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Abstract

This thesis concerns the application and the improvement of the Pulsed
Low Energy Positron System (PLEPS) at the high intensity positron source
NEPOMUC at the Munich research reactor FRM-II. This system is used for
the defect study in complex materials.

Positrons are the ideal probe for non-destructive investigations of vacancy-
like defects in matter. The combination of positron lifetime spectroscopy with
a pulsed, monochromatic positron beam of variable energy conveys informa-
tion on the type and the concentration of defects down to the sub-ppm range
and their depth-profile with nm resolution.

Defect structures in two materials were investigated with PLEPS for this
thesis. First, we studied strontium titanate (STO), which is a material of
great relevance in modern oxide electronics. The cation vacancies (strontium
and titanium vacancies, VSr and VTi, respectively) were identified in STO
films deposited by Pulsed Laser Deposition (PLD). It was also shown, that
in commercially available STO substrates only titanium vacancies with a con-
centration of (1.26 ± 0.16) ppm could be detected and that upon annealing
in the same conditions as for the PLD procedure a 400 nm thick layer of ti-
tanium - oxygen divacancies VTi−O was introduced. The second investigation
was performed in permanently densified silica glasses. In combination with
XRD measurements the structure evolution upon densification was analyzed.
In particular, it was demonstrated that the average inter-tetrahedral void ra-
dius measured with PLEPS permits to predict the shift of the first sharp
diffraction peak of the static structure factor as a function of the density.

In the second part of this work, from the experience gained with PLEPS in
the course of this thesis, the limits of the apparatus were analyzed, measures
to improve the quality of the positron lifetime spectra measured with PLEPS
were identified and tested. Comprehensive simulations were performed to un-
derstand the structures in the background of the measured lifetime spectra
and possible countermeasures were found. Modifications of the pulsing sys-
tem allowed to a) improve the time resolution of PLEPS to about 250 ps,
b) measure precisely positron lifetime longer than 3 ns, which enhances the
capabibility of PLEPS for the determination of free volumes in polymer sam-
ples and membranes and c) get rid of disturbing structures in the background
of the positron lifetime spectra.

Thus, PLEPS in combination with the high intensity positron source
NEPOMUC can be considered as the most productive pulsed positron beam
for defect depth-profiling in materials currently available world-wide.
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Chapter 1

Introduction

For the development of new materials the knowledge of type, concentration
and distribution of open volume defects is of crucial importance. In metals
and alloys, many physical properties, e. g. the mechanical stability and the
strength, are related to the presence and concentration of vacancies, disloca-
tions, vacancy clusters, grain boundaries and precipitates. The conductivity
in semiconductors is strongly affected by charged and uncharged defects and
in some cases, e. g. strontium titanate, the introduction of certain types of
defects can even turn an insulator into a good electrical conductor. Open
volume defects play a very important role also in disordered materials like
polymers and glasses. For example, they affect the mechanical properties in
polymers and the permittivity and selectivity of membranes. Furthermore,
also the glass transition temperature is related to the size and distribution
of the voids in polymers and glasses.

The positron is the ideal probe to detect non - destructively the different
kind of open-volume defects in all materials. Due to their positive charge,
positrons are extremely sensitive to the lack of ions in the crystal lattice. In
particular, positrons can be very efficiently trapped into defects and concen-
trations in the sub-ppm range can be revealed in metals and semiconductors.
After the implantation and diffusion in the sample, the positrons will even-
tually annihilate with an electron of the crystal, either from the delocalized
bulk state or after being trapped in a defect.

The analysis of the annihilation radiation can give information on type,
concentration, distribution and chemical environment of the annihilation site.
In particular, a broadening of the energy distribution of the 511 keV anni-
hilation gamma quanta is observed. Since after the thermalization process
the kinetic energy of the positron is small with respect to the energy of the
electrons of the solid, this Doppler shift can only be due to the momentum
of the electron annihilating with the positron. As a consequence, with the
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2 CHAPTER 1. INTRODUCTION

Doppler Broadening Spectroscopy (DBS) one can distinguish between anni-
hilations with valence or core electrons and therefore DBS is very sensitive to
the presence of defects and their chemical environment. On the other hand,
Positron Annihilation Lifetime Spectroscopy (PALS) measures the time be-
tween the implantation of the positron in the sample and its annihilation.
By accumulating several millions of events a lifetime spectrum, consisting of
a sum of different exponential decay functions, is obtained. Since the posi-
tron lifetime is correlated to the local electron density at the annihilation
site, each defect and every material have a characteristic positron lifetime.
The lifetimes and intensities obtained with the decomposition of the lifetime
spectrum give information on the defect type and its concentration.

Conventional PALS is performed by depositing a β+ radioactive source
directly onto the sample or in a sandwich configuration. Since the positrons
emitted by radioactive source have a broad energy distribution with an end
point energy of several hundreds of keV, with this method only bulk sam-
ples can be investigated (spatial resolution in the order of mm3). For this
reason, this technique can not be applied to many modern materials science
problems, such as defect investigations in subsurface regions, in layered struc-
tures, thin films and nano-structured samples. To overcome this limitation,
monoenergetic positron beams of variable energy were developed. By vary-
ing the positron implantation energy, the mean positron implantation depth
can be tuned from the surface down to some microns in depth, allowing the
investigation of defect distributions with a depth resolution in the nm range.

Continuous, monochromatic positron beams of variable energy for DBS
are nowadays available in many laboratories around the world. To perform
PALS, pulsed positron beams are required. In the mid 80’s, the development
of the Pulsed Low Energy Positron System (PLEPS) started at the Uni-
versität der Bundeswehr München with the dissertation of Schödlbauer [1].
Many improvements were accomplished over the years (Willutzki [2],Bauer-
Kugelmann [3]). Because of the stringent requirements (time resolution on
the order of 100 ps with repetition rates in the MHz range) and the complex
interplay of ultra high vacuum technique, high frequency and high voltage,
only few similar system existed all over the world. By now only a handful of
pulsed beams are in operation [4, 5, 6, 7] and few others are under construc-
tion [8, 9]. Due to the low count rate (about 500 counts/s) obtainable with the
22Na laboratory source, in 2007 PLEPS was transfered to the research reactor
FRM-II to take advantage of the high intensity positron source NEPOMUC
(NEutron-induced POsitron source MUniCh). In this combination, PLEPS
is undoubtedly the most advanced and most productive positron lifetime sys-
tem worldwide. However, a high price had to be paid for this success, because
of the new, very demanding challenge to match the stringent requirements
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of the pulsing system of PLEPS with the new NEPOMUC beam. In fact,
the remoderated NEPOMUC beam has a much higher intensity compared to
the laboratory, but at the price of a two times broader energy distribution
resulting in worse time resolution (between (260-300) ps compared to 230 ps
in the laboratory).

From 2008 to 2010 about 200 depth profiles in about 100 days of op-
eration were measured in cooperation with external users. Two examples
of the measurements performed with PLEPS at NEPOMUC were chosen to
demonstrate the capabilities of positron annihilation lifetime spectroscopy
in combination with a high intensity pulsed positron beam. The first ex-
ample deals with defects identification in strontium titanate. Many studies
can be found in literature about the doping of oxygen vacancies and its ef-
fect on the electrical conductivity in this material, but little is known about
the cation vacancies (strontium and titanium vacancies). Ohnishi et al. [10]
showed that varying the laser fluence in Pulsed Laser Deposited strontium
titanate films results in deviations in the stoichiometry that can strongly
affect the electrical properties of the system. Since the cation vacancies are
negatively charged, positrons were the perfect probe for such samples. The
investigation on PLD deposited STO films allowed to identify the two cation
vacancies [11]. Furthermore, a STO single crystal was analyzed after the
same annealing treatment used in the growth of film with PLD.

The second example answers a fundamental question about the structure
of disordered systems, specifically the Short and Medium Range Orders in
permanently densified silica glasses were investigated with the combination
of X-ray diffraction and PALS [12].

During these first years of operation at the high intensity source NEPO-
MUC some limits of the setup were evidenced:

a) The investigations of free volume in polymers and membranes has in-
creased dramatically in the last decade and the standard 20 ns time
window is in some cases not suited for the measurements with long
lifetimes.

b) Modern materials are more and more complex and, especially in layered
structures or when inhomogeneous defect distribution are present, four
lifetime components are not enough to fully describe the system.

c) With the much higher peak-to-background ratio satellite structures due
to backscattered positrons appear in the lifetime spectra.

Because of the large demand for PLEPS beam-time from external users,
technical improvements had to be accomplished mainly in parallel to the
experiments. Between 2011 and 2012 there was a complete shut down of
PLEPS because of the upgrade of the NEPOMUC source. During this break
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also PLEPS had to be dismantled and only in this period it was possible to
complete all the necessary modifications to improve the system.

It was the aim of the present work not only to clarify the reasons for
the aforementioned deficiencies of PLEPS, but also to remove them as far as
possible.

This thesis is organized as follows:
In chapter 2 an introduction about positrons in general and as a probe for
defect investigation in materials science is given. In the first two sections
of this chapter we will give an overview on the positron production, from
radioactive to high intensity LINAC and reactor based sources, and on posi-
tron beams, focusing in particular on pulsed positron beams. Sections 2.3
and 2.4 describe the “fate” of the positrons after the implantation in a solid
and the properties of the positron - electron bound state (positronium), re-
spectively. The last section presents the two positron techniques relevant
for this work, namely Positron Annihilation Lifetime Spectroscopy (section
2.5.2) and Doppler Broadening Spectroscopy (section 2.5.1).

Chapter 3 describes the Pulsed Low Energy Positron System (PLEPS)
and its performance after the installation at the high intensity positron source
NEPOMUC at the research reactor FRM2.

Two examples of applications of PLEPS in materials science are described
in chapter 4. Specifically, the defect characterization in strontium titanate
thin films and bulk crystals are discussed in section 4.1, while the investi-
gation on permanently densified silica glasses is presented in 4.2. A third
example is discussed in section 7.2 and concerns samples with long positron
lifetimes, in particular a Polymer of Intrinsic Microporosity and Teflon AF c©.

The above mentioned limits of the setup are described in chapter 5 and
the countermeasures are discussed in the last two chapters.

Firstly, the simulations of the background structure present in the life-
time spectra measured with PLEPS caused by backscattered positron will be
discussed (chapter 6).

Finally, in chapter 7 the constructive improvements of the pulsing system
are described. The modifications of the prebuncher and of the main buncher
to improve the time resolution are discussed in sections 7.1.1 and 7.1.2, re-
spectively. The extension of the time window together with the results of
the first tests and the effect on the analysis of two different polymer systems
are shown in section 7.2.



Chapter 2

Positrons in material science

In this chapter we will give an overview of the positrons in matter. A more
detailed account may be found in [13, 14].

After the prediction of Dirac [15, 16], the existence of the positron was
proved by Anderson [17, 18] by studying cosmic rays with a cloud chamber.
Later on it was found that the positron has, within experimental errors, the
mass (me = 0.510998917(44) MeV/c2) and spin (s = 1/2) of the electron,
but opposite charge (qe = 1.602176462(63) · 10−19 C) and hence magnetic
moment. It is stable in vacuum (τ > 1021 y), but, since it is the anti-particle
of the electron, a positron in matter will annihilate in a finite time. As the
annihilation rate depends on the local electron density, the positron lifetime
is related to the structure of the crystal and to the presence of defects in it.

The most probable annihilation process is the one via two gamma quanta,
since the probability for a three gamma decay is 372 times smaller than for
a two gamma decay. From conservation of energy and momentum consid-
erations the two gamma quanta are emitted collinearly with an energy of
511 keV each if both particles are at rest. If this condition is not fulfilled, an
angular deviation and also a Doppler shift of the two emitted gamma quanta
are observed in the laboratory frame. Since after the thermalization process
the kinetic energy of the positron is small with respect to the energy of the
electrons of the solid, the angular deviation and the Doppler shift can give
information on the momentum of the electron annihilating with the positron.

Under certain circumstances, a positron and an electron can also form
a bound state, called positronium. The existence of this “exotic” atom was
proposed by Mohorovicic [19] and was observed for the first time by Deutsch
[20]. The positronium is similar to an hydrogen atom, but with the proton
replaced by a positron. It has two possible states depending on the total spin
of the system with very different annihilation characteristics.

In this chapter we will first give an overview on the production of positrons,
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6 CHAPTER 2. POSITRONS IN MATERIAL SCIENCE

on their moderation and on the positron beams (section 2.1).
We will then briefly describe the thermalization and diffusion process after
the implantation of a positron in matter and the properties of positronium,
in sections 2.3 and 2.4, respectively.
Finally, the two positron techniques relevant for this work, namely Doppler
Broadening Spectroscopy (DBS) and Positron Annihilation Lifetime Spec-
troscopy (PALS), are illustrated (section 2.5).

2.1 Positron production

2.1.1 Radioactive sources

In the beginning, positrons were obtained from radioactive sources, deposited
directly onto the sample or used in a sandwich configuration. The dis-
advantage of this method is that the positrons emitted from radioactive
sources have a broad energy distribution and an end–point energy greater
than ≈ 500 keV. The characteristics of the most commonly used positron
sources are summarized in table 2.1.

Nuclide Half life Ie+ Emax [keV ] Eav [keV ] Iγ Eγ [keV ]

22Na 2.60 y 0.898 545.4 215.5 0.999 1275

0.001 1819.7 835.0

58Co 70.8 d 0.150 475.2 201.3 0.994 811

64Cu 12.7 h 0.179 652.5 278.1 0.005 1346

Table 2.1: β+ emitters often used in positron experiments. Half life, positron yield
Ie+ , end–point energy Emax, average energy Eav, intensity of the emitted gammas
Iγ and corresponding energy Eγ (data from [21])

The implantation profile of positrons emitted by a radioactive source can be
described by an exponential function with a characteristic penetration depth
α [22]:

α ≈ 16
ρ [g/cm3]

E1.4
max [MeV ]

cm−1 . (2.1)

As an example, equation 2.1 gives a characteristic implantation depth of
110µm in Si and 14µm in W with a 22Na source. As a consequence, only
information about the bulk of the target can be obtained.
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Moderator Geometry Efficiency

W(110) Reflection 2 · 10−3

W Vanes 7 · 10−4

W(100) Transmission 6 · 10−4

W poly Transmission 2.6 · 10−4

Ni(100) Transmission 7 · 10−4

Ni poly Transmission 2.5 · 10−4

Table 2.2: Moderator efficiency for different materials and geometries (from [14])

2.1.2 Positron moderation

The observation of moderated positrons from surfaces by Groce et al. [23]
opened the possibility of the development of mono-energetic positron beams
of variable energy. This finding gave a big boost to the positron methods in
materials science, since it allowed not only to investigate bulk samples, but
also near surface defects and layered samples.

In the 70’s many groups focused their attention on the moderation proper-
ties of negative-work-function materials in order to find an efficient moderator
with a narrow energy distribution (see [14] for a more detailed description).
Many materials (e. g. W(110), Ni(100), rare gas solids like Ne) and a large
variety of different geometries have been tested. It was shown that positrons
are re-emitted from the moderator crystal with a narrow energy distribution
centered at some eV (depending on the material, e. g. 2.48 eV for W(110)).
The spread of this energy distribution is caused only by the thermal energy.
In table 2.2 some of the moderator materials/configurations are summarized
together with their corresponding efficiency.

2.1.3 High intensity positron sources

In the last decades also reactor and LINAC based sources have been devel-
oped. In both cases positrons are produced via pair production using high en-
ergy gamma quanta, coming either from the decay of excited nuclear states or
from bremsstrahlung radiation, respectively, and a high Z converter, such as
W, Pt or Ta. Table 2.3 summarizes some of the available large scale facilities
with a high intensity positron source. A brief description of the NEPOMUC
(NEutron - induced POsitron source MUniCh) at the Heinz-Maier Leibnitz



8 CHAPTER 2. POSITRONS IN MATERIAL SCIENCE

(FRM - II) research reactor (Munich) can be found in section 3.1.

Reactor based

Name Process Converter Intensity

NEPOMUC [24] n - capture in Cd Pt 9 · 108

PULSTAR [25] n - capture in Cd W 5 · 108

POSH [26] fission γ W 8 · 107

LINAC based

Name e− energy Repetition rate Converter Intensity

KEK [27] 50 MeV 50 Hz W 5 · 107

AIST [28] 70 MeV 100 Hz Ta ≈ 107

EPOS [29] 40 MeV 13 MHz W 5 · 108

Table 2.3: High intensity positron sources at large scale facilities.
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2.2 Positron beams

After the positrons are extracted from the moderation stage, a beam can be
formed and then guided to the target either in a magnetic or an electrostatic
field in order to prevent the increase of the angular spread of the beam.
Usually a magnetic transport is preferred, especially if the beam has to be
transported over long distances. In this case, a longitudinal magnetic field
is created by means of solenoidal coils or a series of Helmholtz coils. For the
benefit of the reader a brief account on charged particle motion in electro-
magnetic fields is given in the next section. It follows closely the treatment
found in many standard textbooks, e. g. [30, 31].

2.2.1 Motion of particles in electromagnetic fields

Even if the trajectory of a particle of mass m and electric charge q in an elec-
tromagnetic field ( ~E, ~B) can be described by solving the equation of motion

d (m~v)

dt
= q ·

[
~E +

~v

c
× ~B

]
, (2.2)

it is often more convenient to use the Lagrangian formalism in which the
generalized coordinates qi(t) and q̇i(t) are used to describe the system. As
can be found in many textbooks [31], such a system can be described (in the
case of a relativistic particle, β = v/c) by a Lagrangian L of the form:

L = m0c
2
(

1−
√

1− β2
)

+ q
(
~v · ~A− Φ

)
. (2.3)

Here, ~A and Φ are the magnetic vector potential and the electric potential,
respectively. The first term is the Lagrangian of the free particle and the
second one describes the interaction of the particle with the electromagnetic
field. The trajectories can be obtained by solving the Euler – Lagrange equa-
tion:

d

dt

(
∂ L
∂q̇i

)
− ∂ L
∂qi

= 0 . (2.4)

A very important quantity in this formalism is the canonical momentum
defined as:

Pqi =
∂ L
∂q̇i

= pqi + qAqi(~r, t) (2.5)

where pqi is the ordinary kinetic momentum.
When the Lagrangian does not depend explicitly on a coordinate qi, the

Euler – Lagrange equation 2.4 becomes

d

dt

(
∂ L
∂q̇i

)
= 0
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and the corresponding canonical momentum is constant. In this case, the
action integral defined as:

Jqi =

∮
Pqidqi (2.6)

is a constant of motion.

Motion in a homogeneous magnetic field

In a positron beam system, for many sections the magnetic field can be
assumed as homogeneous and pointing in the ~z direction, ~B = (0, 0, B0).
With this assumption equation 2.2 can be written as:





mẍ = qB0ẏ

mÿ = −qB0ẋ

mz̈ = 0

(2.7)

Solving this set of equations the velocity of the particle is obtained:

~v(t) = v⊥(ŷ − ix̂)eiωt + v‖ẑ (2.8)

which, integrated once, gives the position ~r(t) as a function of the time:

~r(t) = −iv⊥
ω

(ŷ − ix̂)eiωt + v‖tẑ . (2.9)

Equation 2.9 describes a circular motion in the plane perpendicular to the
magnetic field ~B with angular velocity ω = qB0

m
and a constant motion in the

~z direction. The gyration radius and length can be calculated:

rg =
v⊥
ω

=
p⊥
qB0

=

√
2m

q
·
√
E⊥
B0

(2.10)

lg = 2π
v‖
ω

= 2π
p‖
qB0

= 2π

√
2m

q
·
√
E‖
B0

. (2.11)

Here v⊥, p⊥, and E⊥ and v‖, p‖, and E‖ are the components of ~v, ~p and E
perpendicular and parallel to the direction of motion, respectively.

Using the Lagrangian formalism previously described and with cylindrical
coordinates (r, θ, z), it can be easily shown that the canonical momentum
associated with θ and z are conserved. The Lagrangian in the case of a
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homogeneous magnetic field in the ~z direction (with the vector potential
~A = 1

2
~B × ~r = (0, rB0

2
, 0)) is:

L = m0c
2

(
1−

√
1− ṙ2+r2θ̇2+ż2

c2

)
+ qrθ̇Aθ =

= m0c
2

(
1−

√
1− ṙ2+r2θ̇2+ż2

c2

)
+ qrθ̇B0

2

(2.12)

Since this Lagrangian does not depend explicitly from the coordinates θ and
z, the corresponding canonical momenta Pθ and Pz are constant:

Pθ = mr2θ̇ + qrA0 = mr2θ̇ + qr2B0

2
(2.13)

Pz = mż (2.14)

These two equations describe the conservation of the axial components of
the angular momentum and of the ordinary kinetic momentum, respectively.
The Euler – Lagrange equation (equation 2.4) for the radial component can
be written as:

d

dt
(mṙ)−mrθ̇2 = qrθ̇B0 (2.15)

The stationary solution of equations 2.13 and 2.15 is found for constant r
and θ̇ = − qB0

m
. Combining this solution with equation 2.13, it can be shown

that the canonical momentum of θ is proportional to r2B0:

Pθ ∝ r2B0 = constant (2.16)

and the corresponding action integral (integrating over one gyration period):

Jθ = −qB0r
2

2

∫ 2π

0

dθ = −qπr2B0 (2.17)

Equation 2.17 shows that the number of field lines crossing one orbit remains
constant. This is also valid for small variations of the magnetic field B. As
a consequence, if the positrons are moving from a region with magnetic field
B1 with a gyration radius r1 to a region were a magnetic field B2 is present,
the gyration radius r2 becomes:

r2 = r1

√
B1

B2

. (2.18)

Thus, if the magnetic field is adiabatically increased (B2 > B1), the gyration
radius decreases.
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2.2.2 Pulsed beams

To perform depth - resolved Positron Annihilation Lifetime Spectroscopy mea-
surements with positron beams, the exact time of implantation of the positrons
is required. To achieve a time resolution good enough for materials science
investigations (∼ 100 ps), a time structure is applied to a continuous beam.
There are essentially two techniques, described in the next sections: bunching
and chopping.

Bunching

The theory of bunching was developed in the 60’s by Whiteway [32] for ion
beams. This technique consists in modulating the longitudinal velocity of the
particles by applying a time dependent electric field to accelerate (decelerate)
the particles that would arrive too late (too early) at the time focus. The
main advantage of the bunching method is that a compression in the time
space is done and therefore in the ideal case no intensity loss is observed.
The working principle of a buncher is illustrated schematically in the upper
part of figure 2.1. In the lower part the phase space is shown. In particular,
the left plot shows the phase space at the entrance of the buncher, i. e. a
continuous beam with average energy E0 and an energy spread ∆E. After
the energy modulation at the buncher gap the phase space changes and at
the target, the beam has a time structure of width ∆t at expense of its
monochromaticity (∆Ebuncher < ∆Etarget).

Buncher gap Ldrift, τdrift Target

E0, v0 E0 + δE(t), v0 + δv(t)

E0
∆E

∆t

t

E

t

E

t

E

∆E

∆t

Figure 2.1: Upper part: geometry of the buncher with the relevant quantities and
dimensions used in the text. Lower part: time compression of the bunched pulse.

Considering a non relativistic beam with no space charge effects, which is
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valid for a low energy positron beam of E < 30 keV, the ideal modulation
energy δE(t) can be described by the equation:

δE(t) = E0

[(
1− t

τ

)−2

− 1

]
(2.19)

where E0 and t are the energy and the time at which positrons enter the
buncher, respectively, and τ is the transit time from the buncher to the time
focus position [33].

In positron beam experiments, the required time window is typically in
the ∼ 10 ns range, corresponding to repetition rates in the range of tens of
MHz.

In particular, the pulsing system of PLEPS is operated with a frequency
of 50 MHz, corresponding to a time window of 20 ns.

Sawtooth buncher. Due to the technical difficulties in generating a
parabolic electric signal with such repetition rate, equation 2.19 is approx-
imated by taking into account that t � τ and therefore the modulating
potential can be written as:

δU(t) ≈ 2E0

e

t

τ
. (2.20)

Equation 2.20 shows that the optimal modulating signal has the form of
a sawtooth wave. Such a signal can be easily produced, but only with a
maximum amplitude of the order of tens of volts [34].

