finds itself in

average 207 times nearer the nucleus than the electron (Bohr radius a = n2
~

2/Ze2m) and

thus, by weak interaction with the nucleus, it will promptly decay.

On the other hand, positive muons µ+ are repelled by nuclei and usually sit in interstitial

sites of the lattice where, under suitable conditions, will catch an electron and form a muonium

atom Mu≡ µ+e−. In many respects, the latter is almost identical to a common hydrogen

atom. This close resemblance is further clarified if one takes into account that it is the

reduced mass to govern most of the formulae used to determine the quantum mechanical

characteristics of a hydrogenoid system. Indeed, the reduced masses of H and Mu almost

coincide (they differ by less than 0.4%), since both the proton and muon masses are much

larger than that of the electron. Positive muons are also easier to produce and use, thus most

of the contemporary research is carried out with them. Hence, from now on when speaking

about muons it will imply positive muons. Important exceptions are given by e.g. studies on

muon catalysed fusion µCF or those related to muonic nuclear capture, both of which make

use of negative muons.



2.2. Muon decay 13
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Figure 1: Feynman diagram for muon decay.

2.2 Muon decay

The use of muons in solid state physics and material science research depends upon the

particularity of their production and decay (cfr. section 2.4).

We begin by considering first the muon decay, a purely leptonic weak process with a mean

life time τµ = 2.19703(4)µs, which gives a positron and two neutrinos according to the well

known scheme2:

µ+ −→ e+ + νe + νµ (1)

The Feynman diagram for the decay is shown in figure 1. Since there are three bodies involved

in this decay, it follows that the energy E of the emitted positrons will continuously span

a range going from a minimum of zero up to a maximum of Emax = 52.831 MeV (refer to

appendix A for the detailed calculations).

However, the most important fact about muon decay is the presence of a strong correlation

between muon spin direction and that along which the decay positron is emitted. Let us first

try to give a qualitative explanation. The main point is that in weak interactions, because of

the parity violation, left-handed particles are coupled only to right-handed antiparticles [82].

Hence, the massless neutrinos will always exhibit a well defined helicity (i.e. their helicity

constitutes a “good” quantum number). On the other hand, particles of non-zero mass

like the positron, in general may have either type of helicity. At very high energies, though,

definite helicities are again privileged, which is just the case of the highly relativistic positrons

2Other decays [52] like e.g. µ+ −→ e+ +νe+νµ+γ, etc. occur with too low a probability and consequently

can be safely disregarded for our purposes. Nevertheless, the search for rare and/or forbidden muon decays

is of special interest in unified gauge theories because they can provide accurate tests of speculative models,

extensions to the present Standard Model.
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arising from the muon decay. Since for them Ee+ � me+ , the positron emission will occur

preferentially along the muon spin direction.

A more quantitative approach is based on the weak interaction Hamiltonian which has

the form of a current–current interaction [53,125]:

H =
GF√

2
jW · j∗W , where

GF
(~ c)3

= 1.16 · 10−5 GeV−2. (2)

Here GF is the Fermi constant for the weak interaction, whereas jW represents the current,

which in the V-A picture is given by:

jW = ψ̄µγµ(1 + γ5)ψν̄µ + ψ̄eγµ(1 + γ5)ψνe , (3)

where ψ are the spinor wave-function and γµ are the Dirac matrices. From the Fermi golden

rule, by integrating over the neutrinos momenta, one can easily find the probability dW (ε, θ)

that a positron of a given energy ε will be emitted in a certain direction θ with respect to

the muon spin direction [53,107]:

d2W = dW (ε, θ)dεdθ =

=
G2
Fm

5
µ

192π3
· (3− 2ε)ε2 ·

[
1 +

2ε− 1
3− 2ε

cos θ
]

dεdθ, (4)

where ε = E/Emax gives the relative positron energy (0 ≤ ε ≤ 1). The asymmetry in

the angular distribution can be traced back to the parity violating terms in the interaction

Hamiltonian (2). The integration of equation (4) over cos θ alone will give the energy spectrum

W = W (ε) of the emitted positrons:

W (ε) = dW (ε)/dε = 2 (3− 2ε)ε2/τµ (5)

The integration over both ε and cos θ gives the total decay probability for the muon:

W =
1
τµ

=
G2
F m

5
µ

192π3
(6)

where τµ is the muon lifetime. The energy dependent factor in front of cosine in equation (4)

is called the decay asymmetry . It is given by:

a(ε) =
2ε− 1
3− 2ε

, (7)

and will be the more different from zero the higher the positron emission energy.

The energy spectrum of the positrons as well as the asymmetry factor dependence on

emission energy, are both shown in figure 2. One notes that the asymmetry factor can be

either positive or negative, even though its mean value is positive:

ā =
∫ 1

0
n(ε) a(ε)dε/

∫ 1

0
n(ε)dε = 1/3. (8)
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Figure 2: Energy spectrum of positrons generated during muon decay W=W(ε) and the de-
pendence of their asymmetry factor a=a(ε) on emission energy.

In practice, the exact value ā = 1/3 is rarely obtained, typical experimental values lying

in the range 0.2–0.3 [19]. The most important reasons for this include: the stopping of

low energy positrons before they reach the scintillators, the finite acceptance angle of the

detectors and, in presence of high magnetic fields, the deviations in positron trajectory.

Figure 3 shows the angular distribution of decay positrons, where one can notice that the

anisotropy of emission varies as the positron energy changes. Thus, the maximum value of

anisotropy (a = 1) is reached for the most energetic positrons (E = Emax), the minimum

one (a = −1/3) for the lowest energy positrons, whereas those having intermediate energies

(εm = 1/2) will be emitted isotropically (a = 0) (see also figure 2).

Figure 3: Angular distribution of positrons from the µ+ decay. In particular, for positrons of
maximum energy ε = εmax the asymmetry factor is maximum too, whereas for those having
ε = ε̄ it is zero (isotropic emission).
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2.3 Production of spin polarised muon beams

Muons are easily found in nature since they are a dominant constituent of the cosmic rays

arriving at sea-level [17, 2] (in fact the first muons were discovered just in cosmic rays3).

However, due to their very high energies, totally random arrival times and, most importantly,

to the absence of any polarisation, they are practically useless for laboratory purposes.

As mentioned at the beginning of section 2.2, a necessary condition for performing ex-

periments with muons is the availability of spin polarised muon beams. In this case all the

muons implanted into a sample will have the same initial spin direction and it would be

possible to follow the time evolution of the ensemble. Thus, intense beams of muons are

artificially prepared at a number of locations in the world. All of these facilities rely upon

the muon production [41,39] through pion decay4, which implies that proton accelerators of

sufficiently high energy for pion production are required. Pions are obtained through high

energy nucleon–nucleon collisions during which they can escape the nuclear potential. Prac-

tically, one directs a high energy proton beam to a target characterised by a low atomic Z

number (usually beryllium or pyrolytic carbon are used because they ensure low multiple

scattering of the proton beam), where the following reactions take place:

p+ p −→ p+ p+ π0

−→ p+ n+ π+ (9)

p+ n −→ p+ p+ π−

−→ p+ n+ π0 (10)

−→ n+ n+ π+

It is not difficult to estimate the threshold energy for single pion production, which follows

from the condition that the available centre-of-mass energy should equal the pion’s rest mass.

From detailed calculations (see appendix A) it turns out to be ∼ 180 MeV. However, to

obtain higher production rates it is useful to have protons of ≥ 500 MeV due to the increased

cross section at these energies. The 800 MeV ISIS proton beam not only optimises single

pion production but allows also for double pion production, their energy threshold being

∼ 600 MeV.
3The abundant muon presence in the cosmic rays is a well-known consequence of time-dilation effects in

special relativity [123,7] and of the fact that they do not undergo the nuclear interactions of the protons, neither

do they suffer the conspicuous ionisation energy losses of the electrons. With a flux of ∼ 10−2 cm−2s−1sr−1

and a mean energy of 2 GeV, muons make up for more than half of the charged particles present in cosmic

rays which reach the earth surface.
4There are other types of decay as e.g. K+ −→ µ+ + νµ, which also yield positive muons µ+, but with too

a high energy to be of any use in condensed matter studies.
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After a mean lifetime of 26.03 ns the pions will decay by a purely leptonic process into

muons and muon neutrinos according to the well known scheme:

π+ −→ µ+ + νµ (11)

This process is illustrated in figure 4.

µπνµ

pν
Sν Sµ

pµ
= 0Sπ

Figure 4: Muon production through pion decay. The decay of pion is shown in its own rest
frame. From the conservation laws both the linear and angular momenta (spins) of µ+ and νµ
should be collinear and opposite.

In the pion’s rest frame, where pπ = 0, the linear momenta of neutrino and muon must

be antiparallel since this is a two body decay (see figure 4). This implies that the muon

momentum and energy should have a fixed value. Simple calculation reported in appendix A

give pµ = 29.78 MeV/c and Eµ = 4.12 MeV.

Moreover, since also the spin of π is zero, the µ+ and νµ angular momenta should be equal

but opposite in direction. This, together with the fact that neutrinos have a fixed helicity

(H = −1 due to non conservation of parity), implies that muons are generated with their spin

antiparallel to their momentum. Therefore, if muons having a certain momentum direction

were collected into a beam, this would be both 100% spin polarised and also monochromatic.

It is interesting to note here that pions decay into muons, even though the phase-space

factor is more favourable to a decay into electrons. This can be traced back to the existence

of a fixed helicity for neutrinos, which implies that the other lepton too will have the same

helicity. Since the probability of this process goes as ∼ (1 − v/c), the much heavier muons

will be largely favoured.

The muons produced from pion decay can be divided into three main categories:

Subsurface muons: Some of the generated pions will stop into the muon production target

before reaching its surface. Muons originating from such decays are called subsurface

muons. Their momentum is lower than 29.8 MeV/c due to the preliminary degrading by

the passage through the target. The rate Nµ of these muons at the end of the channel

follows from the range-momentum relationship R ' a · p−3.5 [112]. It depends strongly

on muon momentum according to [151,6]:

N(pµ) = Ns ·
( pµ

29.8

)3.5
· exp

(
−mµl

pµτµ

)
(12)
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where Ns is the number of muons at the target surface, pµ the muon momentum ex-

pressed in MeV/c, τµ the muon life time, mµ the muon mass and l the length of the

beam line. An important consequence of this dependence is a strong decrease in muon

beam intensity if the magnetic transport system were tuned to lower momenta. Con-

sequently, an intense highly polarised muon beam of low energy cannot be efficiently

produced in such a way.

Surface muons: Are called the muons originating from pions which stop and decay at the

surface of the production target. Essentially they behave as the subsurface muons and

formula (12) still holds. They too have the advantage of being monoenergetic and

present also a 100% polarisation. Furthermore, for (sub)surface muons a small beam

spot size is achievable, provided that the proton beam focus at the production target is

small. Sometimes they are called Arizona muons since they were observed for the first

time at LBL, Berkeley from scientists of the University of Arizona [112].

Decay muons: Are called the muons originating from pions decaying in flight just out-

side the target. Since in this case the pions are moving during their decay, these

muons display a continuous energy distribution and much higher momenta (typically

∼ 100 MeV/c) [125]. The pions are introduced into a section consisting of a long su-

perconducting solenoid providing a high magnetic field (∼ 5 T), such that at the end

of it almost all of them have decayed. The exit of the solenoid acts as a diffuse source

of muons. The subsequent muon extraction system collects and transports the muons

to the sample. Due to the finite acceptance of the transport system the polarisation of

such a decay muon beam reaches 60÷ 80%.

Decay muons provide the only way to produce negative muons. Indeed, if they were

produced like surface muons they would be immediately captured and bound to the

atomic nuclei of the production target.

2.4 Basics of Muon Spin Rotation

The characteristics of muon production and decay are crucial to the µSR technique. Indeed

the success of µSR, as clearly pointed out in [32], relies heavily on two circumstances:

• The intrinsic spin polarisation of the muons during their production from pions, and

• The anisotropy of the positron emission in the subsequent muon decay.

Both of them are expressions of the violation of parity conservation in processes where par-

ticles subject to the weak interaction are involved.
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But there is also another important factor which makes µSR possible. It is the fact

that the intrinsic initial polarisation can be substantially preserved throughout the transport

of the muons and, more importantly, also during implantation and thermalisation into the

sample.

The various processes by which muons lose their initial energy and thermalise in a medium

are fast, having a typical duration of 10−12 ÷ 10−10 s [21] and, moreover, they are predomi-

nantly electrostatic in nature. Indeed, the muon depolarisation ∆P in the scattering process

with electrons and nuclei can be caused only by spin-dependent forces and its value is esti-

mated to be [47]:

∆P ∝ β2 me

mµ
sin2 α

2
, (13)

where β = v/c and α is the scattering angle. Since the factor β2(me/mµ) is quite small for

muons, the loss of the original polarisation will be irrelevant.

The subsequent evolution of the muon polarisation within the sample may then be moni-

tored, because the muon indicates its spin direction at the moment of the decay by emitting a

positron preferentially in this direction (see fig. 5). The various experimental techniques with

muons can be divided into three main groups by following a simple criterion: one considers

the angle between the initial muon spin polarisation P0 and the direction of the externally

applied magnetic field Bext. When these two vectors are perpendicular the experiment is

said to be performed in a transverse field (TF ) geometry, in case they are parallel one speaks

about longitudinal field (LF ) geometry and, finally, if there is no externally applied field one

speaks about zero field (ZF ) measurements (the last geometry may be considered a particular

case of the LF ) (for more details refer to [22]).

Most of the measurements presented in this work were performed in the TF geometry.

However, in chapter 7 we will deal with a much more complex case where two fields were

applied simultaneously: a longitudinal field of fixed value and a time varying transverse one.

In the most general case, whenever the implanted muons sense a magnetic field B (to

which both external and internal fields contribute), the muon magnetic moment will begin to

precess about it at the Larmor frequency, determined by the muon gyromagnetic ratio (see

figure 5.b):

ωµ = γµ ·B, where
γµ
2π

= 13.553 kHz/G. (14)

Together with the magnetic moment of the muon also its positron emission pattern will

precess, as shown in figure 5.c. If one puts a simple scintillation detector anywhere near the

sample and measures the positron count rate as a function of time following the implantation,

one will find:

N(t) = N0 exp (−t/τµ) [1 +AGx(t) cos (ωµt+ φ)] +NB, (15)
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Figure 5: Schematic illustration of a µSR experiment. It can be divided into the implantation
of muons into the sample (top), their precession in the presence of a magnetic field H (the sum
of local and externally applied fields) (middle) and the detection of the decay positrons, highly
correlated with the muon spin direction (bottom) (from [32]).

where N(t) and N0 represent the number of decay positrons detected at the times t and t0 = 0

respectively, τµ and ωµ are the muon mean lifetime and angular frequency of precession, A is

the asymmetry, NB are counts due to the background positrons (not correlated and therefore

constant) and Gx(t) is a relaxation function. To better illustrate the behaviour of the count

rate described by equation (15) a typical spectrum is shown in figure 6. A closer look at the

histogram represented in the figure reveals three main characteristic features:

1. The overall exponential decrease in the positron count rate due to the finite lifetime of

muons (τµ ' 2.2µs). This is observable in every kind of experiments with muons be it

TF, LF or ZF.

2. The oscillation of the signal due to the periodical sweep of the anisotropically emitted

positrons over the positron detector ([1+a(ε) cos θ], where θ = ωµt+φ in equation (15)).
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Figure 6: Time spectrum of a TF-µSR experiment. The exponential decay reflects the finite
lifetime of the muon, whereas the oscillatory behaviour is related to the muon spin precession
in the magnetic field (B=100 G).

This oscillation reflects the muon angular frequency ωµ = γµBµ, where Bµ is the mag-

netic field sensed by the muons at the site where they stop.

3. The possible background NB caused by various sources like: cosmic ray muons, posi-

trons from the muon beam, etc. Today in all the muon facilities worldwide, both pulsed

or continuous ones, the background can be kept at almost negligible levels.

To extract some information, more interesting than the obvious precession frequency, it is

useful to consider the signal asymmetry . For a couple of opposite detectors i, j placed in the

precession plane and having identical detection efficiencies, it is given by:

Aij =
Ni(t)−Nj(t)
Ni(t) +Nj(t)

(16)

= AGx(t) cos (ωµt+ φ) (17)

As defined, the asymmetry will be devoid of the exponential component, the only “memory” of

it remaining in the statistical error bars, which will increase at long times. The dimensionless

maximum asymmetry A is determined both by the geometry of the detectors and by their

sensitivity to the emitted positrons (see figure 2). The smaller the acceptance angle of the

detector and the higher its detection threshold the higher will be the asymmetry.

If the muons stop in equivalent sites within the lattice where the magnetic fields are

identical, they will precess in phase and the magnitude of the initial polarisation will be

preserved during rotation. However, most of the time the fields at different sites will be

different and, as a consequence, there will be a gradual loss of polarisation due to dephasing.

The relaxation function Gx(t), which describes this progressive depolarisation will reflect the
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Figure 7: Asymmetry spectra obtained from the data of figure 6 after having subtracted the
background and discarded the exponential dependence. Both the Gaussian and the Lorentzian
envelopes have a decay parameter σ = λ = 0.25µs−1, the applied magnetic field is B=100 G.

autocorrelation function for the precessing muons and hence is of paramount importance in

most µSR experiments. It is similar to the well known Free Induction Decay (FID) signal in

NMR (see section 2.5) and can be experimentally extracted from equation (17).

Generally, the shape of the relaxation function can be quite complex, depending on the

exact origin of the depolarisation. However, in case of a TF measurement, there exist two

simple functions which account for a large number of experimentally observed cases [27].

Thus, for a continuous and isotropic distribution of static magnetic fields the relaxation is

characterised by a Gaussian shape given by Gx(t) = exp (−1
2σ

2t2). On the other hand, for

local fields rapidly fluctuating in time, the relaxation will follow a Lorentzian curve Gx(t) =

exp (−λt). Both of them are depicted in figure 7 where typical values for the relaxation

constants are assumed.

It is interesting to note that the relaxation function is very sensitive to dynamical effects

as e.g. thermally activated muon diffusion, where one observes a change of the shape toward

a slow exponential decay referred to as “motional narrowing” (similar to the analogous NMR

phenomenon). Moreover, chemical reactions of the muons with the stopping medium and spin

exchange interactions will be also detectable by a careful analysis of the relaxation function.

Depending on its chemical environment, the muon can thermalise and pick up an electron

to form a neutral atomic state called muonium (Mu≡ µ+e−). This hydrogen–like atom has

very different properties with respect to the “bare” muon µ+, because in the muonium atom

the electron and muon spins are coupled through a hyperfine interaction. Since the latter

has quite a high value, the muonium precession frequency is rather high. Indeed, there is a
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factor of approximately 103 between the two gyromagnetic ratios [32,153]:

γMu

2π
' 103 · γµ

2π
= 1.394 MHz/G (18)

Muonium formation is observed in a great variety of substances: gaseous, liquid and solid,

but it is by no means formed in every material. Paradoxically, in metals the muon is found as

µ+ even though the number of electrons with which it can potentially form Mu is quite large.

It is just this high concentration of conduction electrons to shield very effectively the muon

electrostatic potential, thus preventing the formation of bound states [76]. In insulators,

on the other hand, the electrons needed to form muonium are captured from those in the

ionisation wake created by muons during their thermalisation.

The hyperfine interaction between the 1/2 spins of the muon and electron in a muonium

atom leads to two energy levels, a lower singlet state SMu (S = 0) and a higher triplet

state TMu (S = 1). The application of an external magnetic field will remove the triplet

degeneration giving rise to three separate levels, typical of a Breit–Rabi diagram (see also

figure 33.b). Since the electrons of a stopping medium usually are not polarised, the muonium

is formed with equal probability in states with spin parallel or antiparallel to the muon spin,

of which only the first represent eigenstates of the hyperfine interaction. The others display

very fast (4463 MHz for Mu in vacuum) hyperfine oscillations between the |⇑↓〉 and |⇓↑〉 states

(where ⇑ and ↑ refer to the electron and muon spins respectively), so that half of the muon

polarisation appears lost in most experiments. Finally, because the hyperfine interaction is

finite, the muonium triplet transition ωMu will split into two frequencies ω12 and ω23 for fields

B & 20 G.

To take into account the behaviour of muons in different local environments (including

also muonium formation), the evolution of spin polarisation can be described by an extended

version of equation (15):

N(t) = N0 exp (−t/τµ)[1 +
∑
i

AiGxi(t) cos (ωit+ φi)] +NB, (19)

where the meaning of the various symbols is the same as before.

In closing this paragraph we mention briefly the two other techniques, namely the Muon

Spin Relaxation and Muon Spin Resonance.

Muon Spin Relaxation is performed either as a LF or as a ZF technique. In this case, the

detection is made by using just a forward and a backward detector. The muon spin evolution

is determined by the presence of internal magnetic fields with nonvanishing components

perpendicular to the initial polarisation. In the particular case of static fields, randomly

distributed according to a Gaussian curve of width ∆/γµ, one obtains a relaxation function

known as the Kubo–Toyabe curve:

Gz(t) =
1
3

+
2
3

(1−∆2t2) exp(−∆2t2/2), (20)
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valid for a ZF experiment. The further application of a longitudinal field basically affects

the asymptotic tail by raising its original 1/3 value toward 1. There exists a large variety of

relaxation functions arising both from the possibility of dynamic fields or from different static

field distributions. Nevertheless, in all cases the obtainable information is entirely contained

in the dependence of the relaxation function Gz(t) on magnetic field and temperature.

In Muon Spin Resonance muons are implanted in the presence of a longitudinal magnetic

field and a transverse RF field of appropriate frequency is used to induce transitions between

the Zeeman levels. This technique allows to investigate the full range of final state spec-

troscopy, like chemical reactions and diffusion processes inside the sample. At lower fields

the study of paramagnetic species such as muonated radicals is possible. When operated at

pulsed muon sources, besides a substantial decrease in the RF power (due to the low duty

cycle of the beam), also an extension of the frequency bandwidth of the facility is possible

(for more details refer to e.g. [31]).

2.5 µSR vs. NMR

To better evidence the particularities of the µSR technique, a comparison with other experi-

mental methods is quite useful [36,66,153,67]. Of these, nuclear magnetic resonance (NMR)

is the one that bears the major resemblance with µSR. Since the basic principles of the NMR

technique are covered in a series of excellent textbooks [1, 139], here we just state the main

idea behind it.

In a sample, the interaction of the nuclear magnetic moments µn = γn~I, with a polarising

magnetic field B, described by the Hamiltonian:

H = γn~ I ·B, (21)

will give rise to 2I+1 Zeeman energy levels (here I is the nuclear spin and γn its gyromagnetic

ratio). If next, an RF field B1 is applied, whose frequency ν1 is such that the energy hν1

equals the separation ∆E between the quantum states of (21), a resonant energy absorption

will occur.

Let us now proceed to the comparison between NMR and µSR:

• First of all, the two techniques employ quite different probes: NMR uses the nuclei of

the sample, a natural probe, whereas µSR the muons, an implanted particle. Due to

the almost universal muon implantability it is possible to study samples whose nuclei

do not exhibit a magnetic moment.

• When both techniques are possible, there is complementarity with NMR concerning

the explored sites: muons usually will stop in the interstitial sites, whereas nuclei reside

always in the crystalline lattice nodes.
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• The muon precession in a typical muon spin rotation experiment is quite the same

as the free induction decay (FID) signal in NMR, the main difference consisting in

the detection method employed: in NMR one has a macroscopic detection, whereas in

µSR what is recorded are single events. Since these are nothing but highly energetic

positrons, which readily penetrate cryostat walls, shieldings, etc., complicate sample

environments are possible in µSR.

• The magnetic field also plays quite a different role in the two techniques: in NMR its

value should be high due to its spin-polarising function, whereas in µSR it is not strictly

necessary (as e.g. in ZF-µSR). Since the muon’s initial polarisation is independent of

the state of its environment, it is rather easy to study metallic or superconducting

samples, in which performing NMR is more problematic, mainly because of an only

partial penetration of RF or magnetic fields.

• Since in a common NMR experiment the nuclear susceptibility is of the order of ∼ 10−6,

the detection of the nuclear magnetisation through the FID signal requires the presence

of something like ∼ 1015 nuclear spins. On the other hand, muons are available in

almost 100% spin polarised beams and a typical asymmetry parameter is around ∼ 20%.

Hence, it will suffice to collect as few as 105 muon decay events to have a comparable

detection of the spin precession in µSR.

• The noise too has a different origin in the two cases: in NMR it is present usually in

the form of thermal and electronic noise (∝ f−1); in µSR instead, the noise is mainly

of statistical nature (and hence ∝
√
N).