A sawtooth signal is used for the prebuncher of PLEPS, which is described
in section 3.2.2, since in this case an energy modulation < 10 V is required
in order not to broaden too much the energy distribution of the beam which
is fed into the chopper.

Sine – wave buncher. To achieve a time resolution in the range of
∼ 100 ps a high amplitude is needed. Usually a sine – wave buncher with
a resonator is used. The modulating potential of equation 2.20 is further
approximated using only the linear part of the sinus function at the zero-
crossing.

As can be seen in figure 2.2 only about 10% of the total time window
fulfills the linearity condition and in this case equation 2.20 can be written
as:

δU(t) = U0 sin(ωt) ≈ U0ωt =
2E0

e

t

τ
. (2.21)

From this equation the required amplitude can be obtained:

U0 =
2E0

eωτ
=

1

eωL

√
8E3

0

m
. (2.22)
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Figure 2.2: Comparison of sine and sawtooth wave.

In the case of PLEPS a double – gap sine – wave buncher is used for the
final pulse compression. This means that the modulating potential is applied
to the central electrode of the buncher and an energy modulation is accom-
plished at both gaps. In particular, a double modulation is achieved if the
length and the potential of the central electrode are chosen such, that the
time of flight from the first to the second gap is equal to half a period of the
high frequency signal. In this case, as can be seen in figure 2.3, a positron
that would arrive late (early) at the target, experiences a negative (positive)
potential difference at both gaps and therefore is accelerated (decelerated)
twice. The velocity of the reference particle can be written as:

v =
l

τ
=

2l

T
=

√
2eU

m
(2.23)

where τ is the transit time between the two gaps with distance l and T is
the period of the high frequency sine signal. From equation 2.23 the electric
potential of the central electrode U can be easily determined:

U =
m

2e

(
2l

T

)2

. (2.24)

Chopping

Beam chopping is a completely different approach in which the continuous
beam is periodically blanked out, giving pulses with no background in be-
tween. The suppression is achieved by applying a perpendicular time depen-
dent field to deflect the beam so that only a part of it can pass through a
slit positioned at the exit of the chopper.
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Gap 1 Gap 2 Target

l

e+

v

Figure 2.3: Working principles of a sine wave double gap buncher. The continuous
red line shows the effect of the first gap, which gives a time focus in a position
far behind the target. At the second gap the pulse undergoes a further energy
modulation, resulting in a shortening of the focal length, e. g. a time focus at the
location of the target is achieved.

Deflection chopper with no B field. The working principle of a
chopper when no magnetic field is present is shown schematically in figure
2.4(a).

Basically, the positron that experience an electric field when passing
through the two plates (D1 and D2) are deflected and annihilate on the
slit S. A constant electric potential VD1 is applied to the plate D1. The time
dependent electric field is produced by applying a high frequency electric
signal on the plate D2 superimposed on a constant potential VD2 lower than
VD1. When the sum of the amplitude of the high frequency signal and the
potential of the plate is equal to the dc level of the second plate, no electric
field is experienced by the positrons. These positrons are thus not deflected
and can pass through the slit S.

Due to the width of the slit, also positrons that are slightly affected by the
electric field (blue case in figure 2.4(a)) are not suppressed and a finite accep-
tance window is defined. By adjusting the amplitude of the high frequency
signal, the potential of the plate and the width of the slit the acceptance win-
dow ∆T of the chopper can be optimized. This is schematically illustrated
in figure 2.5. In particular, from this picture it is clear that by choosing a
higher amplitude of the sine wave (light blue case), the width of the pulse
can be reduced (∆T < ∆T ′).
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Figure 1.3: Working principle of the chopper
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Figure 1.4: Acceptance window of the chopper.

at the Heinz-Maier Leibnitz (FRM - II) research reactor (Munich), where
PLEPS is in operation as a user facility since 2007 can be found in section
??.

1.2 Positrons in matter

1.3 Positronium

Positronium is the bound state between a positron and an electron. The
existence of this quasi stable atom was suggested by Mohorovicic [5] and
after some years has been proved by Deutsch [6] by measuring the lifetime
of the positron in various gases. It can be formed in two possible states
depending on the total spin of the system:

s=0 singlet state called para–positronium (p–Ps) with a lifetime in vacuum
of 125 ps and annihilation via 2n gamma quanta (2γ decay rate is ≈ 106

(a) No magnetic field. The plane parallel to the direc-
tion of motion (xz - plane) is illustrated.
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Figure 1.5: Working principle of the chopper in presence of a longitudinal magnetic
field. The plane perpendicular to the direction of motion is shown (xy - plane).

times bigger than via 4γ)

s=1 triplet state called orthopositronium (o–Ps), that lives much longer
(142 ns in vacuum) and decays via an odd number of gammas (3γ
process is ≈ 106 times more probable than the 5γ)

The formation probabilities in vacuum is given by the spin statistic, namely
o–Ps and p–Ps can be formed with a 3 to 1 ratio.

When positronium is formed in a solid, the quenching of orthopositro-
nium due to the annihilation of the positron with an electron of the solid
instead of the one which is bounded to can take place. The result of this
phenomenon, called pickoff, is a shortening of the orthopositronium lifetime.
Tao [24] and Eldrup et al. [25] developed a quantum mechanical model that
relates the o–Ps pickoff lifetime with the average void radius. This model
assumes the void as a spherical, infinite potential well with radius R and
that the positronium wave function can overlap with a layer of electrons of
the material of thickness ∆R, as shown in figure 1.6.

By solving the Schrödinger equation with these boundary conditions, the
annihilation probability can be written as:

λpickoff = τ−1
pickoff = λb ·

�
1 − R

R + ∆R
+

1

2π
· sin

�
2πR

R + ∆R

��
(1.25)

where λb is the spin averaged annihilation rate of positronium:

λb =
1

4
λpPs +

3

4
λoPs ≈

1

4
λpPs ≈ 2ns−1 (1.26)

(b) With longitudinal magnetic field. The
plane perpendicular to the direction of mo-
tion (xy - plane) is shown.

Figure 2.4: Working principle of the chopper with and without magnetic field, up-
per and lower picture, respectively. The positrons move in the z direction passing
first through the deflecting plates D1 and D2 and then through the slit S. Two tra-
jectories, i. e. when a small and a big electric field is experienced by the positrons,
are shown in blue and red, respectively.

approximated by (from equation 2.10):

rg =
mv⊥
qB

≈ l

v�
· E

B
= l

�
m

2E�
· E

B
. (2.25)

Here l is the length of the deflection plates, v� and E� are the longitudinal
component of the velocity and the energy parallel to the direction of motion,
respectively. E and B are the electric and magnetic fields experienced by the
positrons during the transit through the deflection plates.

This equation shows that the width of the resulting pulse depends not
only on the width of the slit, on the amplitude of the sine wave and on the

(a) No magnetic field. The plane parallel to the direc-
tion of motion (xz - plane) is illustrated.
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times bigger than via 4γ)

s=1 triplet state called orthopositronium (o–Ps), that lives much longer
(142 ns in vacuum) and decays via an odd number of gammas (3γ
process is ≈ 106 times more probable than the 5γ)

The formation probabilities in vacuum is given by the spin statistic, namely
o–Ps and p–Ps can be formed with a 3 to 1 ratio.

When positronium is formed in a solid, the quenching of orthopositro-
nium due to the annihilation of the positron with an electron of the solid
instead of the one which is bounded to can take place. The result of this
phenomenon, called pickoff, is a shortening of the orthopositronium lifetime.
Tao [24] and Eldrup et al. [25] developed a quantum mechanical model that
relates the o–Ps pickoff lifetime with the average void radius. This model
assumes the void as a spherical, infinite potential well with radius R and
that the positronium wave function can overlap with a layer of electrons of
the material of thickness ∆R, as shown in figure 1.6.

By solving the Schrödinger equation with these boundary conditions, the
annihilation probability can be written as:

λpickoff = τ−1
pickoff = λb ·
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R + ∆R
+

1

2π
· sin

�
2πR
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where λb is the spin averaged annihilation rate of positronium:

λb =
1

4
λpPs +

3

4
λoPs ≈

1

4
λpPs ≈ 2ns−1 (1.26)

(b) With longitudinal magnetic field. The
plane perpendicular to the direction of mo-
tion (xy - plane) is shown.

Figure 2.4: Working principle of the chopper with and without magnetic field, up-
per and lower picture, respectively. The positrons move in the z direction passing
first through the deflecting plates D1 and D2 and then through the slit S. Two tra-
jectories, i. e. when a small and a big electric field is experienced by the positrons,
are shown in blue and red, respectively.

Deflection chopper in presence of a longitudinal B field. When a
longitudinal magnetic field is present, the trajectories of the positrons passing
through the chopper are drastically different from the previous case. Due
to the electric field experienced during the transit through the plates, the
positrons gain a velocity perpendicular to the direction of motion. Differently
from figure 2.4(b), the presence of the magnetic field causes a gyration motion
in the xy - plane. The radius of the orbit described by the positrons can be
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Figure 2.5: Acceptance window of the chopper.

approximated by (from equation 2.10):

rg =
mv⊥
qB
≈ l

v‖
· E
B

= l

√
m

2E‖
· E
B
. (2.25)

Here l is the length of the deflection plates, v⊥ and v‖ are the transversal and
longitudinal component of the velocity, respectively, and E‖ is the component
of the energy parallel to the direction of motion. E and B are the electric
and magnetic fields experienced by the positrons during the transit through
the deflection plates.

This equation shows that the width of the resulting pulse depends not
only on the width of the slit, on the amplitude of the sine wave and on the
potential applied to the deflection plate, but also on magnetic field B.

Since the positrons are magnetically guided from the source to the target
of PLEPS, in this case a chopper as described in this section is required. A
detailed description of the chopper of PLEPS can be found in [3].

2.3 Positrons in matter

In the next paragraphs we summarize the “fate” of the positrons after the
implantation into a solid, i. e. the slowing down and diffusion processes. A
comprehensive description can be found in [13, 14].

When positrons are implanted into a sample, they lose their kinetic energy
through different processes depending on their energy and on the type of
material, and they reach the thermal equilibrium in a time short compared
to the positron lifetime [35].
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In metals, at high energies the dominant process is the ionization of the
atoms of the crystal and the energy transfer is high meaning that the time
spent in this energy range is very short. When the energy decreases below
about 100 eV excitation of free electrons start to dominate and also plasmon
excitation and electron–hole pairs creation are possible. When the positrons
approach thermal energy, they undergo mainly phonon scattering and they
are completely thermalized in a time which is much shorter than the typical
positron lifetime. Nieminen and Oliva [36] have estimated that positron
implanted with an energy of 1 keV in Al are completely thermalized in 6.8 ps
and 64 ps at 300 K and 15 K, respectively. This fact has been confirmed by
Kubica and Stewart [37] by means of Angular Correlation of the Annihilation
Radiation measurements performed on various materials in a temperature
range down to liquid helium. Their experiments have shown that before
annihilation positrons are very close to thermal energy even at the lowest
temperature.

In semiconductors and insulators, the electron–hole excitation process is
inhibited, when the kinetic energy of the positrons is smaller than the band
gap. However, in the case of semiconductors the phonon emission process is
already very efficient at energies of about 1 eV which results in thermalization
times equivalent to those in metals [22].

Differently from metals and semiconductors, in insulators phonon scat-
tering is not effective enough to complete the thermalization process in such
a short time, especially at low implantation energies, a fraction of the im-
planted positrons can reach the surface and be re-emitted into the vacuum
with an energy greater than the thermal energy. These positrons are called
epithermal and they have been observed not only in insulators, but also in
metals and semiconductors as described by Knight and Coleman in copper
[38] and silver [39] at very low positron implantation energies.

After the thermalization process, the positrons start diffusing into the
solid and, due to their positive charge, they sense missing ions in the lattice
as a potential well. Considering the De Broglie wavelength of thermalized
positrons of 62 Å, they may be trapped very efficiently into defects. Even-
tually, the positrons will annihilate with an electron of the material either
from the delocalized bulk state or from a localized state at a trapping site.

2.3.1 Diffusion

The diffusion of a positron in the crystal can be described in the one dimen-
sional case and for low energy positron beam experiments by the following
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equation [40]:

dn(z, t)

dt
= D+∇2n(z, t)−

[
λB +

∑

i

κi(z)

]
n(z, t)−∇ · [~v(z)n(z, t)] (2.26)

where n(z, t) is the positron density at time t at a distance z below the
surface, D+ is the positron diffusion constant, λB the annihilation rate in the
bulk state and ~v the drift velocity due to an external electric field. κi is the
trapping rate into the i-th defect and can be written as the product of the
concentration c of the i-th defect and its specific trapping rate µi. Equation
2.26 can be solved using the boundary condition at the surface

D+∇n(z, t)|z=0= νn(0, t) , (2.27)

where ν is the trapping rate at the surface, and with the initial condition

n(z, 0) = P (z, E) (2.28)

being P (z, E) the positron implantation profile for positron implantation
energy E.

If the diffusion constant D+ is known, the diffusion length L+ can be
calculated by:

L+ =
√
D+τB , (2.29)

but, in the presence of defects the bulk lifetime in equation 2.29 is substituted
with the “reduced bulk lifetime” τR:

Ldefects+ =
√
D+τR =

√
D+

λB +
∑

i κi(z)
. (2.30)

The diffusion length of positrons in defect free materials is on the order of
100 nm (as an example: (141 ± 4) nm in well-annealed Al [41]), but can be
as short as 10 nm in amorphous materials or in presence of defects (13 nm in
isothermally fatigued aluminum [41]).

For monoenergetic positron beams the implantation profile can be de-
scribed by a Makhovian function [13]:

P (z, E) = − d

dz

[
e−(z/z0)m

]
=
mzm−1

zm0
e−(z/z0)m (2.31)

where

z0 =
z

Γ
[

1
m

+ 1
] , Γ[x] =

∫ ∞

0

tx−1e−tdt
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From Monte Carlo simulations and various experiments, Valkealathi and
Nieminen [42] have estimated the value of the parameter m and they have
found a nearly constant value of ≈ 1.9 for different metals.

However, the approximation with m = 2 is often used, therefore the
Gamma function assumes the constant value of Γ[3/2] =

√
π/2 and the

implantation profile reduces to the derivative of a Gaussian (see Eq. 2.32).

P (z, E) =
πz

2z2 e
−π

2
(z/z)2 . (2.32)

Doppler Broadening Spectroscopy measurements on multi-layered ZnS −
Al2O3 structures by Vehanen et al. [43] have shown that the mean implan-
tation depth z can be well described by

z ≈ 40

ρ
E1.6 . (2.33)

Here, z is in nm, if ρ and E are expressed in g/cm3 and keV, respectively. In
the case of amorphous polymers a better fit for the mean implantation depth
was obtained by Algers et al. [44] with the parameters:

z ≈ 28.1

ρ
E1.71 . (2.34)

In figure 2.6 (left) the positron implantation profiles from equation 2.32 for
a silicon target

(
ρ = 2.32 g/cm3) at different positron implantation energies

are shown. On the right hand side of the figure the mean implantation depth
is plotted as a function of the positron implantation energy for Si and for
ρ = 1.0 g/cm3 (typical density of polymer samples) calculated with equations
2.33 and 2.34, respectively.

2.4 Positronium

Positronium is the bound state of a positron and an electron. The existence
of this quasi stable atom was suggested by Mohorovicic [19] and after some
years was proved by Deutsch [20] by measuring the lifetime of the positron
in various gases. Later on, also its formation in small grained powders [45]
and on the surface of metals [46] was proved and nowadays, it is widely used
for the determination of the size of the free volumes in polymers.

It can be formed in two possible states depending on the total spin of the
system:

s=0 singlet state called para–positronium (p–Ps) with a lifetime in vacuum
of 125 ps and annihilation via 2n gamma quanta (2γ decay rate is ≈ 106

times bigger than for the 4γ process)



2.4. POSITRONIUM 21

100 101 102 103 104

Implantation depth z [nm]

10-7

10-6

10-5

10-4

10-3

10-2

10-1

Po
si

tr
on

 im
pl

an
ta

tio
n 

pr
of

ile
 P

(z
) 1keV

4keV
16keV
35keV

0 5 10 15 20 25 30 35
Positron implantation energy [keV]

0

2

4

6

8

10

12

14

M
ea

n 
im

pl
an

ta
tio

n 
de

pt
h 

[µ
m

] Si (ρ=2.32 g/cm3 )
ρ=1.0 g/cm3

Figure 2.6: Left: positron implantation profiles of silicon (ρ = 2.32 g/cm3) at differ-
ent positron implantation energies. The vertical lines mark the mean implantation
depth at the corresponding implantation energy. Right: mean implantation depth
z as a function of the implantation energy from equations 2.33 and 2.34 for Si and
for ρ = 1.0 g/cm3 (typical density of polymer samples), respectively.

s=1 triplet state called orthopositronium (o–Ps), that lives much longer
(142 ns in vacuum) and decays via an odd number of gammas (3γ pro-
cess is ≈ 106 times more probable than the 5γ decay)

The formation probability in vacuum is given by the spin statistics, namely
o–Ps and p–Ps can be formed with a 3 to 1 ratio.

When positronium is formed in a solid, the quenching of orthopositronium
due to the annihilation of the positron with an electron of the solid instead
of the one it is bounded to can occur. The result of this phenomenon, called
pickoff, is a shortening of the orthopositronium lifetime. Tao [47] and Eldrup
et al. [48] developed a simple quantum mechanical model that relates the o–
Ps pickoff lifetime to the average void radius. This model assumes the void
as a spherical, infinite potential well with radius R and that the positronium
wave function can overlap with a layer of electrons of the material of thickness
∆R, as shown in figure 2.7.

By solving the Schrödinger equation with these boundary conditions, the
annihilation probability can be written as:

λpickoff = τ−1
pickoff = λb ·

[
1− R

R + ∆R
+

1

2π
· sin

(
2πR

R + ∆R

)]
(2.35)

where λb is the spin averaged annihilation rate of positronium:

λb =
1

4
λpPs +

3

4
λoPs ≈

1

4
λpPs ≈ 2ns−1 (2.36)
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Figure 2.7: Tao-Eldrup model: the blue line represents the Ps wavefunction in the
infinite potential well of radius R. The overlap with the electron layer of thickness
∆R is also shown.

This relation has been tested in various plastic crystals and agrees very well
with the experimental measurements by using a value of 0.17 nm for the
empirical parameter ∆R [48]. The parameter ∆R depends on the geometry
of the pores and on the investigated material as reported by Goworek [49],
Gidley et al. [50]. This model is limited to spherical voids with diameter
smaller than ≈ 2.5 nm. Therefore, different theoretical models have been
proposed to extend it to larger and differently shaped pores [51, 50] and also
to take into account the influence of the temperature [50].

2.5 Positron techniques

In this section I will describe the two positron annihilation techniques rele-
vant for this work, e. g. Doppler Broadening Spectroscopy (DBS) and Posi-
tron Annihilation Lifetime Spectroscopy (PALS).

2.5.1 Doppler Broadening Spectroscopy

In figure 2.8 the influence of the electron momentum on the annihilation
radiation is illustrated. In particular, if the electron - positron pair has a
total momentum ~p, a Doppler shift of the two emitted gamma quanta is
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Figure 2.8: Illustration of the conservation of the momentum in the laboratory
system. The total momentum of the positron - electron pair leads to a Doppler
shift and to a deviation from the collinearity of the annihilation radiation.

observed in the laboratory system. The corresponding momenta are:

pγ1,2 = m0c±
1

2
pL (2.37)

and the energy of the two emitted gamma quanta can be written as:

E = m0c
2 ± cpL/2 . (2.38)

The annihilation gamma quanta are detected with high purity Ge detector
with resolution of about 1 keV at 511 keV.

Usually the DBS measurements are characterized by the shape (S) and
the wing (W ) parameters that are graphically shown in figure 2.9. The S
parameter is the number of counts in the central area (A) divided by the total
counts in the peak (C). It is related to the low momentum electrons, i. e.
the valence electrons, and therefore is associated to the presence of defects.
The W parameter is the ratio between the two energy window defined by
the area B in figure 2.9 and the total counts in the peak (area C). In this
energy range the annihilations with core electrons, which are a fingerprint of
the different elements, are taken into account and hence can give information
on the chemical environment at the annihilation site.

Normally, a setup for DBS measurements consists of a monoenergetic,
continuous positron beam allowing to measure the S and W parameters as
a function of the positron implantation energy and, thus, to depth-profile
the investigated samples. Since positrons can annihilate from either the bulk
(SB,WB) or from some trapped states (Si,Wi), the measured S = S(E) and
W = W (E) parameters for each implantation energy are the superpositions
of the characteristic values in the different states:

S(E) = fBSB +
∑

i fiSi

W (E) = fBWB +
∑

i fiWi

(2.39)
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Figure 2.9: Typical 511 keV annihilation line measured in the normal mode (blue
line) and in coincidence with two Ge detectors (green line) (adapted from [52]).
The regions of interest for the S and W parameter are highlighted in red and blue,
respectively.

with the condition that fB +
∑

i fi = 1. Here fB and fi are the fractions of
positron annihilating in the bulk and in the i -th trapping site, respectively.
In the case of DBS measurements the diffusion equation 2.26 can be treated
in the steady state regime:

D+∇2n(z, t)−
[
λB +

∑

i

κi(z)

]
n(z, t)−∇ · [~v(z)n(z, t)] = 0 (2.40)

and can be used to fit the measured S(E) and W (E) parameters using pro-
grams like VEPFIT [53].

Often the Doppler broadening of the annihilation radiation is measured
with two Ge detectors in coincidence. This results in a dramatic reduction
of the background (about 1000 times lower in the green spectrum of figure
2.9) and in an improvement of the energy resolution by a factor

√
2. As

a consequence it is possible to get information to higher electron momenta
(∆E ≈ (10−20) keV), i. e. the electron momentum of the core electrons, and
thus to enhance the elemental selectivity of this technique [52].
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2.5.2 Positron Annihilation Lifetime Spectroscopy

Positron Annihilation Lifetime Spectroscopy (PALS) measures the time spent
by the positron in the material from the implantation to the annihilation
with an electron. The positron lifetime depends on the overlap between the
positron and the electron wave functions at the location of the annihilation
and can be calculated with the following formula:

τ−1 = λ = πr2
0c

∫
dr ρ+(r)ρ−(r)γ(ρ+, ρ−) , (2.41)

where r0 is the classical radius of the electron, c is the speed of light, γ(ρ+, ρ−)
is the enhancement factor and ρ+ and ρ− are the positron and electron den-
sities, respectively. Knowing the local electron density, it is possible to cal-
culate the positron bulk lifetime using equation 2.41 in any material. The
enhancement factor, which takes into account the distortion on the elec-
tron wave function induced by the presence of the positron in the crystal, is
approximated within the Local Density Approximation (LDA) or the Gen-
eralized Gradient Approximation (GGA) schemes [54]. In table 2.4 a com-
parison between the experimental measurements and the calculated positron
lifetimes with different approximations for the enhancement factor γ(ρ+, ρ−)
for some elements is shown. Moreover, since defects act as a potential well
and every defect has a characteristic local electron density, equation 2.41
allows to determine the positron lifetime for different defect configurations.

Material
Calculated [ps]

Experiment [ps]
LDA GGA

Al 168a 160a 167c

Si 218a 207a 224d

Mg 233a 226a 218(2)e

SrTiO3 — 152b 145(2)f

a from [54] b from [11] c from [41]

d from [55] e from [56] f this work (see 4.1)

Table 2.4: Calculated positron bulk lifetime within the local electron density
(LDA) and generalized gradient approximation (GGA) for the enhancement factor
and experimental values measured with PLEPS.
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As an example, the plot in figure 2.10 shows the calculated positron lifetime
in magnesium as a function of the number of vacancies in the cluster from
[56].

Figure 2.10: Calculated positron lifetime in Mg as a function of the number of
vacancies in the cluster (from [56]).

By measuring the time between the implantation of the positron in the
target and the detection of the annihilation gamma quantum and accumulat-
ing several millions of events, the positron lifetime spectrum can be obtained.
It is the combination of all the annihilation channels present in the sample
and can be described by a sum of exponential decays convoluted with the
instrument function R(t):

Z(t) = −dn(t)

dt
= R(t)⊗

[
N+1∑

j=1

Ij
τj
e−t/τj

]
+ Background (2.42)

where τj and Ij are the lifetime and intensity of the j-th state, respectively.
Moreover, for PALS with a monoenergetic positron beam of variable en-

ergy E, the observable Z = Z(E, t) depends also on the implantation en-
ergy and not only the inhomogeneity of the defect distribution but also the
positron diffusion have to be taken into account. Differently from DBS ex-
periments, one must solve the time dependent diffusion trapping equations
[57]:
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(2.43)

dnB(z, t)

dt
= D+∇2nB(z, t)−

[
λB +

∑

i

κi(z)

]
n(z, t)

−∇ · [~v(z)nB(z, t)] + PB(z, t)

dni(z, t)

dt
= −λini + κinB + Pi(z, t) .

Here nB(z, t) and ni(z, t) are the positron densities in the bulk and in the i -th
trapping site (with trapping rate κi(z)), respectively. PB(z, t) and Pi(z, t) are
the population of positrons that after the thermalization time t are in the bulk
(with annihilation rate λB) and in the i -th trapping site (with annihilation
rate λi), respectively. Kögel [57] demonstrated that an approximate solution
of 2.43 with suitable boundary conditions can be successfully applied not
only in single-crystalline Si but also in fine-grained aluminum alloys.





Chapter 3

Pulsed Low Energy Positron
System (PLEPS)

PLEPS is a pulsed positron beam of variable energy, which allows positron
annihilation lifetime spectroscopy measurements as a function of the implan-
tation depth. Its development began in the mid 80’s at the Universität der
Bundeswehr München with the dissertation of Schödlbauer [1].

In 2007 (described in section 3.2 and in references [58, 59]) PLEPS was
coupled to the new high intensity positron source NEPOMUC (NEutron-
induced POsitron source MUniCh [21, 24]) at the research reactor FRM-II
with some minor changes.

In this chapter the properties of the NEPOMUC source and of the re-
moderator stage are briefly described in section 3.1, while PLEPS and its
performances at NEPOMUC and a list of some of the investigated materials
are presented in sections 3.2 and 3.3, respectively

3.1 The NEPOMUC source

The high intensity, high brilliance positron source NEPOMUC (NEutron-
induced POsitron source MUniCh) was installed at FRM-II in 2004. With
a primary beam of (9 · 108) e+/s, NEPOMUC was the most intense positron
source worldwide.

In 2011 the source was upgraded and an even higher intensity of the
primary beam was achieved ((1.5 · 109) e+/s [24]).

The source consists of two stages (see figure 3.1): an outer cadmium
shield and a platinum converter/moderator. The outer stage is a neutron
to gamma converter made out of 113Cd, which has a very high cross section
of 20600 barn for thermal neutrons. The most probable nuclear reaction is

29
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5

Figure 1. Cross-sectional view of the new in-pile positron source inside the beam
tube SR11.

the moderating front plate. The effective area from which moderated positrons are extracted is
the (spherically shaped) front plate (see section 3). The extraction and acceleration by electric
lenses as well as the magnetic guide field are optimized with respect to this positron-emitting
surface.

The potential of the ‘potential tube’ and the tube inside the chicane through the biological
shield is electrically decoupled from the outer tube and can hence be biased at any desired value.
Therefore, the positrons can be guided with low kinetic energy and hence fully adiabatically.
This leads to a more brilliant beam at the first accessible position outside the reactor, in particular
at the remoderation device.

2.2. Optimization of the Cd converter

Besides the high intensity and high brightness of the positron beam an additional important task
is a considerable extension of the operation time of the positron source. For this reason, the main
difference compared with the Cd converter used in the first design is the application of highly
enriched 113Cd. The amount of enriched 113Cd is 80% and hence about a factor of 6.5 higher
than in natural Cd. This value was confirmed experimentally to be 81(2)% by using an isotope
separator at TUM [19].

For the optimization of the geometry of the Cd converter, several aspects have to be
considered: γ -heating of not only Cd itself but also the inner components, the (total) neutron
capture rate and the flux depression, the total Cd mass and also the cost of the 113Cd-enriched
material. The new position of the Cd cup is 50 mm closer to the fuel element. Compared with
the previous position, the unperturbed thermal neutron flux of 2.4 × 1014 cm−2 s−1 is about 9%
higher and thus leads to an accordingly higher thermal neutron capture rate. The fast neutron
flux is still rather low, i.e. the flux ratio of thermal to fast neutrons is in the range of 104.

New Journal of Physics 14 (2012) 055027 (http://www.njp.org/)

Figure 3.1: Cross section of the NEPOMUC source (from [24]).

12

Figure 5. Overview of the new setup for the analysis (3) and brightness
enhancement (7) of the NEPOMUC positron beam. The most obvious
improvements to the former setup are the two beam switches (4, 8) allowing
the toggling between the high-intensity and the brightness-enhanced beam.

remoderated beam is less than 2 mm (full-width at half-maximum (FWHM)) in a 6 mT guiding
field [24].

4.2. The new switching and remoderation unit

A new beam switching device for optional brightness enhancement was developed and built
(see figure 5) in order to provide the primary high-intensity beam or the remoderated one.

In the first section (1), a turbo molecular pump provides a high vacuum of about 10−8 mbar
in the experimental tube. After a gate valve (2), a beam monitor (3) follows, which consists
of a carriage with four slots. The first slot contains a combination of a micro channel plate, a
phosphor screen and a mirror to enable the measurement of the beam profile. An annihilation
target in the second slot allows the determination of the total intensity of the primary positron
beam. The last two positions are used for different-sized apertures. In this section, a Helmholtz-
like coil configuration is used, because the geometry of the first parts (1)–(3) would necessitate
several large gaps in a solenoidal coil design.

4.3. The adiabatic beam switch

Two so-called beam switches were built (see (4) and (8) in figure 5) in order to enable a
computer-controlled toggling between the primary and the remoderated positron beam. The
chosen design does not necessitate the extraction from the longitudinal magnetic guiding
field. The simplest approach is the superposition of the longitudinal main field generated by

New Journal of Physics 14 (2012) 055027 (http://www.njp.org/)

Figure 3.2: View of the new remoderator stage (7) and of the setup for the analysis
(3) of the NEPOMUC beam (from [24]).
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Laboratory source
NEPOMUC

primary beam remoderated beam

I [e+/s] 2 · 105 9 · 108 4.5 · 107

dFWHM [mm] 3 7 < 2

EFWHM
⊥ [eV] 0.1 50 1

B
[(

1
mm

)2 e+

eV s

]
2.2 · 105 3.7 · 105 > 1.1 · 107

Table 3.1: Characteristics of a typical laboratory source and the primary and
remoderated NEPOMUC beam (data from [61, 24]). The intensity I, diameter d,
transversal energy spread E⊥ and brightness B (calculated with equation 3.1) are
shown.

113Cd(n, γ)114Cd. The 114Cd nucleus is initially in an highly excited state.
The excitation energy is successively released in a γ–cascade and generates
positrons via pair-production in the inner platinum structure The emitted
positrons have a broad energy distribution with a maximum at an energy of
about 800 keV. These positrons are then moderated by a series of platinum
foils [60] (see fig. 3.1). A primary beam is formed and extracted by applying
a positive high voltage to the Cd/Pt source and is guided to the exit of the
concrete shield of the reactor tank in a magnetic field of 5 mT.

The quality of a positron beam can be described by the brightness B,
defined as [24]:

B =
I

d2Θ2E‖
=

I

d2∆E⊥
. (3.1)

Here, I is the intensity, d the diameter, Θ the angular divergence, E‖ the
longitudinal energy and ∆E⊥ the transversal energy spread of the beam.
Table 3.1 compares the characteristics of the old laboratory source with the
NEPOMUC beam. As can be seen, the NEPOMUC primary beam has a
slightly higher brightness with respect to the previous laboratory source.
However, this result is mainly due to the extremely high intensity of the
beam. With a beam diameter of 7 mm and an energy spread of 50 eV, the
NEPOMUC primary beam is not suitable for the operation with PLEPS. For
this reason, an additional remoderation stage is needed to further enhance
the brightness of the beam.

After the extraction from the concrete shielding of the reactor, the pri-
mary beam can be either sent directly to the experiments or to the remod-
erator stage (see figure 3.2). To remoderate the positrons a tungsten (100)
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single crystal is used in reflection geometry. The remoderator setup has an
efficiency of 5 % and the extracted positron beam has a diameter of less than
2 mm and a transversal energy spread of ≈ 1 eV [62].

The remoderated beam is then guided with an energy of 20 eV in a
solenoidal magnetic field of about 4 mT to the different instruments:

PLEPS (Pulsed Low Energy Positron System): pulsed beam for posi-
tron lifetime spectroscopy (Universität der Bundeswehr München)

SPM (Scanning Positron Microscope) : pulsed beam with ∼ 100µm
spatial resolution for positron lifetime spectroscopy as a function of the
beam position on the target (Universität der Bundeswehr München)

CDBS Coincidence Doppler Broadening Spectrometer (TU Munich)
PAES Positron-induced Auger Electron Spectrometer (TU Munich)
Open port for other experiments, e. g. positronium Time Of Flight spec-

trometer (Universitá degli Studi di Trento)
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3.2 PLEPS at NEPOMUC

PLEPS is schematically shown in figure 3.3. It can be conceptually divided
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3.2 PLEPS at NEPOMUC

PLEPS is schematically shown in figure 3.3 It can be conceptually divided
into four main parts: the entrance section, the pulsing system, the acceler-
ation section and the target chamber:

1. The entrance section is a high pass energy filter described in section
3.2.1.

2. The pulsing system, consists of the following three elements, described
in section 3.2.2):

• a sawtooth prebuncher which produces a pulse that contains
about 50% of the beam intensity in 2 ns

• a chopper that suppresses the background between two adjacent
pulses

• a double gap buncher that further compresses the pulses down to
a FWHM of about 200 ps at the location of the sample

3. In the acceleration section the positron implantation energy can be
adjusted from 0.1 keV to 18 keV and is described in section 3.2.3.

4. Finally the target chamber with a Faraday cage, which is separated
from the acceleration section by a differential pumping stage (see sec-
tion 3.2.3) controllare differen-

tielle pumpstufe

1

2

3

4

Figure 3.3: Schematic view of the last version of PLEPS in operation at the research
reactor FRM-II.

Figure 3.3: Schematic view of the last version of PLEPS in operation at the
research reactor FRM-II. The four main parts described in the following sections
are highlighted with different colors.

into four main parts: the entrance section, the pulsing system, the accelera-
tion section and the target chamber:

1. The entrance section is a high pass energy filter described in section
3.2.1.

2. The pulsing system consists of the following three elements, described
in section 3.2.2:

• a sawtooth prebuncher which produces a pulse that contains about
50% of the beam intensity in 2 ns

• a chopper that suppresses the background between two adjacent
pulses

• a double gap buncher that further compresses the pulses down to
a FWHM of about 200 ps at the location of the sample
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3. In the acceleration section the positron implantation energy can be
adjusted from 0.1 keV to 22 keV and is described in section 3.2.3.

4. Finally, the target chamber with a Faraday cage, which is separated
from the acceleration section by a vacuum tight plate with a 5 mm hole
for the beam. Since sections three and four are evacuated by different
pumps this plate acts as a differential pumping stage (see section 3.2.3)

3.2.1 The entrance section

The first stage that the remoderated positrons encounter is a high pass en-
ergy filter. It consists of a simple electrode, which cuts off the low energetic
positrons by applying a positive potential. The incoming beam was charac-
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• a double gap buncher that further compresses the pulses down to
a FWHM of about 200 ps at the location of the sample

3. In the acceleration section the positron implantation energy can be
adjusted from 0.1 keV to 18 keV and is described in section 3.2.3.

4. Finally the target chamber with a Faraday cage, which is separated
from the acceleration section by a vacuum tight plate with a 5 mm
borehole for the beam. Since sections three and four are evacuated
by different pumps this plate acts as a differential pumping stage (see
section 3.2.3)

3.2.1 The entrance section

The first stage that the remoderated positrons encounter is a high pass energy
filter. It consists of a simple electrode, which cuts off the low energetic
positrons by applying a positive potential.

The incoming beam was characterized by means of a multi-channel plate
detector coupled to a CCD camera at the exit of the energy filter. The beam
has an elliptical shape with a FWHM along the axis in the picture of about
1.73 × 1.38 mm2 and a FWTM of about 3.87 × 3.09 mm2 (see figure 3.4).

Figure 3.4: Picture of the beam injected into PLEPS registered by a multi-channel
plate detector coupled to a CCD camera (left) and beam profiles along the green
and blue axis marked on the left picture.

Figure 3.5 shows the longitudinal energy distribution with the typical
width of less than 1 eV as measured in transmission by applying a positive
voltage to the electrode.

Figure 3.4: Picture of the beam injected into PLEPS registered by a multi-channel
plate detector coupled to a CCD camera.

terized by means of a multi-channel plate detector coupled to a CCD camera
at the exit of the energy filter (see figure 3.4). The profile along the green and
blue axis are plotted in figure 3.5. The beam has an elliptical shape with a
FWHM of about (1.73×1.38) mm2 and a FWTM of about (3.87×3.09) mm2.

The longitudinal energy distribution can be obtained by applying a pos-
itive voltage to the electrode of the energy filter and measuring the count
rate at the target location as a function of the applied voltage. Figure 3.6
shows the longitudinal energy distribution with the typical width of less than
1 eV. The measured data points were fitted with a sum of two complemen-
tary error functions erfc(z) = 2

π

∫ z
0
e−z

2
dz (black line). The red line gives the

normalized energy distribution of the positrons as obtained by the derivative
of the fitted transmission curve (FWHM=0.8 eV, FWTM=2.5eV).
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Figure 3.5: Beam profiles along the green and blue axis marked on figure 3.4. The
Full Width at Half Maximum (FWHM) and the Full Width at Tenth of Maximum
(FWTM) are also shown.
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Figure 3.6: Transmission curve as a function of the applied voltage (left) and its
normalized derivative (right) of the remoderated positron beam. The cut off of
the energy filter is typically set at a transmission of 0.7 (blue line). The FWHM
and FWTM are evidenced by the green arrows.
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3.2.2 The pulsing system

The pulsing section consists of a prebuncher, a chopper and a buncher. They
are operated at a frequency of 50 MHz resulting in a sharp pulse at the target
location in a time window of 20 ns.

Prebuncher

To compensate the loss in count rate in the chopper, the positrons pass
through the prebuncher, which is operated with a 50 MHz sawtooth electric
signal. It compresses roughly 50 % of the positron beam intensity in a pulse
with about 2 ns FWHM (see left plot of figure 3.7).

The longitudinal energy distribution of the prebuncher was measured
in transmission by applying a positive voltage to the exit electrode of the
buncher with the chopper and buncher switched off. The measured trans-
mission curve is illustrated in figure 3.7 (bottom) together with the fitted
curve (black solid line, sum of two complementary error functions) and with
the corresponding energy distribution (dashed red line).

The energy distribution shows two distinct peaks with similar intensity
and comparable width (FWHM ∼ 3 eV), but centered at about 18.7 eV and
22.7 eV, respectively. This results in a FWHM of the total energy distribution
of 7 eV and a FWTM of 9 eV. The origin of this bimodal distribution is not
entirely clear and needs further investigations.

A detailed description of the prebuncher can be found in [34].
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Figure 3.7: Measured spectrum of the prebunched beam at 4 keV positron im-
plantation energy on a p-SiC sample (upper plot). Transmission curve of the
prebunched beam measured as a function of the applied voltage (bottom).
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Chopper

The prebunched beam successively is accelerated to 200 eV kinetic energy and
passes through the chopper in order to suppress the background between
two adjacent pulses. It consists basically of two pairs of deflecting plates
that are coupled to an external resonator and a slit in between [63]. Due to
the electric potential applied to the first plate (sine wave with a frequency of
50 MHz), the positrons start to gyrate with a gyration frequency of 200 MHz,
corresponding to a gyration period of 5 ns. The slit is positioned exactly half
a gyration length, i. e. 21 mm at 200 eV kinetic energy, away from the center
of the plates to have the maximal deflection at the location of the chopper
slit. Only the positrons that pass through the first plates in a time interval of
about 2 ns do not annihilate on the slit. On the second pair of plates the same
electric potential with a phase shift of π is applied in order to compensate the
effect of the first deflecting plates and to reduce the increase in the energy
spread of the beam.

The effect of the chopper on the continuous beam is shown in figure 3.8.
In particular, figure 3.8(a) shows a typical spectrum of the chopped beam.
The energy distribution measured as described in the previous section is
illustrated in plot 3.8(b).

By adding also the prebuncher, the spectrum and the energy distribution
shown in figure 3.9 are obtained.

From figure 3.9(a) one can see that the full width at tenth maximum is
2 ns and includes about 95 % of the total counts in the spectrum. Moreover,
comparing this spectrum with the one of the prebuncher only (fig. 3.7) shows
that the background is strongly suppressed.
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(a) Measured spectrum of the chopped beam.
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(b) Transmission curve and energy distribution of the chopped beam
measured as a function of the applied voltage.

Figure 3.8: Effect of the chopper on the continuous beam at 4 keV positron im-
plantation energy (p-SiC target).
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(a) Measured spectrum of the prebunched and chopped beam.
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(b) The transmission curve and energy distribution of the prebunched
and chopped beam measured as a function of the applied voltage.

Figure 3.9: Effect of the chopper on the prebunched beam at 4 keV positron im-
plantation energy (p-SiC target).
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Buncher

The chopped beam is then deflected by 90 degrees and guided to a double gap
buncher, which consists of a series of three electrodes. The middle electrode
is coupled to a resonator, driven by a sine wave electric potential with a
frequency of 50 MHz [63].
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Figure 3.10: Measured spectrum of the buncher on the continuous beam (pre-
buncher and chopper switched off) at 4 keV positron implantation energy. The
target is a p-type SiC sample.

Figure 3.10 and 3.11 show a measured spectrum of the buncher alone and
of the whole pulsing system, respectively. The buncher compresses the pulse
further to about (200-300) ps FWHM at each positron implantation energy.

Assuming that the pulsing system and the detector contribute indepen-
dently to the total time resolution, the full width at half maximum of the
total system can be written as

FWHM2
total = FWHM2

pulsing + FWHM2
detector . (3.2)

The total time resolution FWHMtotal can be found by measuring a sample
with known lifetime (in our case a p-type SiC with bulk lifetime of 145 ps)
and extracting the resolution function at each implantation energy. A typical
value for the total time resolution is about 260 ps obtained with a photomul-
tiplier XP2020/URQ coupled to a BaF2 scintillator of about 80 cm3. The
resolution of the detector FWHMdetector is measured independently with a
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Figure 3.11: Effect of the whole pulsing system (prebuncher, chopper and buncher)
on the continuous beam at 4 keV positron implantation energy. The target is a
p-type SiC sample.

60Co radioactive source and is found to be ∼180 ps at 511 keV gamma energy.
Inserting these values in equation 3.2 a time resolution of the pulsing system
of about 190 ps is obtained.

3.2.3 The acceleration section and the target chamber

At the exit of the buncher is the acceleration section, which consists of a drift
tube and an accelerator. The drift tube, in combination with the Faraday
cage located in the target chamber, is necessary in order to keep the transit
time of the pulse from the buncher exit to the target constant for every
implantation energy. As a consequence the time resolution would ideally
be independent from the implantation energy. Before entering the target
chamber, positrons pass through a Wien filter necessary to suppress satellite
structures caused by positrons that, after being backscattered, are able to
reach the accelerator and eventually to be re-implanted in the target.

Finally, positrons pass through the field free Faraday cage and are im-
planted into the sample, where they annihilate. A schematic view of the tar-
get chamber is shown in 3.12. The annihilation gamma quanta are usually
detected with a photomultiplier XP2020/URQ coupled to a BaF2 scintillator
(truncated pyramid of about 80 cm3 volume) and placed about 2 cm under
the sample position. The small distance from the target makes the standard
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position unique for its high efficiency. On the other hand not all the gamma
quanta coming from annihilations from other parts of the target chamber can
be shielded and they cause a structured background in the positron lifetime
spectra (see discussion in chapter 6). As shown in figure 3.12, two side ports
are also available for DBS simultaneously to PALS, Age Momentum Correla-
tion (AMOC) measurements or PALS in coincidence. The latter option could
be interesting for the suppression of the structured background. However,
the drawback of the coincidence method is the dramatic loss in count rate
due to the distance of the two ports (about 20 cm from the target, giving a
count rate 400 times lower than with the detector in the standard position).

3970 W. Egger et al.: Pulsed low energy positron system at Munich research reactor 
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Fig. 2 Schematic view of the target station of the 
pulsed low energy positron system [8]. The controlled 
experimental parameter are indicated.  

For PLEPS, count-rates as high as 106 counts per second are expected. A number of modifications were 
necessary prior to installation of PLEPS at the FRM II. In the following we shall describe the most im-
portant modifications.  
 
2 Technical details The essential design characteristics of PLEPS as described in [3] have been 
maintained. Figure 1 shows the layout of PLEPS after installation at the FRM II. PLEPS will be located 

directly in the reactor hall of FRM II [6]. The beam di-
ameter at the beam exit from the concrete shield of the 
reactor is about ten times the acceptable diameter of our 
system and has therefore to be reduced by a remodera-
tion stage. The remoderated positron beam is transported 
by a solenoidal magnetic field to PLEPS. At the entrance 
the magnetic field is adiabatically increased from 2 mT 
to 7 mT. Successively, the positrons pass a prebuncher, a 
chopper and a buncher. These devices operate at a fre-
quency of 50 MHz and produce a sharp pulse of 150 ps 
FWHM with high intensity and low background in be-
tween the pulses at the location of the sample. To have 
the same pulse shape at all implantation energies, only 
the final sharp pulses are accelerated to the desired im-
plantation energy between 0.5 keV and 22 keV. The drift 
tube is necessary to account for the differences in time of 
flight between the exit of the buncher and the sample. 
After acceleration, the positrons pass the field free Fara-
day cage until they reach the specimen, where they anni-
hilate. One of the annihilation quanta is registered by the 
detector (a photomultplier with a BaF2-scintillator) be-
low the sample station and the time between implanta-
tion and annihilation is measured to accumulate the life-
time spectrum.
 

 
2.1 The sample station   To enable also Dop-
pler-broadening and AMOC measurements simul-
taneously with the lifetime measurements the sam-
ple station has been modified. Two additional 
detector ports have been added to accommodate a 
Ge-detector and a photomultiplier with a BaF2-
scintillator (see Fig. 2). Of course, the implementa-
tion of Doppler and AMOC measurements requires 
an appropriate data acquisition system. There we 
will exploit synergies from multiparameter data 
acquisition techniques already developed for ion 
beam facilities by members of our group [7]. 
Part of the structured background in the lifetime-
spectra is due to positrons back-scattered at the 
sample and reflected at the top of the Faraday-
cage. These positrons reach the sample again. In 
the top of the Faraday-cage an absorbing W-
structure was mounted to suppress this background 
contribution. Better control of the structured back-

Fig. 1 Schematic view of PLEPS as it will be 
implemented at the FRM-II. The additional 
detector ports are tilted by 45° with respect to 
the plane of drawing. 

Figure 3.12: Schematic view of the target chamber (from [58]).
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3.3 Performance of PLEPS

Table 3.2 summarizes the performance of PLEPS at the high intensity posi-
tron source NEPOMUC in the period from 2008-2010 before the upgrade of
the source.

PLEPS @ NEPOMUC

Implantation energies (0.1− 22) keV

Time window 20 ns

Count rate ∼ (5− 10) · 103 s−1

Time resolution (260− 300) ps

Peak/Bg (5− 30) · 103

Beam spot (2− 3) mm

Acquisition times

Single spectrum
∼ (5− 10) min

(∼ 3.5 · 106 counts)

Depth profile
∼ (2− 4) h

(20 spectra ∼ 3.5 · 106 counts)

Table 3.2: Performance of PLEPS at the high intensity positron source NEPOMUC
from 2008 until 2010.