• Since in a sample muons are present only as a very dilute probe, with practically

no interactions among them, the theoretical interpretation of most µSR experiments

is straightforward. This simplicity is further enhanced by the absence of a muon

quadrupolar moment. In NMR, the ordinary presence of strong nuclear couplings and

of quadrupolar momenta, quite often requires the use of complex pulse sequences to

extract the relevant information.

• Although true muon spin resonance experiments are possible, a common µSR experi-

ment does not represent a genuine resonant process. This is in contrast to the NMR,

which is a direct and an intrinsically resonant phenomenon.

• A drawback of muons as compared with nuclei is given by their finite mean lifetime

(τµ ' 2.2µs), which restricts the possibility of studying the spin precession at long

times (in practice one is restricted to 5–8 muon lifetimes (∼ 15µs), which will limit

somehow the frequency resolution).
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• Further interesting analogies exist also between magnetic relaxation parameters as mea-

sured with these two techniques and their link with the space and time fluctuation of

the local magnetic fields. Any dephasing in a typical muon spin rotation experiment is

evidence for either an inhomogeneous internal field distribution or spin-spin relaxation,

analogous to the one given by the T2 parameter in NMR. The longitudinal field µSR

leads to spin relaxation whose parameter depends on the internal field distribution or

on spin-lattice relaxation processes, described by T1 in NMR.



Chapter 3

Low energy muons:

Production, transport and detection

In this chapter, after a short overview of the various techniques available for epithermal muon

beam production, we will concentrate on the use of the moderator technique. Its implementa-

tion at the ISIS pulsed muon facility is described in detail including the production, transport

and detection of epithermal muons. These topics are preliminary to the characterisation of

the most relevant properties of the slow muon source, to which the next chapter is devoted.

3.1 Techniques to generate low energetic muons

The generation of low energy (LE) muons is a rather challenging task because of the severe

limitations inherent in the physics of muon beam generation. Due to the limited lifetime

of the muon and to the spatially extended muon source, one rarely can get beams with a

divergence less than 100 mrad and a spot size less than a fraction of cm2. This, associated

to the relatively low (typically in the range 105–108 µ+/s) intensity of surface muon beams,

implies that even at state-of-the-art facilities the LE muon beam intensity does not exceed

some hundreds of particles per second.

Nonetheless, the potentialities opened by the use of LE muon beams have boosted in

recent years the efforts of various research groups worldwide, which have devised a host of

different techniques for producing slow muons. The ideal beam should be characterised by

good phase space properties, particularly by low energy spread, low divergence and also by

a high degree of polarisation. The most promising technique up to the present day seems to

be the so-called moderator technique which makes use of muon moderation in thin films of

solid rare gases. However, for completeness we briefly review the salient points of the other

techniques also (see [95] for more details).

27
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Beam line tuning

The simplest and most straightforward way to generate a low energy muon beam is to tune a

surface muon beam to lower momenta by changing the magnetic field of the transport system.

In this case the drop in intensity follows a power law, i.e. N(p) ∝ p3.5 (cfr. equation (12)).

The method has been tested down to 3 MeV/c (equivalent to Eµ ' 40 keV) at LAMPF [6]

during experiments for the observation of the Lamb shift in muonium atoms.

Even though the measured rates were in good agreement with the prediction of for-

mula (12) in a broad momenta range between 5 MeV/c and 28 MeV/c, the method should

be discarded due to the very low efficiency in slow muon production. Indeed, if one assumes

a typical surface muon intensity of 106 µ+/s, the formula (12) yields less than one muon per

second at an energy of ∼ 100 keV.

But still worse, at lower energies a significant deviation from the p3.5 law sets in, mainly

due to multiple scattering and energy straggling into the degrader. Moreover, there is an

additional intensity drop related to the decrease in efficiency of the transport and focusing

elements at low momenta and also to the increased relative weight of positron contamination.

Finally, the lower the energy the higher the probability of electron capture and muonium

formation, which below Eµ . 1 keV definitely rules out the possibility of using this method

to generate LE muon beams.

Phase space compression (PSC)

Following methods of electronic and stochastic cooling [98], which have been successfully

applied to beam quality improvement of proton, antiproton and heavy ion beams [92], phase

space compression has been tested also for slow muon production [146].

Beam cooling is a technique whereby the physical size and the energy spread of a particle

beam is reduced without any accompanying beam intensity loss. During the process the phase

space density, which can be used as a figure of merit for the beam, will increase considerably.

There is an apparent violation of Liouville’s theorem regarding the conservation of phase

space volume, but the point is that this theorem only applies to “conservative” systems and

cooling, by definition, is not a conservative process.

The cooling electronics acts on the beam through a feedback loop to alter the beam’s

momentum or transverse oscillations according to the cycle:

• An electrode pick-up recognises the position of the particle.

• The error signal is amplified through an amplifier.

• The signal is then applied to a kicker electrode, which deflects the particle by an angle

proportional to the deviation error.
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In case of muons, the phase space compression (PSC) is performed by trapping the particles

into a solenoid with a magnetic field of ∼ 5 T and, through the detection of the individual

positions and velocities, one can be bring them to the centre of the axis of solenoid. The

successive PSC stages comprise a transverse electric field that rotates in phase with the muons

at their cyclotron frequency and will result in the required deceleration. Since the corrections

are applied to individual particles, the rate of incoming muons is restricted to . 104 µ+/s.

The main drawback of this, otherwise extremely effective method, consists in its relative

slowness, which implies significant modifications in case of application to beams of short lived

particles like muons. The need for rapid action within a particle’s lifetime span requires the

use of formidable electronics and represents a true technological challenge. Nonetheless, the

method could be used in future as an improvement stage of a pre-cooled beam.

Cyclotron trap

The operation of the cyclotron trap [35,34] relies upon the action exerted by a weak focusing

cyclotron field produced by superconducting ring coils, which winds up the range path of the

stopping particles inside a moderator.

Guided by the field, the particles stop in the central region of the device where are successively

extracted with an axial electric field into a magnetic transport channel, which eventually

transports them to the target region.

Since the long deceleration path remains concentrated within a relatively small volume,

low density targets (typically 1 mbar H2) can be used. The moderation can be also carried

out by employing suitably arranged thin foils (10–200µg/cm2) [138].

This deceleration method has been successfully used in the past at PSI1 and LEAR2 for

experiments with muonic, pionic and antiprotonic atoms [5, 137,4, 126,59].

Its main drawback when applied to positively charged particles is represented by the high

cross section for electron capture in the keV energy range [63,51] and also by the more general

problem of the presence of fringe magnetic fields.

Beam foil degradation

The deceleration of muons in matter can be achieved by the use of thin metallic foils [3], in

a way similar to that occurring in the production target during beam line tuning.

At LAMPF, a subsurface muon beam of 10 MeV/c with a momentum spread of ∆p/p =

10% incident on gold or beryllium foils, was shown to give muons with energies in the range

0–20 keV at a rate of ∼ 10−5 per incoming muon [72].

1Paul Scherrer Institut, Villigen, Switzerland
2Low Energy Antiproton Ring, CERN, Geneva, Switzerland
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The drawback of the technique, apart from the modest efficiency, is given by the very broad

spectrum of the generated slow muons. The formation of muonium and Mu− (≡ µ+e−e−)

through processes of electron capture in the last layers of the target foil, will result in an

increased background rate. Both these factors degrade the beam quality making it unsuitable

for thin films studies.

Frictional cooling

The method of beam foil degradation can be improved by a simultaneous use of an accelerating

electrostatic potential along the trajectory of the particle, which goes under the name of

frictional cooling [100]. The method relies upon the fact that at very low energies (below

10 keV in case of muons) the stopping power of matter becomes larger the higher the particle

energy. Once one sets a given electrostatic field, all the lower-energy muons will be accelerated

since they gain more energy from the electrostatic field than they lose during the interaction

with the moderator, whereas the muons with higher energy will be decelerated since the

opposite is true for them. The advantage with respect to the previous method consist in the

considerably reduced spread in energy and momentum.

Frictional cooling has been tested in the case of negative muons µ− of 10 MeV/c, where a

stack of thin graphite foils of ∼ 5µg/cm2 each was used as a moderator in presence of a strong

longitudinal magnetic guiding field [100]. As theoretically predicted, a significant increase in

spectral density around some keV and a decrease in the angular spread was observed.

There are also some more elaborate variants of frictional cooling. One is the so-called

frictional accumulation [147] which is expected to convert an intermediate-energy negative

muon beam into a low-energy one.

The other one is the ionisation cooling, which is foreseen to be used in the future muon

colliders [29, 109]. Here the beam loses both transverse and longitudinal momentum as it

passes through a material medium, but whereas the longitudinal momentum is restored by a

coherent re-acceleration, the transverse one is constantly reduced to a negligible value through

the different moderation stages.

To achieve a substantial cooling something like 20 stages are needed, each of which con-

sisting of two components. The first component performs a cooling in transverse phase space

by reducing the particle energy in a degrader (typically liquid hydrogen) in a strong focusing

environment alternated with linac accelerators to restore the longitudinal component. The

second component instead consist of a dissipative lattice, with absorbing material wedges

introduced to interchange longitudinal and transverse emittance.

The normalised transverse emittance is reduced by almost three orders of magnitude whereas

the longitudinal emittance by a factor of 10. The final acceleration is estimated to be ap-
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proximately 6 GeV and the fraction of muons remaining at the end of the cooling system is

expected to be about 60%.

Ionisation of thermal muonium

Different studies [88,89,8] have revealed that in selected materials, such as hot noble metals

(Pt, Ir, Re or W) or low density silica powders (SiO2), 5–10% of the implanted surface muons

is re-emitted as thermal muonium. The technique of ionisation of thermal muonium consists

in the use of lasers to induce multiple photon excitation so as to produce ultra slow muons

which are subsequently collected and transported to the sample station. The ionisation is

obtained by exciting the 1s electron state into a 2p state and from here to continuum [101]

with the laser pulse synchronised with the muon bunch arriving from the accelerator. This

method of generation of ultra slow positive muons is carried out at UT-MSL/KEK3 [101].

In practice a 2 mm thick boron nitride/tungsten (BN/W) target is inserted in the pulsed

500 MeV primary proton beam. The first BN layer of the target is used for pion production

and decay, whereas muon diffusion and thermalisation together with the successive muonium

formation and release do take place at the second hot (2300 K) tungsten layer4. The produced

ultra slow muon beam is characterised by a residual energy of 0.2 eV, with a sharply pulsed

time structure of 49 ns FWHM and a rate of ∼ 0.2µ+/s.

The advantage of this method consists in the very low energy of the produced muons

and in its high degree of monochromaticity. However, there are also significant drawbacks.

Due to muonium formation, the polarisation of the ultra slow muon beam is limited to 50%.

Furthermore, the application of the method is restricted only to pulsed muon facilities where

the laser synchronisation is possible. Finally, the high required costs, technical efforts and

maintenance, especially because of the presence of the laser system, make this approach not

very appealing for use in long term experiments or in future pulsed slow muon facilities.

Moderation by films of rare gas solids

The moderation of particles in a material medium, although similar to the deceleration which

occurs in common degraders, has some very remarkable features which makes it the preferred

technique for slow muon production.

When using degraders to slow down particles the effect is a mere reduction of their en-

ergy through random collisions and ionisation processes, which results in broadly distributed

energy spectra and very low production efficiencies.

3University of Tokyo, Meson Science Laboratory for High Energy Physics, KEK, Tsukuba, Japan.
4The use of tungsten is preferred to more efficient muon to muonium converters like silica powders because

of its higher endurance in the harsh environment of the primary proton beam.
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The specific properties of the moderators, on the other hand, come into play during the in-

teraction and the transport of thermal or epithermal particles, leading to a highly efficient

energy conversion process and to an unusually large emission probability characterised by

narrow, low energy spectra. Up to the present date the moderation in frozen noble gas layers

represents the most promising method for generation of slow muons.

The use of moderators is long known as an efficient method to produce low energy

positrons [55, 88]. This has permitted the development of positron beams, once adequate

positron moderators in the range of eV energies has been discovered. Typical production

efficiencies, defined as ε = Nout
eV /N in

MeV, are of the order of 10−4 in case of e+ [129].

The experience gained over the years with positrons represented a precious guidance

also in the work with muons. However, some fundamental differences between µ+ and e+,

in particular with regard to their masses, lead to rather diverse physical and dynamical

behaviour and, as a consequence, to significantly different interaction with the moderator

material.

In 1987 a collaboration at TRIUMF [57, 56], showed that very slow muons in the eV

energy range are directly emitted from appropriate moderator materials, namely solid rare

gases, with an efficiency up to 10−5.

There seems to be a direct correlation between the energy gap of the insulating rare gas

solid and its moderation efficiency. Indeed, the highest efficiency has been found for solid

Ar films (see figure 8) deposited over a thickness optimised cold (T ∼ 15 K) Al foil, whereas

the other noble gas solids, having lower energy gaps, give lower efficiencies. Surprisingly,

common positron moderators like single-crystal LiF, quartz and polycrystalline copper, gave

significantly worse performance.

The discovery of suitable muon moderators together with the demonstration of the full con-

servation of spin polarisation (up to 87± 3%) during the moderation process [96], made the

successive development of low energy muon beams possible, first at the continuous muon

source at PSI [97] and then at the pulsed muon facility at ISIS [149]. The latter, being

among the subjects of the present thesis, will be described in much more detail in the follow-

ing chapters.

What makes the moderation technique appealing for use in dedicated low energy muon

beams is given by its relatively simple technical requirements and by its long-term stability

(cfr. chapter 4). Moreover, the present slow muon production efficiencies are the highest

among all the previously described methods.

To better understand the experimental technique and the principles of the muon modera-

tion, we give a very brief theoretical overview, addressing the interested reader in section 4.6.2,

where a more extended discussion will be given.

The models which try to explain the mechanisms of slow muon generation and the ob-
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Figure 8: Energy distribution of epithermal muons emitted from a solid Ar moderator (from
[99]). Note the peak of emission in the highlighted area corresponding to ∼ 10 eV (comparable
with the energy gap of argon Egap(Ar) ' 14.16 eV) and the tail extending at higher energies.

served energy spectra are essentially two: the spur model and the hot muon model. There is

however, an ever increasing evidence that only the hot muon model describes the experimental

results in a satisfactory way, even though not in their entire completeness.

The spur model [90, 111, 91] assumes that towards the end of the muon path inside the

material a charge recombination takes place. The products in the muon ionisation trail (free

electrons, ions and radicals) are then bound to the already low energy muon to give muonium.

The muonium atom successively diffuses to the surface where, due to recombination with a

hole, it breaks and releases a free, low-energy µ+.

The hot muon model [56], as its name suggests, assumes that muons will leave the material

while they are still “hot”, i.e. not yet thermalised. This is mainly ascribed to the absence of

energy losses during the transport of muons whose energy is sufficiently low.

After the initial ionisation regime, fast charge exchange processes take place when the

energy drops below ∼ 10 keV. These become the most important dissipative mechanisms

[130, 131] in the lower energy range. The charge exchange is not anymore effective as an

energy loss channel once the muon’s kinetic energy falls below a threshold level of some tens

of eV. The only dissipative process remains the excitation of phonon spectra, which is highly

ineffective too due to the very small phonon energies (5–10 meV in case of van der Waals

solids [69]). Since in wide band gap insulators, such as rare gas solids, the energy threshold

is higher than in most other materials, this model explains fairly well the correlation between

the muon moderation efficiency and the size of the band gap of the moderator.
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3.2 Generation of LE muons at ISIS

3.2.1 The DevA beam area

As pointed out in section 2.3 in all the muon facilities worldwide, the muon beams are

generated through pion decay. Therefore, we begin with a quick overview of the high energy

proton production at RAL5.

The synchrotron and the extracted proton beam

The principal component of the ISIS facility at RAL consists of a rapid cycling proton syn-

chrotron which is used in conjunction with a heavy stopping target to create intense beams of

pulsed neutrons by the spallation process, as well as for feeding the ISIS pulsed muon facility

(see figure 9). From a preliminary injector, negatively charged hydrogen ions enter a linear

Figure 9: Layout of the ISIS experimental hall at RAL, showing the linac injector, synchrotron,
extracted proton beam and spallation neutron target. Muons are produced in the thin graphite
target 20 m upstream of the neutron target and feed the EC and RIKEN muon facilities. The
slow muon experiment is carried out in the DevA area.

accelerator where they reach an energy up to 70 MeV. This serves as an injector for the

synchrotron where, after being stripped from the electrons, the protons are accelerated by

RF cavity sections until they reach almost 800 MeV. A fast pulse from a deflecting magnet
5Most of the material of this section is taken from several sources [41,39,43,40], where a detailed account

on the operation of the ISIS pulsed facility is given.

There is also a vast amount of literature regarding particle beam production, acceleration, focalisation and

transport. For a more general survey the reader is addressed to e.g. [155,154].
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Figure 10: Time-structure of the double muon pulse at RAL (two pulses 82 ns FWHM, 340 ns
appart). It closely reflects the structure of the 50 Hz pulsed proton beam. Note the asymmetric
distortion in the shape of each pulse due to the convolution with the pion lifetime (26 ns).

extracts the protons in the beam channel. The proton beam thus generated has an intensity

of 180 A (equivalent to 1.2 · 1015 protons per second). The synchrotron produces pulses at

50 Hz, but since the machine operates at twice the circulation frequency of the protons, it

generates a double pulsed proton beam.

The muon target station and surface muon beam lines

At approximately 20 m upstream the spallation source, a muon production target is inserted

into the beam, consisting of a thin slab of pyrolytic graphite, which optimises both for high

pion production rates and simultaneously induces low multiple scattering of the proton beam.

Since the muons are born from the decay of pions generated in nucleon-nucleon reactions,

the muon pulses will reproduce the time-structure of the proton beam, although broadened

by the pion decays occurring in the muon production target. Thus, the muon pulse width is

82 ns FWHM with a peak-to-peak separation of 340 ns, as shown in figure 10.

The surface muons emitted within an angle of 0.13 srad are collected by two quadrupole

magnets close to the production target and then transported toward the experimental areas.

However, they are first momentum analysed by two magnets which also bend the beam

direction by 90◦. In between the two magnets a quadrupolar triplet creates a dispersed focus

which allows the selection of the momentum spread by means of a horizontal collimator.

To reduce the positron contamination a cross field separator is used. It acts as velocity

selector which can discriminate muons (βµ+ = 0.24) from positrons (βe+ ' 1).

The double-pulse structure of the muon beam is highly undesirable in many experiments,

so a fast electrostatic kicker [15,42] is used to deliver a single muon pulse on each station (K

in figure 11). For a proper operation of the kicker the synchronism with the pulse arrival and

the fast response of the electric field are of primary importance.
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Figure 11: Layout of the three EC muon beam lines DevA, MuSR and EMU, showing the
electrostatic kicker, denoted by K, and the two septum magnets SEPA and SEPC. The first
muon pulse is divided in two by the kicker and sent to DevA and EMU stations, whereas the
second pulse is transmitted undeflected to MuSR. The incoming muons are depicted by the small
arrow at the right.

The DevA beam area

We close this section by giving the main characteristics of the muon beam available at DevA

(Development Area) station, which was employed for the experiments regarding the slow

muon production.

• The vacuum system of the muon beam line and that of the extracted proton beam

are separated by a 100µm aluminium window 15 cm from the production target. As

a result of energy degradation occurring in this window the muon momentum for all

the three beam lines is reduced at 26.5 MeV/c [41, 39], slightly less than the nominal

surface muon momentum of 28 MeV/c.

• The beam is 100% spin polarised with the muon spin antiparallel to the propagation

direction, except for a very slight upward rotation of approximately 6◦, induced by the

electrostatic kicker.

• The muon spot size of the DevA beam line is 27 × 10 mm2 FWHM in case of fully

opened momentum slits, resulting in a momentum bite of ∆p/p = 10% [42].

• The number of muons per pulse in the DevA area when using the 7 mm thick production

target6 is approximately 3000 ± 300 which, taking into account the 50 Hz synchrotron

frequency gives 1.5 · 105 µ+/s, roughly one forth of the total muon production rate [39].
6During some of the measurements of thin film samples a 10 mm target was inserted into the proton beam

increasing the muon rate by ∼ 32%.
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3.2.2 The pulsed epithermal muon beam line

As previously mentioned, the epithermal muon beam at ISIS is based on the principle of

muon moderation in condensed van der Waals gases, which is schematically illustrated in

figure 12. The surface muon beam strikes the metallic predegrader, where muons lose most

of their energy. The moderation to some tens of eV occurs in the thin layer of frozen rare

gas deposited on the cold substrate.
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Rare Gas Solid

~4 MeV

Epithermal Muons (~15 eV)

Figure 12: Principle of slow muon generation using the moderation technique. The metallic
predegrader serves as a cold substrate where the gas layer is deposited. At the downstream side
there is a flux of slow muons which are successively collected and transported (not shown) to
the experimental area (adapted from [95]).

The apparatus for the generation of the tertiary slow muon beam, similar to the analogous

one at PSI [96], is shown in figure 13. It is composed by three main sections: the slow muon

generation area, the transport and focusing, and the experimental station. First we give a

short overall description of the apparatus and next we focus on the most important aspects

of its operation like: the ultra high vacuum (UHV), the temperature requirements, the high

voltage focusing and transport, the electronics and data acquisition, etc. (for a considerably

more detailed account the reader is referred to e.g. [148, 86, 18], from which most of the

technical specifications of the epithermal muon apparatus are taken).

The muons coming from the DevA area with a momentum of 26.5 MeV/c hit first a

rotatable degrader. It is a Kaptonr foil disk having a diameter of 120 mm and 30µm thick,

which can rotate freely around a horizontal axis. Its purpose is to slow down the incoming

muons in such a way that the peak of the muon stopping profile can be adjusted on the

moderator target. A 60◦ angle relative to the beam direction provides the maximum stopping

distribution at the downstream side of the substrate.

The following 50µm thick scintillation beam counter provides the timing signal of the

incoming muon pulse, to be successively used in all the time-of-flight measurements (see also

figure 22).
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Figure 13: Layout of the slow muon apparatus at RAL consisting of three parts: slow muon
generation, focusing and transport, and experimental station. Once generated in a frozen rare
gas layer (Ar), the slow muons are accelerated up to several keV and transported through an
electrostatic system which does not affect their spin direction. The detection is made with a
microchannel plate detector (MCP) and a decay positron telescope at the sample station. The
two bends are used to reduce to a minimum the background of fast muons and decay positrons.
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To separate the 10−6 mbar beam line vacuum from the 10−10 mbar UHV region of the

apparatus a 50µm thick, 50 mm in diameter stainless steel window is used [148]. The choice

of the window thickness represents a compromise between two opposite requirements: that of

being mechanically resistant to the maximum differential pressure of 1 atm and the necessity

of having a beam divergence as low as possible. The window position, very close to the

moderator, ensures a low particle loss due to multiple scattering angular spread.

The rotatable degrader, the beam counter and the separation window, are all mounted on

a short piece of tube which serves as a buffer between the DevA beam line and the apparatus

itself. The latter is essentially a long vacuum tube, containing two bends and operating under

UHV conditions. As we shall see later, the ultra high vacuum is of primary importance for

an efficient slow muon emission, since the moderation properties of the frozen rare gas films

are dramatically affected by the contamination degree of their surface.

To achieve a good overall vacuum two turbo molecular pumps, positioned respectively

below the moderator target and close to the experimental station, are used. Their pumping

power is further enhanced by the liquid helium bath cryostat and also by the liquid helium and

liquid nitrogen shieldings, all of which act as cryogenic pumps. The need for low temperatures

is dictated by the thermodynamic equilibrium curves in the pT plane (also called sublimation

pressure curves) of the solid rare gases [69]. Thus, to produce a stable film at 10−10 mbar,

substrate temperatures of the order of 10 K are required.

After passing through the aluminium windows of the two cooling shieldings, the surface

muons will stop in the liquid helium cooled aluminium moderator target. Here they lose part

of their energy, whereas the moderation itself takes place in the solid rare gas layer in the

downstream side of the target. From it the muons are re-emitted as “slow” particles with

energies in the range of some tens of eV (see figure 12).

To allow the slow muons to pass unhindered towards the transport section, both cooling

shieldings are provided in their downstream side with circular openings of 50 mm in diameter

[148]. These openings will expose the moderator target to thermal radiation and, therefore,

will limit the lowest reachable temperature to approximately 7 K. This undesirable effect can

be somehow reduced by the insertion between the cryostat and the first electrostatic lens of

a ring-shaped shield cooled to liquid nitrogen temperature.

To electrostatically accelerate the low energy muons before they enter the transport sec-

tion, the aluminium target is set to a high positive voltage of ∼ 10 kV. Once accelerated the

muons are alternately focused by a system of three electrostatic lenses (Einzel lenses).