After its installation and commissioning at NEPOMUC in 2008, PLEPS was
operated as a user facility. Since 2008 about 200 depth profiles were measured
in about 100 days of operation for a wide range of materials and for different
applications. The following list contains a selection of typical measurements
of PLEPS at NEPOMUC in those years.

defect identification in thin layered structures : SrTiO3[64, 11, 65];
hetero-epitactic (LEPEVPE) GaN [66]; MgTi [67]; Mg[56] and Nb-
doped Mg films[68]; CdTe [69];

defects structures in semiconductors: InN [70]; InN and GaN [71];
radiation induced defects in reactor materials: ODS and reactor steel

[72]; SiC; W;
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open volumes in polymers and membranes: Teflon [73]; aging effects
in PIM [74]; Polyimide-Based Solvent Resistant Nanofiltration Mem-
branes [75]; Ordered nanoporous membranes [76].

o-Ps emitters: nano-channels in Si [77]; Aerogel, Vycor, Germanate Xero-
gel, for anti–hydrogen production (AeGIS project) [78].





Chapter 4

Applications of PLEPS to
selected problems
in material science

In this chapter I review two investigations of positron lifetime spectroscopy
with PLEPS before the upgrade:

a) Defect characterization in strontium titanate thin layers and crystals
(section 4.1). The thin layers were investigated in collaboration with
D. J. Keeble (University of Dundee, United Kingdom) and the results
have been published in [11]. The measurements on strontium titanate
crystals resulted from a collaboration with A. Gentils (Université Paris-
Sud, France).

b) Determination of the average void size in permanently densified silica
glasses (section 4.2) in collaboration with R. S. Brusa and M. Zanatta
of the Universitá degli Studi di Trento, Italy, and published in [12].

4.1 Strontium titanate

In the last decades there has been a growing interest on strontium titanate
(SrTiO3 , abbreviated as STO) because of its electronic properties for the
production of oxide electronic devices [79, 80]. It is an electrical insulator
(wide band gap of 3.3 eV), but shows a good conductivity when doped (for
example with Nb) or by changing its stoichiometry [81, 82]. It is also one
of the few titanates that exhibits a perfect (cubic) perovskite structure at
room temperature. Therefore STO substrates are ideally suited to grow a
wide variety of thin oxide films. It undergoes phase transition to tetragonal
at 108 K, orthorombic at 65 K and rhombohedral at 35 K [83].

47
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Vacancy like defects can influence or even control the transport- as well
as the physical-properties in this material. Many investigations can be found
in literature on the effect of oxygen vacancies, but little is known about the
cation vacancies, the Sr vacancy, VSr, and the titanium vacancy, VTi. In
particular, Ohnishi et al. [10] showed that varying the laser fluence in the
pulsed laser deposition procedure can influence the stoichiometry of the film
and also its electrical conductivity.

Calculated Experimental

Bulk 151 [84] 149–155 [84]

V 2+
O 166(170) [84] —

V 4−
T i 195(184) [84] 181 [11]

VT i−O 225 [84] —

V 2−
Sr 279(279) [84] ∼ 280 [11]

VSr−O 283 [84] —

Table 4.1: Calculated and measured positron lifetimes (ps) for perfect lattice and
different defects in SrTiO3 from [84] and this work [11]. In parenthesis the values
for the simulation with the relaxed structure are shown.

A wide variety of defects can be found in STO. The most important de-
fects and the corresponding positron lifetimes are summarized in table 4.1.
The positron – lifetime calculations have been performed using the MIKA
doppler package [85] and the Arponen–Pajanen electron-positron enhance-
ment factor with a 6x6x6 super-cell. Also the lattice relaxation was taken
into account (values in parenthesis). The perovskite structure used in the
positron – lifetime calculations is shown in figure 4.1 (from Mackie et al. [84]).
The twelve fold coordinated A – site and the six fold coordinated B – site are
occupied by Sr (blue spheres in the figure) Ti (green spheres) ions, respec-
tively. Figure 4.2 shows the structure of the cation vacancies VSr and VTi.
As can be inferred from figure 4.2, VSr presents a wider open volume than VTi,
leading to a positron lifetime about 100 ps longer for VSr. Also, the positron
lifetime in the oxygen – vacancy complexes, VSr−O and VTi−O, differ strongly
between A and B site. In particular, the positron lifetime in VSr−O is only a
few ps longer than in VSr vacancy, whereas the lifetime in VTi−O is about 40 ps
longer than in VTi. Therefore, the identification of defects in this material
becomes an extremely challenging task, requiring a good time resolution as
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Figure 4.1: SrTiO3 structure at room temperature from [84]. It is the typical per-
ovskite oxide structure (ABO3) with Sr and Ti in the A – and B – site, respectively.

The measured c-axis lattice expansions with respect to
the substrate (390.5 pm) as a function of laser fluence are
shown in Fig. 1(a). This is consistent with previous studies
[6,8–10], and it can be inferred that the stoichiometry
varies from Ti poor, through Ti=Sr! 1 at 1:50 J cm"2,
to Sr poor with increasing fluence. Figure 1(a) also shows
the mean positron lifetimes for the films, averaged over
the 3–5 keV positron implantation energy range [16]. The
minimum occurred for the 1:50 J cm"2 film, then increased
systematically in the Sr-poor region (1:50–2:00 J cm"2).
The form of the lifetime component depth profiles were
similar in this region [16]; the 1:67 J cm"2 results are

shown in Figs. 2(a) and 2(b). Below 3 keV (! 40 nm),
the second lifetime value increased indicating a contribu-
tion from larger vacancy complex defects in the near
surface region. At 5 keV the implantation profile is con-
fined to the film [Fig. 2(c)]; as implantation energy in-
creases, the contribution from the substrate systematically
increases causing a reduction in the resolved lifetime
values [Fig. 2(a)].

FIG. 1 (color online). (a) The SrTiO3 film c-axis parameter
expansion derived from XRD 2!-! scans of the (002) peak
(square symbols) and the mean positron lifetime (triangle) (1–
5 keV implantation range average), as a function of PLD laser
fluence. (b) The component positron lifetimes and (c) intensities
for the 1:50–2:00 J cm"2 films (3–5 keV average). The VTi and
VSr lifetimes, 181 and 281 ps, respectively, are shown in (b).

FIG. 2 (color online). Depth profiled positron lifetime compo-
nents for the 1:67 J cm"2 SrTiO3 film. (a) Lifetimes (dashed lines
denote 181 and 281 ps), (b) intensities with positron implantation
energy. The dashed lines denote the 3–5 keV (gray shading)
average values. (c) The Makhovian positron implantation profiles
[substrate denoted by gray (yellow) shading].
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Figure 6.2: Structure of the VSr (left) and VTi (right) defects in STO (from [49]).

zation of the defects created in the production of STO thin films deposited
by Pulsed Laser Deposition (PLD) on a STO single crystal (section 6.1.1)
and the defect evolution in STO samples after different treatments, such
as annealing and irradiation, commonly used to enhance the conductivity
(section 6.1.2).

6.1.1 Defect characterization in SrTiO3 films [49]

Background

Pulsed Laser Deposition is a widely used technique to produce high quality
oxide films. Ohnishi et al. [78] showed that the stoichiometry of the oxide
can be varied by changing the laser fluence and that a variation in the
stoichiometry causes an expansion of the lattice which is directly correlated
with the presence of defects [79].

Sample preparation

The samples for this investigation have been deposited by Pulsed Laser
Deposition on SrTiO3 (001) substrate using a KrF excimer laser and the
fluence was varied in the range (1.00–2.50) J/cm2. During the deposition
the substrate has been kept at 720 ◦C in 0.25 mbar oxygen and then cooled
down at the same pressure. The thickness of the films was ∼ 200 nm and
their structure has been investigated with atomic force microscopy showing
smooth step–terrace structure in the fluence range (1.67–2.50) J/cm2 (layer–
by–layer growth) and island growth for the lower fluences.

PALS measurements

The PALS measurements have been performed in the energy range (1–
18) keV corresponding to a mean implantation depth from about 8 to 800 nm
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and the defect evolution in STO samples after different treatments, such
as annealing and irradiation, commonly used to enhance the conductivity
(section 6.1.2).

6.1.1 Defect characterization in SrTiO3 films [49]

Background

Pulsed Laser Deposition is a widely used technique to produce high quality
oxide films. Ohnishi et al. [78] showed that the stoichiometry of the oxide
can be varied by changing the laser fluence and that a variation in the
stoichiometry causes an expansion of the lattice which is directly correlated
with the presence of defects [79].

Sample preparation

The samples for this investigation have been deposited by Pulsed Laser
Deposition on SrTiO3 (001) substrate using a KrF excimer laser and the
fluence was varied in the range (1.00–2.50) J/cm2. During the deposition
the substrate has been kept at 720 ◦C in 0.25 mbar oxygen and then cooled
down at the same pressure. The thickness of the films was ∼ 200 nm and
their structure has been investigated with atomic force microscopy showing
smooth step–terrace structure in the fluence range (1.67–2.50) J/cm2 (layer–
by–layer growth) and island growth for the lower fluences.

PALS measurements

The PALS measurements have been performed in the energy range (1–
18) keV corresponding to a mean implantation depth from about 8 to 800 nm

Figure 4.2: Structure of the strontium vacancy VSr (left) and the titanium vacancy
VTi (right) in STO (from [11]).

well as a good peak-to-background ratio.

In the following we will discuss two investigations in STO: characteriza-
tion of the defects created in the production of STO thin films deposited
by Pulsed Laser Deposition (PLD) on a STO single crystal (section 4.1.1)
and the defect evolution in a STO bulk sample after the same annealing
treatment used for the PLD deposition of thin films (section 4.1.2).

4.1.1 Defect characterization in STO films

Pulsed Laser Deposition is a widely used technique to produce high quality
oxide films. Ohnishi et al. [86] showed that the stoichiometry of the stron-
tium titanate film can be varied by changing the laser fluence and that a
variation in the stoichiometry causes an expansion of the lattice which is
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directly correlated with the presence of cation defects [10].

Sample preparation

The samples for this investigation were deposited by Pulsed Laser Deposi-
tion on a SrTiO3 (001) substrate using a KrF excimer laser and the fluence
was varied in the range (1.00–2.50) J/cm2. During the deposition the sub-
strate was kept at 720 ◦C in 0.25 mbar oxygen and then cooled down at the
same pressure. The thickness of the films was ∼ 200 nm and their structure
were investigated with atomic force microscopy showing smooth step–terrace
structure in the fluence range (1.67–2.50) J/cm2 (layer–by–layer growth) and
island growth for the lower fluences.

PALS measurements

The PALS measurements were performed in the energy range (1–18) keV
corresponding to a mean implantation depth from about 8 nm to 800 nm with
an average time resolution of (300± 20) ps. To ensure good statistics about
5 · 106 counts per spectrum were accumulated. In figure 4.3 the positron
annihilation lifetime spectra of three selected samples at an implantation
energy of 4 keV is shown.
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Figure 4.3: PALS spectra at 4 keV positron implantation energy for STO films
deposited at different laser fluences.

All lifetime spectra could be decomposed into three components with a
good variance. The intensity of the longest lifetime component was < 1 % in
all cases and therefore will be neglected in the following discussion. The mean
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Surface Film Substrate

Figure 1.4: Lifetime and intensity of the two decomposed component and average
lifetime as function of the positron implantation energy.

was not possible to calculate the concentration of the two defects with the
trapping model. However, the ratio of the specific trapping rates could be
estimated. In fact, when total trapping into two types of defect occurs, the
ratio of their intensities is (a discussion on the trapping model can be found
in appendix ??):

I1

I2
=

κD1

κD2

=
µD1

µD2

· CD1

CD2

. (1.1)

As no lattice expansion was observed in XRD measurements for the sam-
ple deposited with a laser fluence of 1.50 J/cm2, a Ti/Sr and also of the
corresponding defects ratios of ∼1 are expected. Consequently, using the
intensities of figure 1.5, I1/I2 = IVTi

/IVSr
= µVTi

/µVSr
≈ 3.6. The higher

intensity of the VTi component is consistent with the local charge of the de-
fects (V 4−

Ti and V 2−
Sr ) and therefore this value of the specific trapping rates

ratio is plausible.

1.1.2 Defect evolution in SrTiO3

Background

Various methods are used to systematically improve the conductivity in STO
crystals, which sensibly depends on the nature and the spatial distribution of
lattice defects. In particular, the spatial distribution of defects is notoriously
hard to engineer. To study the influence of different treatments on vacancy –
like defects and their distribution, ? ] performed DBS and conventional
positron lifetime measurements in differently prepared STO crystals. Two
samples were also investigated with PLEPS:

Figure 4.4: Positron lifetime and intensity of the two decomposed components and
mean positron lifetime as a function of the positron implantation energy. The lines
serve as guide for the eye. The dashed lines are the calculated positron lifetimes
for VSr and VTi (see table 4.1).

positron lifetime and both the lifetime components and intensities are shown
in figure 4.4. Both lifetime components increase with decreasing implantation
energy and show a plateau in the range (3–5) keV, that corresponds to the
film thickness, since the positron implantation profile extends to about 2z̄
and z̄(E = 5 keV) ≈ 100 nm. At implantation energies below 3 keV the
first lifetime slightly decreases and the second one increases, probably due
to larger defects and surface effects. The positrons start to annihilate in the
substrate from energies above 5 keV.

For all samples the same trend for the two shorter lifetimes as in the upper
panel of figure 4.4 was observed. Moreover, in the energy range corresponding
to the film, total trapping into two defects was found. In order to minimize
the statistical error, the fitted values in the film region were averaged and
are shown in 4.5 as a function of the laser fluence (lifetimes and intensities,
upper and lower panel, respectively). The two lifetimes of ∼ 181 ps and
∼ 280 ps are in excellent agreement with previous measurements [84] and
with theoretical calculations (see table 4.1) and can be attributed to the VTi

and VSr, respectively. The increase of the intensity of the VSr component in
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Figure 1.5: Average lifetimes (upper panel) and intensities (lower panel) over the
energy range (3–5) keV as a function of the laser fluence.

hard to engineer. To study the influence of different treatments on vacancy –
like defects and their distribution, ? ] performed DBS and conventional
positron lifetime measurements in differently prepared STO crystals. Two
samples were also investigated with PLEPS:

As received STO (100) single crystal from Crystec GmbH (insulating).
Annealed in similar conditions as for the PLD procedure (PO2 = 10−5 mbar

and 750 ◦C) and then cooled down in high oxygen partial pressure
(PO2 = 300mbar) to enhance the re-incorporation of oxygen. For
the DBS measurements a slightly different sample was measured. In
particular, this sample had a 5 nm thick LaAl2O3 layer on top of it
(IA-LAO).

DBS and conventional lifetime measurements

A preliminary study using DBS and conventional lifetime measurements
have been performed by ? ]. In this paper, they reported a single lifetime of
(154.4±0.3 ps) for the IA-LAO, while in the as-received sample two compo-
nents were present (τ1 = (109.1 ± 5.4) ps, I1 = 36 %, τ2 = (195.9 ± 2.9) ps,
I2 = 64 %). Their interpretation was that in IA-LAO positrons annihilate
from the defect free bulk state, while in the as-received they are mainly
trapped in one defect, attributed to VT i.

The DBS measurements were performed with the slow positron beam at
the CEMHTI Site Cyclotron in Orleans. The positron implantation energy
was varied from 0.25 to 25 keV and the S and W parameter were measured

Figure 4.5: Average lifetimes (upper panel) and intensities (lower panel) over the
energy range (3–5) keV as a function of the laser fluence. The dashed lines are the
calculated positron lifetimes for VSr and VTi (see table 4.1).

the lower part of figure 4.5 with increasing laser fluence is consistent with
the increase in the Ti/Sr ratio with fluence.

Since for all samples saturation trapping in the film was observed, it
was not possible to calculate the concentration of the two defects with the
standard trapping model. However, the ratio of the specific trapping rates
could be estimated. In fact, when total trapping into two types of defect
occurs, the ratio of their intensities is (a discussion of the trapping model
can be found in appendix A):

I1

I2

=
κD1

κD2

=
µD1

µD2

· CD1

CD2

. (4.1)

No lattice expansion was observed in XRD measurements for the sample de-
posited with a laser fluence of 1.50 J/cm2. Therefore, a Ti/Sr ratio and also
a corresponding defects ratio of ∼ 1 are expected for this sample. Conse-
quently, using the intensities of figure 4.5, I1/I2 = IVTi

/IVSr = µVTi
/µVSr ≈

3.6. Considering the local charge of the defects (V 4−
Ti and V 2−

Sr ), this value of
the specific trapping rates ratio is plausible.
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4.1.2 Defect evolution in STO crystals

Various methods are used to systematically improve the conductivity in STO
crystals, which sensibly depends on the nature and the spatial distribution
of lattice defects. In particular, the spatial distribution of defects is no-
toriously hard to engineer. To study the influence of different treatments
on vacancy – like defects and their distribution, Gentils et al. [87] performed
DBS and conventional positron lifetime measurements in differently prepared
STO crystals. Two samples of these were also investigated with PLEPS:

As received STO (100) single crystal from Crystec GmbH.
Annealed in similar conditions as for the PLD procedure (PO2 = 10−5mbar

and 750 ◦C) and then cooled down in high oxygen partial pressure
(PO2 = 300 mbar) to enhance the re-incorporation of oxygen. For the
DBS measurements a slightly different sample was measured. In partic-
ular, this sample had a 5 nm thick LaAl2O3 layer on top of it (IA-LAO).

DBS and conventional lifetime measurements

A preliminary study using DBS and conventional lifetime measurements were
performed by Gentils et al. [87]. In this paper, they reported a single lifetime
of (154.4± 0.3) ps for the IA-LAO, while in the as-received sample two com-
ponents were present (τ1 = (109.1± 5.4) ps, I1 = 36 %, τ2 = (195.9± 2.9) ps,
I2 = 64 %). Their interpretation was that in the IA-LAO sample positrons
annihilate from the defect free bulk state, while in the as-received they are
mainly trapped in one defect, attributed to VT i.

The DBS measurements were performed with the slow positron beam at
the CEMHTI Site Cyclotron in Orleans. The positron implantation energy
was varied from 0.25 to 25 keV and the S and W parameter were measured in
the momentum ranges (0-2.80)·10−3m0c and (10.61-26.35)·10−3m0c, respec-
tively [87]. These two parameters were fitted with VEPFIT [53], which gives
information about the positron diffusion length and about the distribution
of the defects present in the sample (see table 1. in [87]).

An extremely long diffusion length, characteristic of defect free samples,
was observed in the IA-LAO sample. This was apparently consistent with
their conventional positron lifetime measurements. Based on this interpre-
tation of their measurements, they concluded that, surprisingly, after the
deposition of a 5 nm thick LAO layer the native VTi defects are annealed out.
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PLEPS measurements

To identify the defects type and better characterize their distribution, full
depth profiles in the two aforementioned samples were measured with PLEPS.
The positron implantation energy range was from 1 keV to 18 keV with an
overall time resolution of about 270 ps. Very good statistic was achieved by
collecting > 7 · 106 (peak-to-background ratio ∼ 2 · 104)) and > 4 · 106 (peak-
to-background ratio ∼ 1.7 · 104)) for the as-received and annealed samples,
respectively. Due to the higher peak-to-background ratio and to the better
time resolution than in the conventional lifetime measurements of Gentils
et al. [87], it was possible to decompose all the spectra with three lifetime
components with good variance (χ2 < 1.1) at every implantation energy. As
an example, in figure 4.6 a measured spectrum of the as-received sample at
16 keV positron implantation energy is shown together with the resolution
function and with the corresponding lifetime components obtained from the
fit. The residuals of the fit are also shown in the lower panel.
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Figure 4.6: Positron lifetime spectrum of the as received sample measured at
16 keV positron implantation energy. The single components obtained from the fit
and the instrument function (black line in the upper panel) are also plotted. The
lower panel shows the residuals of the fit.
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Since the intensity of the longest component is less than 1%, it can be
neglected for the rest of the discussion. Only the two main components with
the corresponding intensities are shown in figure 4.7 for the two investigated
samples.

As-received sample: For the as-received sample, both lifetimes and
intensities are constant in the bulk. To reduce the statistical error due to
scatter in the measured data, the average values of both lifetimes and in-
tensities in the range (11-18) keV are considered in the following discussion.
In this region positrons are mainly trapped in a defect with a lifetime of
(183.7± 1.4) ps, which agrees with the experimental value of the lifetime in
VTi found in the PLD deposited thin films described in section 4.1.1. Dif-
ferently from the investigation in section 4.1.1, a reduced bulk lifetime of
(110.3±0.9) ps with an intensity of (41.5±1.0)% is observed in the as-received
sample. Given the short diffusion length (about 10 nm), the Standard Trap-
ping Model (STM, see appendix A) with one type of defect can be applied
and by using A.12 the bulk lifetime can be calculated (empty symbols in the
upper left plot of figure 4.7). The average value of (144.4 ± 1.2) ps agrees
well with the theoretical value (see table 4.1) and also with the experimental
value of 141 ps reported by [88].

Using the STM it was also possible to calculate the trapping rate of
the titanium vacancies κVTi

with equation A.14 and, assuming a specific
trapping rate µVTi

of 2 · 1015 s−1, also estimate their concentration. With the
calculated value of τBulk, the measured average and the defect lifetimes, the
concentration can be written as:

c =
κ

µ
=

(τAv − τBulk)
(τ2 − τAv)

· 1

µ · τBulk
(4.2)

giving a value of (1.26± 0.16) ppm.

Annealed sample: The results of the annealed sample have also shown
a reduced bulk lifetime between 100 ps and 120 ps at every implantation
energy with an almost constant intensity of about 45%. In the bulk, the
second lifetime shows a slightly higher value than the as-received sample,
increases to a constant value of about 227 ps in the energy range (4-8) keV
before increasing rapidly towards the surface. Using Eq. A.12, the bulk
lifetime was calculated in order to test the validity of the STM. Also in this
case a very good agreement was found from the bulk to 4 keV. The average
value of the calculated bulk lifetime in the energy range from 4 keV to 18 keV
is in this case (146.1± 1.7) ps.

In the plateau region (from 4 keV to 8 keV) the average lifetime of the
second component is (227± 2) ps which agrees with the calculated value for
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the lifetime in titanium–oxygen divacancy VTi−O. Assuming a specific trap-
ping rate for this defect complex of about (0.5− 1.0) · 1015s−1, corresponding
to neutral and singly negatively charged defect, respectively, a concentration
between ≈ (3 − 6) ppm was estimated in the energy range from 4 keV to
8 keV.

For energies above 8 keV the τ2 continues to decrease. It remains however
always longer than the corresponding lifetime in the as received sample. This
can be explained with a simple model assuming:

• the native VTi defects are still present in bulk

• a defective layer with a lifetime of ∼227 ps extending from the surface
down to about 8 keV positron implantation energy

• short diffusion length (about 10 nm) as compared to the thickness of
the defective layer (∼ (300− 400) nm).

A fraction of the positrons implanted at energies above 8 keV are stopped in
the defective layer and probe this region with a positron lifetime of the second
component of ∼227 ps. In particular, the fraction of positrons implanted in
a layer with thickness zLayer is given by

fLayer(E) =

∫ zLayer
0

P (z, E) dz∫∞
0
P (z, E) dz

(4.3)

where P (z, E) is the positron implantation profile described in section 2.3.1
(see equation 2.31). Due to the shape of the implantation profile, even at the
highest positron implantation energy available with PLEPS (18 keV), about
20 % of the positrons are thermalized in a layer with a thickness of 400 nm
as illustrated in figure 4.8.

Consequently, since the second lifetime component in the defective layer
and in the substrate are too close and can not be separated, the measured
lifetime in the bulk is the weighted average of them:

τ2(E) = fLayer(E) · τLayer2 + (1− fLayer(E)) · τSubstrate2 (4.4)

with τLayer2 = 227 ps and τSubstrate2 = 184 ps. The measured data points were
fitted using equation 4.4 with zLayer as a free parameter. The best fit was
obtained with a thickness of 400 nm and, as evidenced by the dashed green
curve in figure 4.9, the model fits the measured data very well. The two
continuous green curves are obtained with layers of thickness (400± 20) nm.