Since roughly only one out of ten thousand is an epithermal muon, there exists a con-

siderable “natural” background consisting of fast muons and their respective decay positrons

which should be suppressed. This is achieved by the use of a two-bend geometry where each

bend has at its flexure point a 90 degree deflecting electrostatic mirror, at the same potential
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as the aluminium target.

A precise tuning of the voltages in the transport system is achieved by performing an

intermediate check of the slow muon beam spot size, thanks to a microchannel plate detector

(MCP) placed behind the second mirror (turned off during tuning procedure).

At the end of the beam line the slow muons are finally focused to a sample or an MCP.

The magnetic field needed for the µSR measurements is created by a solenoid, wound around

the vacuum tube in a symmetric position with respect to the sample. To detect the decay

positrons four couples of scintillation counter telescopes are used. These are heavily shielded

with lead bricks, to avoid the considerable positron background due to the neighboring exper-

imental areas and to the positrons arising from the decay of fast muons inside the apparatus.

When performing depth slicing experiments, the tuning of the slow muon beam at the

required energy is achieved by an additional electrostatic decelerator mounted just in front of

the sample. To avoid frequent bake-ups of the apparatus, we make use of a gate valve which

separates the sample station from the upstream part, and thus allows to change the sample

without appreciable deterioration of the vacuum of the whole vessel.

3.2.2.1 General UHV and temperature requirements

As mentioned at the beginning of the previous section, both temperature and vacuum con-

ditions are essential for a reliable operation of the slow muon beam line.

Simple calculations [37] are useful for an estimate of the time needed for the residual

pressure gas to be deposited as an impurity monolayer on the cryogenic moderator surface.

Assuming a unitary sticking probability and a residual gas pressure of pvac , they give tmonol. '
10−6/pvac, where the time is expressed in seconds and the pressure in mbar. For a reliable

long-term operation a pressure of at least 4 orders of magnitude lower is required, which

implies that pressures in the range 10−10–10−11 mbar should be achieved.

The materials used to build up the apparatus are restricted to those compatible both with

UHV requirements and those of heat endurance. The latter follows from the need to perform

bake-ups in case of exposition to atmospheric pressure which, in order to limit the evacuation

time at a reasonable value (∼ 48 hours), implies reaching temperatures as high as 180◦C,

limited only by the most delicate components such as the temperature sensing diodes.

The vacuum level is controlled with a cold cathode ionisation gauge and, for more accurate

analysis especially during cryogenic target preparation, a mass spectrometer residual gas

analyser is used.

The liquid helium bath cryostat, consisting of two equal capacity (12 l) tanks for liquid

helium (LHe) and liquid nitrogen (LN2), allows to routinely reach a base temperature of

∼ 8 K7. It ends with a circular cold finger of 80 mm diameter, where a silicon diode for
7Although sufficient for the deposition of most of the noble and other examined gases, the substrate
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Figure 14: Schematic drawing of the noble gas film preparation procedure. Once the system
has been evacuated, the leak valve (3) is opened to allow in the high purity gas which condenses
onto the cold substrate (b). The pressure and film thickness are monitored respectively with the
gauge (2) and the quartz micro-balance.

temperature measurement and an electric heater, used for the evaporation of the frozen

gas layer, are mounted. To satisfy the requirements of low outgassing rates in the target

region and optimal heat conduction, the substrate holder is built of massive oxygen free

copper (OFC). A 3 mm thick sapphire plate placed between the cold finger and the substrate

holder permits good thermal contact at low temperatures, while ensuring excellent electrical

insulation.

Once the base pressure (∼ 5·10−11 mbar) and temperature (∼ 8 K) are stable, it is possible

to grow noble gas films. The standard procedure for film growth consists in allowing inside

the vacuum chamber the particular gas to be deposited which, once in contact with the cold

substrate, will form the solid layer.

In practice, to regulate the partial pressure to approximately 10−5 mbar, a high precision

leak valve, connected to a high purity gas bottle (e.g. Ar better than 99.999% vol.), was

employed. The gas is admitted into the vacuum chamber through a small copper orifice for

about 5 minutes, while a quartz micro-balance, fixed close to the target, is used to measure the

thickness of the frozen rare gas layer during the growth procedure (see figure 14). Within a

few minutes after the film deposition, the residual gas pressure returns to the usual operative

range of 10−10 mbar.

Films grown at the lowest achievable temperature did not however display the best muon

moderation efficiency, therefore a systematic study of slow muon yield as a function of depo-

temperature of ∼ 8 K did not allow the growth of a stable film of frozen neon, which is supposed to be

probably a better muon moderator than argon.
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sition temperature was carried out (see section 4.2.1).

Since the film thickness gauge measures only relative variations of the oscillation fre-

quency, an initial absolute calibration was needed. It was performed by laser interferometry

where the light intensity reflected by the two opposite faces of the growing film was recorded.

It displays the usual Airy interference pattern which once fitted gives the coefficient of abso-

lute calibration [148].

3.2.2.2 Slow muon generation target

To optimise the slow muon production rate one must enhance the fraction of muons stopped

in the interface between the cold aluminium substrate and the frozen rare gas film. However,

it is not easy to obtain both a high moderation efficiency and a high absolute number of slow

muons, and a compromise has to be made. Indeed, the narrower the momentum distribution,

the higher the slow muon yield, since one can virtually stop the beam profile in the exact

interface by using additional degraders. On the other hand, a narrow momentum distribution

is obtained only at the expense of a reduction of the overall beam intensity, which will

therefore give a lower number of epithermal muons. The best solution was to keep the

momentum slits of the DevA surface muon channel fully opened, which results in a momentum

spread of ∆p/p = 10%.

Another major concern in the preliminary design was the preservation of the original beam

quality, by keeping its spatial and momentum spread to a minimum. This puts restrictions

on the sort of materials used as degraders and in their positioning with respect to the target.

Low Z materials, placed as near as possible to the target will help reduce range straggling

and beam spot enlarging due to multiple scattering (see also section 4.6.1).

Monte Carlo simulations by means of programs such as e.g. SRIM [158], are helpful for an

evaluation of the beam characteristics before it reaches the frozen rare gas layer. The insertion

of the various beam line components, including: the rotatable degrader, the beam counter,

the beam window, the two cold shields and finally the metallic substrate, together with their

respective materials and thicknesses yields a total stopping power of 141(5) mg/cm2. That

this represents quite an accurate value, is clearly demonstrated in figure 15, where the slow

muon yield8 is given as a function of the stopping power (or rotation angle) of the initial

variable degrader. Even though its thickness was kept to a minimum, the presence of the

peak in the muon yield, shows that indeed when changing the degrader angle the stopping

profile of the beam crosses the aluminium/argon interface.

Other simulations, to estimate the effect of multiple scattering in the beam spot size, use

as initial condition the nominal cross section of the DevA beam before it enters the slow muon

apparatus (27× 10 mm2 FWHM). They yield a scattering enlarged size of 32(3)× 22(2) mm2

8In this and in the following graphics the slow muon yield is intended normalised to its maximum value.
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Figure 15: Normalised slow muon yield as a function of the rotatable degrader stopping power.
As the angle increases the beam stopping profile shifts towards the aluminium/argon interface
giving a maximum yield for ∼ 4.4 mg/cm2.

FWHM at the moderator target position, still considerably smaller than the moderator di-

ameter of 48 mm, which implies only negligible losses of particles.

With a proper setting of the rotatable degrader about 50% of the muons will stop in the

high purity (99.999%), 320µm thick Al substrate and only a small fraction of them will be

re-emitted as epithermal particles.

A simple calculation shows that these muons, whose typical kinetic energy is of the order

of E ' 10 eV, have quite a short decay length ld. It is given by the (non-relativistic) formula

ld =
√

2E/mµ · τµ which, once substituted the numerical values, yields ld = 9.1
√
E, where

E is expressed in eV and ld in cm. This example clearly points out the necessity for muon

acceleration and transport up to the experimental station, otherwise the losses due to particles

decaying before they reach the sample will be quite relevant. Taking into account the beamline

length of 3.23 m, a rough estimate indicates that acceleration voltages of the order of some

kV are needed.

To this purpose at the downstream side of the Al substrate a two-stage electrostatic

accelerator was mounted9 (see figure 16).

The equipotential surfaces of the accelerator are defined by electro-formed copper meshes

with 95% transmission each. The latter are clamped between pairs of thin circular copper

9In fact there were two slightly different accelerator assemblies that were used: a two-stage one, commonly

employed for most of the experiments, and a more complex three-stage assembly, specifically designed for

energy distribution measurements. Here we concentrate only on the simpler two-stage accelerator, leaving the

discussion of the other one for section 4.3, where the energy spectrum of slow muons will be discussed.
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Figure 16: Layout of the target region showing the substrate, the accelerator, the cold finger
and the cryogenic shields. All the accelerator components, separated by Macorr spacers, are
mounted on a massive oxygen-free copper substrate holder. The Al substrate is brought up to
+8 kV, whereas the guard ring placed very close to it reduces the effect of stray fields from
the nearby shield and improves the electrostatic field homogeneity. The second grid is put at a
ground potential (from [86]).

frames, which are separated by electrically insulating Macorr spacers. Since the typical

distance between frames is of the order of some mm, small compared to their 48 mm diameter,

very careful mounting is required to avoid electric field distortions. The same is true for

the choice of the materials, where those having equal thermal expansion coefficients were

preferred.

The substrate holder, set to a high positive voltage Uacc of typically +8 kV, will accelerate

the slow muons arising from the noble gas film toward the transport channel. The presence of

two frames, of which the last is electrically grounded, splits the particle acceleration into two

steps. To further improve field homogeneity and reduce the influence of electrical fields from

the grounded surroundings a guard ring was mounted in the accelerator, halfway between

the substrate and the first frame.

The construction of the electrostatic accelerator was considerably aided by the use of the

RELAX3D program package developed at TRIUMF [70], which can numerically calculate

the distribution of the electrostatic potentials once the boundary conditions are specified (all

the details about these calculation can be found in [18]).
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3.2.2.3 High voltage focusing and transport

The focusing and transport of slow muons to the experimental station is carried out with the

aid of electrostatic lenses and mirrors. Since these are purely electrostatic devices, the muon

spin will be unaffected by them which, because of the two-bend geometry of the apparatus,

implies a final muon spin direction perpendicular to its momentum (see figure 13).

The lenses are of the so-called Einzel type, consisting of a series of three stainless steel

cylinders with their axis coincident with the beam axis, of which the outer are set at a ground

potential, whereas the middle one is brought to a high positive voltage. Their operation

principle is based on the different impulses a charged particle receives by the electric field in

the gaps between cylinders, whose overall result is a net focusing action without changes in

particle’s energy [45].

To limit their intrinsically large spherical aberrations, and thus work in the best possible

paraxial approximation, the largest diameter cylindres, compatible with the dimensions of

the vacuum chamber, were chosen. Typical operation voltages were of the order of 75% of

the acceleration voltage Uacc.

The electrostatic mirrors are even simpler devices which can roughly be compared to

some sort of “transparent” plane capacitors. Indeed, they consist of two parallel elliptical

frames where grids of equally spaced (1 mm), thin tungsten wires (30µm) are mounted. A

high electric potential applied to one of the frames, with the other put at ground, creates a

uniform electric field which will deflect the charged particles. Depending on its orientation

and applied voltage the mirror can select particles according to their energy. In our case an

orientation angle of 45◦ and an applied voltage equal to that used in the acceleration stage

Uacc, will deviate the epithermal muons by 90◦. More importantly, the mirror can eliminate

most of the background consisting of fast, non moderated muons which, due to their much

higher kinetic energy, will be transmitted through it. There is however a small fraction of

muons with energies in the range Uacc < Ek ≤ 2Uacc which cannot go past the mirror and

will be transported or decay inside the vacuum chamber. Their positrons will appear as

background noise in the time-of-flight (TOF) spectra before the slow muon peak which has

Ek ' Uacc (see also figure 24 and section 4.1). To reduce this noise the initial single-bend

vacuum tube geometry, was extended to include an additional lens and mirror, therefore

resulting in the actual two-bend configuration, characterised by a higher rejection rate, even

though at the cost of a somewhat diminished transport efficiency due to a 31% increase in

tube length.

Monte-Carlo simulations were useful to check and optimise the parameters of the trans-

port system prior to its construction (the thesis [86] contains an extended account of these

calculations). They foresee a transport efficiency of 78(2)% in the case of a two-bend geometry

with an 8 kV initial accelerating voltage.
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A careful beam line tuning is essential to a good performance of the apparatus. In

the actual geometric configuration the tuning procedure involved two distinct steps. With

reference to figure 13, the voltages of lenses 1 and 2 together with the orientation of the first

mirror were initially adjusted. In this case the second mirror is turned off and the best setting

corresponds to a minimum beam spot size on the MCP behind the second mirror. Next, the

second mirror is turned on and its orientation together with the voltage of lens 3 are changed

until one gets the maximum positron count rate at the sample position. The second step

is rather delicate, so the tuning procedure was performed by a simultaneous check of two

different signals. One comes from muons stopped in a 40 mm diameter quartz disk, placed

in the centre of the vacuum tube at the sample position, whereas the other originates from

muons detected at an MCP located 32 cm downstream the sample. This arrangement gives

the possibility to follow the shortening of the focal length of the lens as the applied voltage is

gradually increased. As expected, for lower voltages the muons pass almost undisturbed and

hit the MCP, whose maximum signal is observed first. High enough voltages (VL3 = 6.0 kV)

will eventually make the focus coincide with the sample position and hence give a peak in the

counting rate of the detector telescopes surrounding the sample. The tuning curves obtained

for the three lenses are shown in figure 17.

Since the electrostatic mirrors operate at a fixed voltage (Um = Uacc), only the orientation

has to be adjusted for them. Nevertheless, we checked the reflectivity of one of the mirrors as a

function of the applied voltage, and report the measurement results in figure 18. As expected,

the lowest energy muons, characterised by Ek ' Uacc, have the smallest transport threshold

and therefore are the first to appear when the mirror voltage roughly equates half the value

of the accelerating voltage. As the mirror is set to higher voltages, ever more energetic muons

are transported towards the detector and consequently the curve displays a monotonically

increasing behaviour. At last, when the mirror and the initial accelerating voltages coincide

(Um = Uacc = 8 kV), particles with an energy up to twice eUacc are transported, whereas

the slow muon path inside the mirror electrodes is completely symmetric, thus ensuring their

maximum transport efficiency.

The mirror orientation can be easily changed since each mirror plane is defined by

three points of which one is fixed and the other two can be moved via two linear motion

feedthroughs. Vertical and horizontal steering are achieved respectively by moving the linear

drives in the same direction or opposite to each other. The change in muon count rate, as the

mirror deflection angle is varied, can be monitored with the same MCP detectors used for

lens tuning. However, to take full advantage of the position sensitive feature, all the signals

coming from the four MCP sectors (centre, left, right and bottom) are employed in this case

(see figure 20.b).

Typical tuning curves for the first mirror are shown in figure 19. Horizontal steering
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Figure 17: Tuning curves of the electrostatic Einzel lenses for an 8 kV initial accelerating voltage.
Top figures (a) and (b) show tuning of lens 1 and 2 whose maxima in the slow muon rate,
as measured by the MCP behind the second mirror (see text), are obtained respectively for
VL1 = 5.5 kV and VL2 = 6.25 kV. The dashed lines serve only as guides to the eye. Figure
(c) instead represents tuning of lens 3, performed by simultaneous monitoring of telescope
coincidences in a quartz disk at sample position (shown with �) and count rates in the MCP
located 32 cm behind it (shown with H). As VL3 increases, the focal length is shortened so that
the peak in count rate, occurring first in the MCP detector, is shifted toward the sample position
when VL3 = 6.0 kV.
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Figure 18: Measured slow muon rate as a function of the electrostatic mirror voltage with an
accelerating voltage Uacc fixed at 8 kV. As the mirror voltage increases, the first slow muons are
detected by the MCP once the theoretical threshold Uth = 1/2 2Uacc is reached. In the range
between 4 and 8 kV there is a gradual rise in the number of detected muons. At 8 kV also
particles with an energy up to twice eUacc are transported (see also figure 24).

influences mostly the left and right sectors, whereas vertical steering affects the center and

bottom sectors instead, whose count rate change in a complementary fashion.

Similar results were obtained for the second mirror too, even though the signals in this

case were somewhat noisy and the geometric interpretation not so immediate. The poor

performance of the second MCP is ascribed to the very long (70 cm) electrical feedthroughs

needed to bring the signal out of the vacuum chamber, which implies significant cross “talk”

among the four signals. This was a mandatory solution because, if the non UHV compliant

electronics of the pre-amplifying stage were kept inside the vacuum tube, they would prevent

us from reaching the very low pressures needed for a normal operation. On the other hand,

the performance of the first mirror, with its much shorter wiring, was quite satisfactory. In

this case 59(7)% of muons hit the central anode of 30 mm diameter, implying a 27(3) mm

FWHM slow muon beam spot size, if a radial Gaussian distribution is assumed.

3.2.2.4 Experimental station for LE-µSR Studies

The experimental station located at the end of the slow muon beam line (see figure 13) was

planned with the goal to enable studies on different samples (typically thin films, surfaces

and interfaces), for which slow muons are considered among the most appropriate probes.

Since the present was mainly a development work, frequent sample station upgrades did take

place at various stages of progress. Actually we can distinguish three of them, each identified

by its peculiar features.
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Figure 19: Horizontal tuning of the first mirror. Muons are detected by the four sectors of the
MCP (see figure 20.b) positioned at the end of the second bend. The slow muon yield is plotted
versus the difference in the settings of the two linear motion feedthroughs, labelled respectively
A and B (the perfect alignment corresponding to A=B=9). As the mirror is moved from left
to right the respective MCP sectors (c) and (d) display opposite behaviours characterised by
conjugate peaks and minima. The central anode (a) shows a maximum in case of symmetric
alignment, whereas the bottom anode (b) does not display substantial variations as the mirror
is being rotated.
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• The first, very preliminary sample station, was used just to characterise the slow muon

beam itself. An MCP detector was placed at the sample position and a simple ar-

rangement of two telescopic pairs was used to detect positron decays. Mounted in

opposite positions with respect to the vacuum tube, the plane rectangular areas of the

scintillators covered a rather low total solid angle of 28.3(7)%.

• The next development step involved measurements on real thin film samples (described

in chapter 5), thus imposing more stringent requirements from the sample station. The

improved version (see figure 20) consists of custom designed cylindrical telescopes able

to cover up to 85(3)% of the total 4π solid angle. In practice the cylinders are evenly

divided into four segments (top, bottom, left and right), each covering a 90◦ angle in the

plane perpendicular to the vacuum tube axis. The considerable longitudinal extension

of the scintillators ensures a good coverage of the whole sample area, except of course

perpendicular to the vacuum tube itself. To achieve more detailed spatial information,

both the inner and the outer cylinders were further split into two symmetrical halves

along a plane passing through the sample position, thus resulting in a total of 16

scintillator counters, or equivalently, 8 telescopic pairs.

Another significant improvement consisted in the use of lead shielding (15 cm thick) of

the whole experimental station, which substantially reduced the background due both

to positrons from DevA beam as well as those coming from the neighbouring areas.

• A sample station including a liquid helium cryostat to perform low temperature studies,

is foreseen in the near future. Moreover, an interlock chamber which provides in-situ

sample cleaning, is expected to eliminate any dead times due to vacuum breaks between

sample changes (refer to Conclusions for more detail).

In the actual setup a gate valve is employed to isolate the upstream production and transport

sections from the sample station, thus allowing a quicker return to the normal UHV operating

conditions. The magnetic field for the µSR experiments is supplied by a 27 cm long solenoid

wound around the 127 mm diameter vacuum tube. Besides generating a rather uniform field,

with less than 2% of measured inhomogeneity at the sample position, the solenoid provides

the best alternative to improbable Helmholtz coils which would be too bulky to fit inside

the telescopes and overall lead shielding. Simple calculations and successive measurements

confirm that a 42 G magnetic field is produced when a 10 A current flows into the solenoid.

To avoid damages to the scintillator counters the current was limited to this value, which

during prolonged operation gave rise to a local temperature increase up to ∼ 60◦C.

During the experiments the samples were fixed by thin wires on the vacuum tube axis.

This solution reduces the background since only the muons which hit the sample are detected
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Figure 20: Schematic drawing of the experimental station at the end of the beam line, as used
during thin film investigations. The 16 scintillators are symmetrically distributed in 8 telescopic
pairs around the vacuum tube, which hosts in its center the sample suspended by thin wires.
Top figures a) and b) show respectively a cross section of the tube and the four sectors of the
MCP detector. The gate valve isolates the transport channel during sample changes. The MCP
beyond the sample position detects the muons which are not implanted and therefore remain
invisible to the telescopes.
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Figure 21: Layout of an alternative sample holder which uses a rotating cube to accommodate
up to four different samples (see upper insets). A rotary feedthrough and an end viewport allow
respectively to change the sample and to align it correctly. The high voltage grid, fixed inside the
tube or attached to the sticks which carry the cube axis, is used to tune the energy of upcoming
muons.

by the telescopes, the others pass through and their number can be determined by an MCP

positioned near the end of the tube.

The same idea, namely that of exposing only the sample surface to the muon beam, was

at the base of a more complex sample holder built in Parma (further details are given in

the last chapter of [132]). It consists mainly of an open end cube, on which faces up to four

different samples can be simultaneously mounted (see figure 21). The different specimens can

then be studied by rotating the cube with a simple rotary vacuum feedthrough. A viewport

at the end flange allows precise alignment of the sample surface perpendicular to the muon

beam. The advantage of using this type of sample holder becomes clear if one takes into

account that each time the sample area is accessed, approximately 12 hours of bake-out are

needed to restore the base operating pressure.

3.2.2.5 Electronics and Data Acquisition System

The signals coming from the detectors are preprocessed using standard NIM electronic mod-

ules. As can be seen from figure 22, the timing for the start of data acquisition can be

obtained in three alternative ways. These include the 50 Hz signal from the ISIS synchrotron

extraction trigger, the signal from the Cherenkov counter located near the surface muon pro-

duction target (which is due to electrons and positrons from π0 decay, cfr. section 3.2.1), or

the signal from the muon beam counter placed in front of the cryogenic substrate. All the
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three starting signals, after appropriate delay and discrimination, are sent to a logical or

port, whose output will trigger the opening of the master gate with a fixed duration of 40µs.

The stopping signal for the µSR measurements is given by the coincidences at the scin-

tillation detector telescopes. Similarly, the time-of-flight data are obtained by recording the

signals originating at the MCP detector.

The data acquisition system is based on single event readout, which implies that all the

acquired data within the opening interval of the master gate, i.e. Peak ADC, Flash ADC,

etc., are contiguously stored in one event block. Since this technique, on the contrary of

the common histogram filling used in particle data acquisition, retains the complete infor-

mation about the experiment, it will allow sophisticated offline analysis, like application of

background cuts or the study of correlations among various coincidences.

The front-end data acquisition uses VME based electronics. Each detector provides basi-

cally two types of information: timing signals, recorded by a 64 channel multi-hit TDC with

a timing resolution of 1 ns, and analog signals, recorded by a Flash ADC, a Charge ADC and

a Peak ADC.

A software driver, started by interrupting the VME single board CPU (ELTEC, Eurocom

E5 (Motorola 68020, 16 MHz)) running OS9, handles the readout of the VME modules. The

interrupt routine, triggered by mark signal generated at the end of the master gate, will

read all the modules of the VME crate and successively write the data in binary format to a

2 MByte memory-module.

Every second the temporary stored data are transfered via a PCI–VME adapter (Bit3,

Model 617) to a workstation (Digital, Alpha Station 200 4/166) which immediately writes

them to the hard disk. To allow a quick online analysis, approximately half of the data

are supplied to the experimenter, which thus can check detector performances, slow muon

yield, background counts, etc. by running a routine based on the PAW (Physics Analysis

Workstation [26]) program.



Chapter 4

Properties of the pulsed low energy

muon source

In the previous chapter we dealt with the development of the pulsed slow muon beam at ISIS

with the aid of the moderator technique. The next step before performing measurements

in thin films involved a thorough characterisation of all the relevant properties of the slow

muon source. The present chapter is dedicated just to the systematic exposition of the

measurements to study these properties, both of those depending on the type of moderator

as well as those depending on operating conditions like temperature or pressure. We conclude

with a theoretical overview which is an attempt to rationalise the experimental results. Note

that, since this study was done in a collaborative work, much of the present material can also

be found in the previously written theses like [86,148].