The same reasoning applied to the trapping rate allows to express the
total trapping rate κTotal(E) as a function of κLayer, κSubstrate and the fraction
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Figure 4.8: Positron implantation profile in STO

of positrons implanted in the layer fLayer:

κTotal(E) = fLayer · κLayer + (1− fLayer) · κSubstrate (4.5)

In the STM the total trapping rate is:

κTotal = λ1 − λBulk . (4.6)

Combining these two equations the concentration in the substrate can be
estimated with:

cSubstate =
κSubstrate

µ
=
λ1 − λBulk − fLayer(E) · κLayer
µ · (1− fLayer(E)) · κSubstrate

. (4.7)

An average concentration of about (0.8 ± 0.3) ppm from 11 keV to 18 keV
positron implantation energy was found. This value is very similar within
the experimental errors to the concentration of VTi in the as-received sample.
A possible interpretation is that the VTi native defects are not affected by the
annealing procedure, which seems to introduce titanium – oxygen divacancies
from the surface down to some hundreds of nm.

These results are apparently in disagreement with the conclusions re-
ported in the paper of Gentils et al. [87]. However, as can be seen in figure
4.9, the second lifetime component found with the PLEPS measurement and
the S parameter show exactly the same energy dependence. To resolve this
issue the DBS measurement had to be reanalyzed in the light of the PLEPS
results.
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Figure 4.9: Comparison of the defect lifetime component (left axis) and the S
parameter (right) as a function of the implantation energy. The dashed green
line is the positron lifetime calculated with equation 4.4 and a layer thickness of
400 nm (the two continuous green lines are the same as the dashed curve but with
thickness (400± 20) nm).
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Reevaluation of the DBS measurements

The measured S parameter and the best fit obtained with VEPFIT are illus-
trated in figure 4.10. The results are summarized in table 4.2.
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Figure 4.10: S parameter as a function of the positron implantation energy for the
as received and IA-LAO samples. The measured data are shown with points, the
lines are the best fits obtained with VEPFIT.

The as-received sample has a constant S parameter from the bulk to about
4 keV where a steep increase starts towards the surface. This trend can be in-
terpreted as a homogeneous defect distribution with a short diffusion length

Sample
Layer 1 Layer 2 χ2

Red(S)

S1 L1
+ [nm] B1 [nm] S2 L2

+ [nm]

As-received 0.37682(15) 8.4(3) 0.76

IA-LAO 0.37591(27) 8.6(6) 340(40) 0.372070(24) 8(X) 0.52

Table 4.2: Results of VEPFIT analysis. The S parameter, the diffusion length Li+
and the upper boundary Bi of each layer is reported for the two samples. The fixed
parameters are marked with a X. The last column shows the reduced chi-square
of the fit.
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as pointed out by the VEPFIT analysis. Furthermore, the comparison of
the PALS measurements with the results obtained by DBS is consistent. In
fact, τ2 presents the same steep increase as the S parameter with decreas-
ing positron implantation energy, which can only be interpreted by a short
positron diffusion length. The S parameter of the IA-LAO sample has a
lower value than the as-received in the bulk region, shows a plateau with
a slightly higher value between 4 keV and 8 keV and then increases again
towards the surface. In the article of Gentils et al. [87] a very long diffu-
sion length of (200.2± 15.3) nm is reported. This result is probably affected
by the assumption of this sample as “defect free” and by fitting the S pa-
rameter in the range (2.5-25.0) keV, thereby completely neglecting the back
diffusion of the positrons to the surface. Considering the whole energy range,
it was possible to fit the measured data only by fixing the diffusion length
of the substrate obtaining a first layer of thickness (340±40) nm with a dif-
fusion length comparable to the one obtained in the bulk. These results are
consistent with the PLEPS lifetime measurements. In fact, both methods
demonstrated the existence of a defective layer of about 400 nm thickness on
top of a substrate that contains ∼1 ppm of the native titanium vacancies.
Furthermore, the apparent discrepancy between the conventional lifetime
and the PLEPS measurements can be explained by considering the mean
implantation depth that is obtained with a 22Na radioactive source. In fact,
the characteristic implantation depth for STO using equation 2.1 is about
50µm, meaning that the positrons are implanted mainly in the bulk of the
sample and only a negligible fraction senses the region affected by the anneal-
ing treatment. Another reason for the disagreement of the two techniques
is also the much better overall quality of the lifetime spectra measured with
PLEPS (peak-to-background ratio of ∼ (1.7− 2.0) · 104) and the poor statis-
tics of the conventional lifetime measurements, since only approximately two
million counts were collected for each spectrum.
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4.1.3 Conclusions

Defect characterization in PLD deposited STO films

In the PLD deposited STO thin films investigation total trapping into two
kind of defects was observed with PLEPS. The two lifetimes of 181 ps and
∼280 ps were attributed to the titanium vacancy and strontium vacancy,
respectively. Moreover, the measurements as a function of the laser fluence
allowed to determine the ratio of the specific trapping rates characteristic of
these two defects (µVTi

/µVSr ≈ 3.6).

Defect evolution in STO crystal

The investigation in STO crystals subjected to different treatments to im-
prove their conductivity evidenced the power of the positron lifetime tech-
nique in combination with a pulsed beam. In particular, the measurements
performed with PLEPS and the DBS data showed:

• VTi are present in the as received sample with a concentration of (1.26±
0.16) ppm.

• after the annealing treatment in low oxygen partial pressure the native
defects are not removed and a layer of titanium-oxygen divacancies
(with positron lifetime of 227±2) ps) appear from the surface to about
400 nm with a concentration between ≈ (3− 6) ppm depending on the
specific trapping rate assumed for the VTi−O defect.

• the calculated bulk lifetimes in STO of (144.4 ± 1.2) ps and (146.1 ±
1.7) ps for the as-received and annealed samples, respectively, are in
excellent agreement with the experimental value of Uedono et al. [88].
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4.2 Permanently densified silica glass

Although glasses have been intensively studied during the last decades, there
are still some open questions about their structures. Crystals can be de-
scribed by a repetition of some building blocks, usually composed by only
few atoms, which are called the unit cell. Differently from crystalline ma-
terials, in glasses the periodicity is broken and they are therefore known as
disordered materials.

However, even glasses show some degree of order. For example, vitreous
silica can be described as an open network of SiO4 tetrahedra (highlighted
by the green circle in figure 4.11) similar to those of the crystalline form.

α

2

2 α

•

≈ 5 Å

Figure 4.11: Structure of vitreous silica from [89]. The black and red dots show Si
and O atoms, respectively.

Three ranges with very different properties can be identified [89, 90]:

• Short Range Order (SRO): between 2 Å and 5 Å, namely the atom
and the nearest neighbors. This structure level has been thoroughly
investigated and can be described by the number of nearest neighbor
atoms and by the distributions of the bond-length and -angle.

• Medium Range Order (MRO): from 5 Å to 20 Å. It depends on how
the tetrahedra are connected to each other and on the interstitial voids
between them. The existence of a MRO is evidenced by the presence
of a First Sharp Diffraction Peak (FSDP) in the static structure factor
S(Q).
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• Long Range Structure (LRS): for distances > 20 Å, where inhomo-
geneities in the structure are observed.

Different models have been proposed to describe the structure of SiO2 and
its evolution as a function of the density when subjected to densification.
In this work, permanently densified silica glasses were investigated by X-ray
diffraction and positron annihilation lifetime spectroscopy.

Sample preparation

The samples are normal silica glasses (commercial grade Spectrosil, cylinders
of �4×4 mm) subjected to a densification process using a multianvil appara-
tus. The pressure was increased with a rate of 1 GPa/hour up to the desired
value. The sample was heated at the maximum pressure at 770 K (heating
rate 50 K/min) for 10 min and then the pressure was decreased with a rate
of 0.3 GPa/hour. The density of the compressed samples was measured with
the Archimedes method (ethanol as immersion fluid) and was found to be
stable over few years. The obtained values are shown in table 4.3.

4.2.1 X-ray diffraction measurements

These measurements were performed with a two axis diffractometer using
the Ag Kff radiation (λ = 0.5608 Å) in combination with a graphite crystal
monochromator. The results obtained with this technique are shown in figure
4.12 and are briefly discussed in the next paragraphs.

Figure 4.12 (a) shows the static structure factor S(Q) of the investigated
samples. The differences in the four curves for high Q is very small, indicating
no change in the SRO. This fact is also emphasized by the calculation of the
number density function N(r), which gives the number of atoms at a distance
r (see figure 4.12 (b)). No difference is observe in the four samples up to a
distance of about rOO, meaning that the SiO4 tethaedra are barely affected
by the densification process.

On the other hand, a change in the MRO is evidenced by the shift in the
position Q1 of the FSDP. This feature is clearly visible by studying the low-Q
portion of the static structure factor (see figure 4.12 (c)). With increasing
density, Q1 shifts to higher Q and reaches a value ∼20 % higher than normal
glass for the 8 GPa sample. In this graph also the diffraction patterns of
crystalline SiO2 in the α – quartz and α – cristobalite phases are plotted. It
is interesting to note that the position of the FSDP of the samples subjected
to a pressure 4 GPa and 8 GPa is in good agreement with the one of α –
cristobalite and α – quartz, respectively.
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with the characteristic 125 ps lifetime, and then the increase
of the lifetime !1.
The lifetime !3, measuring the oPs pickoff annihilation,

can be related to the interstitial voids dimension by the Tao-
Eldrup model [23,24]. The model assumes a spherical void
with an effective radius R described by an infinite potential
well in which Ps is trapped in the ground state and
annihilates with the electrons only when its wave function
penetrates into the bulk. These annihilations are taken into
account by an empirical parameter!R: orthopositronium is
assumed to have an infinite lifetime inside the potential
well of radius R, whereas the spin-averaged Ps lifetime
within the penetration distance !R from the walls of the
potential well is 0.5 ns. The model is adequate for
R < 12:5 Å. The penetration distance !R in silica was
calibrated to be 1.68 Å [25]. The density evolution of the

volume of the voids is reported in Fig. 2; increasing the
density by 22% the voids volume linearly shrinks to 12% of
its initial value.
Additional information on the evolution of the short

range structure as well as of the FSDP was obtained by
means of x-ray diffraction. The measurements were per-
formed on a two axis diffractometer using the Ag K"
radiation (# ! 0.5608 Å) monochromatized by a graphite
crystal. Figure 3(a) shows the static structure factor S"Q#
for normal v-SiO2 and the permanently densified silica
samples. The high-Q part of S"Q# is almost unchanged,
showing that the short range structure, i.e., the SiO4

tetrahedra, are scarcely affected by densification, as already
shown in Refs. [26,27]. This is also clearly visible by
computing the number density function N"r# [28]. This
quantity is reported in Fig. 3(b) and gives information on
the average number of atoms at a given distance r. At
distances smaller than the oxygen-oxygen distance rOO
N"r# is almost unchanged, whereas it increases at the
intertetrahedra length scale. On the contrary, the densifi-
cation process induces a modification in the MRO range as
indicated by the FSDP, see Fig. 3(c). In fact, on increasing
density the FSDP positionQ1 shifts upwards by about 20%
while its width !Q1 remains constant. It is worth noting
that the position Q1 of the FSDP at 4 GPa basically
corresponds to that of the most intense Bragg peak of "-
cristobalite and that of the 8 GPa sample to that of "-quartz,
see Fig. 3(c).

FIG. 1 (color online). (a) Lifetime spectra measured at 16 keV
positron implantation energy in v-SiO2 samples with increasing
density (from top to bottom). Spectra are normalized to the peak
height. The instrumental time resolution function R"t# is also
reported (solid black line), FWHM ! 261.9 ps. (b) Example of
spectral deconvolution for the 6 GPa sample signal. The thick red
line is the best fit to the data whereas black lines represent the
three lifetime components.

FIG. 3 (color online). (a) Static structure factor for normal
silica and permanently densified samples. (b) Density evolution
of the number distribution function N"r#; density increases from
bottom to top [colors are as in the legend of (a)]. The bond lengths
are marked by black arrows: rSiO ! 1.60 Å, rOO ! 2.5 Å, and
rSiSi ! 3.07 Å [13,26]. (c) Comparison between the low-Q
portion of the diffraction patterns of the permanently densified
-v-SiO2 samples [density increases from left to right; colors as in
the legend of (a)] and of the crystalline SiO2 polymorphs "-quartz
(orange solid line) and "-cristobalite (brown thick solid line).

FIG. 2 (color online). Interstitial void volume 4
3 $R

3 as obtained
from PALS data. The dashed line is a linear fit to the data. The
density-evolution of the intensities I2 (blue squares) and I3 (red
circles) is reported in the inset; the dashed lines are guides for the
eyes. The oPs formation in normal vitreous silica is about 56% of
the implanted positrons, while another 18% forms pPs.

PRL 112, 045501 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

31 JANUARY 2014

045501-3

Figure 4.12: Results of the X-ray diffraction measurements for normal SiO2 and
for the samples subjected to a pressure of 4, 6 and 8 GPa (the colors in all three
plots is as described in the legend of figure (a)): (a) static structure factor S(Q).
(b) Number distribution function N(r). The bond lengths are marked by the
arrows: rSiO = 1.60 Å,rOO = 2.50 Å and rSiSi = 3.07 Å. (c) The low-Q portion
of the structure factor from (a) enlarged and compared to crystalline SiO2 in the
α – quartz (orange line) and α – cristobalite (brown line) phases (from [12]).

To find a correlation between the shift of the FSDP and the evolution of
the inter-tetrahedral voids, a measurement of the average void size was nec-
essary. Therefore, PALS measurements with PLEPS have been performed.

4.2.2 PLEPS measurements

PLEPS measurements were performed at 16 keV and 18 keV positron implan-
tation energy corresponding to average implantation depths between 1.2µm
and 1.8µm. The instrument function had a FWHM of about 260 ps for both
positron implantation energies.

Figure 4.13, shows the comparison of the positron annihilation lifetime
spectra measured at 16 keV positron implantation energy for the four investi-
gated samples. From this comparison a dramatic decrease in the long lifetime
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Figure 4.13: Positron lifetime spectra of the v-SiO2 samples at 16 keV positron
implantation energy.

component with increasing density can be inferred.

The positron annihilation lifetime spectra were analyzed by means of both
POSWIN [91] and LT [92] and the results of the two programs were in perfect
agreement. An example of the decomposition obtained by the POSWIN
analysis is shown in figure 4.14(a) for the sample subjected to 6 GPa measured
at 16 keV positron implantation energy. Figure 4.14(b) shows the positron
lifetime spectra of the sample subjected to a pressure of 6 GPa at 16 keV
and 18 keV positron implantation energy. Since no difference between these
two spectra was observed, the lifetime components and the corresponding
intensities found with the fitting procedure were averaged.

Table 4.3 summarizes the fit results for all samples. The virgin sample
was fitted with three components and showed the typical lifetimes of SiO2

glass: a short component (τ1 = 145 ps) that can be attributed to p-Ps and an-
nihilation of free positrons, an intermediate component (τ2 = 730 ps) coming
from annihilation in small voids and a longer one (τ3 = 1623 ps) due to o-Ps
pick–off in the intrinsic voids of the amorphous structure. With increasing
density, the first component becomes longer (from 145 ps to 195 ps at 6 GPa
and 169 ps at 8 GPa) and the corresponding intensity increases from 25.5 %
to 39.7 %. The intermediate lifetime decreases from 730 ps to 570 ps at 6 GPa
and then again to 359 ps at 8 GPa with an intensity increase from 18.7 % to
45.3 % at the maximal density. The third component decreases from the
original value in glasses to 781 ps at 8 GPa. Also its intensity is much lower
after the compression (from 55.8 % to 13.9 %). A good fit of the spectra of
the sample subjected at 8 GPa could be obtained only by adding a fourth
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measured at 16 keV and 18 keV positron implantation energy.

Figure 4.14: Positron lifetime spectra of the v-SiO2 sample subjected to 6 GPa.
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component of (3590± 80) ps with an intensity of 1.1 %.

Since this study is focused on the evolution of the void size as a function
of the density, only the lifetime component that can be ascribed to the an-
nihilation of ortho-positronium will be discussed in detail. In particular, τ3

(and τ4 for the 8 GPa sample) obtained by the fitting procedure is related
to the void size by the Tao – Eldrup model described in detail in section 2.4.
The long τ4 component for the 8 GPa sample could be attributed to small
cracks that appeared at this pressure. Since the intensity of this lifetime
component is very small (∼1 %) it is neglected in the rest of the discussion.

The pick – off lifetime can be expressed as (from equation 2.35):

τpickoff ≈
1

2
·
[
1− R

R + ∆R
+

1

2π
· sin

(
2πR

R + ∆R

)]−1

. (4.8)

The parameter ∆R was set to 0.168 nm. Figure 4.15 shows the evolution
of the void volume, assumed as spherical (V = 4

3
πR3), as a function of the

density. The void volume shows a linear trend and an increase of the density
of ∼22 % gives rise to a shrinking of the void to ∼12 % of the initial value
(from about 66 Å3 to 9 Å3).
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Figure 4.15: Void volume as a function of the sample density. A spherical void
was assumed (V = 4

3πR
3) and the void radius R was calculated with equation 4.8.
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4.2.3 Conclusions

In normal silica glasses an average void size R = (2.5± 0.2) Å was measured.
A shrinking of the voids to ∼12 % of the non – densified sample was observed
with an increase in the density of about 22 %.

The results obtained with the two techniques suggest that the v-SiO2

structure can be described by an incompressible and a compressible part.
The incompressible part is formed by SiO4 tetrahedra that are not affected
by the densification process up to 8 GPa. The compressible part can be
ascribed to the inter-tetrahedral voids and its reduction can be explained by
the rotation of the tetrahedra, which fill the voids.

One of the model proposed to describe the glass structure is the void –
cluster model [93]. In this framework the voids are surrounded by SiO4

tetrahedra at a distance D and separated by the Si – Si distance. Further-
more, the origin of the FSDP is the chemical ordering of the clusters around
the voids and its position Q1 can be written as:

Q1 =
3π

2d

(
3

2
− D

2d

)
, (4.9)

where d = rSiSi = 3.07 Å and D is the distance between the center of the
void and the tetrahedra and can be estimated using the PALS results. The
distance D can be decomposed into two terms: i) R, the average void radius
found with the Tao – Eldrup model and ii) reff , a screening factor which takes
into account the portion of the void that is not accessible to the positrons due
to the Coulomb potential of the ions [12]. This parameter can be estimated
comparing the void radius measured in the normal glass with the geometrical
Si – void center distance calculated in β – cristobalite. The value for reff found
with this procedure is ∼0.59 Å and it is then possible to calculate D as
a function of the density (shown in the lower inset of figure 4.16). The
calculated position of the FSDP using equation 4.9 and the estimated D
values are reported in figure 4.16 in red open circles. In this figure also the
Q1 measured by XRD (blue open diamonds) and by neutron diffraction from
[94] (black open squares) are plotted. From this figure it is evident that
the agreement between the measured and calculated values is perfect and,
therefore, the description of the structure of permanently densified v-SiO2

within the void – cluster model seems to be correct.
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The XRD and PALS results naturally suggest a descrip-
tion of the v-SiO2 structure using a porous medium model,
with an incompressible and a compressible part. The
compressible part can be estimated from the voids volume
fraction fv ! CI3v, where v is the average volume of a
single void, I3 is proportional to the concentration of voids
and C is a material-dependent constant [29,30]. Combining
the measured values of I3 and v (see Fig. 2), we obtain that
a 22% increase in density gives rise to a shrinking of
the compressible component to !3% of its initial value.
This implies that the compressible part of the structure of
ambient pressure v-SiO2, i.e., the interstitial voids,
occupy !18% of the total volume. The reduction of the
compressible part upon densification can be ascribed to an
almost rigid rotation of the tetrahedra which fill the
interstitial voids [31]. Only at pressures corresponding to
densities larger than that of !-quartz the short range
arrangement will be affected, and in fact, at that point,
the Si coordination starts to increase from fourfold to
sixfold [32].
Moreover, the FSDP variation with density can also be

explained in terms of reduction of the voids volume. The
glassy network can be imagined as an ensemble of voids
surrounded, at a distance D from their centers, by quasi-
spherical cation centered clusters. For vitreous silica, these
clusters are SiO4 tetrahedra separated by the Si-Si distance
d. The FSDP is, thus, due to the chemical ordering of the
clusters around the void and is related to a prepeak in the
concentration-concentration partial structure factor SCC"Q#
in the Bhatia-Thornton formalism [8]. The peak position
Q1 turns out to be [7]

Qth
1 ! 3"

2d

!
3

2
! D
2d

"
; (2)

where d ! rSiSi ! 3.07 Å and D is estimated by the PALS
data in the following way. The Si-void center distance can
be obtained as D ! Rvoid $ reff , where reff is a screening
distance accounting for the exact location of the high
electron-density region which cannot be explored by
positrons. To estimate reff we can compare the value of
Rmeasured in v-SiO2 at ambient density to the geometrical
Si-void center distance calculated in a #-cristobalite ideal-
cell (density 2.20 g=cm2) [33] reported in Fig. 4(a). We
obtain that reff ! 0.59 Å. Using this value, we can calculate
the density dependence ofD as reported in Fig. 4(b). Using
these values, finally, we can compute via Eq. (2) the values
of Qth

1 shown in Fig. 4 together with the measured ones. It
is clear that the present PALS data allow us to describe with
great accuracy both the FSDP position and its density
dependence in absolute units within the void-cluster
model [7].
In conclusion, XRD measurements in permanently

densified v-SiO2 show that a density increase of up to
22% does not modify appreciably the short range structure,
which remains organized in rigid SiO4 tetrahedra. On the
contrary PALS results allow us to study the density
dependence of the interstitial voids size. The structure of
v-SiO2 comes up to be that of a porous medium, with pores
that in v-SiO2 at ambient conditions have a radius R !
2.5% 0.2 Å and occupy !18% of the total volume, and that
display linear decrease of their volume with increasing
density up to the density of !-quartz. The reduction of the
interstitial void space dominates the variation of the
medium range correlations and finally the v-SiO2 com-
pressibility; it also accurately describes the density depend-
ence of the FSDP position via the void-cluster model [6,7].
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FIG. 4 (color online). FSDP position Q1 as obtained by means
of XRD (blue open diamonds) and neutron diffraction from Ref.
[26] (black open squares) compared to the positions calculated
using the void-cluster model (red open circles). (a) Structure of
ideal #-cristobalite [33], silicon, and oxygen atoms are repre-
sented as big (red) and small (blue) dots, respectively; the green
diamond represents the center of the void space. (b) Density
dependence of the Si-void center distance D for permanently
densified v-SiO2 (red circles) and the geometrical distance D
calculated for ! and #-cristobalite (black diamonds).
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Figure 4.16: Position of the FSDP (Q1) measured with XRD (blue open diamonds)
and neutron diffraction from [94] (black open squares) compared with the calcula-
tions using the void – cluster model (equation 4.9, red open circles). The upper left
inset shows the structure of β – cristobalite. Si and O atoms are shown in red and
blue, respectively. The green dot represents the center of the void. In the lower
right inset the Si – void center distance D is plotted as a function of the density for
permanently densified v-SiO2 (red circles). The black diamonds are the calculated
geometrical distances D for α and β – cristobalite. From [12].





Chapter 5

Limits of PLEPS

The measurements performed in the years from 2008 until 2010 evidenced
some limits of PLEPS, especially when dealing with:

Different types of defects: in many complex systems the lifetimes
of different defects are very similar, see for example table 5.1 in which the
lifetimes of the defects in 6H-SiC and SrTiO3 are summarized. In such
cases, if the resolution of the system is not good enough to resolve two close
lifetimes, only an average lifetime may be obtained from the fit.

6H-SiC SrTiO3

Bulk 144 δ = τi
τi−1

Bulk 152 δ = τi
τi−1

VC 153 1.06 VO 161 1.06

VC−C 161 1.05 VTi 181 1.12

VSi 192-194 1.20 VTi−O 225 1.24

VSi−Si 196 1.01 VSr 281 1.25

VSi−C 214 1.09 VSr−O 283 1.01

Table 5.1: Positron lifetimes in 6H-SiC (from [95]) and SrTiO3 (monovacancies
from [11] and this study, vacancy complexes from [64]).

Multi-layered systems: due to the width of the implantation profile,
when investigating thin layers or multi-layered systems, it is not always pos-
sible to tune the implantation energy in such way that all the positrons
annihilate in the same material. Thus, positrons annihilating in the layer
and in the substrate contribute to the lifetime spectrum. If the correspond-
ing lifetimes are similar, it may not be possible to resolve them and as in

73
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the previous case an average lifetime results from the fit. Moreover, positron
diffusion and internal electric fields can complicate the interpretation of the
lifetime data even further [57, 41].