4.1 Beam spot size and slow muon yield

Both the beam spot size and the slow muon yield are two very important parameters that

characterise a slow muon beam. Indeed, the relative muon production efficiency would be

sufficient for comparisons among various moderator materials, only if all the other parameters

could be kept constant. The knowledge of the absolute value of the yield instead, makes

possible comparisons with data obtained in different conditions or even at other facilities.

The size of the muon beam spot on the other hand, which depends both on the original

surface muon beam section as well as on the slow muon transport and focussing system, is

essential in the choice of the sample diameter.

Muon beam spot size

The beam spot size can be inferred from two different types of measurements, which make

use of the decay spectra as detected by the telescopes. The first method consist simply in

55
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recording the time-of-flight signal with and without a sample mounted. When the sample is

present the spectrum comprises both the contributes from muons stopped in the sample as

well as from those stopping in the walls of the vacuum chamber or decaying “in-flight”. In the

other case instead, only the two last contributions are present. Once the sample diameter,

the detection efficiency of the telescopes and of the MCP, together with the finite solid angle

of scintillators are taken into account, one finds a 57(12) mm FWHM beam spot size.

The other method, although to a certain extent less precise, does not require the sample

to be removed. By fitting the time-of-flight spectrum at long times one can discriminate

the fraction of muons which decay “in-flight” from the others, since the former will give

only a prompt peak, with a width equal to that of their transit time (easily evaluated since

one knows the accelerating potential). Since in this case one cannot distinguish the muons

stopped in the tube walls from those really implanted into the sample, the muon beam size

will result somewhat underestimated.

Slow muon yield

The measurement of the slow muon yield consists essentially in an integration of the area of

the muon peak, as detected with the MCP placed at the sample position. The time structure

of this peak closely resembles to that of the surface muon pulse (see figure 10) from which

slow muons are generated. This is further confirmed by the 80(3) ns FWHM width of the

time-of-flight spectrum and also by the same asymmetric distortion which can be traced back

to the original convolution with the pion lifetime (26 ns) during muon production. To obtain

the true yield value from the integration, apart from normalising to the number of incoming

muons (measured with a photo-tube operating in a linear regime interfaced to a Peak ADC),

one has to apply also some corrections for the detector and transport efficiencies and to cut

part of the undesirable background. Let us consider these factors in more detail.

In their way from the moderator target up to the microchannel plate not all of the

generated slow muons will be detected. Part of them are lost due to the finite transport

efficiency of the system (εtrans = 78(2)%), another fraction decays during the time of flight

up to the detector (εdec = exp(−ttof/τµ)), and finally, from those reaching the MCP, there is

still another “invisible” amount due to the detector’s finite efficiency, (εMCP). It follows that

the total efficiency εtot, arises as an outcome of these three components and therefore can be

written as:

εtot = εtrans · εdec · εMCP (22)

The first factor is determined by the geometry of the apparatus, especially the positioning

and diameter of the Einzel lenses. The second factor instead depends on the accelerating

voltage Uacc through εdec = exp(−ttof/τµ) ∝ exp(−1/
√

(Uacc)) In case of an 8 kV accelerating

voltage one finds that εdec = 58(1)%. Due to the inverse square root dependence, going to
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Figure 23: Fraction of muons which do not decay during their time of flight calculated as
a function of the initial accelerating voltage. To the present operating condition Uacc = 8 kV
corresponds a muon “surviving” fraction of 58%. Note that a further increase in the accelerating
voltage does not result in an appreciable gain in efficiency.

much higher voltages does not reduce very much the decay fraction (see figure 23) and, in

addition, there are problems with electrostatic discharges which can severely damage the

temperature sensing diodes. Therefore the actual choice of Uacc = 8 kV represents the best

possible compromise.

As for the detection efficiency εMCP, it can be determined from measurements with the

MCP placed at the sample position. If εMCP were unitary, the events “seen” by the telescopes

within a long enough time window (e.g. 10µs) would be the same as the coincidences of MCP

signals followed by a telescope decay events (within the chosen time interval). It is clear that

taking the ratio of coincidences to that of the decay events alone will give the required MCP

efficiency. Obviously, in a more accurate measurement one considers also the background

rates which should be subtracted before evaluating the ratio. It is important to notice that

neither the detection efficiency nor the solid angle of the telescope itself are needed for the

calculation. The measured value of MCP detection efficiency turns out to be εMCP = 64(5)%.

Therefore the total efficiency, given by the equation (22), amounts to εtot = 29(2)%.

Finally we briefly discuss about the cuts applied to reduce the background noise, which

essentially originates from two different sources. The first one is given by the spurious signals

generated in the MCP after a muon has been detected. In effect, each time a muon hits the

MCP, it can also ionise residual gas components near the sensitive region of the detector,

giving rise to aftercounts. The simplest way to get rid of these counts is to consider only the

first event and ignore all the successive hits. The second source of background consists of

events due to external sources, where we include also the hits arising from ions being detected
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Figure 24: Muon time-of-flight spectrum for an 8 kV accelerating voltage as measured by the
MCP at sample position. After the cuts mentioned in the text have been applied there is virtually
no background (note the logarithmic scale). The peak p is due to the incoming slow muons,
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√
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the mirrors, which will transport also the particles with an energy up to twice eUacc (adapted
from [148]).

before a muon arrival or from ions whose muon “parent” could not be detected (we recall

that εMCP = 64%). The suppression of this further background can be operated by requiring

a coincidence between an MCP hit and the successive detection (within 10µs) of a muon

decay in the telescopes. The resulting time-of-flight spectrum, after the two off-line cuts have

been applied, is shown in figure 24. There is practically no background before the slow muon

peak (shown with p), whereas the small number of counts after the peak consists of residual

random coincidences.

It is interesting to notice the presence of a shoulder s before the slow muon peak p even

after the cuts have been applied. From the time of flights it is easily evinced that ts = 1/
√

2 tp,

corresponding to a factor of two in the respective particle energies. If now we recall that,

when the voltage of the mirrors and the initial accelerating voltage are the same, the mirror

reflectivity comprises the whole energy interval eUacc ≤ Ek ≤ eUacc the nature of the shoulder

is readily explained (refer also to section 3.2.2.3 and in particular to figure 18).

4.2 Efficiency dependence on temperature and pressure

The study of the slow muon yield dependence on temperature and pressure was carried out

with a twofold aim. The first one regards a practical problem, namely that of achievement of

the highest possible slow muon production efficiency. The other instead was a more ambitious

intent: to establish some general relationship between structural and morphological film
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properties and its emission efficiency. The results we obtain confirm similar investigation

performed also at PSI [97]. In the following paragraphs we consider in more detail the

various types of experiments, concerning both the conditions during film deposition as well

as those during the measurement itself.

4.2.1 Deposition temperature dependence

The slow muon yield as a function of the temperature during film deposition can be inves-

tigated simply by varying the temperature of the substrate. The latter is adjusted by a

conventional temperature controller which uses a silicon diode attached to the cryostat’s cold

finger as a sensor. With the help of an electric heater and by automatic (or manual) control

over the helium flow valve, stable temperatures in the range 7–150 K can be attained.

The deposition procedure consists first in the evaporation of the old film at approximately

70 K. Next the temperature is lowered to the required value and kept constant within 0.2 K,

both during the growth of the moderator layer and the successive measurement. Two series

of solid argon films were prepared, with argon pressures during deposition of 1 · 10−5 mbar

and 5 ·10−5 mbar respectively. All the measurements were performed with films characterised

by the same nominal thickness within 1 Å.

Figure 25 shows the results obtained for several deposition temperatures. For both series

the moderator displays a very small dependence on temperature during growth. There is only

a slight maximum in the range 10–13 K, which is more pronounced for the films prepared at

a higher argon pressure. This is shown also by the higher excursion in slow muon yield which

amounts to 5% for the films prepared at 1 · 10−5 mbar and to 15% in the other series.

These results, apart from confirming previous measurements [97], suggest that the tem-

perature during the deposition of the rare gas film does not play a primary role as far as

the slow muon yield is concerned, but rather influences in some indirect way other more

important parameters. Before trying to find a possible explanation, which accounts for the

moderation efficiency dependence on temperature, we report first also about the behaviour

as a function of the annealing temperature, and postpone the interpretation of both cases to

the end of the next section.

4.2.2 Efficiency dependence on heat treatment

Other series of experiments were performed to study the dependence of slow muon yield on the

thermal history of the frozen rare gas layer. This involves temperature cycling from the lowest

value of 7 K, at which films were grown, to a higher value (variable from one measurement

to the next) and then the return to the initial base temperature, where the measurement are

performed. The duration of the annealing was fixed to a period of 10 minutes for all the
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Figure 25: Dependence of slow muon yield on film deposition temperature. The different
experimental data correspond to as many solid argon targets. The substrate temperature was
kept constant both during film growth and the relative measurement. The argon deposition
pressures were respectively 1 · 10−5 mbar (upper graphic) and 5 · 10−5 mbar (lower graphic).
In both cases the moderator exhibits an almost insignificant dependence on the film growing
temperature.

annealing temperatures Ta which were examined, whereas the experiments were carried out

in an ever increasing Ta order.

Figure 26 shows the results obtained for different annealing temperatures with two similar

argon films, (a) and (b), 180(6) nm thick and prepared at a 1 · 10−5 mbar argon pressure.

For the moderator (a), shown in the upper part of figure 26, the efficiency variations are

smaller than the experimental errors, therefore one concludes that it does not manifest any

dependence on annealing temperature. It is not so for the moderator (b) (lower part of the

same figure), which exhibits a small systematic decrease of 7% in the range 7–18 K.

In conclusion, we can affirm that annealing has practically a very small effect on the slow

muon yield of the moderator, at least in the condition in which it was performed (UHV,

relatively low temperatures and not for a long time). Probably higher temperatures can

induce a more substantial change in the film structure and therefore in its muon emission

properties, but on the other hand they are more difficult to attain due to the higher film

evaporation rate as the temperature increases.

A possible interpretation of the results shown in the last two sections considers the close

relationship existing between film structure and its deposition or annealing temperature. It

is long known [69] that films grown by direct sublimation (i.e. from vapour phase) form many



4.2. Efficiency dependence on temperature and pressure 61

5 10 15 20 25 30
0

25

50

75

100

Annealing Temperature (K)

S
lo

w
 m

uo
n 

yi
el

d 
(%

)

Argon Moderator (a)

5 10 15 20 25 30
0

25

50

75

100

Annealing Temperature (K)

S
lo

w
 m

uo
n 

yi
el

d 
(%

)

Argon Moderator (b)

Figure 26: Dependence of slow muon yield on film annealing temperature. The solid argon
layer is deposited at 7 K, then the moderator is brought to one of the annealing temperatures
for ˜0.2 hours and finally returned to 7 K where all the experimental data are collected. The
annealing temperatures were continuously increased from one measurement to the next. Both
argon moderators (a) and (b), grown in similar conditions, show practically no dependence on
annealing treatment.

random oriented crystallites and display a porous structure characterised by rather large

voids, defects and granulous boundaries.

The existence of a weak maximum with respect to deposition temperatures, occurring at

approximately ∼ 10 K, could be explained as a joint effect of at least two opposite factors.

Indeed, as the deposition temperature rises, the grain size increases and the quantity of

defects diminishes. This is associated to an improved moderation efficiency of the higher

quality films, since here the muon transport towards the boundary occurs with fewer energy

losses. On the other hand, the fact that the efficiency does not display a steady increase with

temperature, indicates the presence of another contrasting factor. This is probably related

to the degree of porosity of the film, which is proportional to the active surface area and

therefore to the number of emitted epithermal muons. At higher temperatures there is an

increase in film density and a contemporary reduction in film adsorption capacity, both of

which agree with a diminished film porosity. This last feature explains also the reduced slow

muon yield at higher annealing temperatures, found in case of argon moderator (b). Although

only qualitative, these considerations seem to provide a good basic explanation that can be

successively refined as more accurate data will be available.
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4.2.3 Surface adsorbates and film ageing properties

There are two main pressure effects which could influence the slow muon production efficiency.

The first one involves the residual pressure in the vacuum chamber, whereas the other regards

the pressure of rare gas during film deposition. Since the latter influences directly the speed

of deposition it will be considered in the following section.

As was shown with a simple example on page 40, the pressure inside the vacuum tube is

closely related to the speed of impurity deposition on the cryogenic moderator surface. The

presence of an impurity layer is supposed to attenuate the emission probability of the slow

muons generated inside the moderator, by inhibiting their transmission through the surface

and, therefore determining a constant decrease of the moderation properties in time. The

most important components of the residual gas, as measured from the time-of-flight spectrum,

consist mainly of water and protonated water clusters, but also of CO and CO2. The influence

of their pressure on the lifetime of a moderator film has been shown in a previous work [97],

where a base pressure of ∼ 1 · 10−10 mbar was shown appropriate for long term runs.

We investigated the film ageing process at even longer times in the cleanest possible

conditions. This has a twofold goal: in view of future experiments on a permanently installed

machine, one should know the duration of the moderator layer to maintain a reasonable slow

muon production level. On the other hand the knowledge of the film deterioration rate is

important for applying corrections to the decrease in yield, especially when several runs are

performed with the same target (the study of slow muon energy distribution (cfr. infra) was

such a typical case). Figure 27 shows the dependence of the slow muon yield on the time

elapsed since deposition with the base pressure kept constantly at ∼ 9 · 10−11 mbar.

As expected there is a constant decrease in yield, which however is limited to 0.26(2) hour−1,

therefore allowing even experiments which last several days to be performed with the same

target. Nevertheless, considering that maintaining the same target often is not important

and the growth of a new film takes less than an hour, the preparation of a new moderator

every 30–40 hours was a convenient choice.

To gain further insight into the problem of film ageing and the consequent efficiency

decrease we performed another experiment. From the results shown in figure 27 it is clear

that surface impurities play a crucial role in the drop of efficiency with time. But one can also

ask himself whether the location of the impurity layer has some consequence on the ageing

process. More precisely, if the impurities were located not on the solid-vacuum interface,

but somehow “buried” well inside the moderator target, how would the efficiency change?

To answer this question we carried out a series of experiments where an additional layer

of argon was deposited on an already decreased efficiency argon moderator. Unfortunately,

all the tests gave negative results, i.e. instead of the expected restore of at least the partial

original efficiency, no variation in slow muon yield was observed after the fresh film growth.



4.2. Efficiency dependence on temperature and pressure 63

0 20 40 60 80 100 120 140
0

20

40

60

80

100

Elapsed Time since Film Deposition (hours)

S
lo

w
 m

uo
n 

yi
el

d 
(%

)

Slope=−0.26(2) hour−1

60% Effic. Limit

Figure 27: Slow muon yield from a solid argon moderator as a function of time elapsed since
film deposition. With a decrease of ˜26% in 100 hours a critical limit of 60% for the total yield
is reached only after more than 150 hours (or 6.3 days).

Probably the impurities, even though inside the moderator target, still retain their nature

and therefore affect the slow muon emission in the same way as they did when deposited in

its surface.

4.2.4 Efficiency dependence on pressure

In this section we consider the influence of rare gas pressure on thin film properties and hence

on slow muon yield. Variations in the deposition pressure are reflected in the speed of film

growth which could therefore affect the structural properties of the moderator, typically its

porosity and degree of disorder. As in the case of efficiency dependence on temperature, here

also we do expect the presence of two opposite trends. On one side a large porosity should

enhance the efficiency due to the increased epithermal muon emission from the larger active

surface area. But, on the other hand, high quality films obtained at low deposition pressures,

will determine a better muon transport, i.e. with fewer energy losses.

The experiment is expected to give an answer to the question whether there is a maximum

in muon moderation efficiency and, if so, how pronounced it is. Two types of experiments

were performed: in one the measurements were done during the film growth, whereas in the

other the yield was checked after the film was deposited. The results from both of them are

shown in upper and lower part of figure 28 respectively.

In the first experiment the film thickness cannot be kept constant, but instead we can

arrange for a constant argon flow on the cold substrate during each of the efficiency mea-

surements. Starting with a ∼ 160 nm thick argon layer and a substrate temperature of 7 K,
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Figure 28: Efficiency dependence on argon pressure during film growth. In the upper graphic
the measurements are performed while the growth is in progress (which limits the maximum
reachable pressure). In the lower graphic the yield is checked after the film was deposited. In
this case all the films have the same thickness, although very different deposition times were
needed (from half a minute to more than half an hour). In both cases there is practically no
evident dependence on growing pressure.

several deposition pressures (and therefore gas flows) were tested, spanning a range of more

than four orders of magnitude (upper part of figure 28). The obtained results suggest a small

efficiency decrease as the deposition pressure grows, but this can instead be due to the more

significant increase in layer thickness for higher pressures (see section 4.4). These measure-

ments can be thought also as a “dynamic” version of those regarding the addition of new film

on the old moderator.

In the second case the argon films had all a thickness of 105(3) nm, but the change

in deposition pressure from 1 · 10−6 mbar to 1 · 10−4 mbar implied quite different growing

rates (0.5 nm/s and 42 nm/s respectively) and times. In this case the yield displays a weak

maximum for 5 · 10−5 mbar corresponding to a growth rate of ∼ 27 nm/s (lower part of

figure 28). All the successive moderator targets were prepared with this deposition speed.

The conclusion of the studies on pressure dependence is similar to those regarding the

temperature, i.e. the pressure does not determine an appreciable change in the moderation

properties of rare gas films.
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4.3 Energy distribution of slow muons

The knowledge of energy distribution of epithermal muons has important practical and the-

oretical implications and therefore is one of the first to be measured once a new slow muon

source is available (see e.g. figure 8). Unfortunately, the simplest measurement method i.e.

the analysis of time-of-flight spectra, does not provide a purely energetic distribution but

a rather mixed up quantity containing also some angular information. In practice, due to

the considerable angular acceptance of the initial electrostatic accelerator, there might be

several energy–angle combinations which belong to the same TOF. Hence, only an accurate

simulation of the transport system, which considers also the shape of the surface muon pulse

and a model for the angular distribution, could give a satisfactory energy spectrum [97]. The

latter consists of the relative weights of the simulated monoenergetic spectra needed to fit a

measured TOF spectrum.

In this work a new, more direct approach was used to study the energy distribution of

slow muons, With the aid of decelerating potentials, applied between the moderator and the

first stage of the electrostatic accelerator, we can “filter” all those muons whose energy is not

sufficient to overcome the potential barrier. Thus, one expects a decrease in the number of

detected muons as the retarding potential increases. To perform these experiments a newly

designed accelerator was used, which eliminates almost completely the field “leakages” that

affected some of the very first measurements (reference [18] contains a whole chapter dedicated

to the study of potential distribution and field leakage). The new accelerator, together with

the configurations used to measure muon energy distribution are shown in figure 29.

The dependence of slow muon yield from a solid argon moderator on the applied deceler-

ating voltage is shown in figure 30. If in first approximation one neglects the muon angular

distribution, the measured curve gives the integral of energy distribution function from the

lower threshold, determined by the reverse potential Vr, up to infinity. Nevertheless, the de-

pendence on angular distribution is clearly seen when negative decelerating (i.e. accelerating)

voltages are applied. The saturation of the muon yield only at Vr ∼ −150 V (instead of the

expected Vr ∼ 0 V) shows the gradual collection of muons at higher emission angles while

|Vr| is being increased. On the opposite side, i.e. for high decelerating voltages, a persistent

tail extending well beyond ∼ 300 V suggests the presence of energetic muons, although in a

rather reduced number. The most interesting part of the spectrum is comprised indicatively

in the range 0–15 V, shown in figure 30.b. Here one observes a rather linear decrease in muon

yield, which corresponds to a flat muon energy distribution in this range. The remarkable

closeness of the upper limit of linear behaviour to the argon energy gap (Eg = 14.2 eV), to-

gether with the presence of a flat spectrum, which implies a lack of energy dissipation during

muon moderation, both seem to confirm the “hot” muon model described in section 12.
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Figure 29: Layout of the accelerator in its three-stage configuration (top a and b figures),
as used to measure the slow muon energy distribution through the application of retarding
potentials in the first stage. The bottom figure shows the details of the electrical connections
(taken from [18]).
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Figure 30: Slow muon yield from a solid argon moderator as a function of the applied deceler-
ating voltage (left). The linear behaviour in the range 0–15 V suggests the existence of a flat
energy distribution (right). The measurements were performed using the first setup shown in
figure 29.
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The superiority of the method of decelerating voltages upon time-of-flight analysis, was

further confirmed by very detailed Monte-Carlo calculations [148]. Moreover, modelling the

slow muon energy distribution with a constant value up to Eg, followed by an exponential

decrease, resulted in simulated spectra in excellent agreement with the experiments.

4.4 Efficiency dependence on film thickness and escape depth

The thickness of the moderating film is expected to influence the diffusion processes of emitted

muons and hence to modify the slow muon yield. The experiments were performed both with

argon and nitrogen layers, whose preparation and measurement were carried out in analogous

conditions, i.e. same deposition and measurement temperature (7 K), growth at 1 ·10−5 mbar

and measurement at ∼ 2 · 10−10 mbar of base pressure. In case of nitrogen, apart from the

series of individually grown moderators, an incrementally deposited film was also measured.

Figure 31 shows that argon and nitrogen exhibit basically the same type of behaviour, at

least qualitatively. They both present a fast initial increase in yield, followed by a maximum

at respectively 100 nm and 200 nm, and then by a final asymptotic decrease at approximately

65% of maximum level.

Since even for the largest grown film the thickness is just a fraction of micron, still very

small compared to the muon stopping distribution (shown in figure 15), a possible effect due to

the shift of moderator surface with respect to the substrate can be promptly ruled out. Hence,

an explanation for the observed behaviour should be sought in some particular microscopic

effect. There exists a simple model [97] which tries to explain the yield dependence on

film thickness by assuming both a constant muon moderation efficiency and in meantime a

exponentially decaying emission probability. It is this last feature which leads to a saturation

of yield when a typical distance called the escape depth is exceed, since any further increase

in film thickness will not contribute anymore to slow muon yield. The analytical formula

giving the slow muon flux j as a function of film thickness t, with the escape depth L as a

parameter, is:

j(t) = Nµ L tanh
(
t

2L

)
. (23)

Typical escape depths L for argon and nitrogen as given in [97] are 67 ± 5 nm and 50 ±
10 nm respectively. Our data however, cannot be fitted reliably by using the formula (23),

since they present a clear maximum not foreseen in the previous model and not detected in

the measurements performed by the group at PSI. To further evidence the presence of the

maximum, two measurements with very large moderator thickness were performed, giving

still lower yields with respect to the asymptotic level.
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Figure 31: Dependence of slow muon yield on moderator film thickness for argon (top) and
nitrogen (bottom). Both moderators show qualitatively a similar behaviour, characterised by
maxima at 100 nm and 200 nm respectively. For nitrogen also incrementally grown films were
measured. These data are the only to be satisfactorily fitted with the model given by equa-
tion (23) (see text).

A possible clue to resolve the apparent contradiction with the results obtained at PSI,

would be to consider the conditions in which the films were grown in the two cases. Indeed,

when we repeat the measurements with incrementally grown nitrogen films, we find that the

maximum almost disappears substituted by a gradual saturation of the yield, as shown with

open squares in the lower part of figure 31. A possible explanation for the maximum in slow

muon yield considers the details of the film growth process (see also [148]). As is well known,

at the beginning of growth the deposited material concentrates in islands characterised by

a complex fractal structure, rather than creating uniform layers [113]. This is true also

for the rare gas solids, which for small thicknesses display a very corrugated and irregular

surface [69]. It is this very large surface to volume ratio to enhance the slow muon yield in

the first stages. However, for thick enough films the islands start to “melt” with one another.

The corresponding layer thickness provides a maximum in slow muon yield, since any further

growth of the film will just make the surface smoother and hence diminish the moderation

efficiency.

In conclusion we can affirm that the escape depth model in its present form, although

essentially correct, does not provide a satisfactory agreement with the measurements. Nev-

ertheless, the addition to this model of a variable coefficient, to allow for a varying active

surface area during film growth, should restore its ability to accurately describe the experi-

mental data.
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4.5 Efficiency dependence on moderating material

The slow muon yield has been measured for several moderating materials, both to find one

that shows a large efficiency and also to gain an insight on the moderating process itself.

Besides the rare gas solids, favoured by their large energy gaps and low phonon energies, other

materials like frozen carbon dioxide, solid nitrogen and even bare substrates of aluminium

and diamond were investigated. All the measured efficiencies, together with the band gaps of

the respective materials are shown in table 3. We recall that the reported values of absolute

yield depend significantly also on the momentum width of the original surface muon beam

(see section 3.2.2.2), and that the relative values are sufficient for an efficiency comparison.

Moderator Temp. (K) Energy gap (eV) Efficiency (10−5)

Argon 11 14.2 2.9(4)

Krypton 11 11.6 0.22(4)

Xenon 11 9.3 0.04(3)

Nitrogen 7 15.1 2.1(3)

Carbon Dioxide 7 8.1 0.12(2)

Aluminium 7 0 0.18(2)

Aluminium 300 0 0.10(2)

Diamond 7 5.45 0.07(1)

Diamond 425 5.45 0.06(1)

Table 3: Muon moderation efficiencies for various materials. The respective energy gaps and
measurement temperatures are also shown. The data correspond to slow muons generated from
a surface muon beam characterised by a 26.5 MeV/c momentum and a momentum spread of
10%. Note the close correlation between the band gap energy and moderation efficiency in case
of frozen noble gases.

Argon, characterised by the highest energy gap among the examined solid rare gases1, displays

the best slow muon generation efficiency, 2.9(4)·10−5 per incoming surface muon. It is followed

by solid nitrogen, another high gap insulator, which shows an efficiency amounting to 75%

that of frozen argon. On the other hand, krypton and xenon show considerably reduced

yields, even though their energy gaps are only 18% and 34% lower than that of solid argon.

The same holds true for another intermediate band gap material as carbon dioxide, which

has proven quite inefficient as a muon moderator.

The bare substrate, consisting of high purity, 320µm thick aluminium, was used to study

the role of energy gap in moderation efficiency. The measurements, performed both at room
1A solid neon film with Eg = 21.6 eV is expected to perform even better, but it is rather difficult to

grow because of the very low binding energy which implies a substrate temperatures lower than 7 K (see also

section 3.2.2.1).
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temperature and at 7 K, gave very poor slow muon yields, as expected for materials without

a gap like metals. Surprisingly however, there is a remarkable difference in the relative yields

at the two examined temperatures. The existence of an almost doubled efficiency at low

temperatures is still unclear, even though one might argue that it is somehow related to the

unavoidable presence of a thin oxide layer on top of the aluminium substrate.

Diamond, contrary to the weakly bound van der Waals solids, is characterised by very

high phonon energies and a Debye temperature of 2200 K, but at the same time it displays a

considerable energy band gap of 5.45 eV. The sample consisted of four 20× 20 mm2 squares

of 120µm thick diamond films, grown at low pressure by chemical vapour deposition (CVD).

Special arrangements of the sample holder were needed to fix the sample and to apply the

accelerating voltage. The measurements performed at 7 K and at 425 K gave very low ef-

ficiencies of muon moderation in spite of the presence of the band gap. The time-of-flight

spectra show a very broad energy distribution, where the slow muon peak is heavily blurred

by the rest of the spectrum extending towards higher energies. The results found for dia-

mond reinforce those from previous measurements on LiF and SiO2 [99, 97], characterised

respectively by Eg = 14.1 eV and Eg = 9 eV, showing that the existence of a relevant band

gap alone is not sufficient to provide high muon moderation efficiencies. On the other hand,

the low efficiency of a par excellence covalently bound insulator such as diamond, refutes

the widespread conviction that the poor muon moderation properties of LiF and SiO2 are

attributable to their ionic bound character.

4.6 Theoretical overview of muon moderation processes

At the end of each of the previous sections, short conclusions regarding the particular measure-

ments were given. The goal of this last section is to provide an organic theoretical overview

about all the performed experiments, without the aim of being exhaustive (a thorough expo-

sition regarding the present status of theoretical understanding, is given e.g. by Morenzoni

in [95]). Before going into details it is necessary to point out that up to now the models

put forward to explain the generation of epithermal muons have been mostly qualitative.

This denotes that our current knowledge is still far from being complete, as demonstrated by

the example of diamond, which was measured in the hope of finding a very promising muon

moderator . . .

4.6.1 Stopping processes for low energy muons

The processes taking place during the stopping of particles in matter are of great practical

interest since in almost all the experiments in nuclear and particle physics the obtained infor-

mation is a direct consequence of the interaction of charged particles with the detector. Here
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we give a somewhat lengthy exposition since this topic is important also for the experiments

described in chapter 6, where the problem of range and range straggling of muons in matter

is discussed.

When a charged particle enters a given material it will break the existing equilibrium and

trigger a series of events, which correspond to the response of the medium to the externally

added charge. Typically the electrons can be “pulled apart” and subsequently recaptured

by the ionic cores or valence states. Coherent polarised structures are formed and, in some

cases, also dynamic screening from electrons promptly responding to the Coulombian field

of the moving charge can arise. Furthermore, oscillatory perturbations (surface plasmons)

are associated with the particle entry interface [44]. Therefore it is clear that the passage

of charged particles through matter (an intricately coupled system) is a problem that still

today represents a difficult task, both regarding its comprehension as well as its experimental

study.

A charged particle passing through matter will lose its energy mainly by ionisation and

excitation of the nearest to its trajectory atoms. The quantity dE/dx used to express the

energy loss per unit path is called the stopping power of the medium [141]. It is determined by

many complex mechanisms, whose relative weight varies not only for particles with different

masses, but for the same particle also as its energy changes. Simple approximations are

possible in case of high energies, leading to analytical expressions for the relative stopping

powers; for low energies on the other hand, this is either very difficult or simply impossible.

The study of muon energy loss in matter can be conveniently divided into three different

regimes if a comparison between the muon velocity vµ and that of the electrons ve ∼ v0

(v0 = αc – Bohr velocity, with α ' 1/137 – fine structure constant) is made [130]:

High energies (vµ � v0): At high energies, and hence at high muon velocities, the stop-

ping occurs mostly for electronic excitation and ionisation. In this regime, called also

the Bethe–Bloch regime, the energy loss practically does not depend on the stopping

medium and its calculation is rather simple [9, 141]:

−dE
dx

=
2πn z2e4

mv2

[
ln

2mv2Wmax

I2(1− β2)
− 2β2 − δ − U

]
(24)

with n the electron concentration in the stopping medium measured in cm−3, m the

electron mass, v and z the velocity and charge respectively of the incident particle

(muon), β = v/c, I mean excitation potential, Wmax maximum energy transferred from

the charged particle to the electrons, δ and U corrections for the density effect and for

the inner shell exclusion in case of low velocities. Since this is a rather general formula,

valid for β ≥ 0.1, one can apply it to surface muons and find that they will follow the

Bethe regime from E0
µ ' 4.12 MeV down to Eµ ∼ 530 keV without particular differences

among various materials.
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Average energies (vµ ∼ v0): When the muon velocity is of the same order as that of the

electrons in the moderator, one has the so-called charge exchange regime. The matching

electron and muon velocities give rise to processes which are typically represented by:

µ+ + A −→ Mu + A+ Electron capture

Mu + A −→ µ+ + e− + A Electron loss

The captured electrons form bound states with the moving muons giving muonium

atoms. Muons follow the charge exchange regime for energies 3 keV < Eµ < 12 keV.

Essentially the electron capture follows three possible ways: a) electron transitions from

bound states of an atom to bound states of muonium; b) Auger processes; c) resonant

processes [3,114]. The electron loss occurs in an analogous fashion. Even though at the

beginning both processes have equal probabilities, as the muon energy decreases the

electron capture becomes more important. Hence, at lower energies muons are mostly

found in a bound state, i.e. as neutral muonium atoms. Since the muon energy loss

depends heavily on its charge status, this regime is characterised by strong variations

in stopping power.

Low energies (vµ � v0): This regime sets in when the muon energy drops below the thresh-

old of ∼ 2 keV. The most important energy loss process is the elastic scattering of the

muon with the atoms, even though a small contribution from electronic excitation still

persists. The stopping power can be calculated only for the gas phase, where with the

assumption of a uniform electron density and by using the linear response approxima-

tion one finds [44,120]:

−dE
dx

= z2 2v
3π

[
ln (1 +

π

α rs
)− 1

1 + α rs/π

]
(25)

with α = (4/9π)1/3, v and z velocity and charge of the particle, and rs a parameter

which describes the electron gas density. This formula is valid under the assumption

of an exponential shielding of the electric potential due to the charged particle. A

similar result has been found also by Lindhard et. al. [80]. The equation (25) can be

successfully applied to metals, if one assumes a free electron model for the electrons

of the conduction band. Nevertheless, the same equation cannot be used in case of

semiconductors and even worse for insulators, where due to the presence of an energy

gap the conduction band is very scarcely populated. The phenomenology at low energies

is quite rich and complex, since it should account both for contributions arising from

elementary excitations as well as those from collective phenomena. Unfortunately, due
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to this complexity, neither a valid theoretical description nor sufficient experimental

data exist to date regarding the charged particles in the low energy regime.

The muon energy loss from the MeV range down to some eV is shown schematically in

figure 32, where approximate time scales for each stage are also shown.

-10 -9
10 - 10 s

~5x10 s
-13

~10 s
-12

µ+� -

SLOWING DOWN OF FAST MUONS

Energy loss through scattering with electrons

ELECTRON CAPTURE AND LOSS

Energy loss through scattering with

degenerate electron gas

µ+
EPITHERMAL SCATTERING OF
MOLECULES CONTAINING
Thermalization through collisions

with atoms and molecules

µ+

~ 50 MeV

2-3 keV

)

1-20 eV

~200 eV

MUON BEAM

FINAL FORMATION OF

STABLE, NEUTRAL MUONIUM

EPITHERMAL SCATTERING OF MUONIUM
Energy loss through collision of

with atoms and molecules

HOT ATOM REACTION

THERMAL MOLECULES
CONTAINING

EVENTUAL DECAY OF THE MUON

T
IM

E
 S

C
A

LE

)(

(

( )

THERMAL MUONIUM

Figure 32: Flow diagram showing the principal stages of energy loss of muons in matter. On the
right side an approximate time scale for each stage of the process is also reported (from [21]).

Note that, whereas all the previously described regimes contribute to muon energy loss, only

the last one is relevant for the description of transport and emission of the already low energy

muons.

Beside the energy loss due to electronic scattering, there exists processes like the elastic

collisions where atoms as a whole are concerned. Although irrelevant for the energy loss

itself (at least at high and average energies), they are fundamental in determining the range

straggling, since during these collisions the charged particle changes continuously its direction
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of motion. Thus the muon transport can be roughly divided into two main stages: a first one

extending down to ∼ 200 eV, where there is a relevant energy loss but almost no scattering

with the muons moving along straight lines, and a final stage dominated by elastic scatterings,

characterised by a modest energy loss and enhanced diffusivity.

4.6.2 Solid rare gases as muon moderators

In section 12 we gave a brief outline of the “hot” muon model, based on the equivalent

counterpart for the low energy positron emission. Here, taking into account the previous

considerations and the characteristics of frozen noble gases, we try a more basic level ap-

proach.

The very fact that the molecular and rare gases exists as solids only at relatively low

temperatures is a simple and direct consequence of their very small interatomic bounding

energies (due only to the van der Waals forces from fluctuating dipoles). Typically this

energy is of the order of ∼ 0.08 eV/atom for solid argon or nitrogen and is reflected also in

their very low phonon frequencies (~ω ∼ 8 meV for both Ar and N2). Furthermore, the low

binding energy together with the small electronic coupling imply that the atoms in the solid

will essentially retain their gas state properties and therefore it is possible to consider them

simply as a particularly dense gas. The most significant consequence of this is the possibility

to neglect complicate many body effects during epithermal muon moderation and transport,

and to consider only binary interaction with the atoms of the medium.

The other important feature of the solids of rare (molecular) gases is the presence of

relevant energy gaps (see table 3) of the order of Eg ∼ 15 eV. This high excitation threshold

will prevent any further muon energy loss once its energy drops within the “forbidden” gap.

The high energy gaps associated to the low acoustic phonon frequencies suggest modest

energy loss during transport of epithermal muons towards the film interface and therefore

appreciable epithermal muon yields. The reduced stopping power of the medium at very low

energies implies also unusually large escape depths, as experimentally verified.

Now we can describe a hypothetical scenario which tries to explain the epithermal muon

interaction with the stopping material. The low energy muon (Eµ ' 10 eV), characterised

also by a relatively small velocity (vµ ' 105 m/s), approaches one of the atoms of the van

der Waals solid. Because of the high energy gap of the material the muon cannot excite the

electrons and still less ionise them. It will simply deform adiabatically the electronic cloud

and break its symmetry. The electrostatic interaction with the positively charged nucleus

increases as the muon approaches it, because of the ever reducing electronic shielding. Since

the atoms is bound in a crystal (although by very weak forces) it will share its interaction

with the nearest neighbours giving rise to phonon creation or absorption. However, there is

an essential difference in the time scales of muon interaction compared to the period of lattice
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vibration. The first is of the order of τint ' a/v ∼ 10−15 s, where a is the lattice parameter

and v the muon velocity. The other is at least 100 times larger, since τph ' 1/ωph ∼ 10−13 s,

with ωph a typical phonon frequency [95]. As long as τint � τph, the recoil of the atoms is

almost free and the “fast” moving muons cannot interact appreciably with phonons.

This last point can perhaps explain the negative result of the experiment on diamond.

The expectation of a high muon yield from diamond was based on the possible existence of

a relevant recoilless fraction, where the muon would be scattered without variations of its

kinetic energy in a series of elastic events. Probably in this case, the much higher phonon

frequency determines both a better matching of the muon interaction time with the lattice

vibration period and also a higher energy loss per event with a consequent low epithermal

muon yield.

As stated at the beginning of this section, our understanding of the processes controlling

the muon moderation in matter is still at a qualitative level. There are several problems that

still require an answer among which we can list: the precise role of the interplay between the

high energy gap and the very low phonon frequencies, the question of muonium contribution

to the epithermal muon yield: does it compete with or helps their production, the deeper

understanding of yield variation with film thickness, etc.



Chapter 5

Experiments on thin films using

epithermal muons

This chapter is devoted to the description of various experimental studies performed with the

newly available pulsed epithermal muon beam. The very first experiments (mostly described

in the previous chapter) focused on the properties of the slow muon beam itself rather than

on the investigation of new physical systems. For example, the goal of one of the initial

µSR measurements was the study of the degree of muon polarisation, with the MCP detector

being used as a sample. Only when an electrostatic decelerator was mounted inside the

vacuum tube, thus offering the possibility to tune the beam energy in the range 0–Vacc,

µSR experiments on real systems could be performed. This, associated to the advantage

of a narrow energy distribution of slow muons arising from rare gas moderators, permits

investigations of thin films and interfaces. Furthermore, the pulsed feature automatically

provides the implantation time, essential to retain the intrinsic energy resolution of the beam,

since no other energy degrading devices are needed for the timing. The experiments described

below deal respectively with the mapping of the implantation profile of epithermal muons

and the study of a typical magnetic thin film.

5.1 Implantation profile of epithermal muons1

When using ordinary surface muon beams, characterised by their ∼ 4 MeV of kinetic energy

and some hundreds of microns of typical range, the only concern of the experimenter is to

make them stop well within the bulk of the sample. It is not so for beams of epithermal muons

where, to take full advantage of their tunable energy (from 0 to 10 keV) and correspondingly

much reduced stopping range (0 to 100 nm), one needs an accurate knowledge of the beam

1This experiment was chosen for demonstration purposes because of its simplicity. In chapter 6 however,

we show a new method with clear advantages for studying the stopping profile of epithermal muons in metals.

76



5.1. Implantation profile of epithermal muons 77

implantation profile. This in turn allows the slow muons to be stopped only around a given

material depth, as e.g. in an interface or a surface, and consequently to study its properties.

The investigation of the implantation profile is motivated also by the need to test the codes

that simulate the transport of charged particles in matter. As stated in the introduction,

most of the measurements where the stopping range is an essential parameter rely on simula-

tions. Nevertheless, in the limit of very low energies, the reliability of the existing computer

programs becomes rather questionable.

Since the problems of range and straggling of muons in matter, as well as those related

to the Monte Carlo simulation codes, will be dealt with in much more detail in a dedicated

chapter (7), in what follows we give only the essential information needed to understand the

experiments.

The basic idea, frequently used when determining muon stopping profiles, relies on the

very different precession frequencies of muons in a diamagnetic state (µ+) as compared to

those which thermalise as muonium atoms (Mu). The use of a metal film on an insulating

substrate is therefore a good choice, since one can experimentally distinguish the µSR preces-

sion of free muons in the metal from the muonium triplet frequency in quartz (see figure 33).

In this case the equation (19) reads:

N(t) = N0 e−t/τµ [1 +AµGµ(t) cos (ωµt+ φµ) +AMuGMu(t) cos (ωMut+ φMu)],

where the various symbols have the usual meaning and in particular Aµ and AMu are the

muon and muonium asymmetry, whereas ωµ and ωMu ' 103ωµ are their respective preces-

sion frequencies. One can measure the fraction of muons stopped in each material, i.e. the

implantation profile, by simply following the variation of the diamagnetic signal asymmetry

Aµ as a function of the implantation energy.

A 20 nm copper film on quartz substrate was selected to demonstrate the depth slicing

properties of the ISIS facility when the muon energy is selected by means of a decelerating

device. In terms of depth slicing, the spatial sensitivity and resolution depend not only on

sample material but also on muon straggling. For the specific case of copper, we expected to

cover the range of depths from 1 to 100 nm.

The sample was sputtered in argon atmosphere. The surface of the substrate as well

as that of the sputtered film were examined by Atomic Force Microscopy (AFM): the very

modest roughness of the surface (∼ 7 nm deep with an average angle of 0.9◦) allows reliable

slicing experiments. Due to presently unavoidable exposure to atmospheric agents, Auger

analysis of the surface indicated the presence of 2–3 nm of Cu2O. The muon precession in

Cu2O is well known, it is quite different from the precession in metallic copper and cannot be

detected within the ISIS frequency passband. The presence of this oxide layer offers therefore

a challenge to the slicing experiment to be performed.
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Figure 33: Scheme of the experiment to determine the muon stopping profile on a copper on
quartz sample. Once the epithermal muons are decelerated to the required energy they stop in
the composite sample (top figure). Muons in copper remain in a diamagnetic state, whereas
those in quartz form muonium atoms Mu, the energetic levels as a function of field being
respectively shown in the middle figure. The two asymmetry signals are easily distinguished by
the very different precession frequency (bottom figure).
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Figure 34: Calibration measurement with a pure quartz sample to exclude possible decelerator
effects on measured asymmetry. The experimental data, taken at the same energies as in the
copper on quartz experiment, seem to be randomly scattered around a 12.4(7)% fitted mean
value of asymmetry (straight full line).

The sample station used for these experiments was an upgraded version of the one em-

ployed during the preliminary characterisations and consisted in 8 detector pairs symmetri-

cally arranged with respect to the sample position (see section 3.2.2.4). The decelerator in

front of the sample uses two 95% transmittivity copper meshes mounted 16 cm apart to define

the equipotential planes. With the upstream mesh put at ground and the downstream one

set at either positive or negative voltages, one can span a rather wide energy range going from

about twice the transport voltage (Ek = 2eVacc = 16 keV) down to intrinsic energy spread

at the production site (typically ∼ 10 eV). To improve the electrostatic field homogeneity

and to ensure a good electrical contact, the sample was directly attached to the high voltage

downstream mesh. Furthermore, to limit the increased background from muons stopping

in the decelerator frame, a Kaptonr foil annular collimator of 70 mm inner diameter was

mounted 27 cm before the sample position.

Prior to performing measurements with epithermal muons, the quartz substrate was tested

in a surface muon beam and a muonium fraction asymmetry of approximately 90(2)% was

found. During all the LE-µSR experiments the solenoid provided a magnetic field of 42 G with

only 2% of field inhomogeneity, parallel to the sample surface but perpendicular to muon spin.

As explained in detail in section 4.1, the present epithermal muon beam exhibits a rather large

spot size of 57(12) mm FWHM. This, associated to the increased beam divergence [148] and

to the difficulties of slow muon focusing, highly suggests the use of preliminary measurements

on a “dummy” sample. These calibration measurements, which serve both to establish the

base level of the diamagnetic asymmetry Aµ and to exclude any possible influence due to

the electrostatic decelerator, were carried out using a very pure quartz sample, identical in

every respect to that of the real experiment except for the absence of the copper layer. The
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Figure 35: Asymmetry spectrum for 1 keV muons precessing in the 20 nm copper film at a 4.2
mT applied magnetic field. The full line shows the best fit curve which provides among others
the amplitude of oscillation (maximum asymmetry).

asymmetry values measured at various implantation energies are shown in figure 34. The

random distribution of the data points around a fitted mean value of 12.4(7)% makes us

conclude that the presence of the decelerator does not affect the depth slicing measurements.

The extracted mean asymmetry was then used in subsequent normalisations.

Next, several measurements were performed at different implantation energies on the cop-

per on quartz sample. Figure 35 shows a typical asymmetry spectrum obtained in case of

1 keV muons. The data can be readily fitted with a simple decaying harmonic function from

which three parameters are obtained. Apart from the precession frequency reflecting the ex-

ternally applied field and the low relaxation rate characteristic of copper, the most important

information is given by the asymmetry value. Indeed, whereas the first two quantities remain

practically constant over all the measurement range, the asymmetry changes as the muon

kinetic energy is varied.

For higher kinetic energies muons are implanted deep inside the quartz with a consequent

decrease in the asymmetry signal amplitude; conversely, low energy muons will stop almost

entirely in the copper layer giving a maximum precession amplitude. The measurements

carried out at various muon energies are summarised in figure 36. From the figure one notes

that for energies above ∼ 8 keV the asymmetry levels off to approximately 12.5%, which

corresponds just to the value found for pure quartz (see figure 34), indicating that most of

the muons have enough energy to pass the copper layer and stop in the quartz substrate.

On the other hand, a reduction in implantation energy results in an asymmetry increase up

to a maximum of 20.5%. In absence of any oxide layer we would expect a monotonically

growing asymmetry, reaching its maximum at the lowest implantation energy, as shown with

a continuous thin line in figure 36. The decrease of measured asymmetry at very low energies

(< 500 eV) indicates instead the existence of an oxide layer. Indeed, the behaviour of the
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Figure 36: Slicing experiment on 20 nm copper over a quartz substrate performed by measuring
the muon asymmetry in copper as a function of incoming muon energy. The drop in asymmetry
at low energy is proportional to the fraction of muons stopped in the surface oxide layer, as
calculated by Monte Carlo simulations (solid curve) by assuming an oxide layer thickness of 3
- 4 nm. Independent Auger profiles on the same sample measure a total non-metallic surface
layer of about 2-3 nm (see text). Background measurements were taken on a quartz substrate
alone.

muons stopped within the oxide will be similar to that in most other insulators, i.e. they will

form muonium atoms and hence a reduction in Aµ is foreseen. Considering the rather small

oxide layer thickness, the observation of the initial drop in asymmetry demonstrates a good

energy resolution for the pulsed muon beam.

Many computer codes relying on Monte Carlo techniques are available for predicting

the stopping profiles of charged particles. Our simulation were based on the program SRIM

2000 [160,158], which has proven quite reliable at intermediate energies (see chapter 7). After

providing the main parameters of the experiment as an input, including the muon mass, the

multi-layered sample composition, the material densities and thicknesses, the program gives

the muon range distribution as an output. The various simulations performed at different en-

ergies are summarised in figure 37, where one notes that range distributions are characterised

by rather broad maxima and by tails extending at lower depths. To compare the simulations

with the experiment we fix the thickness of the copper layer at 20 nm and in meantime assume

a variable oxide layer. For each value of the oxide depth the normalised asymmetry Aµ was

calculated from the number of muons stopped within the copper layer. The family of curves

thus obtained is shown in figure 36. As the thickness of the oxide increases the curves bend

downwards following the data points fairly well. Even though a true fit to experimental data

is not possible, from the family of simulation curves one can reasonably expect a 3–4 nm oxide

layer thickness (bold curve in figure 36), fully confirmed by the independent Auger analysis

of the sample surface, which indicate the presence of 2–3 nm of Cu2O.

Similar range studies recently performed also at PSI [50], could in addition evidence the
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Figure 37: Simulated muon implantation profiles in a copper on quartz sample as a function of
energy (a). As the energy decreases the broad maximum moves towards the copper surface and
the curves become more peaked. For very low energies, the enlarged figure (b) shows that most
of the muons will stop in the initial copper oxide layer.

presence of muon backscattering at low energies (∼ 3 keV). The experimental data were

found in good agreement with simulations carried out using the TRIM.SP program [85],

an improved version of SRIM (even though our simulations with SRIM provided reliable

predictions as well). In these experiments due to the unavoidable presence of a trigger detector

in a continuous muon beam, the intrinsic energy resolution was limited to about half of a keV.

However, the beam resolution is supposed to improve with the use of a cylindrical electrode

positioned behind the detection trigger [95].