Long lifetimes: due to the 20 ns time window in the case of lifetimes
longer than approximately 3 ns an increase of the background is observed.

In order to increase the number of components that can be resolved in a
given sample, not only the time resolution has to be improved, but also the
peak-to-background ratio. In fact, as shown by Istratov and Vyvenko [96],
the number of components that can be resolved and the resolution δ of two

close lifetime components τi and τi−1

(
δ = τi

τi−1

)
of the fitting procedure are

directly correlated with the peak-to-background ratio. Furthermore, accord-
ing to Istratov and Vyvenko [96], the resolution δ depends also on the domain
of the system, which is defined as the ratio between the longest and the short-
est lifetimes, τMAX and τMIN , respectively, present in the lifetime spectrum.
The resolution for selected peak-to-background ratios and domains are shown
in table 5.2 (from [96]).

Considering that the peak-to-background ratio of the measurements done
with the previous version of PLEPS, operated with a 22Na source, was about
2 · 103, a resolution factor of 1.27 could be obtained with a τMAX/τMIN =
2, which is the typical domain for metals and semiconductors. With the
NEPOMUC source the peak-to-background ratio is a factor 10 higher, giving
a δ of 1.20 considering the same domain. This means that even with PLEPS
at NEPOMUC it is not possible to resolve all the defect lifetimes in SiC and
STO (see column three and six of table 5.1, respectively).

Fortunately, in many cases certain defects can be ruled out (e. g.: positive
charge state of some defects in semiconductors and insulators, information
on the nature of the defects obtained with other techniques, use of reference

τMAX/τMIN

peak-to-background 2 5

102 1.44 1.74

103 1.27 1.45

104 1.20 1.32

Table 5.2: Resolution δ of the exponential fitting according to Istratov and
Vyvenko [96].
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samples with known defects) and, consequently, the type of defect can be
identified. On the other hand, if larger defects are present (for example,
in irradiated materials) or in semiconductors like STO (see table 5.1), the
domain τMAX/τMIN can be > 2, leading to δ typically in the range 1.20 –
1.32 even for PLEPS operated at NEPOMUC with its excellent peak-to-
background ratio of ≈ 104. One example of this kind of issue is described
in section 4.1.2, which concerns measurements on STO crystals subjected to
different treatments.

Therefore, in order to be able to resolve more lifetimes, an improvement
of the peak-to-background ratio is needed. There are two ways to improve
the peak-to-background ratio: a) increase the count rate and b) reduce the
background. The maximum count rate is ultimately limited by the intensity
of the remoderated reactor beam. Also the further reduction of the back-
ground is mainly limited by constructive constrains which can not be easily
modified.

As the peak-to-background ratio increases, satellite structures not visi-
ble at lower peak-to-background-ratios appear in the lifetime spectra. This
problem is illustrated in figure 5.1 (left), which shows positron annihilation
lifetime spectra of a gold target at 4 keV, 8 keV, 12 keV and 16 keV positron
implantation energy. Due to the high Z, the backscattering coefficient in
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Figure 5.1: Left: Positron lifetime spectra of a gold target at different implantation
energies. Right: positron lifetime spectrum at 16 keV implantation energy. The
number of counts in the peak (blue) and in the satellite structure (red) are shown.

gold can be as high as 35% at 16 keV positron implantation energy [97, 98].
Nevertheless, already with the setup in the years 2008-2010 the contribution
of the satellite structures (highlighted in red) was less than 1% of the num-
ber of counts in the lifetime peak (blue), as can be seen in figure 5.1 (right).
Even though the amount of such events is very small, in some cases these
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structures can render the data analysis difficult. This issue is one of the main
topics of this thesis and is described in detail in chapter 6.

The second limitation of the setup in the years 2008-2010 concerned the
measurements with long lifetimes, especially when free volumes with different
sizes, and consequently more than one long lifetime component, are present.
Istratov and Vyvenko [96] have shown that not only the resolution factor δ,
but also the length of the time window plays a crucial role in the determina-
tion of long lifetimes. This problem is illustrated in the two plots of figure

�0 , is presented in Fig. 1�d� and is equal to zero everywhere
except for ���0 . The case of three trap levels results in
decays, which consist of a sum of three exponentials. In this
case the spectral function g(�) is represented by three delta
function-like spikes, as in Fig. 1�e�. Finally, the case of a
distribution of noninteracting trap levels is described by a
smooth continuous spectral function g(�) in Fig. 1�f�. It is
assumed that the function g(�) takes nonzero values over
the interval �a0 ,b0� and is zero for the emission rates out-
side of this interval. In the following we will call this interval
a domain of the function g(�).

III. FUNDAMENTAL LIMITATIONS OF THE
EXPONENTIAL ANALYSIS

The problem of exponential analysis is solved, in prin-
ciple, by taking the inverse Laplace transform of the tran-
sient f (t) �Ref. 38�:

g����
1
2�i �c�i�

c�i�
f � t �exp��t �dt , �7�

where c is a real constant. It is usually quite straightforward
to compute the integral Eq. �7� if the analytical expression
for f (t) is known. This, however, seldom happens in experi-
mental physics. In most cases, Eq. �7� �also known as a Bro-
mwich integral� cannot be applied directly to experimental
data. Unlike sinusoids, exponentials are not orthogonal along
the real axis, i.e., the contribution of each exponential to the
signal cannot be projected out by taking an inner product
defined as an integral along the real axis. This is reflected by
the fact that Eq. �7� requires integration in the complex
plane. Yet, from experimental observations, only values of
the signal function along the real axis are known. Thus, the

spectral function g(�) can be found only by solving the
Laplace integral equation, Eq. �5�. This equation belongs to a
more general class of Fredholm integral equations of the first
kind, which are known to be ill posed39,40 �or ‘‘incorrectly’’
or ‘‘improperly’’ posed�. This term means that the solution,
g(�), of Eq. �5� may not be unique, may not exist, and may
not depend continuously on the data.

The ill-posed nature of the Laplace integral equation can
be easily understood41 if we take a Fourier transform of both
sides of Eq. �5�. The equation becomes:

f̂ ����K̂���� ĝ���. �8�

Here, f̂ (�), K̂(�), and ĝ(�) are the Fourier transforms
of f (t), K(t ,�) and g(�), respectively. It can be shown42,43
that the Fourier ‘‘image’’ of the Laplace kernel K(t ,�)
�exp(��t) is band limited, i.e., K̂(�) decreases to zero as
1/(�2��2) for �→� . The Laplace operator can thus be
compared with a low-pass filter in electronics. Using this
analogy, one can say that the high-frequency components of
the Fourier spectrum: ĝ(�) of g(�), are cut off by the band-
limited Laplace integral operator if ���max , where �max is
a certain threshold frequency. For instance, if ĝ (0)(�) is such
a function that ĝ (0)(�)�0 for �����max , but ĝ (0)(�)�0
for �����max �for example, g (0) may represent high-
frequency noise�, then K̂(�)� ĝ (0)(�)�0. If a solution ĝ of
Eq. �8� exists, then ĝ� ĝ (0) is also a solution, and thus the
solution of the Laplace equation is not unique. This result is
essentially the subject of the Riemann–Lebesgue theorem,
well known from mathematics.44,45 Since the Laplace kernel
K acts as a smoothing operator which filters out high-
frequency components of the function g(�), then any at-
tempt to recover these components from a noisy transient
f exp(t) will lead to arbitrary deviations of g(�). Many physi-
cists have discovered after much wasted effort that it is es-
sential to understand the ill-conditioned nature of the prob-
lem before attempting to compute solutions. Examples which
show how significantly two solutions g1 and g2 may differ

FIG. 2. The famous example of Lanczos �Ref. 30�. Twenty four data points
�filled circles� are fitted by a double exponential f 2(t)�2.202 exp(�4.45t)
�0.305 exp(�1.58t) �dashed line� and by a triple exponential f 3(t)
�0.0951 exp(�t)�0.8607 exp(�3t) and 1.5576 exp(�5t) �solid line�. The
difference between f 2(t) and f 3(t) is less than the line width, and the lines
are undistinguishable. Following Ref. 30, the units of time are hours.

FIG. 1. A band diagram of a semiconductor with a single deep level �a�,
three deep levels �b� and a continuous energy distribution of levels of non-
interacting defects �c�, and corresponding to these three cases emission rate
spectra of the decays: monoexponential decay �d�, multiexponential decay
�e� and nonexponential decay �f�.
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be surmounted by numerical algorithms. Any attempt to ob-
tain resolution beyond the resolution limit will result in un-
reliable and unstable solutions.

V. DATA ACQUISITION FOR HIGH-RESOLUTION
EXPONENTIAL ANALYSIS
A. Digitalization and averaging of transients

The major goal of exponential analysis is to distinguish
exponential components with close time constants in the ex-
perimentally measured decay. To achieve high resolution in
exponential analysis, it is very important to record the tran-
sient until it decays completely.70–72 Since the ratio of
amplitudes of two exponentials with close decay rates:
exp(��1t) and exp(��2t) increases with the time as
exp�(�2��1)t�, then these exponentials always can, at least
theoretically, be distinguished if the decay is monitored for a
sufficiently long time. Since the exponential is a decaying
function of time, the transient should be monitored as long as
the signal amplitude exceeds the noise level. For a signal-to-
noise ratio, SNR�100, the measurement time T should be at
least 4.6� �since exp(4.6)�100�, for SNR�1000 about 6.9�,
and for SNR�104 at least 9.2�. A too short duration T may
become an important limiting factor for the resolution capac-
ity. This is frequently ignored in experiments and numerical
simulations. A number of examples confirming that the reso-
lution of exponential analysis can be improved by increasing
T/� can be found in the literature. For instance, Smith et al.73
analyzed the Gardner transform technique �described in Sec.
VI C 4� and came to the conclusion that the best resolution in
the recovered emission rate spectrum could be obtained only

if the decay is known for at least 22�. Hall et al.74 compared
the method of moments and the nonlinear least squares mini-
mization and reported that the error in determination of �
decreased with the increase of measurement time and
reached its minimum at T/� in the range 10–16. Zhang
et al.75 reported that for a monoexponential transient with
unknown baseline both the Prony �Sec. VI B 3� and
Levenberg–Marquardt �Sec. VI B 2� algorithms require T
�5� for best performance.

To provide an example of the importance of monitoring
the decays for the time periods which substantially exceed
the decay time constants, we calculated the double- and
triple-exponential decays from the example of Lanczos30
�Sec. III� for the decay time of 6 h instead of 1.2 h as in Figs.
1 and 2. This corresponds to the increase of the T/� ratio for
the slowest component of the decay from 1.2 to 6. It is in-
structive to see in Fig. 5 how two decays, undistinguishable
for t�2 h, become well separated after 3 h. However, the
difference between the two curves does not exceed 0.001 of
the decay amplitude, and hence can be detected only if the
SNR in the experimental data exceeds 1000.

As discussed above, SNR in the input decays is a major
factor that limits the resolution of exponential analysis. Un-
fortunately, SNR of the decays obtained from the experiment
is usually determined by sensitivity of the equipment and
often does not exceed 100. For example, interfering radio
frequencies, instabilities of pulse generators and dc voltage
sources, noise of current and voltage amplifiers, drift of tem-
perature, or in optical spectroscopy fluctuations of lamp in-
tensities, photomultiplier color effects, or light scattering,
will all degrade the SNR. The above mentioned value of
SNR�100 is still too low for most of algorithms discussed
in Sec. VI, and is clearly insufficient to distinguish the
curves in Fig. 5. Averaging a large number of transients en-
ables one to improve the SNR by a factor of about K1/2,
where K is the number of averaged transients �this estimate
assumes Poisson statistics�. Since it is usually too time con-
suming to average more than about 104 transients, it is easy
to calculate that after averaging one can obtain a SNR up to

FIG. 4. The resolution limit of exponential analysis � as a function of the
domain of the solution b0 /a0 and of the signal-to-noise ratio �SNR� �after
Bertero et al., Ref. 59�. Solid lines represent dependencies of the resolution
limit on domain width for different signal-to-noise ratios. The dash-dot lines
give the resolution necessary to recover n�2,3,4,5 exponentials as a func-
tion of the domain; n exponential components can be resolved for a given
SNR and domain b0 /a0 , when the dash-dotted line corresponding to n is
below the solid line associated with SNR for the abscissa value of b0 /a0 .
The horizontal dashed lines represent resolution limit for different SNR for
the infinite domain.

FIG. 5. The example of Lanczos �Ref. 30� plotted for longer decay times
than in Fig. 2. It is obvious that the two curves, which are indeed undistin-
guishable at t�2 h, are well separated for t�3 h. However, the absolute
value of the separation is less than only 0.001 of the decay amplitude.
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Figure 5.2: Comparison of exponential decay functions from [96]: 24 data points
are fitted with a double (f2(t) = 2.202exp(−4.45t) + 0.305exp(−1.58t), dashed
line) and a triple exponential function (f3(t) = 0.0951exp(−t) + 0.8607exp(−3t) +
1.5576exp(−5t), solid line) but the differences are smaller than the line width (left).
On the right the same functions are plotted in a longer time range and the two
functions can be well separated for t > 2 h.

5.2. On the left, 24 data points were fitted with a double and a triple expo-
nential function with completely different decay constants and amplitudes,
but the difference between them is smaller than the width of the line. On
the right hand side, the same functions are plotted in a wider time range and
one can clearly see that they become distinguishable only for t > 2 h. This is
a very important problem when dealing with samples where o-Ps is formed,
especially if in a time window of 20 ns the longest lifetimes are > (6− 8) ns.



Chapter 6

Simulations of the background
in the lifetime spectra of
PLEPS

From the first version of PLEPS computer simulations were intensively em-
ployed, in particular in the development of the pulsing system and the beam
transport. For these tasks computer codes like SIMION [99] are sufficient
[1, 2, 55].

As pointed out in the preceding chapter, the background in the lifetime
spectra due to positrons backscattered from the sample is now one of the
main problems in the evaluation of positron lifetime spectra measured with
PLEPS. In order to understand the provenience of these structures and to
figure out possible countermeasures, comprehensive computer simulations of
the target chamber of PLEPS were needed. These simulations require highly
sophisticated software which permits not only the calculation of the trajec-
tories of positron in electromagnetic fields, but also their interaction with
matter, such as the Geant4 toolkit [100, 101]. This software, which is briefly
described in section 6.1, allows the tracking of particles and electromagnetic
radiation through matter also in presence of electric and magnetic fields.

The modeling of the target chamber for the calculation of the electric
and magnetic fields was performed with COMSOL Multiphysics c© [102]
(see section 6.2).

The details of the Geant4 simulations and the comparison between the
results of the simulations and the measured spectra are discussed in 6.4. Part
of the results have already been published in [103].

77
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6.1 Geant4

Geant4 is a toolkit to simulate the passage of charged particles and electro-
magnetic radiation through matter which was developed at CERN [100, 101].
It is a free software package written in C++ which provides a series of classes
that cover all the aspects needed for the simulations:

• the definition of the geometry of the system

• a database with the properties of pure materials and all the compounds
defined by the National Institute of Standards and Technology (NIST)

• the database with the cross sections of the physics processes

• the generation of the primary events and the tracking of particles
through materials and electromagnetic fields

• the storage of events and tracks and a graphical user interface for the
visualization of the trajectories

Although it was originally developed for high energy, nuclear and ac-
celerator physics, the last versions of Geant4 with the standard low energy
electromagnetic model give good results also for positrons with energies down
to 1 keV [104].

To check the validity of the Geant4 toolkit in the energy range of inter-
est, the total backscattering probability of gold was simulated with different
versions of Geant4 in the range from 1 to 30 keV. The results are shown in
figure 6.1 for Geant4 release 9.4 and release 9.5 in comparison with the ex-
perimental and calculated data of Mäkinen et al. [97]. The agreement of the
Geant4 release 9.4 results is very good, especially in the energy range from
15 keV to 30 keV, for both energy cut-off values of 20 and 50 eV. At ener-
gies lower than 8 keV, even with an energy cut-off value of 20 eV, the total
backscattering probability is about 50% lower than the measured values. In
Geant4 release 9.5 the low energy electromagnetic classes which describe the
interactions of electrons, positrons and photons were upgraded. From this
release on, the standard low energy electromagnetic classes are based on the
version 2001 of the PENELOPE (PENetration and Energy LOss of Positrons
and Electrons) model [105]. With this model it is possible to simulate the
slowing down of positrons in matter taking into account multiple scatter-
ing, ionization and bremsstrahlung from 1 GeV down to hundred of eV. For
unknown reasons, with this release the total backscattering probability is
overestimated by about (5-8)% from 30 to about 6 keV.

However, due to technical issues with release 9.4, it was decided to per-
form the simulations with Geant4 release 9.5 and the PENELOPE low en-
ergy electromagnetic classes. The influence of the discrepancy in the total



6.1. GEANT4 79

0 5 10 15 20 25 30
Positron implantation energy [keV]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45
B

ac
ks

ca
tte

rin
g 

pr
ob

ab
ili

ty
 [%

]

Measured Makinen
Calculated Makinen
Geant4 9.4 Penelope 20eV
Geant4 9.4 Penelope 50eV
Geant4 9.5 Penelope 50eV

Figure 6.1: Experimentally measured and simulated positron backscattering prob-
ability for a gold target as a function of the implantation energy. The data of
Mäkinen are from ref. [97].

backscattering probability on the simulated spectra is discussed in section
6.4.
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6.2 Electric and magnetic fields calculation

with COMSOL Multiphysics c©
As Geant4 allows only the definition of homogeneous electric and magnetic
fields, they had to be calculated separately in order to reproduce accurately
the real system. For this purpose COMSOL Multiphysics c© [102] was used.
This program is a solver and simulation software for many physics and engi-
neering problems based on the finite element method (FEM). After modeling
the geometry of the system and defining its boundary conditions and the
physics, a mesh is created and the field equations are numerically solved.

The target chamber of PLEPS with the Faraday cage (described in section
3.2.3) had to be modeled to study the effect of positrons that are backscat-
tered from the sample, travel through the target chamber and annihilate on
its walls. To obtain the magnetic field a two dimensional simulation was
sufficient, since the system is rotationally symmetric, and periodic boundary
conditions were used. In figure 6.2 the section of the target chamber paral-

Figure 6.2: Model of the target chamber used in the calculation of the magnetic
flux density. The magnetic flux density is plotted as surface and streamline-plots.

lel to the beam direction and the coils that generate the magnetic field are
shown. The magnetic flux density is plotted as surface- and streamline-plots
as a function of the position. The magnetic field is homogeneous along the
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beam path, except for the last 30 mm where the field increases due to the
presence of the mu-metal shielding of the detector, and it agrees with the
measured values.

For the electric fields the rotational symmetry is broken and, therefore, a
three dimensional simulation of the Faraday cage was necessary. The model
of the target chamber used in the COMSOL simulations is shown in figure
6.3

e+

Figure 6.3: Model of the Faraday cage used in the calculation of the electric fields
using COMSOL Multiphysics.

The only differences from the real target chamber, shown in figure 6.4,
are:

1. The complicated fan-like structure of tungsten blades on the top of the
Faraday cage was substituted by a simple plate in the model of both
the COMSOL.

2. The thin wire structure (tungsten wire with diameter of ∼20µm) placed
about 3 cm above the target to close the Faraday cage was approxi-
mated by a simpler structure in the calculation of the electric fields as
can be seen by comparing figure 6.3 with figure 6.4.

Figure 6.5 shows the electric potential as contour-plot and the electric
field as arrow field in a section of the target chamber parallel to the beam
direction.

The electric and magnetic fields were then saved as text files and imported
in the Geant4 program.
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Figure 6.4: The Faraday cage seen from the target position. The fan-like tungsten
structure and the thin wired structure at the bottom of the Faraday cage are
visible.

e+

Figure 6.5: Electric potential and field in the target chamber of PLEPS as calcu-
lated by COMSOL Multiphysics c© for a positron implantation energy of 16 keV.
The cross section parallel to the beam direction (z ) is shown.
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6.3 Simulation details and results

The simulations were performed with Geant4 version 9.5 patch 01 and the
PENELOPE (PENetration and Energy LOss of Positrons and Electrons and
photons) low-energy electromagnetic model, including ionization, bremsstrahlung
and multiple scattering. A cut-off energy threshold of 50 eV was set.

8 CHAPTER 1. GEANT4

1.3 Simulation details and results

The simulations have been performed with Geant4 version 9.5 patch 01 and
the PENELOPE (PENetration and Energy LOss of Positrons and Elec-
trons and photons) low-energy electromagnetic model, including ionization,
bremsstrahlung and multiple scattering. A cut-off energy threshold of 50 eV
was set.

Figure 1.6: Model of the target chamber used in the Geant4 simulations and tra-
jectory of a backscattered positron. On the right hand side the bottom and the top
of the target chamber are enlarged.

The structure of the Faraday cage and also the detector with the whole
tungsten shielding (in green) were modeled according to the real setup. As
already explained in the section on the COMSOL simulations, the only
discrepancies concern the top of the target chamber, approximated with a
simple plate, and the thin wire structure that closes the Faraday cage, that
in this case was neglected (see enlarged parts on the right hand side of figure
1.6). A simulated trajectory of a positron backscattered from the target and
annihilating on the top of the Faraday cage (blue line) is also shown in figure
1.6.

For each simulation 108 positrons were implanted into the sample to
obtain approximately the same number of events in the measured and in
the simulated spectra. The annihilation position and the time between the

e+

Figure 6.6: Model of the target chamber used in the Geant4 simulations and
trajectory of a backscattered positron. On the right hand side the bottom and the
top of the target chamber are enlarged.

The structure of the Faraday cage and also the detector with the whole
tungsten shielding (in green) were modeled according to the real setup. The
only differences concern the top of the target chamber, approximated with a
simple plate as in the case of the COMSOL simulations, and the thin wire
structure that closes the Faraday cage. As the fraction of the area shadowed
by the thin wire structure with respect to the cross section of the Faraday
cage is < 0.6 %, this structure was neglected in the Geant4 simulations.

The direction of the incoming beam is illustrate by the red arrow in figure
6.6. A simulated trajectory of a positron backscattered from the target and
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annihilating on the top of the Faraday cage (blue line) is also shown.
For each simulation 108 positrons were implanted into the sample to ob-

tain approximately the same number of events in the measured and in the
simulated spectra. A gold target was chosen since it represents the “worst
case scenario” because of a backscattering coefficient as high as ∼ 35 % for
positron implantation energies > 10 keV (see figure 6.1). The annihilation
position and the time between the implantation of the positron and the
arrival of the gamma quantum in the detector were saved. To register only
events that are actually seen by the detector the 511 keV annihilation quanta
that deposited less than 300 keV were rejected like in the real experiment.
To highlight only the satellite structures due to the backscattered positrons,
from both, the simulated and the measured spectra, the constant random
background has been subtracted.

In figures 6.7, 6.8 and 6.9 the results of the simulations with a gold target
at different positron implantation energies are compared to the experimental
measurements. Despite the discrepancy in the total backscattering probabil-
ity shown in figure 6.1, the overall agreement of the simulated background
with the measured spectra is quite good at every implantation energy. In
particular, the position of the minima in the simulated background are in
perfect agreement with the experimental measurement.

The satellite structures have a strong energy dependence and three energy
ranges can be identified depending on the shape of the structures: a high
energy range from 10 keV to about 20 keV, an intermediate energy range
from 4 keV to 10 keV and the low energy regime between 1 keV and 2 keV.

High energy range. As illustrated in figure 6.7, at high positron im-
plantation energy, for example 12 keV and 16 keV in plot 6.7(a) and 6.7(b),
respectively, a first sharp peak between 2 and 4 ns and a continuous structure
from about 6 ns till the end of the time window are present.

Intermediate energy range. On the other hand, at energies lower
than 10 keV, the situation is clearly different. For instance, in the interme-
diate energy range from 4 keV to 8 keV, two pronounced satellite structures
appear as evidenced by the plots in figure 6.8. As an example, at 8 keV a
backscattered peak is centered at about 9 ns. The second structure is cen-
tered at 16 ns and re-enters the time window from the opposite side (see
Fig. 6.8(a)). The same behavior can be also seen in figure 6.8(b) for 4 keV
positron implantation energy.