In conclusion, we have shown that the implantation range of low-energy muons can be

successfully determined with the use of a metal–insulator system by measuring the diamag-

netic asymmetry as a function of the incident energy and the measured profile agrees well

with the simulated values. More importantly, the experiment confirms that by employing an

electrostatic decelerator it is possible to produce a tunable slow muon source, whose energy

still retains the original narrow distribution, characteristic of a pulsed beam. The ensuing

narrow stopping profile permits investigations on thin films and interfaces in the range of a

few tens of ångströms.

5.2 Investigations on magnetic thin films

Another opportunity to test the ability of epithermal muons as a new investigative tool was

provided by the study of magnetic thin films. Thus, a demonstrative experiment on an inter-

face between copper and hexagonal cobalt films, was performed to explore the potentialities

of the slow muon beam when studying the magnetic properties of thin films and interfaces
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Figure 38: Magnetisation curves for two cobalt films with different crystalline structures. The
hexagonal cobalt film (full line) is characterised by a very broad hysteresis loop and a relatively
large coercive field (˜20 kA/m). The cubic cobalt instead (dashed line) displays a much narrower
hysteresis cycle and a correspondingly lower coercive field (˜1.6 kA/m).

between magnetic and non-magnetic materials. In principle, in this case there is no need for

an externally applied field, since the precession will occur in the material’s intrinsic magnetic

field.

The sample consists of a 40 mm diameter silicon substrate on top of which a 80 nm hexag-

onal cobalt film is deposited first, followed by a 20 nm copper film. Copper and cobalt are

ideal materials for such studies as they have a negligible atomic miscibility and thus offer

atomically clean interfaces. This sample, like the previous one, was grown by sputtering at

the MASPEC institute2. Growing conditions for the cobalt film were chosen in order to in-

duce a hexagonal structure, since from single hexagonal crystal studies it is known [104] that

the muon precession frequency in the local magnetic field should fall within the frequency

cut-off of the ISIS beam time-structure. More precisely, in case of a cobalt single crystal

measured at room temperature we do expect a muon precession frequency of ∼ 2.75 MHz

with an asymmetry of roughly ∼ 20%. The morphology of the cobalt film was characterised

both by X-ray diffraction and by magnetisation curves. The hexagonal c-axis was found to

lay in the film plane and the crystallites had a linear size of about 30 nm. Comparative

characterisations, performed on films grown in such conditions as to induce a cubic structure,

confirmed their quite low coercive field (only ∼ 1.6 kA/m) and the cubic crystalline structure.

The magnetisation curves obtained in the two cases are shown in figure 38. The hexagonal

cobalt film is clearly distinguishable from the cubic cobalt because, apart from a very broad

2Istituto Materiali Speciali per l’Elettronica e Magnetismo, Parma, Italy.
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Figure 39: Fourier spectra of the histograms obtained by stopping muons in a hexagonal cobalt
film. In zero external field the precession signal is expected in the longitudinal detectors and no
signal in the transverse ones (see text). The highlighted peak occurs at a frequency which is
close to the single crystal results.

hysteresis cycle, it displays also a much larger coercive field of ∼ 20 kA/m.

Because of the cluster morphology of the film, the evaluated asymmetry was expected

to be much less than 10%. Other effects, such as the role of the excluded volume and the

possible preferential diffusion of muons towards grain boundaries could not be evaluated

quantitatively, but a further reduction in asymmetry was expected. On the other hand,

accurate simulations showed that, in the hypothesis of a signal with an asymmetry of 5% and

damping constant of ∼ 1µs, the precession frequency can be detected both by a time domain

fit and also by a Fourier transform, provided that at least 1.5 · 105 events are collected.

The spectrometer setup was the same as the one used during the measurement of slow

muon implantation profile. However, since the cobalt c-axis lays in the film plane, only

four scintillator telescopes in the forward–backward configuration with respect to the muon

initial polarisation will detect the precession signal; the other four belong to the transverse

configuration and hence will not detect any precession (see figure 20). The muon energy

was tuned to 8 keV in order for the muons to cross the 20 nm copper film sputtered over

the cobalt film. Unfortunately, due to problems with the primary proton accelerator, we

could not collect an adequate statistics during the allocated beam time. Nonetheless, it was

sufficient to perform a Fourier analysis, whose spectra for both the longitudinal and transverse

configurations are shown in figure 39.

From this figure it can be seen that the highlighted FFT peak in the signal from longitu-

dinal detectors indicates the presence of a muon precession frequency in the expected range.
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The rest of the spectrum consists mainly of statistical noise as is evinced from the random

location of the peaks, their relatively lower height and the lack of any correlation in the

spectra of the two detector sets. The value of the measured frequency is consistent, although

slightly different, with the single crystal results and corresponds to the local magnetic fields

at the site(s) where muons come at rest in the film. In view of the film morphology and of

the muon diffusion and localisation properties (all features that still need to be investigated)

the present indications are encouraging.

In conclusion, we believe that the precession signal in the hexagonal cobalt hyperfine field

has been detected and, compatibly with the limits set by the low statistics, we can tell that

the hyperfine fields are at least 25% higher than those expected from single crystal data. Only

further experiments will provide information on the spread and relative strength of the local

magnetic fields in the small cobalt clusters within the film. In particular it will be possible to

investigate the existence of “finite size” effects, which depress the fundamental parameters of

the magnetic system in its thermodynamical limit: Curie temperature, Tc, and spontaneous

magnetisation, Ms.

We close here the first part of the present thesis, mostly dedicated to the systematic

exposition of the principles of epithermal muon generation, the setup and properties of the

pulsed slow muon beam and to the experimental results obtained in thin films.

During the progress of the present work, the pulsed nature of the ISIS beam proved to be

essential for producing a slow muon source that has a unique energy resolution, necessary

for investigating important fields of research such as nanostructures, surfaces and ultra-thin

films.

In addition, a pulsed beam allows the synchronous application of different fields: mag-

netic, electric, electromagnetic, etc. [135, 31] and hence offers the possibility of using µSR

for studying non-linear and off-equilibrium phenomena in a variety of low dimensionality

systems. The second part of this thesis is entirely devoted to the practical implementation

of the synchronously applied fields, focusing mainly on two of its uses: the projected range

imaging and the study of adiabatic to non-adiabatic crossover. We remind the reader that

the developments mentioned in the second part, although foreseen for use in a slow muon

beam, were carried out in a traditional surface muon beam.



Part II

Developments dedicated to

low energy µSR
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Chapter 6

Projected Range Imaging (PRI)

In this chapter we describe a new µSR method, devised for directly imaging the implantation

depth distribution of positive epithermal muons in metals, called Projected Range Imaging

(PRI). After discussing the main features and the advantages of the method, the experi-

mental results for muons with energies in the MeV range are tested against Monte Carlo

simulations and compared with measurements obtained by using the conventional moderator

curve method.

Range and straggling studies are then shown to be possible also with epithermal muons.

These future extensions will allow a better understanding of the energy loss mechanisms in

the previously inaccessible very low energy range.

6.1 Introduction

Individual muons implanted in a sample during a µSR experiment stop at different depths

from the surface exposed to the muon beam. The material dependent projected range R

coincides with the average depth, while the width of the distribution ∆R is referred to

as straggling [103]. Most muon beams consist of particles of the same moderate incident

energy [16, 112] (∼ 4 MeV) so that simple rule-of-thumb prescriptions on sample thickness

would suffice. When needed, a variable moderator experiment allows a reliable check: it

consists of recording the signal amplitude of muons stopping in a suitably thin sample as the

thickness of a moderator material placed immediately upstream the sample is varied.

The main motivation for devising a new quantitative measurement of the entire range

distribution at epithermal energies has basically a twofold origin:

• An experimental one, since the ordinary methods for mapping the muon implantation

profile cannot be applied to epithermal muons, primarily because of the very large

energy straggling introduced during the mapping measurement.
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• A theoretical one, whose aim is to test the reliability of Monte Carlo simulations at

epithermal energies. Indeed, as mentioned in section 5.1, for a light particle such as a

positive muon (mµ ≈ 1/9 · mp) the lack of experimental data at very low energies is

accompanied by the uncertainty regarding the reliability of the simulation codes so far

developed and tested for ions.

The first aspect was closely related to the development of the tunable energy epithermal

muon beam at ISIS, for which a calibration of the muon stopping depth with the conventional

moderator curves is both impractical and time consuming.

As for the other point, scattering of charged particles in condensed matter, while well

understood down to kinetic energies of few hundreds eV, is still largely unexplored when the

energy approaches the scale of the electronic outer bands in solids (see also section 4.6.1).

Detailed studies of this regime, where a variety of solid state excitations might play a role, are

of relevance also for light ion implantation. Attention for this largely unexplored field [44] is

testified by recent simulations [85] and experimental work [122] on hydrogen and deuterium.

The proposed method is applicable to electric conductors and it directly yields the distri-

bution of the projected range of individual particles, as if it were imaged, whence the name

“Projected Range Imaging” (PRI). The method of PRI relies upon two main circumstances:

• One is the direct detection by means of µSR itself, here taken to mean the specific

Muon Spin Rotation variety of this spectroscopy [125].

• The second circumstance is the generation of a large magnetic field gradient in the

direction of the incoming muons by a laminar electric current.

The Larmor spin precession frequency of the implanted muons is proportional to the local

magnetic field, which varies linearly throughout the thickness of the metallic slab, because

of the uniform electric current flowing along it. This establishes a direct correspondence

between the distribution of stopping muon depths and the distribution of Larmor frequencies,

as determined by the Fourier transform of the precession signal in a single µSR experiment.

Both the geometry of the current and the fact that sample and magnetic field gradient

source are but the same object (we shall refer to this as a self generated gradient) are essential

points of the technique, which however limit its application to highly conducting materials.

Conventional magnetic field gradients generated outside the sample are far too weak for our

purpose. Besides, they would extend over a large volume, thus interfering severely with the

beam transport.

The present PRI method is reminiscent of the well known Magnetic Resonance Imaging

[78] (MRI), based upon the resonance of nuclear spin species. In MRI the space–frequency

link is provided by conventional magnetic field gradients over large objects allowing two-

dimensional (2D) resolution. PRI is a simpler 1D version of the same principle.
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The µSR experiments were conducted on the MuSR apparatus at the ISIS Muon Facility

shown in figure 11. For the actual beam energy of approximately 3 MeV (because of energy

loss in vacuum windows of the transport channel), in metals we expect a range between 100

and 500µm. Hence, the present demonstrative experiments were performed on thin metallic

sheets.

As shown in figure 10, the ISIS beam exhibits a pulsed time structure with intense, 80 ns

wide, bunches of muons produced every 20 ms. It is just the pulsed nature of the muon source

to allow synchronous pulsing of the currents with a low duty-cycle and hence achieve very

large magnetic field gradients. Consequently, as we will show later, appropriate gradients

can be generated also in ultra thin films and PRI experiments can be performed when muons

at very low energy will become available on a routine basis. We conclude this introductory

section by providing some definitions that will be used in the rest of the chapter.

Some definitions and formulae

When a charged particle as the muon enters a given material, due to the various mechanisms of

energy loss (see section 4.6.1), it will eventually thermalise at some distance from the entry

point. In what follows we give a list of useful definitions when studying the implantation

profile of charged particles [103], some of which are also illustrated in figure 40:

• The linear range RL(E0), is the total path length measured along the particle’s path,

between the point at which it has the energy E0 (in the laboratory system) and its

stopping point.

• The vector range RV(E0), is the actual vector distance between these two points.

• The projected range RP(E0), is the projection of the vector range on the direction of the

particle’s motion when its energy was E0; RP(E0) is thus a measure of the penetration

of a particle along its initial direction.

• The energy straggling describes the finite width energy distribution curve, which arises

from the stochastic nature of the energy loss processes in a material.

• Finally, the corresponding spread in the range of the particles is named range straggling.

When performing theoretical calculations regarding the energy loss it is more convenient

to work in terms of linear range; on the other hand the experimental measurements yield

the projected range. There exists a simple semi-empirical formula that relates these two

quantities [80,103]:

RL

RP
≈ 1 +

1
3
µ
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Figure 40: Definitions of projected range and range straggling for charged particles stopped
in matter. Both the variation of particle number with the material thickness as well as the
respective straggling curve are shown.

with µ = M2/M1, where M1 and M2 are respectively the masses of the incident particle and

that of the knocked atom.

Straggling generally depends both on the intrinsic spread, characteristic of the given

material, and also on the momentum “bite” of the particle beam, introduced by the transport

and focusing even in case of an originally monochromatic beam.

A precise calculation of the intrinsic straggling is very difficult, even though the approx-

imate formula ∆Rintr ' 10%R, has shown to give satisfactory results. As for the straggling

connected to the momentum spread of the incident particles, we consider first a well known

formula [151,112,79] which gives the range dependence on the particle’s linear momentum:

R ' a · p3.5 (26)

with R the particle’s range, p its linear momentum and a a material dependent constant.

From it, the straggling induced by the momentum spread, is immediately found to be:

∆Rmom ' 3.5 a p2.5∆p = 3.5 (
∆p
p

) ·R (27)

Since for a given muon beam the quantity ∆p/p usually has a fixed value, one can write:

∆Rmom ∝ R ∝ p3.5 (28)

Since the effects of the intrinsic straggling and that of the beam momentum spread are

independent, they will contribute additively to the second moment of the total distribution.

Hence for the total straggling one finds:

∆Rtot ' [(0.1)2 + (3.5∆p/p)2]1/2 ·R (29)

∆Rtot ' a · [(0.1)2 + (3.5∆p/p)2]1/2 · p3.5 (30)

The last equations show that a reduction in ∆p/p implies a reduction also in ∆Rtot, whose

drop however cannot go beyond the limit set by the intrinsic straggling. As we will see
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further, (cfr. section 6.3), the experimental results on an aluminium foil fully confirm these

formulas.

6.2 Principles of the PRI method

To understand how µSR allows range and straggling measurements in conducting films, let

us first examine the simple case of a metal sample placed in a uniform magnetic field B0.

From section 2.4 we recall that after the very fast thermalisation process, in a transverse field

µSR experiment the evolution of muon spins is described by the formula:

N(t) = N0 exp (−t/τµ) [1 +AG(t) cos (2πνµt+ φ)], (31)

where the standard notation is used for the various symbols. Next, either a direct fit or

a combination of two detectors lying opposite in the precession plane will yield the muon

polarisation function Pµ(t) = G(t) cos (2πνµt+ φ).

In a uniform magnetic field all the muons precess at the same frequency νµ, i.e. G(t) = 1,

the experimental asymmetry A is maximum and the Fourier Transform (FT) of Pµ(t) exhibits

a narrow peak at the frequency νµ. If a spatially varying magnetic field B = B(z) is applied

instead, an unknown distribution D(z) of muon projected ranges z is measurable by the

corresponding distribution of Larmor frequencies. In the FT of the muon polarisation data

this frequency distribution is immediately available and its conversion into the projected

range distribution D(z) will only require the knowledge of B = B(z).

To show this in more detail, let us specify a geometry in which the incident muons have an

initial spin polarisation along the direction of the incident particle trajectory, ẑ. A constant

magnetic field gradient b serves our purposes and the resulting local field B(z) must be

perpendicular to the initial muon spin polarisation, such as B(z) = B(z)x̂ = (B0 + bz)x̂.

If D(z) is the normalised distribution of muons as a function of depth z the complex muon

polarisation in the presence of the constant gradient specified above is

P (t) =
∫

dz D(z)G(t)ei(ω0+$z)t,

with ω0 = 2πγµB0 and $ = 2πγµb. Introducing D(k), the Fourier transform of D(z), the

previous formula may be rewritten as:

P (t) = D(t
$

2π
)G(t) eiω0t,

From this, with a simple rearrangement of the terms and by antitransforming both sides we

finally get:

D(z) =
$

2π

∫
dt
P (t) · e−iω0t

G(t)
ei$zt (32)
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In the simple case when G(t) = 1, one gets:

D(z) = P(
ω − ω0

$
). (33)

6.2.1 Magnetic field gradients in metallic films

Before performing the experiments we must quantify the value of field gradient required for

measuring range R and straggling ∆R. A lower limit is set by the intrinsic µSR linewidth

in metals, i.e. the width of the Fourier transform of the relaxation function G(t) [58,152]. A

typical resolution limit for this quantity on MuSR is σ0 ' 0.004µs−1, which corresponds to a

spread in local magnetic field intensity at the muon site of the order of <δB2>1/2' 5·10−6 T.

One must produce field gradients such that the magnetic field variation (∆Btot) over the

straggling ∆R, is larger than <δB2>1/2' 5 · 10−6 T, i.e.:

∂Bext

∂z
� <δB2>1/2

∆R
(34)

Let us estimate this limit for aluminium and copper in the most unfavourable condition,

i.e. that of a minimum straggling, obtained for an ideally monochromatic beam. In this

case only the intrinsic straggling will be present and hence, from formula (29), we expect a

muon straggling of the order of 0.1R. Taking into account that for the actual muon energy at

experimental site of 3.05 MeV the ranges are approximately 400µm for Al and 150µm for Cu,

one obtains ∆R ≈ 0.1R = 40µm and 20µm; the minimum field gradient is then 0.125 T/m

and 0.25 T/m respectively. One can safely carry out PRI experiments with field gradients of

the order of a few T/m. Obviously, the lower the particle energy, the smaller R and ∆R and,

consequently, larger field gradients are needed. We shall come back to this point in the final

comments regarding epithermal muons.

Large field gradients inside a metallic slab can be achieved by driving an intense electric

current along it. Figure 41 shows the selected current geometry, composed of two parallel

slabs in which a uniform current with density j0 flows in opposite directions (see also figure 48

for a pictorial view). For slab dimensions 40× 40× 0.1 mm3 (for the ISIS MuSR beam 90%
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of the transported muons fall within a diameter of 30 mm) we may neglect fringe effects and

compute the magnetic field by Ampère’s law. Using the notation of the figure, one gets:

BI(z) = x̂


µ0j0d |z| ≤ D
1
2µ0j0 [(D + d)− |z|] D < |z| < D + d

0 |z| ≥ D + d

(35)

Note that the field B is parallel to the surface of the slab and perpendicular to j. For the

loop, whose cross section is shown in figure 42, the magnetic field magnitude is zero outside

the loop, varies linearly inside the slabs and has its maximum value in the space between

them, as shown schematically with bold lines in figure 42.a.

The device is placed in an external, uniform magnetic field B0x̂, which conveniently shifts

the frequency scale by ν0 = γµB0. When all muons stop in the slab S1, a µSR experiment

measures a distribution of Larmor frequencies ν which, according to equation (33), are related

by:

z =
ν − ν0

γµb
(36)

to the stopping depth z.

The fine tuning of the muon stopping depth is achieved by means of an upstream moder-

ator M , so that the projected range falls in the center of the slab S1.

The corresponding fraction of stopped muons as a function of depth z is shown in figure

42.b. The thickness of the slab S1 is chosen close to the straggling ∆R, which is obviously

the optimal imaging condition.

Even when the thickness of the slab S1 is larger than ∆R, since the straggling is given by a

distribution, some of the muons belonging to the lower energy tail will stop in the moderator

M in front of S1 — experiencing a field B0 — whereas those of the higher energy tail stop

on the surface of the backward current slab S2 — experiencing a field B1 ≈ B0 + µ0j0d. The

expected Fourier transform of the µSR polarisation is qualitatively sketched in figure 42.c.

Here the narrow peaks A and C at frequencies ν0 and ν1 correspond respectively to muons

stopped in the moderator M and in the slab S2, where they experience field magnitudes B0

and B1. Note that, since the return slab S2 is thicker than S1, the field gradient inside it

is much smaller, which implies a rather narrow C peak. Finally, the broad peak B images

the central portion of the muon stopping distribution, as discussed at the beginning of the

present section.

6.3 Experimental Results

The present section is divided into two parts: the first one describes a series of control

experiments performed according to the conventional variable moderator technique and shows



94 6. Projected Range Imaging (PRI)

� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �

� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �

� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �

� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �
� � �

� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �

� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �
� � � � �

� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �

� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �

B
ext

B
ext

B
I

+

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

B
I

ext

z

z

0 d

S S21

B
ext

ε

(a)

(b)

(c)

ω
ω ω

21

B

A

C

F
F

T
 In

te
ns

ity
N

um
be

r 
of

 m
uo

ns

B(z)

0

M

Figure 42: (a) Sketch of the PRI device, which comprises a moderator M and a current loop
made of two slabs, S1 and S2. The solid line in the superimposed plot represents the magnetic
field profile in the device. (b) Plot of the function D(z), mapping the stopped muon profile.
(c) Fourier transform of the muon polarisation: the narrow A and C peaks correspond to muon
stopping in M and in S2, respectively, while the broad B peak maps muons at rest inside S1.
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the effect of the finite momentum spread of the muon beam. The second part summarises

the PRI experimental results and the planned evolution of the technique towards its use with

epithermal muons.

6.3.1 Range measurements by conventional methods

The sample consists of a thin Al layer in front of a quartz plate, as it is sketched in figure

43.a. A transverse external magnetic field of 30 mT is applied such that muons in Al precess
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Figure 43: (a) Experimental layout for variable moderator experiments: the muon depth distri-
bution (straggling curve) is overlaid on a sketch of the composite sample. Fine tuning of the
moderator effective thickness is achieved by rotating the premoderator Al foil by the angle α.
(b) Open circles: amplitude of the Larmor precession in 30 mT as a function of Al thickness
z - with best fit (see text) as a solid curve. The histogram is the numerical derivative of the
amplitude curve (solid line: Gaussian best fit).

at νL = 4.06 MHz. In the quartz slab more than 90% of the muons form muonium atoms, for
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which all precession frequencies [153] in the applied transverse magnetic field are too high to

be observed at ISIS [41, 39, 43]. As a consequence, the µSR signal amplitude is proportional

to the number of muons stopped in Al (cfr. section 5.1).

Coarse changes in the moderator thickness are obtained by adding 50µm Al foils, while

fine changes, z(α) − z0 = t/ cosα result from varying the inclination of a premoderator

t = 50µm Al foil.

A typical result obtained for aluminium with the variable moderator method is shown in

figure 43.b. Each point corresponds to a µSR experiment performed with a different total

moderator thickness z and the amplitude A(z) of the µSR signal provides the fraction of

muons stopped in Al backed by a quartz slab. The data should follow the curve:

A(z) = A1 +A2

∫ z

0
D(z′)dz′, (37)

hence the muon distribution is given by D(z) = A−1
2 dA/dz. Assuming a Gaussian profile for

D(z) we may use the function A(z) = A1 +A2erfc(z) for fitting purposes.

The residual amplitude A1 observed for vanishing Al thickness is due partly to the residual

small fraction of diamagnetic muons in quartz, partly to a few muons stopping in the metal

frame around the composite sample. When the overall aluminium thickness is larger than

the total range, all the stopped muons will precess inside Al and therefore give a signal

amplitude A1 + A2 = 27%, which corresponds to the maximum asymmetry value for the

MuSR apparatus (since A1 � A2 we can neglect its small z dependence).

However, we must also consider the spread in the momentum of the incoming muons

(the so-called momentum bite), which, in standard conditions on MuSR, is ∆p/p ∼ 9%. Its

effect is to broaden the measured distribution D(z), with the total straggling being given by

formula (29):

∆Rtot ' [(0.1)2 + (3.5∆p/p)2]1/2R (38)

To obtain the material dependent contribution to the straggling we must first deconvolve the

momentum contribution as discussed in the following section. The details of the deconvolution

procedure in two relevant cases are extensively discussed in appendix B.

Similar experiments were performed also with a muon beam whose momentum spread

was reduced to ∆p/p ∼ 3%. For an easier comparison, the results corresponding to the

two different spreads in beam momentum are both reported in figure 44. As expected, the

intersection of the two data sets occurs at a thickness corresponding to the muon range in

aluminium. From the figures 43 and 44 one can see also that the experimental data are in

excellent agreement with the predictions of formula (29).
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Figure 44: Asymmetry signals as a function of aluminium thickness for two different values of
momentum spread of the muon beam. Note that the two fit curves intersect at a thickness
corresponding to the muon range in Al (R ' 418µm). The asymptotic asymmetry values in
both cases are the same, although the curve relative to ∆p/p ∼ 9% shows a broader straggling
distribution.

6.3.2 PRI results on Al, Cu and Pb

Most of the PRI measurements were performed with 100–150 A currents, and with a biasing

external field of B0 = 10 mT perpendicular both to the current and to the muons’ spin

direction. The construction of the PRI device itself is rather simple. Since most of its

operating parameters are not critical for performing PRI measurements, we defer to the next

chapter a detailed description of the device. There are however some precautions that must

be taken to ensure uniform current density in the slab and to avoid stray magnetic fields

generated by the circuitry feeding the current into the slab. As far as the electrical contacts

between the slab(s) and the current generator are concerned, mechanical contacts under

pressure gave a better performance than soldered or welded ones. For thin films instead,

we found reliable results with contacts attached using Silver Printr, successively pressed and

dried under an inert atmosphere at 100◦ to 200◦C.

Fourier transforms (FT) of muon polarisation for copper are shown in figure 45. By a

variable moderator like that of figure 43 we could choose to stop the majority of muons either

in the moderator itself, in the field B0 (panel a), or in the current slab S1, inside the field

gradient region (panel b), or behind it, in the field B0 + µ0j0d (panel c). The appearance
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Figure 45: Polarisation (left) and its Fourier transform (right) for Cu with the PRI device
(top scale: implantation depths z by equation (36). Cu moderator was 178.4 mg/cm2 in (a),
89.2 mg/cm2 in (b) (dotted vertical lines delimit currents slab) and 44.6 mg/cm2 in (c).

of these FT plots agrees with expectations, anticipated in section 6.2. The narrow peaks of

panels a and c correspond to muons experiencing vanishing or small magnetic field gradients

(the return slab S2 is much thicker than S1). Actually FT analysis shows a resolution broad-

ened width (an artifact due to the finite time window). A direct fit to equation (31) (by the

MINUIT package [62]) with a Gaussian relaxation function G(t) = exp [−(σt)2/2] yields a

precise determination of the local field B0 = 9.963(5) mT and a much narrower width value,

σ = 0.004(1)µs−1, corresponding to a few hundredths of a Gauss for the inhomogeneity of

B0. The same analysis in the case of panel c yields B1 = 13.627(6). mT and a slightly larger

σ = 0.050(1)µs, due to the small gradient in S2.

The magnetic field drop across S1, for slab thickness d and width l, is thus B1 − B0 =

µ0j0d = µ0I/l = 3.6 mT, by equation (35) which, for d = 10−4 m, implies a gradient of

36 T/m. A calibration is shown in figure 46, where we collected data relative to Cu and Al

slabs with the same widths l = 50 mm and thickness in the range between 50 to 100µm.

Muon magnetic field drops B1 − B0 and current intensity I are proportional, with a slope

b = (B1 − B0)/I = 0.248(2) · 10−4 T/A, which agrees very well with the value µ0/l =

0.251 · 10−4 T/A obtained in case of an infinite layer geometry.

The detailed PRI information is carried by the lineshape of the peak in panel b. The
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Figure 46: Magnetic field drop B = (ν1 − ν0)/γµ as seen by muons stopping just before and
just after the current slab S1, as a function of total current I in the slab.

frequency to depth scale conversion (top scale) afforded by equation (36) emphasizes the fact

that the same lineshape, when normalised to unity, represents the function D(z).

A direct time domain fit is equivalent to the FT analysis, provided a second component

is included for the small residual peak at B0. Following the discussion of section 6.3.1 a

Gaussian lineshape is used. With this choice of fitting function it is also easy to deconvolve

the momentum spread contribution from the width parameter σ, assuming a square wave

shape for the momentum distribution — then G(t) is the product of a Gaussian and a sinc

(sinx/x) function. This further assumption, supported by the good quality of the fit, was

checked by running the same experiment with reduced momentum spread ∆p/p = 3%: results

were within error bars. The fit in the case of figure 45.b (Cu) yields

∆R =
σi

2πγµb
= 14.3µm R = z0 +

B −B0

b
= 152.2(2)µm

where σi is the Gaussian parameter of the intrinsic straggling distribution, z0 = 100µm the

moderator thickness and B = ν/γµ = 11.84(2) mT is obtained from the fitted frequency ν.

Experiments with B0 = 0 may be analysed in a similar fashion and, apart from a trivial shift

in frequency, they yield identical results.

The same experiments were run also on Al and Pb and the results are summarised in table

4. These results also agree within error bars with those of the conventional, but more time

consuming, variable moderator method. The behaviour of the three listed materials follows

the expected trend, which is a less than linear decrease of the range with increasing atomic
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Material
R meas. R sim. ∆R meas. ∆R sim. ∆R/Rmeas. ∆R/R sim.

[µm] [µm] [µm] [µm] in % in %

Aluminium 418.4(6) 417 22.5(6) 22.1 5.4(1) 5.3

Copper 152.2(2) 150 14.3(4) 10.9 9.4(3) 7.27

Lead 161.1(3) 161 21.7(6) 20.3 13.5(4) 12.61

Table 4: Comparison between PRI-measured and simulated values for range and straggling of
muons in some materials.

number Z (actually a slight increase for Pb), and a corresponding increase of the relative

straggling.

For a precise determination of this qualitatively correct behaviour, the Monte Carlo simu-

lation program SRIM [160] was used. The simulation at E0 = 3.05 MeV was based on 10 000

generated events. This program takes into account the energy loss due to ionisation in the

first stages as well as those (more subtle) due to collective phenomena, (for instance phonon

scattering) in the last stages of thermalisation. As can be seen from table 4 the simulated

values are in fairly good agreement with the measurements.

6.3.3 Notes on thin films

Let us now discuss the possibility of applying the proposed method to epithermal muon

beams. Scaling PRI down to keV muon energies and below implies driving currents compa-

rable to those of the previous subsection (i.e. approximately 100 A) in thin or ultra thin films.

Optimal field gradients imply a conducting layer thickness d comparable to the straggling

∆R, which decreases with the beam kinetic energy. Thus, in order to measure D(z) with a

given relative spatial resolution, the field shift across the layer, ∆B = µ0j0d must be kept

constant, i.e. one must use the same current, independent of d. This yields a Joule heating of

the film which scales with d−1 and corresponds to 1700 W at room temperature for a 100 nm

Cu film (40× 40 mm2).

At the ISIS pulsed muon source one may reduce drastically this huge dissipation by

pulsing the field gradient synchronously with the beam, at 50Hz. With a pulse width of

20µs — allowing a conservative µSR time window of 8–9 muon lifetimes — this means a

duty cycle of 10−3, hence a dissipation of 1.7 W. We have tested a pulsed device of this kind

with various films and different currents, with results close to expectations, demonstrating

an extreme case of a 18 nm thick Al film deposited on a mylar substrate.

A vital requirement for the PRI apparatus is the uniformity of the current density within

the thin film. This is both easy to obtain and to check in the continuous current mode, but
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much less so in the pulsed version, since contacts on a thin film are much more critical and the

20 µs pulse width brings into play the reactance of the device. Therefore we decided to use

muons for this purpose as well. However, since the fraction of 3 MeV muons which stop in a

very thin film is too small, we reverted to measuring the magnetic field uniformity in the gap

inside the current loop, which mirrors the current uniformity in the film. This was achieved

by inserting a thin quartz slab in the gap, where the field is maximum, and measuring the

inhomogeneous line broadening of the muonium triplet transition. The transition frequency

in very low fields is ν = (γe− γµ)B/2 ≈ γeB/2, i.e. 102 that of free muons, therefore it yields

a much better sensitivity to spatial field inhomogeneities. To avoid undesirable eddy current

effects at the beginning of the current pulse this was anticipated for ∼ 2µs with respect to

the incoming muon bunch.

The experiment was conducted with a linear current density of 166 A/m, and the triplet

precession in the quartz sample was 2.7 MHz, appropriate for the expected field of 0.2 mT.

The measured precession linewidth was 0.436µs−1, which coincides with the known lifetime

broadening [21] in bulk quartz. The absence of an additional inhomogeneous broadening

places an upper limit of 0.1% on the field and current non uniformity.

6.4 Conclusions

The experiments reported in this chapter demonstrate the PRI technique at typical energies

of conventional µSR beams. The specific feature of PRI is that the entire muon stopping

depth distribution is mapped in a single measurement.

However, the real interest in such a technique lies in the possibility to perform systematic

studies at much lower energies. In this case PRI is a very useful tool for range and straggling

studies in metals, practically unrivalled by other methods. Indeed, besides being by far

the less time-consuming, it does not require any specially prepared samples (as is the case

for the metal-on-insulator systems, necessary for performing the measurements described in

section 5.1), and does not suffer from the loss of depth resolution (as happens in a typical

rotatable degrader experiment due to the unavoidable straggling introduced by the degrader).

Experimental data on range and straggling at moderate and low energies will be essential for

designing thin film, multilayer and surface experiments with epithermal muon beams.

The same data are very valuable to test and improve simulation codes which, for the time

being, do not handle properly the multiple large-angle scattering and may not account well

for the material specific electronic and vibrational excitations at very low energies (below a

few keV). Improved simulation codes have already been written, as for instance TRIM.SP

(see also section 5.1) [85], which makes this new experimental technique more valuable.

From the experimental side, methods to measure the projected ranges of light ions such as
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deuterium at low energies have been recently published, either based on secondary-ion mass

spectrometry (SIMS, [81,28]) or on ion beam elastic recoil detection technique (ERD, [122]).

All of them are limited by depth resolution. Both methods have been satisfactorily used

to measure ranges of ∼ 1 keV deuterium ions in Be, C and Si, which represent the state

of the art performance. ERD becomes increasingly complex for depths smaller than 50 nm.

Within these limits the simulation results obtained by TRIM.SP [85] agree fairly well with

experiments.

The positive outcome of preliminary experiments involving the production of strong mag-

netic field gradients in thin films, together with others regarding the thermal effects of large

pulsed currents, demonstrate the viability of the PRI method when using very low energy

particles such as epithermal muons.

One limit of the PRI method is that it can be applied only to metals (electric conductors,

maybe stretching out to heavily doped semiconductors).

Further developments of the Projected Range Imaging method are expected when a pulsed

source of epithermal muons will be available for routine experiments at RAL. The present

experiments on micron-thick foils could be tested more accurately in thin films, where the

pulsed current method is possibly the unique way of measuring range and straggling.



Chapter 7

Muons in pulsed magnetic fields

A pulsed epithermal muon beam as the one developed at ISIS, lends naturally itself to µSR

studies with pulsed magnetic fields, either synchronous or delayed with respect to the muon

pulse arrival. This unique feature can have several interesting applications.

First, it can contribute to resolve important questions concerning the mechanisms of

epithermal muon generation in rare gas solids, such as the decisive role played by the muon

interaction with the products of its ionisation track or the time-scale of muonium formation.

In other solid films similar questions, such as that of “delayed” muonium and muonium

radicals formation, are open for studies and can be investigated with pulsed delayed fields.

Finally, the method makes µSR experiments possible at frequencies higher than the nat-

ural bandwidth of a pulsed beam, thus overcoming an intrinsic drawback of pulsed sources.

7.1 Introduction

As briefly mentioned in section 2.4, once stopped in matter (with thermalisation times negligi-

bly small if compared to their lifetimes) muons adopt a variety of “chemical” configurations

depending on their interactions with the host material. They can range from nearly free

muons, (such as in most metals where µ+ behaves as a s = 1/2 charged particle with a

gyromagnetic ratio of γµ = 2π · 13.55 kHz/G) to nearly free muonium atoms, Mu≡ e− + µ+,

(such as in many insulators) whose electron-muon hyperfine levels are given by the Breit-

Rabi diagram (cfr. section 2.4 and figure 33.b). As a comparison, in weak magnetic fields the

muonium triplet (F = 1) frequency (∆mF = ±1) is ωMu ≈ −103ωµ+ . Muonium, as a highly

reactive paramagnetic species, often forms muonium adduct radicals, still paramagnetic but

with reduced hyperfine coupling [32] and a large family of µSR studies in this field require

the detection of high frequencies in a variety of external magnetic fields.

The formation of muonium may be “hot”, with prompt capture of electrons from the

host material, or thermal, i.e. occurring when the muon has already thermalised. A debated

103
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and still largely unanswered question deals with the time scale over which these formation

mechanisms take place, both regarding muonium as well as its radicals. A frequent sign of

thermal (or delayed) processes has been the existence of missing fractions of muonium/radical

signals. Only recently some more direct evidence has been produced in condensed rare gasses

and semiconductors by using electric fields to study electron mobilities and Mu formation

mechanisms [142, 144]. Predictions for liquid hydrocarbons (typically n-hexane) are also

available [136]. These experiments give an indirect hint that there is a considerable fraction

of free epithermal muons µ+, which are created within the escape depth and thus support the

picture of “hot” epithermal muon formation (i.e. not created from successive Mu ionisation).

In conventional µSR experiments in static transverse magnetic fields a serious difficulty

arises from the loss of phase coherence with time: the formation time, short for epithermal

regimes (“hot” reactions), is no longer negligible at thermal regimes and a comparison with

the precession period is needed to establish whether phase coherence is conserved or lost. If

alternatively the magnetic fields were switched on suddenly, at a controlled delay from the

muon implantation time, the phase coherence problem could be avoided. Intuitively speak-

ing, in a delayed formation process a delayed applied transverse magnetic field recovers the

precession phase coherence that could otherwise be lost if the magnetic field were constantly

present. More formally, if the formation process is governed by a rate equation, the number

of precessing muonium atoms can be described by :

NMu = N∞[1− exp(−t/τ)],

where N∞ is the equilibrium number of Mu atoms and τ their time constant of formation

rate. In a constant magnetic field B (the precession frequency being ω = γB) one finds for

the observable signal:

S(t) =
∫ ∞

0

N∞
τ

e−t
′/τ · cos[ω(t− t′)]d t′ =

=
N∞

1 + ω2τ2
[cos(ωt) + ωτ sin(ωt)],

which vanishes for τ � ω−1. On the contrary, the whole precession signal is recovered as

S(t) ' N∞ cos(ωt), if the field is applied at times ts > τ .

In this chapter we demonstrate that such a pulsed field technique is experimentally possi-

ble when using pulsed sources of polarised muons which offer the possibility of applying a va-

riety of pulsed excitations, such as the already established radio-frequency resonance [71,31].

At the same time, the technique allows also to overcome the only drawback of a pulsed beam,

namely its limited frequency bandwidth due to the finite muon pulse width. Indeed, the

delayed onset of the precession, defined by the instant of application of the pulsed magnetic

field, will cancel the effect of the original spread in muon arrival times (see section 3.2.1). We
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demonstrate the practical operation of this method by detecting muonium triplet frequencies

well above the beam characteristic cut-off values.

A slightly different experimental setup, of particular physical interest, consists in adding

a constant field, parallel to the initial muon polarisation. Depending on its intensity, this field

can suitably lock the muon polarisation while muons are incoming and before the transverse

field is switched on. This configuration offers the unique opportunity to test the “sudden-

versus-adiabatic” condition [14, 87] while observing, in real time, the evolution of the muon

spins. The connection with the similar case in NMR [1,139] is straightforward. Put in simple

terms, for suddenly changing fields muons will precess around the final field direction, whereas

in the opposite adiabatic limit the muon spins will closely follow the field direction. In the

following section we focus on the analytical condition of adiabaticity in the particular case of

µSR experiments.

7.2 Analytical aspects of the adiabatic transition

In many standard quantum mechanics textbooks [14, 87, 121] the adiabatic condition (in

Ehrenfest’s sense) is stated as follows: For a slowly varying Hamiltonian, the instantaneous

eigenstates of the Hamiltonian evolve continuously into the corresponding eigenstate at a

later time.

Here we examine the behaviour of a muon spin ensemble, where the “slow” variation of the

Hamiltonian is determined by a time-varying magnetic field. The case of a fully spin polarised

muon ensemble at rest in a material is similar to that of a family of nuclear moments in an

external “magnetising” field B0. The effect of time-dependent perturbations is also similar in

the two cases, provided we use the laboratory frame as an initial reference for muons and an

appropriate rotating reference frame for the nuclei (NMR). In particular, the analysis of the

so-called adiabatic condition (or passage), well known in NMR [1, 139], holds for polarised

muons as well and we will rephrase it here in order to make clear the connection to the

experimentally measured parameters.

The basic concept is simple and intuitive. In NMR, the nuclear magnetisation is induced

by the field B0 and resonance occurs when a transverse field B1 is oscillating at the Larmor

frequency ω = γB0. One can vary B0 suddenly or adiabatically from far below to far above

the resonance condition. The adiabatic passage through resonance occurs when the nuclear

spin magnetisation, in the rotating reference frame at ω, remains aligned to the effective field.

For muons, we try to find out an analytical condition for the adiabaticity in a rather

general case. A magnetic field having an arbitrary magnitude and direction can always be

decomposed into a longitudinal component along the spin direction and a transverse one. So,

without loss of generality and adopting an experimental configuration similar to that shown
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in figure 47 let us consider the case of a constant, longitudinal magnetic field superimposed

to a transverse one, switched on at a controlled rate. Thus we have:

B = B‖ +B⊥(t) = B‖x̂+B⊥(t)ẑ

with the initial muon spin along the x̂ direction.
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Figure 47: Experimental set-up for studying the adiabatic cross-over of Mu. A 3D view of the
Mu precession, simulated for a realistic case (relaxation omitted for clarity), is also shown. B0⊥
represents the final value of B⊥(t).

The classical time evolution of a spin in a magnetic field B is given by:

ds

dt
= s× (γB) (39)

with γ the gyromagnetic ratio. Regardless of the rate with which B changes in time, s2 is

conserved as shown by:

ds2

dt
= 2 s · ds

dt
= 2 s · s× (γB) = 0.

However, only when the field variation is sufficiently slow, also the angle between s and B

will be a constant of motion.

We now move to a rotating frame of reference (with angular velocity Ω). For an arbitrary

vector V , the time evolution in the laboratory frame is related to the corresponding one in

the rotating frame by [139]:

dV

dt
=
δV

δt
+Ω × V

where
δV

δt
is the rate of change of V in the rotating frame.

Accordingly, equation (39) in the rotating frame reads:

δs

δt
+Ω × s = s× (γB)
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or:

δs

δt
= s× γ(B +

Ω

γ
)

Now we choose for Ω the particular value ΩB which describes the variation of B in time.

This is equivalent to consider an effective field acting on the spins:

Beff = B +
ΩB
γ

The spin, if initially aligned with the field B(t = 0), will precess around the effective field in

the rotating frame with an angle φ such that:

tanφ =
ΩB
γB

(40)

As we will see below, µSR can measure directly, with a suitable choice of the experimental

geometry, the aperture angle φ of the precession cone and therefore it provides a test for the

degree of adiabaticity. Just as in NMR, the muon spin s will remain aligned to B as long as

the ratio R defined by:

R = ΩB/γB � 1 (41)

is much less than 1. In our specific case, the time variation of B⊥ = B⊥(t), implies that

both the magnitude and the direction of the total field B will vary. In particular the angular

velocity is given by:

ΩB =
B

B2
× dB⊥

dt

By introducing the Mu (or µ) precession frequency in the field B, ωMu = γB, and the actual

composition of the total field B, from the adiabaticity condition (41) one obtains:

R(t) =
Ḃ⊥(t)B‖
γB3

� 1 (42)

As we will see in section 7.3, the transverse field B⊥(t) shows an exponential behaviour and

therefore it is the maximum initial value of R(t), to control the spin dynamics. Therefore,

for practical purposes, it is sufficient to consider the initial ratio R0 = R(0):

R0 =
Ḃ⊥(0)
γB2
‖
� 1. (43)

From the last condition we note that there are two independent parameters Ḃ⊥(t) and B‖

through which we can affect the adiabaticity. Namely, when B⊥(t) varies “very fast” in time

or when B‖ is small compared to B⊥, the condition (42) is violated and one finds a large

precession cone; conversely, if B⊥(t) varies slowly in time or B‖ is of the same order of mag-

nitude as B⊥ an adiabatic behaviour and a negligible aperture angle for the precession cone
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is expected. In practical cases it is not very easy to adjust the rise time of the transverse field

while keeping other parameters fixed. One can then conveniently investigate the adiabatic

condition by modifying the other parameter, the longitudinal field .

The presence of γ in the denominator makes the adiabaticity condition far more easily

satisfied for Mu rather than for µ+ since γMu ' 103 γµ. Thus we will expect a µ+ precession

angle very close to the angle corresponding to an ideal sudden pulse, even for relatively high

magnetic fields B‖.

We conclude by considering some simple numerical cases which will help us in defining

the experimental conditions. Let us suppose switching on a transverse magnetic field of 18 G

at an exponential rate of 1/τ = 2µs−1 in the presence of an applied longitudinal field of

0.5 G. The condition (42) in the case of Mu yields R = 16.5; for larger longitudinal fields of

B‖ = 2 G and 10 G the values R = 1.02 and R = 0.04 are obtained respectively, which means

that by changing B‖ non adiabatic, adiabatic or intermediate behaviour can be obtained. In

the case of µ+ in the same conditions, these ratios are R = 1691, R = 106 and R = 4.3, i.e.

µ+ behaves always non adiabatically.

7.3 Experimental details

The µSR experiments were carried out on the MuSR instrument of the ISIS Pulsed Muon Fa-

cility, which (we recall again) has ∼ 80 ns FWHM muon pulses that imply a 6 MHz frequency

bandwidth. The sample consisted of a 40 mm diameter disk of fused quartz, thick enough to

stop the 26.5 MeV/c muon beam. Muonium Mu [19,153] triplet transitions could be observed

as the largest signal component, together with a smaller diamagnetic precession signal due

to µ+. The very different gyromagnetic ratios of these two species (γµ/2π = 135.53 MHz/T

and γMu/2π = 13.945 GHz/T), not only clearly distinguish the two signals but also offer the

possibility of testing the adiabatic condition in two extreme limits.

The chosen experimental geometry (see figure 47) enables us to measure the instantaneous

precession cone angle φ(t) from the signal asymmetry A(t) (respectively equal to AMu and

Aµ for Mu and µ+), being A = A0 sinφ. Since for an ideal sudden pulse, the corresponding

maximum signal asymmetry would be AM = A0 sinφsp = A0/
√

1 + (B‖/B⊥)2, for a real

pulse, by defining the suddenness factor:

A =
sinφ
sinφ0

, (44)

we can measure how sudden it is.

Longitudinal magnetic fields are generated by a pair of Helmholtz coils, whereas for the

transverse pulsed field we adopted the solution described in the previous chapter. There we

saw that a convenient way to generate large magnetic field gradients in small volumes (as is
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Figure 48: The pulsed magnetic field device (left) and its cross section (right). The profile of
the magnetic field is also shown. By selectively implanting muons either in a field gradient or in
a constant field one can respectively investigate the muon range and straggling or the delayed
muonium formation (see text).

the case for the thin samples used in µSR experiments) is to employ a laminar current flat-loop

device [135]. To obtain the pulsed magnetic field needed for the experiments on the adiabatic

transition we make use of the same device, but now the sample is placed inside the loop and

therefore it will sense a spatially uniform field. Figure 48, which shows the magnetic field

profile along the cross section of the device, should help the reader to distinguish between

these two possible applications, depending on where the muons are made to stop. The

resulting transverse magnetic field is uniform and equal to B⊥(t) =
1
2
µ0I(t)
wd

in the sample

volume and zero outside it, where w and d are respectively the width and thickness of the

metallic film where the current flows.

To establish the precise delay of the applied field with respect to the muon pulse arrival

one needs to synchronise the device with the machine cycle. This is achieved by triggering

the power switching circuit by a suitably delayed reference signal taken directly from the

accelerator. Another concern regarded the monitoring of the transverse field rise time which,

as can be seen from equation (42), is an important parameter for the present experiment.

Figure 49 shows the electronic circuit employed both to drive the pulsed current into the

sample loop, as well as to perform the synchronisation and the current monitoring. The profile

of the transverse magnetic field is detected by measuring the voltage drop across a calibrated

series resistor inserted in the current loop. A digital sampling oscilloscope (DSO) was used
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Figure 49: Outline of the experimental apparatus (block diagram – top, electronic circuit –
bottom). A delayed signal from the main beam triggers the pulse generator. The latter controls
the power output of the MOSFET circuit, whose current pulses are delivered to the flat loop
around the sample. The orientation of the device and of the current is chosen so as to produce
a magnetic field transverse to both the muon spin polarisation and the longitudinal magnetic
field. The current is measured by monitoring the differential voltage drop across a calibrated
series resistance.

for online recording of the voltage signal whose rising edge is satisfactorily approximated by

a double exponential (see figure 50). From a best fit procedure the analytical form of the

curve results:

B⊥(t) = B0⊥[c1 · (1− e−t/τ1) + c2 · (1− e−t/τ2)] (45)

where B0⊥ = 18.8 G, c1 = 0.8664, c2 = 1.1376, τ1 = 0.0422µs and τ2 = 0.5874µs.
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Figure 50: Profile of the transverse magnetic field pulse as recorded by the DSO. The rising
edge (full line) follows a double exponential as given in equation (45) with two very different
time constants. Since the observation time is limited to ∼ 10µs, the shape of the falling edge
(dashed line) is of no concern.