Low energy range. In the low energy range, only one satellite structure
can be identified as can be seen in figure 6.9. The agreement is in this case
very good, however this energy range is not discussed in detail, due to the
lack of precision of the Geant4 toolkit at low positron implantation energies
(as can be seen in figure 6.1) and due to the presence of a long component



6.3. SIMULATION DETAILS AND RESULTS 85

that can possibly hide smaller structures.
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Figure 6.7: Comparison between the experimental measurement and the simulated
background structure on a gold target in the high positron implantation energy
range.
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(a) 8 keV positron implantation energy
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Figure 6.8: Comparison between the experimental measurement and the simulated
background structure on a gold target in the intermediate positron implantation
energy range.
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Figure 6.9: Comparison between the experimental measurement and the simulated
background structure on a gold target at 1 keV positron implantation energy (low
energy range).
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Origin of the background structures

To better understand the origin of the single structures, the results of the
simulations were analyzed by looking at the provenience of the annihilation
gamma quanta. In particular, the target chamber was divided into four
parts (target, Faraday cage, top and bottom if the target chamber) and the
satellite structures were plotted depending on their provenience according to
the colors in figure 6.10.

Figure 6.10: Model of the target chamber of PLEPS as in the COMSOL simulation.
The colors of the different parts are the same as in the analysis of the results of
the simulations: Faraday cage in red, target in black, top and bottom of the target
chamber in yellow and green, respectively.

Figure 6.11 shows the results obtained for the simulation at 16 keV posi-
tron implantation energy in gold analyzed with the method described above.
This plot shows that the satellite structure centered at about 6 ns is mainly
due to positrons that, after being backscattered from the target, annihilate
on the top of the target chamber (yellow). On the other hand, the structure
that extends from 10 ns till the end of the time window and enters from the
other side, is caused by positrons ending their trajectories on the bottom of
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Figure 6.11: Comparison between the experimental measurement and the sim-
ulated background structure on a gold target at 16 keV positron implantation
energy.

the target chamber; after a first scattering off the target, these positrons can
reach either the top or the bars of the Faraday cage and are backscattered
again towards the target. Some of these positrons are guided and implanted
on the sample (black line in the figure), whereas the majority of them anni-
hilate on the bottom of the target chamber (green). The simulations show
also a structure centered at 2.5 ns coming from annihilations on the bars of
the Faraday cage (red) for both 12 keV and 16 keV positron implantation
energy. The measured spectrum shows a much smaller satellite structure in
this position. However, since after about 3 ns the longer lifetime is not yet
totally decayed, this structure is probably hidden under the lifetime peak.
The rather poor agreement of this part of the simulated spectrum could pos-
sibly be attributed to deficiencies of the multiple scattering model used by
Geant4 in the considered energy range.
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Figure 6.12: Comparison between the experimental measurement and the simu-
lated background structure on a gold target at 8 keV and 4 keV positron implan-
tation energy (upper and lower plot, respectively).
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The results obtained in the intermediate energy range are illustrated in
figure 6.12 for 8 keV and for 4 keV positron implantation energy. In this
energy range the first peak (red) at 2.5 ns disappears, since the backscattered
positrons do not have enough energy to reach the bars of the Faraday cage
close to the target. As in the high energy case, the structures centered at
(8 – 10) ns and at about (15 – 18) ns are due to annihilations coming from
the top and the bottom of the target chamber, respectively. The second
structure (centered at 15 ns for 8 keV and about 18 ns for 4 keV) is folded
over, re-enters the time window and is therefore partially hidden under the
lifetime peak. This effect is especially evident at 4 keV and is highlighted by
the green curve in plot 6.12 (lower plot), which is positioned almost exactly
under the lifetime peak.

Countermeasures

The results of the simulations have evidenced the following countermeasures
to suppress the satellite peaks or at least to reduce the problems induced by
their presence in the lifetime spectrum with the present setup of PLEPS:

1. time window extension: to move part of the satellite structures in
less important region of the lifetime spectrum

2. using a low Z material on top of target chamber: to reduce the
amount of positrons that are backscattered from the top of the target
chamber and re-accelerated towards the sample region

3. measurement in coincidence: to register only the events coming
from annihilations in the target

These three countermeasures are discussed in detail in the next sections.
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6.3.1 Time window extension

The first countermeasure studied is the extension of the time window, which
will be discussed also in section 7.2. This improvement not only plays a cru-
cial role in the data analysis of samples containing long lifetime components,
but it also improves the overall quality of all measurements, by moving part
of the satellite structure in less important region of the lifetime spectrum.
Figures 6.13 and 6.14 illustrate the comparison between the experimental
measurement and the result of the simulation on a gold target at 16 keV and
4 keV, respectively. The upper panel of each plot shows the measurement
done with the standard 20 ns time window, while in the lower panel the ad-
ditional chopper plate was used and the time window was extended to 40 ns.

High energy range. At high positron implantation energy (see upper
plot in figure 6.13) the satellite structures caused by annihilations on the
Faraday cage and on the top of the target chamber (red and yellow curves,
respectively) are almost unchanged. The extension of the time window af-
fects strongly the shape and the position of the contributions coming from
the bottom of the target chamber (green for the bottom and black for the
target). In particular, the black curve shows a maximum at about (2–3) ns
in the upper panel, while with the 40 ns time window this structure is spread
between 22 ns and 26 ns. The same effect is visible for the annihilations on
the bottom of the target chamber (green curve), since the structure starting
at about 11 ns decays slowly and after 35 ns shows an almost flat background.
The overall effect is a decrease of the counts in the satellite structures present
in the range (−2 < t < 2) ns by a factor ∼4.

Intermediate energy range. In the intermediate energy range (figure
6.14, lower plot for the 4 keV positron implantation energy) the contribution
of the top of the target chamber is also not affected by the time window
extension. As in the high energy range, the structures due to positrons anni-
hilating at the bottom of the target chamber and in the target are confined
between 16 ns and 30 ns. At the end of the time window these structures are
completely decayed. Contrary to the 20 ns time window, where the structure
caused by annihilation at the bottom of the target chamber is hidden under
the lifetime peak, in the region from -5 ns to 0 ns the background is almost
flat and between 0 ns and 7 ns it shows no structures at all.

Direct comparison 20 ns and 40 ns time window A direct compar-
ison of the measured spectra in gold with the 20 ns and 40 ns time window
is shown in figures 6.15(a) and 6.15(b) for the 16 keV and 4 keV positron
implantation energies, respectively. From these plots it is evident how the
extension of the time window can improve the quality of the lifetime spectra.
In fact for both energy ranges the satellite structures are completely decayed
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Figure 6.13: Comparison between the experimental measurement and the simu-
lated background structure on a gold target at 16 keV positron implantation energy
with a 20 ns (upper plot) and 40 ns (lower plot).
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Figure 6.14: Comparison between the experimental measurement and the simu-
lated background structure on a gold target at 4 keV positron implantation energy
with a 20 ns (upper plot) and 40 ns (lower plot).
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after 28 ns leaving the lifetime peak region with a flat background. Moreover,
the constant background is a factor ∼4 lower with the 40 ns time window,
which leads to a peak-to-background ratio 7.5 and 8.3 times higher for the
16 keV and 4 keV positron implantation energy, respectively.
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Figure 6.15: Positron lifetime spectra in gold measured with the 20 ns (blue) and
40 ns (green) time window.
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6.3.2 Material at the top of the target chamber

Since most of the disturbances in the lifetime spectra come from positrons
that are backscattered from the top of the target chamber and afterwards
are guided toward the target position, also the influence of the material of
the top of the target chamber was studied. In particular, in the current
setup this part of the chamber consists of a structure of tungsten blades
that should absorb the backscattered positron and, at the same time, serve
as shielding for the detector from the annihilations in this region (see figure
6.4). Covering this part of the target chamber with a low Z material, i. e. with
a lower backscattering coefficient, should decrease the number of positrons
that contribute to these structures. In figure 6.16 the comparison between
the measured spectrum and the results of the simulations performed with
the top of the target chamber in tungsten and in kapton are shown for 16
and 4 keV positron implantation energy.

High energy range. At 16 keV (figure 6.16(a)), the satellite structures
in the range from 9 ns to about 24 ns are clearly suppressed when the top of
the target chamber is covered with kapton. The rest of the spectrum shows
no big changes in respect to the one with tungsten.

Intermediate energy range. In the intermediate energy range, the
broad structure between 16 and 28 ns is a factor 3 lower with kapton com-
pared to the high Z material.
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Figure 6.16: Comparison of the measured lifetime spectrum with the results of the
simulations with tungsten and kapton on the top of the target chamber for 16 keV
(upper plot) and 4 keV (lower plot) positron implantation energy with a 40 ns time
window.
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6.3.3 Measurements in coincidence

Another possibility to improve the peak-to-background ratio and to suppress
the satellite structures is to use the two side ports in the target chamber
to measure with two detectors in coincidence. A schematic cross section of
the target chamber with the two side ports is shown in figure 6.17. The

BaF2

BaF2

NaJ

(b)

(a)

e+

∼ 20 cm

∼ 2 cm

Faraday cage
Top

Bottom
Target

Detectors

Figure 6.17: Schematic view of the target chamber, in which the different parts are
colored according to the previous plots (Faraday cage in red, top in yellow, bottom
in green and target in black). The detectors on the side ports and in the standard
position are shown in light blue. The green parts are the tungsten shielding.

different parts of the target chamber are colored according to the previous
plots, namely: red for the Faraday cage, black for the target, yellow and green
for the top and bottom of the target chamber, respectively. The detectors
are illustrated in light blue.

This test was performed using two photomultipliers: one coupled to a
BaF2 scintillator crystal (truncated pyramid of about 80 cm3 volume, same
scintillator used for the detector in the standard position) to have a good time
resolution and the second one coupled to a NaI scintillator crystal (cylinder
(5x5) cm), which has a detection efficiency about 3 times higher than the
BaF2 detector. The purpose of the NaI detector is to deliver a signal when
the second annihilation gamma quantum is revealed and only in this case
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the time signal measured by the BaF2 detector is registered. Due to the low
count rate (about 20 counts/s) only 250000 counts were accumulated in the
coincidence measurements.

In figures 6.18, the comparison between the measurements with the de-
tector in the standard position and the measurement with two detectors in
coincidence are shown for 16 keV and 4 keV positron implantation energy
(upper and lower plot, respectively).

The annihilation radiation registered with the detector in the lower port
for constructive measures has to pass ∼1 cm of matter. Therefore, at 16 keV
it was tested, whether placing the BaF2 detector on either of the ports could
influence the quality of the lifetime spectra. The difference was negligible
and, consequently, the measurement at 4 keV was done with the BaF2 de-
tector on the upper port (configuration shown in figure 6.17). As can be
seen by the two plots in figure 6.18, this method suppresses only part of the
satellite structures. In particular, for both energies the spectra are almost
background free in the range from 4 ns to 12-13 ns, but the satellite structure
that starts at 12-13 ns and re-enters from the left side of the time window is
still present.

The reason is, that with the coincidence measurement all the annihilations
on the top of the target chamber can be filtered out, but the contribution
from positrons that are backscattered again and are re-accelerated towards
the region of the sample is not suppressed. These two cases are shown in
figure 6.17: the gamma quanta coming from annihilations from position (a)
are registered by the detector in the normal position, but are rejected in
the coincidence measurement. Thus, the contribution from the top of the
target chamber is suppressed in the coincidence measurement. This is not
the case if the positrons are backscattered also from the top of the chamber
and annihilate on the bottom of it. In fact, if the positrons annihilate close
to the sample as in case (b), not only the detector in the standard position,
but also the two detectors in coincidence can register these events, giving the
satellite structure that starts at about 12 ns and re-enters from the left side
of the time window.
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Figure 6.18: Comparison of the measured lifetime spectrum with the detector in
the standard position and in coincidence for 16 keV (upper plot) and 4 keV (lower
plot) positron implantation energy. All spectra were rebinned to highlight the
background structures.
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6.4 Conclusions and outlook

The simulations of the target chamber using the Geant4 toolkit allowed to
identify the origin of the satellite structures present in the background of the
positron lifetime spectra, that are caused by the backscattered positrons.

Although the total backscattering probability is about (5-8)% higher than
the measured values found in literature, the overall agreement of the results
of the simulations is very good at every positron implantation energy. In
particular, the positions of the minima in the simulated background structure
agree perfectly with the measured positron lifetime spectra. Thus, it was
possible to understand the effect of the studied countermeasures:

• time window extension: part of the disturbing background struc-
tures are moved in less important regions of the lifetime spectrum and,
since after 35 ns almost all structures are already decayed, the back-
ground in the lifetime peak region is free of structures. Moreover, the
peak-to-background ratio is increased by at least a factor of 2. Since
no loss in count rate was observed in the first test with a 25 MHz pre-
buncher and because of the advantages for precise measurements of
long lifetimes, as shown in section 7.2, this is the best of the three
studied solutions. The price to pay is a slightly worse time resolution
(from ∼ 250 ps to ∼ 280 ps) due to a broader prebunched beam (about
4 ns instead of 2 ns as with the 50 MHz sawtooth generator).

• different material on the top of target chamber: if this part is
replaced with a low Z material, the contribution of the annihilations
from the bottom of the target chamber is lowered, since less positrons
are backscattered from the top and re-accelerated towards the sample.

• measurement in coincidence: the satellite structures caused by an-
nihilations on the top of the target chamber are completely suppressed.
The drawback is a dramatic loss in counting rate (about a factor 400
less than in the standard configuration) and without major changes
in the target station only if the intensity of the remoderated NEPO-
MUC beam were considerably increased, it could be used as a standard
method.

Furthermore, the results of the simulations open a way for further progress
in the analysis of positron lifetime spectra by the explicit subtraction of either
the background of the spectra of tests specimen or even simulated background
distributions. This requires comprehensive Z dependent simulations after the
removal of the shortcomings of the present procedure, namely:

(a) the multiple scattering model used in the present version of Geant4 is
not optimized for the positrons in the energy range considered.
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(b) some parts of the target chamber had to be approximated by simpler
geometries, particularly the modeling of the thin wire structure that
closes the Faraday cage in COMSOL was impossible.

Furthermore, Geant4 could be used for an improvement of the target
chamber or for the design of new, dedicated target stations optimized for
different applications. The current target station was designed for measuring
with the detector in the standard position below the target. In the limited
available space, it contains a tungsten shield for the detector, a cryostat for
measurements as a function of the temperature and also electrical connections
to apply up to three voltages to the target. This reduces the count rate for
coincidence measurements using the current side ports and also hinders to
position the detectors closer to the sample without major modifications of
the target station. A dedicated target station with small detectors closer to
the target for low-background coincidence measurements could be designed
by removing the cryostat.



Chapter 7

Technical improvements

In this chapter I will describe the modifications of the pulsing system. Section
7.1.1 and 7.1.2 show the improvements for a better time compression in the
prebuncher and in the main buncher, respectively. In section 7.2 the hardware
modification of the chopper and the adaption of the high frequency electronics
for the extension of the time window from 20 ns to 40/80 ns are discussed.

7.1 Time resolution

7.1.1 Prebuncher

Figure 7.1 shows the prebuncher of PLEPS described in [2] and in section
3.2.2. As mentioned in sections 2.2.2 and 3.2.2, the prebuncher of PLEPS

Chapter 3

Technical improvements

As described in the previous section, the major hardware modifications con-
cerned the chopper and the buncher, described in sections 3.0.2 and 3.0.3,
respectively.

3.0.1 Prebuncher

Figure 3.1: Schematic view of the prebuncher (from [13]).

3.0.2 Chopper

A schematic view of the chopper is given in figure 3.2. The new slit is
highlighted in colors. When the chopper is operated with the standard 20 ns
time window (given by the 50 MHz master clock), only the slits S1 and S2
are used and the high frequency signal is applied to the plates D1 and D2.

27

1) Drift tube
2) First buncher gap

3) Second buncher gap

Figure 7.1: Schematic view of the prebuncher (from [2]).
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is operated with the sawtooth signal shown in 7.2. The rise time τrise is
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Figure 7.2: Output signal of the sawtooth generator used for the prebuncher of
PLEPS. The rise time τrise and the linear part of the signal are marked by the red
and green dashed lines, respectively.

highlighted by the red dashed lines and is about 3.5 ns. The effective rise
time in the energy modulation τeff depends not only on τrise, but also on
the transit time through the prebuncher gap τtransit ≈ D/v, where D is the
electrode diameter and v the positron velocity. In more detail, the effective
rise time can be written as:

τeff =
√
τ 2
rise + τ 2

transit (7.1)

and its effect is a reduction of the pulse compression efficiency of the pre-
buncher with respect to the ideal sawtooth signal. Eventually, a fraction
f = (τeff/20ns) of the total intensity ends up in the background, whereas
(1-f) contributes to the pulse of the prebunched beam.

Since the remoderated NEPOMUC beam has an energy E of 20 eV,
the positrons travel through the prebuncher gap with a velocity of about
2.5 mm/ns. The existing prebuncher setup has an electrode diameter of
12 mm. This results in a transit time through the gap of τtransit ≈ 5 ns,
which is consistently higher than τrise ≈ 3.5 ns. Therefore, with an addi-
tional aperture the diameter in the first gap (see fig. 7.1) was reduced to
5 mm, resulting in a transit time τtransit ≈ 2 ns.
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7.1.2 Buncher

The time resolution of PLEPS operated with a laboratory source was about
230 ps, mainly due to the narrow longitudinal energy distribution of the in-
coming beam (FWHM of 0.42(4) ps [2]). As described in section 3.2, the
remoderated NEPOMUC beam has a longitudinal energy distribution with
a FWHM ∆E of about ∼ 1 eV. As a consequence, to achieve a comparable
time resolution a higher amplitude of the sine-wave signal of the buncher was
required. Experimentally, it was possible to achieve a sufficient time resolu-
tion ((260 − 300) ps, see table 3.2) by lowering the constant voltage on the
buncher to ∼ −700 V. As already described in section 2.2.2, in a double - gap
buncher a modulation occurs at both gaps if the transit time between the
two gaps is a half period of the sine-wave signal, i. e. in our case 10 ns. A
lower DC level (higher kinetic energy), reduces the transit time and thus,
the reference particles do not cross the two gaps at the zero crossing of the
high frequency signal. To compensate for this effect, the three electrodes of
the main buncher were redesigned in order to set the DC voltage of each
electrode independently. The entrance, central and exit electrodes (in the

e+

Figure 7.3: Cross section of the new buncher. The three electrodes (entrance in
green, middle in blue and exit in red) are now electrically isolated allowing to
apply different voltages to them. The central electrode together with a coil (not
shown here) forms a 50 MHz resonator.

figure colored in green, blue and red, respectively) are now electrically iso-
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lated as can be seen in figure 7.3, which shows the cross section of the new
main buncher.

7.1.3 Test of the modified prebuncher and buncher

The first tests after the upgrades of the NEPOMUC source and PLEPS are
encouraging. In particular, figures 7.4 show the measured positron annihila-
tion lifetime spectra of the p-type SiC reference sample measured and 16 keV,
8 keV and 4 keV positron implantation energy. From this figure a peak-to-
background ratio of about 18000:1 in the whole energy range can be inferred.
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Figure 7.4: Positron annihilation lifetime spectra of the p-SiC reference sample
measured at different positron implantation energies.

Already by the direct comparison of the region of the peak that is mainly
determined by the instrument function (left side of the peak, see figure 7.5)
a constant time resolution for the three spectra can be deduced. The decon-
volution gives a time resolution of about 250 ps in the whole energy range,
from 4 keV to 16 keV.
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Figure 7.5: Positron annihilation lifetime spectra of the p-SiC reference sample
measured at different positron implantation energies. A narrow region close to the
lifetime peak is enlarged.
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7.2 Extended time window

An extension of the time window by changing the master frequency of 50 MHz
would imply a complete new construction of the bunching elements of the
pulsing system. To overcome the limitation due to the short time window
and at the same time to take advantage of the excellent performances of
the existing system, a different approach was adopted. In particular, the
solution described in the next section allows to extend the time window from
the standard 20 ns time window to (n · 20) ns, n = 2, 4, 8... with only minor
changes in the setup and the adaption of the high frequency electronics.

7.2.1 Chopper

A schematic view of the chopper is given in figure 7.6. The new slit is
highlighted in colors. When the chopper is operated with the standard 20 ns

5

2.0.3 Chopper

A schematic view of the chopper is given in figure 2.3. The new slit is
highlighted in colors. When the chopper is operated with the standard 20 ns
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Figure 2.3: Schematic view of the chopper. The slits S1 and S2 and the deflection
plates D1 and D2 are used in the standard operation mode (20 ns time window).
For the time window extension the entrance slit S3 and plate D3 are needed.

time window (given by the 50 MHz master clock), only the slits S1 and S2
are used and the high frequency signal is applied to the plates DC1 and DC2.

By applying a signal with lower frequency on the additional plate DC3,
the time window can be extended as shown schematically in figure 2.4. In
particular, applying a 25 (12.5) MHz signal only every second (fourth) pulse
can pass through the first slit giving a time window of 40 (80) ns.

In order to avoid the loss in count rate, a 25 MHz sawtooth generator
was developed by P. Sperr for the prebuncher (see figure 2.5). Comparing
this spectrum with the one of figure ??, it is evident that the pulse of the
prebuncher operated with the new sawtooth generator is wider (FWHM of
3.9 ns instead of 1.9 ns) and therefore a slighlty worse time resolution has to
be expected.

Figure 2.6 shows the comparison of the positron lifetime spectra of a p-
type SiC sample at 4 keV positron implantation energy measured with the
20 ns and 40 ns time window. The 20 ns time window measurement was re-
binned in order to have the same channel width. No spurious peak due to the
subsequent 50 MHz buncher can be observed in the green spectrum 20 ns after
the lifetime peak. This means that the suppression of the unwanted pulses
achieved with the modified chopper in combination with the new sawtooth
generator is complete.

As pointed out in section ??, the main advantage of the extended time
window is when long lifetimes are present in the lifetime spectrum. In figure

Figure 7.6: Schematic view of the chopper. Only the slits S1 and S2 and the
deflection plates DC1 and DC2 are used in the standard operation mode (20 ns
time window). For the time window extension the entrance slit S3 and plate DC3
are needed.

time window (given by the 50 MHz master clock), only the slits S1 and S2
are used and the high frequency signal is applied to the plates DC1 and DC2.

By applying a frequency locked signal with a lower frequency on the ad-
ditional plate DC3 than on DC1 and DC2, the time window can be extended
as shown schematically in figure 7.7. In particular, applying a 25 (12.5) MHz
signal only every second (fourth) pulse can pass through the first slit giving
a time window of 40 (80) ns.
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Figure 2.2: Pulse of the prebuncher operated with the 25 MHz sawtooth generator.

through the first slit giving a time window of 40 (80) ns. The first tests of
the additional plate were very promising, but it was not possible to fully
suppress the second pulse therefore the new slit was constructed.

In order to avoid the loss in counting rate, a 25MHz sawtooth generator
was developed for the prebuncher (see figure 2.2). Comparing this spectrum
with the one of figure 1.6, it is evident that the pulse of the prebuncher
operated with the new sawtooth generator is wider (FWHM of 3.9 ns instead
of 1.9 ns) and therefore a worse time resolution was expected.

Figure 2.3 shows the comparison of the positron lifetime spectra of a
p-type SiC sample at 4 keV positron implantation energy measured with
the 20 ns and 40 ns time window. The 20 ns time window measurement was
re-binned in order to have the same channel width. As illustrated by the
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Figure 4.4: Working principle of the additional plate of the chopper. In the upper
part the prebuncher and chopper spectrum when the chopper is operated at 50 MHz
is shown. If on the additional chopper plate the signal shown in the middle plot
is applied, the lower spectrum is obtained.