The metallic flat loop with its very low inductance allows a prompt response of the whole

pulsed current device. Moreover, the rather large diameter to thickness ratio for the quartz

slab (∼ 40/0.1), guarantees negligible fringe fields and therefore a uniform magnetic field.

7.4 Measurements and data analysis

The device is first calibrated to find the correct delay for synchronising the current pulse with

the muon pulse arrival. The knowledge of the accelerator pulse signal allows a preliminary

coarse tuning, that is next refined by a subsequent online tuning. The latter consists in

maximising the asymmetry signal upon fine variations of delay. The optimal delay value is

then kept fixed for all the subsequent measurements.

The first set of experiments was performed in zero longitudinal field and consisted in

varying the time delay after which the transverse field was switched on with respect to the

arrival of the muon pulse. The case B‖ = 0, as can be seen from equation (43), is the only

special case where the precession cone angle is maximum (being π/2 for both Mu and µ+,

thus implying a maximum asymmetry signal) and is independent of the rate Ḃ⊥(t). The

geometrical precession cone angle and those for Mu and µ+ coincide (being all π/2) and the

asymmetry signal for the two muon species reaches its maximum value. Indeed, when B‖ = 0

the total field B would not change in direction, implying an infinite value for ΩB which, as

can be seen from condition (40), predicts a maximum cone precession angle of π/2.
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Figure 51: Asymmetry signal for different delays of the pulsed transverse field. For magnetic
fields switched on before the muon pulse arrival (a), Mu atoms precess out of phase and the
respective signal cannot be observed. For fields switched on after the muon pulse arrival (b,
c) no dephasing occurs and the coherent precession signal is recovered. The initial variable
frequency signal, due to the gradual increase of the transverse field, is shown in the inset.

A pulsed field which reaches its steady value before the muon pulse arrives, as in fig-

ure 51.a, is equivalent to a constantly applied field and, since the muonium frequency in

18.8 G (26.2 MHz) exceeds the passband limit, the Mu signal is lost due to dephasing. Unlike

Mu, µ+ precesses at a frequency well within the bandwidth and its signal is still observable.

If, on the other hand, the pulse is started after the arrival of muons, no dephasing will occur

and the full asymmetry is measured also for muonium, regardless of the amplitude B⊥. In

particular, in figure 51.b B⊥ is delayed by ∼ 100 ns, enough to allow the entire muon pulse

(∼ 80 ns) to be implanted before any precession takes place.

The measurement of the adiabatic cross-over for Mu and µ+, performed with both the

transverse and the longitudinal fields present, yield results qualitatively similar to those shown

in figure 51.b. The initial signal amplitude will now vary accordingly to the variation of the

B‖ parameter. During the measurements the pulsed transverse field reaches a maximum

value of ∼ 18.8 G, whereas the longitudinal field can be set to any value in the range from

zero to 20 G. Changes in AMu are far more dramatic than those in Aµ due to two orders of

magnitude in their gyromagnetic ratios γ. The observation of Mu signals at γMuB ∼ 35 MHz

is again, a clear evidence of the possibility to take measurements at frequencies well above

the normal cut-off of the pulsed beam.
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Figure 52: Asymmetry signal for B‖ = 2 G and B0⊥ = 18.8 G; •, experimental data; —, fitting
curve. The initial amplitude of the signal is the parameter of interest.

Finally, the Mu signal in quartz shows an intrinsic damping of τ = 0.435µs−1 [104] which

is easily measured in a 2 G field. At higher fields, the observed signal appears more damped

due to the larger splitting of the muonium triplet frequencies.

The procedure to extract the essential information from the raw data includes:

2 (a) – determining the signal amplitude, (b) – normalising the signal amplitude for its “geo-

metrical” change as a function of the longitudinal field, (c) – converting the signal amplitude

in a cone-angle value and normalising it to the corresponding B‖ = 0 value (equal to π/2).

Particularly for the muonium signal, as it can be readily seen from the inset of figure 51.b,

one has a time-dependent frequency which cannot be fitted by standard µSR data analysis

routines. However, the law which governs the change in frequency with time is known: it is

given by the shape of the pulsed field as in (45). Therefore it is possible to use a heterodyne

type of conversion of the raw data by mixing them with the reference signal generated from

formula (45). In this heterodyne procedure, the reference signal can be finely tuned in

amplitude, initial time, phase shift and even the parameters controlling the shape of the

pulse itself can be changed. These degrees of freedom will be useful in discussing minor

differences between the “real” pulse and the recorded one.

The fit of the asymmetry signal for the particular case when B‖ = 2 G is shown in

figure 52. The fitting curve, based on both Mu and µ+ spin precessions in the presence of the

time-dependent magnetic field, follows quite closely the raw data and from it one can extract

the initial value of the asymmetry signal.

The signal amplitudes thus obtained decrease as the longitudinal field is increased, both

as a result of the adiabatic change-over and because of the geometrical reduction of the

cone angle. After the correction of the measured amplitudes by the factor 1/ sinφsp =√
1 + (B‖/B⊥)2 and the normalisation to the B‖ = 0 value, one obtains the suddenness
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Figure 53: Experimental results for the adiabatic cross-over of Mu (�) and µ+ (©) normalised
and corrected for 1/ sinφsp (see text) as a function of the longitudinal magnetic field. Lines
represent the results of numerical calculations. The frequency scales for Mu and µ+ refer to the
corresponding precession in the steady-state total field B.

factor defined by equation (44) and the results are shown in figure 53.

For muonium, one can see that the sudden to adiabatic cross-over occurs in the range

B‖ = 3− 6 G while, as expected, for µ+ the same transition takes place at much higher fields

– by extrapolation – close to 100 G. Note that the drop of the measured asymmetry is not

a passband effect (there is no intrinsic frequency resolution limitation) but just the effect of

the finite switching speed for the field Ḃ⊥.

The numerical solution of the equation ṡ = s× (γB) describing the muon spin evolution,

with the experimental conditions (i.e. parameters B‖, B⊥, c, τ , detector positions, etc.)

thoroughly taken into account, provides an immediate visualisation of the spin precession

and, more importantly allows a comparison with the experimental values.

Such a simulated solution, for the particular case B‖ = 4 G and B0⊥ = 18.8 G, is shown

in figure 54. The µ+ spin, initially dragged by the fast changing B, enters an adiabatic

regime and eventually stabilises on the asymptotic precession cone as B approaches its final

value. The components of the precessing spin along the three main directions x̂, ŷ and ẑ,

shown in figure 54.a, are proportional to the asymmetry signal in appropriate detectors. In

particular, the y–projection is strictly related to the precession cone angle and is not sensitive

to the change in direction of B, which takes place in the 0xz plane. Hence, as shown also

in figure 47, the preferred choice of the telescopes from which the experimental asymmetry
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Figure 54: a) Simulated spin precession for B‖ = 4 G and B0⊥ = 18.8 G. Since the spin
is initially aligned along the x̂ direction its x–projection is maximum at the beginning. The
y–projection is strictly related to the cone of precession and is not sensitive to the change in
direction of B which takes place in the 0xz plane.
b) 3D view of the same precession. During the initial fast rise of the transverse field the spin
behaves almost non adiabatically, but when the field B approaches its final direction the spin
follows it more and more closely and eventually stabilises on the asymptotic precession cone (not
shown).

was calculated, is that whose axis coincides with the ŷ direction. The similarity between the

simulated y–projection (full curve in figure 54.a) and the measured signal (see e.g. figure 51.b)

is noticeable.

From the numerical solution of the muon spin evolution we obtain the solid curves shown

in figure 53, corresponding to the following values of the experimental parameters: B0⊥ =

18.9(2) G, τ1 = 0.06(2)µs, τ2 = 0.4(1)µs, c1 = 0.9(5), c2 = 1.1(6). These values are generally

in good agreement with the results of direct measurement of the pulse shape as given by (45),

even though they predict a cross-over at slightly larger longitudinal fields. It would seen

sensible to simulate “slower” fields and calculate the cross-over again, were it not for the fact

that four independent parameters are involved: c1, c2, τ1 and τ2 (see formula (45)). As a

guided guess we assume that the most crucial parameter is the short time constant τ1 which is
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made longer in the remaining three curves. It appears, by comparison with the experimental

data, that τ1 alone suffices to induce a much better agreement.

Other causes can be pointed out as a source of minor systematic discrepancies between

the present experiment and the theory:

• Muonium relaxation in quartz:

The natural Mu relaxation in quartz (Lorentzian with τL = 0.435µs−1) reduces the

measurement time for muonium. This forces the cone angle to be extracted from

the muonium signal amplitude at t = 0. This constraint is normally irrelevant for

the correctness of the procedure, except near the cross-over interval from adiabatic to

sudden regimes where, even in the present transverse experimental geometry, the t = 0

amplitude slightly overestimates the cone angle in the “sudden” side of the transition.

• The beating between the two Mu triplet frequencies (see figure 33.b) becomes more

relevant at high fields [104] since for them the frequency splitting, given by ∆ν =

ν12 − ν23, increases. Here ν12 = ν− − Ω, ν23 = ν− + Ω, ν− = 1/2 · (νe− − νµ+),

Ω = 1/2 · (
√

(νe− + νµ+)2 +A2−A), where A = 4.4633 GHz is the hyperfine frequency,

whereas νe− and νµ+ are the Larmor frequencies of the electron and muon respectively.

As an illustrative example, for an applied field of 20 G one finds a splitting of ∆ν '
0.3 MHz. Because of this splitting the heterodyne conversion, performed by beating

with a single frequency followed by a high frequency filtering, introduces a loss in

amplitude which becomes bigger the larger the value of B, i.e. on the “adiabatic” side

of the cross-over.

7.5 Discussion and conclusions

We have shown that in a pulsed muon beam characterised by periodic packets of muons

having a time spread δt , the intrinsic frequency bandwidth can be extended by pulsing the

external magnetic field after the muons have thermalised in the host material. For the ISIS

time spread of ∼ 80 ns the frequency bandwidth is ∼ 6 MHz. In the present experiment the

time resolution of the electronics (8 ns) limited the observable frequencies to ∼ 40 MHz, which

by no means is an intrinsic limit.

We also studied directly in the “laboratory frame of reference” the cross-over between

sudden and adiabatic regimes by measuring the amplitude of the Larmor precession in the

instantaneous magnetic field. The experiment performed on a quartz sample offers two inde-

pendent spin probes: free muons and muons in muonium atoms, differing by a factor ∼ 100

in their relative gyromagnetic ratios. We have shown how this factor effectively sets the scale

for the transition between sudden and adiabatic regimes.
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The technique demonstrated in this chapter opens new perspectives for a straightforward

detection of the delayed paramagnetic species which account for missing muon fractions in

many materials. By means of faster pulsed power supplies the kinematics of delayed formation

may be studied directly, therefore allowing detailed investigations of the epithermal muon

generation processes.

For the envisaged applications of this pulsed procedure, the sudden regime is the most

interesting since it allows switching to a precession mode with a large precession cone at the

desired time. The presence of a static longitudinal field to preserve a large initial muon spin

polarisation can be very important typically in two cases:

a) when local random static fields present in the host material, such as nuclear dipole fields,

would relax the spin polarisation in the time lapse between the muon thermalisation and the

switching on of the transverse magnetic field;

b) when muonium radicals subject to transferred hyperfine interaction with host nuclei are

formed, since the latter must be decoupled from the muon spin by a sufficiently large field to

preserve the muon spin polarisation.

For muonium, and probably for a variety of radical states, the sudden regime holds up to a

few gauss, given the intensity and the rise time of the transverse field used in this experiment.

However, the cross-over field can be shifted to larger values of B‖ by increasing B⊥ and by

reducing its rise time. From the present experiment, we know that B⊥ as high as 100 G are

obtained without modifying the switching device. The problem concerning the rise time is

the one more open to further improvements and tests. As previously shown, the rising edge

of the field pulse is characterised by two time constants. This seems related to the existence

of two regimes in the switching MOS transistor, which differ significantly in the value of the

gate-to-drain capacitance. On the other hand, comparisons between the current pulse and

the magnetic field pulse indicate that only the fastest time constant τ1 is modified. This

suggests that possible improvements are to be sought in the direction of further reduction of

the flat loop inductance, the reduction of stray inductance of the switching circuit and the

minimization of the frequency dependent losses in the conductors.



Chapter 8

Conclusions and outlook

The work described in the present thesis was part of a collaborative effort, whose final goal

was the further extension of the potentialities offered by the conventional µSR method to the

low energy range, i.e. to the study of thin films, surfaces and interfaces.

Two main subjects were touched upon. One regarded the generation of epithermal muons,

the setup and properties of the pulsed slow muon beam as well as measurements in thin films

and nanostructures. The other was concerned with the developments relying on the syn-

chronous application of pulsed magnetic fields, useful for investigations in low dimensionality

systems.

The production of spin polarised epithermal muons was achieved at the ISIS pulsed muon

source, at the Rutherford Appleton Laboratory (UK), using the method of muon moderation

in rare gas solids. Successively, in the search for an optimal beam setup, several factors which

affect the slow muon yield were carefully studied including: the moderator film thickness, its

growing pressure and temperature, the deposition rate, the heat treatment, etc. The overall

production efficiency is about 105 slow muons per incoming fast muon. Besides on solid rare

gases, measurements of moderation efficiencies were performed also for different moderating

materials including solid nitrogen and carbon dioxide, and even aluminium and diamond.

They confirm the noble gases (in particular Ar) as the best muon moderators.

For the first time the initial energy distribution of slow muons could be measured by

applying retarding potentials to the substrate. Detailed analyses show a 25 eV wide (FWHM)

distribution in case of argon, consistent with the present theories on particle moderation,

which predict a muon energy distribution of the same order as the energy gap of the material.

The pulsed feature of the present slow muon beam provides an excellent energy resolution.

This, together with the possibility of beam energy tuning, permitted two interesting applica-

tions to be demonstrated. One regarded the study of epithermal muon implantation profile

in a copper on quartz sample. Not only could we map the stopping profile, but also evidence

about the presence of a 2 nm copper oxide surface layer was found. The study of magnetic
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thin films instead was concerned with a hexagonal cobalt film on a copper substrate.

The second part of the thesis was dedicated to the practical implementation of the syn-

chronously applied magnetic fields, focusing mainly on two of its uses: the projected range

imaging and the study of adiabatic to non-adiabatic crossover, both in view of future LE-µSR

applications. The external pulsed magnetic field and/or field gradient were generated by a

laminar current-loop method. The use of field gradients permitted the imaging of the implan-

tation profile of positive muons in thin metal foils. The use of spatially uniform pulsed fields

instead, proved an interesting method for the direct measurement of the sudden-to-adiabatic

cross-over, which could be applicable to the problem of the delayed muonium formation.

Several problems, both of theoretical and of experimental character, are to be faced in the

near future. Among the theoretical questions, the most important one is that concerned with

the deeper understanding of the basic processes responsible for epithermal muon generation.

This would have important implications for a decisive improvement in the slow muon yield.

The main difficulties are represented by the very scarce experimental data presently available

in the low energy range and by the need to take into account mechanisms involving many

body effects, essential in these regimes.

On the experimental side, the presently developed beam at ISIS represents the precursor

of the future pulsed epithermal muon beams, which when installed on high intensity sources

of the next generation, like e.g. the ESS (European Spallation Source), would provide a new

powerful tool for nanoscale studies.

The present beam could be improved by sensibly reducing its beam spot size, both with

a reduction in the size of the original surface muon beam and, more importantly, through

an improved design of the electrostatic transport system. For instance, just the symmetrical

positioning of the last focusing lens is supposed to give a significantly better beam image.

Other possibilities have also been considered [108].

A more complex sample station, which will allow studies in a variety of physical conditions,

is also foreseen. Measurements on a wide temperature range, from liquid helium temperature

up to some hundreds of degrees could then be performed. The future sample station will be

provided also with in situ sample preparation, cleaning and characterisation instruments, an

important requirement when working with surfaces and thin films.

Finally, the two methods based on the application of pulsed magnetic fields, could be put

into use, once an epithermal muon beam of sufficiently high intensity would be available on

a routine basis.



Appendix A

Energies in pion and muon decays

In this appendix we calculate in detail the maximum energy for decay positrons, the energy

of surface muons and the threshold energy for single pion production. These values were

mentioned in the introductory and in the second chapter.

We start from the well known formulae for the relativistic energy (see e.g. [118]):

E2
0 = E2 − p2c2 (46)

E0 = E − T, (47)

where E and T represent respectively the total and the kinetic energy of a particle in a given

frame of reference, p is its spatial momentum, whereas E0 = m0c
2 is the Lorentz-invariant

particle energy in its rest reference frame. With some simple rearrangements one obtains:

p2c2 = T 2 + 2TE0 (48)

A.1 Maximum energy for decay positrons

Let’s consider first the decay:

µ+ −→ e+ + νe + νµ (49)

From the energy conservation law it follows:

Eµ = Ee + Eν,ν̄ (50)

The decay positron will carry the maximum available kinetic energy T = Tmax, when both

neutrinos travel together in opposite direction with respect to its. From the momentum

conservation law one can write:

pν,ν̄ = pe (51)
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Taking into account equation (50), the fact that mν ≡ 0 and the last relation, one finds:

Eµ = Ee + pec = (E0e + Te) + pec (52)

which can also be written:

(Eµ − E0e − Te)2 = p2
ec

2 = T 2
e + 2TeE0e (53)

where relation (48) was used. After some simple rearrangements the final result is obtained:

Te =
1
2
mµc

2

[
1 +

(
me

mµ

)2
]
−mec

2 (54)

Substitution of the numerical values mµ = 105.66 MeV/c2 and me = 0.511 MeV/c2 yields the

maximum kinetic energy of the emitted decay positrons: Tmax
e = 52.831 MeV.

A.2 Energy of surface muons

Analogous considerations to those shown above can be used to determine the energy of

“surface” muons. In this last case the relevant decay is:

π+ −→ µ+ + νµ (55)

It is easily seen that here the role of muons and positrons involved in decay (49) is played

respectively by pions and muons. Thus the formal substitution of their masses into equa-

tion (54) gives:

Tµ =
1
2
mπc

2

[
1 +

(
mµ

mπ

)2
]
−mµc

2 (56)

By taking into account that pion mass is mπ = 139.57 MeV/c2, the energy of “surface” muons

turns out to be Tµ = 4.119 MeV. Note that here the muons are monoenergetic since they

originate from a two body decay.

A.3 Energy threshold for single pion production

Finally we calculate the energy threshold for single pion production due to reactions like:

p+ p −→ p+ p+ π0 (57)

In this case the energies and momenta appearing in (46) represent those of the system as

a whole and E0 corresponds to ECM , the total energy in the centre of momentum (CM)
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reference frame.

Before the collision the relation:

E2
CM = E2 − p2c2 (58)

= (E1 + E2)2 − (p1 + p2)2 c2 (59)

= m2
1c

4 +m2
2c

4 + 2E1E2(1− β1β2 cos θ) (60)

holds, where β ≡ v

c
=
pc

E
, θ is the collision angle and mi denote the rest masses of particles.

Since in the laboratory frame E1 = E1Lab = ELab and p2 ≡ 0 (which implies E2 = m2c
2), it

follows that:

E2
CM = m2

1c
4 +m2

2c
4 + 2ELabm2c

2 (61)

After the collision on the other hand, considering that in the CM frame
∑
~pi = 0, one has:

ECM = (m1 +m2 +mπ)c2 (62)

Now it is straightforward to obtain the total energy in the laboratory frame from the last

two equations:

ELab = mpc
2

[
2
(

1 +
mπ

2mp

)2

− 1

]
(63)

By substituting mp = 938.27 MeV/c2 for the proton rest mass and by using the relation (48)

one readily obtains:

Eth = T = ELab −mpc
2 = 280 MeV (64)

as the threshold kinetic energy for single pion production. One must note however that π0

does not decay into a muon, so the useful threshold is that for π+ or π− production, which

turns out to be at slightly higher energies, Eth = 291 MeV.



Appendix B

Some formulae for the fits

In this appendix we deduce some of the formulae which were used to fit the experimental data

of range and straggling reported in chapter 6. We make use of physically based considerations

to obtain fit functions which one could reasonably expect data would follow.

The straggling of energetic particles into a given material [103] depends upon several

factors, but only two of them play a dominant role:

• the energy distribution of the implanted particles and,

• the type of material medium with which they interact.

In the ideal condition of a completely monoenergetic particle beam, the straggling would be

entirely determined by the characteristics of the material. Inside the stopping target the

particles will lose their energy in small discrete amounts. Nevertheless, since their energy

is quite high as compared to the ionisation energy transferred to the material in a single

collision event, it is easy to realize that before a particle stops it will undergo a large number

of collisions which fluctuates around a certain mean value. This phenomenology is well

described by a Gaussian distribution of the ranges R around a mean range R0 and by a

straggling parameter σ. By calling g(x) this distribution function, that for simplicity we

assume to be normalized, one has:

g(x) =
1√
2π σ

exp [−(x−R0)2

2σ2
] , with

∫ ∞
−∞

g(x) dx = 1. (65)

Considering the beam to be perfectly monochromatic is however a rather unreal assump-

tion, so in a more realistic picture one characterizes the beam also by the straggling of

momenta of its particles ∆p/p (called also momentum “bite”).

Therefore one could imagine the real beam as if it were composed of a large number of particle

ensembles all having well defined momenta. Once inside the material, each of these ensembles

will give rise to a straggling which depends only on intrinsic characteristics of the medium.
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Now, it is evident that the total straggling σ is nothing else but a weighted sum of all the

intrinsic stragglings.

The choice of the weighting function w(p) is really an arduous task, unless one knows a

priori the energetic spectrum of the beam. We can assume e.g. that the function w(p) has

the shape of a square or a Gaussian window. In the first case we can write:

w(p) =

1, if |p− d| ≤ b;

0, if |p− d| > b.
(66)

The theoretical fitting function f(x) will be therefore given by a convolution of the two

functions:

f(x) = g(x) ∗ w(p) =
∫ ∞
−∞

g(x− ξ)w(ξ) dξ (67)

The calculation of the integral is made easier by the fact that the function w(p) is zero outside

the interval [d− b, d+ b]:

f(x) =
∫ d+b

d−b

1√
2π σ

exp [−((x− ξ)−R0)2

2σ2
] dξ =

1
2

erf
(
R0 + ξ − x√

2σ

)∣∣∣∣ξ=d+b

ξ=d−b
(68)

which yields the shape of the straggling curve, comprising both the intrinsic straggling and

the ∆p/p of the beam:

f(x) = g(x) ∗ w(p) =
1
2

[
erf
(
R0 + d+ b− x√

2σ

)
− erf

(
R0 + d− b− x√

2σ

)]
(69)

However the experiment allows one to measure only the variations of the asymmetry signal

as a function of the degrader thickness, which means that the experimental data will lie on

a curve F (x) representing just the integral of the function f(x):

F (x) =
∫
f(x) dx

Once carried out the simple, though cumbersome, calculations, the fitting function has the

following analytical form:

F (x) =
1
2

{
−σ√

2π
exp

[
−(R0 + d+ b− x)2

2σ2

]
− R0 + d+ b− x

2
erf
(
R0 + d+ b− x√

2σ

)
+

σ√
2π

exp
[
−(R0 + d− b− x)2

2σ2

]
+
R0 + d− b− x

2
erf
(
R0 + d− b− x√

2σ

)}
(70)

This is the function which was used to obtain the results reported in chapter 6.

In a completely analog way, in case the weighting function is assumed to be a Gaussian,

one has:

w(p) =
1√
2π b

exp
[
−(x− d)2

2 b2

]
(71)
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and, recalling that the convolution of two Gaussian curves is still a Gaussian and that the

integral of a Gaussian yields the error function, one finds for F (x):

F (x) =
1
2

erf

[
−(x−R0 − d)2√

2 (b2 + σ2)

]
(72)

One observes from the formulae (70) and (72) that the quantities d and R0 appear only

in the form of the sum R0 + d. This means that during the fits it is possible to assign them

to a single variable, or equivalently we can suppose d ≡ 0 and replace R0 + d with R0. With

this last substitution the fit formulae are somewhat simplified respectively in:

F (x) =
1
2

{
−σ√

2π
exp

[
−(R0 + b− x)2

2σ2

]
− R0 + b− x

2
erf
(
R0 + b− x√

2σ

)
+

σ√
2π

exp
[
−(R0 − b− x)2

2σ2

]
+
R0 − b− x

2
erf
(
R0 − b− x√

2σ

)}
(73)

for the case of a square distribution of momenta, and

F (x) =
1
2

erf

[
− (x−R0)2√

2 (b2 + σ2)

]
. (74)

for a Gaussian distribution of momenta.
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