4.7 an example of lifetime spectra of two polymer systems is shown. In
particular, the blue and red curves are the lifetime spectra measured with
the standard time window of Teflon AF 1600 c� and PIM samples measured
at 2 keV and 4 keV, respectively. The energies were chosen such that all
positrons were implanted in the polymer layer and also in this case the 20 ns
measurements were re-binned. The same samples were measured with a time
window of 40 ns and the results are shown in green and light blue for Teflon
and PIM, respectively. From this plot it is evident that the high background
(∼100 counts/ch) of the blue and red spectra is not the real background, but
it is due to the folding over of the long component. These measurements
were analyzed by means of LT9 [92] and POSWIN [93], a modified version
of POSITRONFIT [94]. Since the results from the two programs were in
perfect agreement, only the ones obtained with POSWIN are summarized in
table 4.1.

The background was estimated taking into account the value for the p-
type SiC sample, since the average Z of this two materials is quite similar
(∼17 for Teflon and 20 for SiC). The consistency of this procedure was tested
by fixing the background at slightly higher values and only small changes in
the lifetime components were observed.

First, the results on Teflon AF 1600 c� will be discussed. With the 20 ns

Figure 7.7: Working principle of the additional plate of the chopper. In the upper
part the prebunched and chopped beam when the chopper is operated at 50 MHz
is shown. If on the additional chopper plate the signal shown in the middle plot
is applied, the time structure in the lower part is obtained.

7.2.2 High Freguency electronics

The operation with the additional plate needs also a modification of the
high frequency electronics of the system. The HF circuit for the standard
20 ns time window is shown in black in figure 7.8 and is described in [3]. To
extend the time window the signal from the master oscillator is sent to a
frequency divider which than triggers the pulse module (both developed by
[106]). This module gives a negative signal with an amplitude of about 20 V
and a frequency of 25 MHz or 12.5 MHz depending on the settings of the
divider. This signal is then applied to the additional deflection plates DC3
resulting in the time structure shown in the lower part of figure 7.7.

7.2.3 Prebuncher

In order to avoid the loss in count rate, a 25 MHz sawtooth generator (sim-
ilar to the 50 MHz sawtooth generator for the standard time window) was
developed by P. Sperr for the prebuncher.
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Figure 2.2: Pulse of the prebuncher operated with the 25 MHz sawtooth generator.

through the first slit giving a time window of 40 (80) ns. The first tests of
the additional plate were very promising, but it was not possible to fully
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In order to avoid the loss in counting rate, a 25MHz sawtooth generator
was developed for the prebuncher (see figure 2.2). Comparing this spectrum
with the one of figure 1.6, it is evident that the pulse of the prebuncher
operated with the new sawtooth generator is wider (FWHM of 3.9 ns instead
of 1.9 ns) and therefore a worse time resolution was expected.

Figure 2.3 shows the comparison of the positron lifetime spectra of a
p-type SiC sample at 4 keV positron implantation energy measured with
the 20 ns and 40 ns time window. The 20 ns time window measurement was
re-binned in order to have the same channel width. As illustrated by the
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Figure 4.4: Working principle of the additional plate of the chopper. In the upper
part the prebuncher and chopper spectrum when the chopper is operated at 50 MHz
is shown. If on the additional chopper plate the signal shown in the middle plot
is applied, the lower spectrum is obtained.

4.7 an example of lifetime spectra of two polymer systems is shown. In
particular, the blue and red curves are the lifetime spectra measured with
the standard time window of Teflon AF 1600 c� and PIM samples measured
at 2 keV and 4 keV, respectively. The energies were chosen such that all
positrons were implanted in the polymer layer and also in this case the 20 ns
measurements were re-binned. The same samples were measured with a time
window of 40 ns and the results are shown in green and light blue for Teflon
and PIM, respectively. From this plot it is evident that the high background
(∼100 counts/ch) of the blue and red spectra is not the real background, but
it is due to the folding over of the long component. These measurements
were analyzed by means of LT9 [92] and POSWIN [93], a modified version
of POSITRONFIT [94]. Since the results from the two programs were in
perfect agreement, only the ones obtained with POSWIN are summarized in
table 4.1.

The background was estimated taking into account the value for the p-
type SiC sample, since the average Z of this two materials is quite similar
(∼17 for Teflon and 20 for SiC). The consistency of this procedure was tested
by fixing the background at slightly higher values and only small changes in
the lifetime components were observed.

First, the results on Teflon AF 1600 c� will be discussed. With the 20 ns

Figure 1.5.: Working principle of the additional plate of the chopper. In the upper part
the prebuncher and chopper spectrum when the chopper is operated at
50 MHz is shown. If on the additional chopper plate the signal shown in
the middle plot is applied, the lower spectrum is obtained.
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through the first slit giving a time window of 40 (80) ns. The first tests of
the additional plate were very promising, but it was not possible to fully
suppress the second pulse therefore the new slit was constructed.

In order to avoid the loss in counting rate, a 25MHz sawtooth generator
was developed for the prebuncher (see figure 2.2). Comparing this spectrum
with the one of figure 1.6, it is evident that the pulse of the prebuncher
operated with the new sawtooth generator is wider (FWHM of 3.9 ns instead
of 1.9 ns) and therefore a worse time resolution was expected.

Figure 2.3 shows the comparison of the positron lifetime spectra of a
p-type SiC sample at 4 keV positron implantation energy measured with
the 20 ns and 40 ns time window. The 20 ns time window measurement was
re-binned in order to have the same channel width. As illustrated by the
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part the prebuncher and chopper spectrum when the chopper is operated at 50 MHz
is shown. If on the additional chopper plate the signal shown in the middle plot
is applied, the lower spectrum is obtained.

4.7 an example of lifetime spectra of two polymer systems is shown. In
particular, the blue and red curves are the lifetime spectra measured with
the standard time window of Teflon AF 1600 c� and PIM samples measured
at 2 keV and 4 keV, respectively. The energies were chosen such that all
positrons were implanted in the polymer layer and also in this case the 20 ns
measurements were re-binned. The same samples were measured with a time
window of 40 ns and the results are shown in green and light blue for Teflon
and PIM, respectively. From this plot it is evident that the high background
(∼100 counts/ch) of the blue and red spectra is not the real background, but
it is due to the folding over of the long component. These measurements
were analyzed by means of LT9 [92] and POSWIN [93], a modified version
of POSITRONFIT [94]. Since the results from the two programs were in
perfect agreement, only the ones obtained with POSWIN are summarized in
table 4.1.

The background was estimated taking into account the value for the p-
type SiC sample, since the average Z of this two materials is quite similar
(∼17 for Teflon and 20 for SiC). The consistency of this procedure was tested
by fixing the background at slightly higher values and only small changes in
the lifetime components were observed.
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Figure 1.6.: Scheme of the high frequency electronics of PLEPS (from [9]). In red the
adaption for the extension of the time window are illustrated.
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Figure 3.8: Scheme of the high frequency electronics of PLEPS (from [3]). In red
the adaptions for the extension of the time window are illustrated.

Figure 7.8: Scheme of the high frequency electronics of PLEPS (from [3]). In red
the adaptions for the extension of the time window are illustrated.
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7.2.4 Results of the first tests

Prebuncher: Figure 7.9 shows the spectrum of the prebunched beam. Com-
paring figure 7.9 with figure 3.7, it is evident that the pulse of the prebunched
beam is wider (FWHM of 3.9 ns instead of 1.9 ns) when the prebuncher is
operated with the new sawtooth generator. Therefore a slighlty worse time
resolution has to be expected.
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Figure 7.9: Pulse of the prebuncher operated with the 25 MHz sawtooth generator.

Entire system: The positron lifetime spectra of a p-type SiC sample at
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Figure 7.10: Positron lifetime spectra of p-type SiC at 4 keV positron implantation
energy measured with the 20 ns and 40 ns time window.

4 keV positron implantation energy measured with the 20 ns and 40 ns time
window are compared in figure 7.10. The 20 ns time window measurement
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was re-binned in order to have the same channel width. No spurious peak
due to the subsequent 50 MHz buncher can be observed in the green spec-
trum 20 ns after the lifetime peak. This means that the suppression of the
unwanted pulses achieved with the modified chopper in combination with the
new sawtooth generator is complete.

7.2.5 Application with long lifetimes

As pointed out in section 5, the main advantage of the extended time window
is when long lifetimes are present in the lifetime spectrum. In figure 7.11
an example of lifetime spectra of two polymer systems,Teflon AF 1600 c©
and PIM (Polymer of Intrinsic Microporosity), is shown. This investiga-
tion resulted from a collaboration with K. Rätzke, T. Koschine and C. Ohrt
(Christian-Albrecths-Universität zu Kiel, Germany). In particular, the blue
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Figure 7.11: Positron lifetime spectra of PIM (Polymer with Intrinsic Microp-
orosity) and Teflon AF 1600 c© at 4 keV and 2 keV positron implantation energy,
respectively, with 20 ns and 40 ns time window.

and red curves are the lifetime spectra measured with the standard time win-
dow of Teflon AF 1600 c© and PIM samples measured at 2 keV and 4 keV,
respectively. The energies were chosen such that all positrons were implanted
in the polymer layer and also in this case the 20 ns measurements were re-
binned. The same samples were measured with a time window of 40 ns and
the results are shown in green and light blue for Teflon and PIM, respectively.
From this plot it is evident that the high background (∼100 counts/ch) of the
blue and red spectra is not the real background, but it is due to the folding
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over of the long component. These measurements were analyzed by means
of LT9 [92] and POSWIN [91], a modified version of POSITRONFIT [107].
Since the results from the two programs were in perfect agreement, only the
ones obtained with POSWIN are summarized in table 7.1.

The background was estimated taking into account the value for the p-
type SiC sample, since the average Z of these two materials is quite similar
(∼17 for Teflon and 20 for SiC). The consistency of this procedure was tested
by fixing the background at slightly higher values and only small changes in
the lifetime components were observed.

TEFLON AF 1600 c©. First, the results on Teflon AF 1600 c© will be
discussed. With the 20 ns time window the fit variance is acceptable when
fitting with three components (χ2 = 1.176) and little improvement is found
by adding a fourth lifetime. A second lifetime component of about 440 ps
with almost the same intensity is found in both cases. The four components
fit shows a shorter τ1 with a lower intensity and the long lifetime found in
the three components fit, splits in this case into two parts. In particular,
the weighted average of the lifetimes found with the four components fit is
5.58 ns in very good agreement with τ 3comp

3 = 5.64ns. This fact, together
with the slightly better variance, points in direction of a four component fits,
but no conclusive decision could be made at this point.

The situation is completely different when looking at the measurements
performed with the 40 ns time window. In this case the fit with three com-
ponents gives a poor variance and, analyzing also the fit residuals, a fourth
lifetime component was clearly necessary. The four components fit shows a
variance of χ2 = 1.051 and all the components are in perfect agreement with
the 20 ns time window measurements. Since the background in the 40 ns time
window measurement is not much higher than the one in SiC (10 counts/ch
instead of 4 counts/ch), probably no component longer than τ 4comp

4 = 6.63ns
is present in Teflon.

Polymer of Intrinsic Microporosity. The results of the analysis of
the PIM measurements are quite different from the situation in Teflon. In
this case for both time window configurations the variance of the three com-
ponents fit is very poor, indicating that an additional component is neces-
sary. With a four components fit the variance decreases to χ2

20ns = 1.041
and χ2

40ns = 1.089 for the standard and for the extended time window, re-
spectively, and therefore only this case will be discussed. A short lifetime
component of about 76 ps and 216 ps is found for the 20 ns and 40 ns time
window, respectively. This discrepancy could be due to the worse time reso-
lution of the configuration with the 40 ns time window, that, in combination
with the time calibration of 25 ps/ch (instead of 12.5 ps/ch), does not allow to
resolve such short lifetimes. The second lifetime component is about 450 ps
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with an intensity of 65 % for both configurations.
The major differences between the 20 ns and 40 ns time window mea-

surements are in the longer components. In particular, the measurement
with the standard configuration shows a lifetime of 1.8 ns with an intensity
of about 10 % and a longer component of 6.4 ns with ∼14 %, similar to τ4

in Teflon. However, by analyzing the 40 ns time window measurement in
PIM and comparing it with the Teflon case, it becomes clear that this de-
composition is probably not accurate. In fact, both the lifetime components
and intensities obtained by the fit of the 20 ns time window are very similar
to those in Teflon, but the background in the 40 ns time window is about
3 times higher in PIM (∼30 counts/ch). Furthermore, considering that the
background value in gold in the same condition was about 9 counts/ch, this
is a clear indication of a presence of a lifetime longer than (6-7) ns. The de-
composition of the measurement with the 40 ns time window shows two long
lifetimes of 3.1 ns and 9.4 ns with intensities of about 12 % and 9 %, respec-
tively. The weighted average lifetime obtained with these two components is
about 5.8 ns, similar to τ4 obtained in the 20 ns time window measurement.

7.2.6 Conclusions extension of the time window

These measurements on polymers with the standard and the extended time
windows have shown that:

a) in Teflon AF 1600 c© four components can be resolved with both con-
figurations. With the 20 ns time window both fits with three and four
components were acceptable and it was therefore difficult to resolve the
question. The analysis of the measurement with the 40 ns time window
permitted to decide between the two possible solutions, since not only
the quality of the four components fit was very good, but also no ac-
ceptable fit was obtained with three lifetime components. This example
demonstrated that for the 20 ns time window measurements not only
the lifetime components, but also the corresponding intensities agree
very well with the extended time window, if the longest component is
about 6.6 ns. Furthermore, in this case if the background is fixed to a
reasonable value (in this case the value of p-type SiC was good enough),
the contribution of the folding over of the longer lifetimes is small and
no renormalization of the intensities is necessary.

b) for PIM a four components fit was necessary for both the 20 ns and 40 ns
time window measurements. The results of the two fits do not agree,
the 20 ns time window results being very similar to those of Teflon and
the 40 ns ones showing two long lifetimes of about 3.1 ns and 9.4 ns.
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Considering that both, the backscattering of PIM and Teflon, and the
measurement conditions, were similar (almost the same measuring time
and background in the SiC reference spectrum), an almost equal back-
ground value was expected if the decomposition of the 20 ns measure-
ment were correct. Since the spectrum measured with the 40 ns time
window has a much higher background than Teflon, i. e. 30 counts/ch
instead of 10 counts/ch (see figure 7.11), in PIM a longer lifetime com-
ponent is expected. For this reason, the correct decomposition is most
probably the one obtained with the 40 ns time window.

An additional result of this improvement concerns the background, which
is almost 3 times lower in the measurement with the extended time window
(∼ 11 and ∼ 4 for the 20 ns and 40 ns time window, respectively). More-
over, the background structure that re-enters the time windows from the
left side and is partially hidden under the lifetime peak with the standard
time window, is moved in a region where the spectrum is already completely
decayed.



Chapter 8

Summary and outlook

Although the current version of PLEPS at the NEPOMUC source represents
the most productive positron lifetime system worldwide, its performance
needs urgently further improvements, because of the growing demands in
materials science. Initially, with the remoderated NEPOMUC beam count
rates up to 104 s−1 were achieved, resulting in high quality positron lifetime
spectra with peak-to-background ratios up to 3 · 104 in short measuring time
(about 10 min with ∼ 4 · 106 counts per spectrum). The high count rate al-
lowed to measure about 200 depth profiles in about 100 days of operation in
a wide range of materials and for very different applications.

This was studied in three examples from different fields of current ma-
terial science. Two investigations conducted with PLEPS prior the upgrade
were discussed: a) defect characterization of strontium titanate thin layers
deposited with Pulsed Laser Deposited (PLD) and strontium titanate crys-
tals and b) void size determination in permanently densified silica glasses.
In particular, the strontium titanate investigations allowed to identify the
the A- and B-vacancy site (VT i = 181 ps and VSr ∼ 280 ps, respectively) in
the PLD deposited thin layers, and to determine the ratio of their specific
trapping rates µVTi

/µVSr ≈ 3.6. The analysis of the STO bulk crystals demon-
strated the potential and the power of PLEPS for applications in complex
materials. In particular, from lifetime measurements with PLEPS resulted
that in commercially available STO crystals a) titanium vacancies are present
with a concentration of (1.26±0.16) ppm and b) upon annealing in the same
conditions as in the PLD procedure these defects are still present and a layer
of titanium-oxygen divacancies with a thickness of about 400 nm was intro-
duced. These results of the PLEPS measurements led to a reevaluation of the
Doppler broadening measurements and shed a new light on the unexpected
results by Gentils et al. [87].

117



118 CHAPTER 8. SUMMARY AND OUTLOOK

The second study on permanently densified silica glasses in combination
with XRD measurements allowed to understand the change of the Medium
Range Order upon densification. It was demonstrated that the average void
radius obtained with the positron lifetime results permits to predict the shift
of the first sharp diffraction peak of the static structure factor S(Q) as a
function of the density.

The measurements at NEPOMUC before the upgrade evidenced the lim-
its of PLEPS. Measures for improvement had to be studied mainly in parallel
to the normal user operation. At first, the background was simulated in order
to understand the provenience of the satellite structures caused by backscat-
tered positrons. The simulations were performed using the Geant4 toolkit
in combination with COMSOL Multiphysics. Although the total backscat-
tering probability simulated with the release 9.5 of Geant4 is overestimated
compared to the experimental values, a rather good agreement between the
simulations and the measured spectra was observed. In particular, since the
minima of the simulated and measured backgrounds agreed, regions with only
random background could be identified. As a consequence: a) some possible
countermeasures to reduce or even suppress the structured background could
be envisaged and b) the current partial treatment of background in the anal-
ysis software POSWIN is justified. If in the new version of Geant4 (release
10) a better model for the multiple scattering will be implemented, in the
near future it should be even possible to quantitatively model the background
in the spectra and subtract it from the measured positron lifetime spectra.
This could lead to totally background - free spectra or at least drastically re-
duce the influence of the satellite structures on the fitted positron lifetimes
and intensities. These results have demonstrated that Geant4 can be used
in the near future also in the developing of new, dedicated target stations,
e. g. a target station for coincidence measurements with two small detectors
in opposing position close to the sample to maximize the count rate at low
background.

During the shutdown period of NEPOMUC it was also necessary to dis-
mantle PLEPS and in this occasion some of the hardware improvements in
the pulsing system derived from the aforementioned investigations could be
accomplished. Since the remoderated NEPOMUC beam has a longitudinal
energy distribution with a FWHM about 2 times higher than with the lab-
oratory source, before the upgrade it was not possible to achieve the same
time resolution (best value at NEPOMUC was about 260 ps compared to
230 ps with the laboratory source). To compensate for the broader energy
distribution and achieve a better time compression: a) A new aperture was
mounted at the first buncher gap of the prebuncher to increase the effective
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range of the accelerating field. b) The three electrodes of the main buncher
were separated and electrically isolated, to improve the time compression of
the buncher. Already in the first tests a time resolution of about 250 ps for
positron implantation energies from 18 keV down to 4 keV was achieved.

The time window extension was successfully tested in a third study with
Teflon AF c© and PIM. This investigation clearly demonstrated that for sam-
ples containing only one, long lifetime, as in the case of Teflon AF, it is
possible to use the 20 ns time window if the background is kept fixed to a
reasonable value in the analysis of the data. In the case of PIM the measure-
ment with the 40 ns time window showed the presence of two different long
lifetimes of about 3 and 10 ns that could not be resolved using the 20 ns time
window. The time window extension permits not only to better analyze the
lifetime spectra of samples containing long lifetimes, but it is also useful for
shifting some of the satellite structures due to the backscattered positrons in
regions were they do no harm. The time resolution was about (270-280) ps
at 4 keV positron implantation energy. Considering that no loss in count
rate was observed, the better peak-to-background ratio and the advantage
of having an almost structure - free background in the region of the positron
lifetime peak, in the near future a time window of 40 ns should be routinely
employed.

It is expected that, with further, systematic optimization of the setting
parameters of the pulsing system (DC and high frequency voltages of the
electrodes), also with the 40 ns time window a resolution comparable to the
standard time window can be achieved.

There are important corollaries for the further development of PLEPS as
well. The current version of PLEPS is now at its performance limit. Further
progress needs a better positron beam from NEPOMUC and/or a completely
new designed PLEPS system. As far as the NEPOMUC beam is concerned,
less than 1% of the positrons are currently used in PLEPS. The least ex-
pensive measure for greater improvements is thus a better remoderator stage
and beam transport from NEPOMUC to PLEPS.

In a completely renewed PLEPS the deficiencies of the present version, as
identified in this work, could be prevented from the beginning. Furthermore,
in the present work was shown, that with current simulation software the
entire behaviou of all components of PLEPS can be predicted in advance.
Therefore, there is still room for positron annihilation experiments to comply
with further growing demands from materials science.
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Appendix A

Standard Trapping Model
(STM)

Hautojrvi and Corbel [22] developed a model that describes the positron
trapping in homogeneous solids with N type of defects and based on the
assumptions that:

• at time t = 0 all the positrons are in a delocalized bulk state

• the trapping rate is proportional to the defect concentration:

κ = µDcD

where µD is the specific trapping rate for the defect D

• the positrons can be detrapped from the defect with a rate δ.

With this assumptions and calling nB and nDj the probabilities that a posi-
tron annihilate from the bulk state or after being trapped in the defect Dj,
respectively, one obtains the following set of kinetic equations:

dnB
dt

= −
(
λB +

N∑

j=1

κDj

)
nB +

N∑

j=1

δDjnDj (A.1a)

dnDj
dt

= κDjnB −
(
λDj + δDj

)
nDj (A.1b)

with j = 1 . . . N . Using the boundary condition stated in the first assump-
tion (nB(t = 0) = 1 , nDj(t = 0) = 0), the system of equation can be solved,
giving the probability that a positron is alive at time t:

n(t) = nB(t) +
N∑

j=1

nDj =
N+1∑

j=1

Ije
−λjt (A.2)
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and the lifetime spectrum, i.e. the probability that a positron annihilates at
time t, is:

−dn(t)

dt
=

N+1∑

j=1

Ijλje
−λjt . (A.3)

If no detrapping occurs, the system of equation A.1 can be written as:

dnB
dt

= −
(
λB +

N∑

j=1

κDj

)
nB (A.4a)

dnDj
dt

= κDjnB − λDjnDj (A.4b)

and this system can be analytically solved. Solving Eq. A.4a with the initial
condition nB(t = 0) = 1, the probability that a positron annihilate from the
bulk state nB(t) can be found:

nB(t) = exp

[
−
(
λB +

N∑

j=1

κDj

)
t

]
. (A.5)

From Eq. A.4b, the probability of annihilation in the defect state, with
boundary condition nD(t = 0) = 0, is:

nDj(t) =
κDj

λB + λDj + κDj
·
[

exp
[
−λDj t

]
− exp

[
−
(
λB +

N∑

j=1

κDj

)
t

]]
.

(A.6)
Inserting the two probabilities nB(t) and nD(t) in Eq. A.2, one obtains the
solution:

λ1 = λB +
N∑

j=1

κDj , I1 = 1−
∑N

j=1
Ij+1 (A.7)

λ2 = λD1 , I2 = κD1/
(
λB − λD1 +

∑N

j=1
κDj

)
(A.8)

λN+1 = λDN , IN+1 = κDN/
(
λB − λDN +

∑N

j=1
κDj

)
(A.9)

One type of defect

Often only one type of defect is considered and in this simplest case the
system of equations A.9 become:

λ1 = λB + κD, I1 = 1− I2 (A.10)

λ2 = λD, I2 = κD/(λB − λD + κD) (A.11)
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From this set of equations, some useful relations can be found:

λB = λ1I1 + λ2I2 (A.12)

τ1 =
τD − τAv
τD − τB

τB (A.13)

κD =
I2

I1

(λB − λD) = I2(λ1 − λD) =

(
τAv − τB
τD − τAv

)
1

τB
(A.14)

The validity of the trapping model can be tested using eq. A.12 with the
annihilation rates and intensity found by the decomposition and comparing
the experimental value λB with the theoretical annihilation rate. If the dis-
crepancy is bigger than 5 ps, then probably more than one trapping center
is present in the sample. Also equation A.13 can be used as a test, since in
this formula the only experimental value is the average lifetime, which does
not depend strongly on the deconvolution. Therefore, using the experimental
value for τAv, one can calculate τ1 and compare it to the measured one.
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[62] Piochacz C., Kögel G., Egger W., Hugenschmidt C.,
Mayer J., Schreckenbach K., Sperr P., Stadlbauer M. and
Dollinger G., Applied Surface Science, 255 (2008) 98.

[63] Bauer-Kugelmann W., Sperr P., Kögel G. and Triftshäuser
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