o Al
s el

nuclear physics

UNIVERSITY POLITEHNICA of BUCHAREST

Doctoral School in Engineering and Applications of Lasers and
Accelerators

Doctoral Thesis

Simulation and design of the ELI-NP positron source
and the slow positron beam pulsing system

Doru Dinescu

Supervisor Author
CS | Dr. Dimiter Balabanski Doru Dinescu

Bucharest 2020






Contents

Contents
(0] 01 (=] | £ TP U TP R R PP RPR PPV 1
IO | o oo U 1 o] o OSSR ORSTSPPSN 3
1.1. Fundamental properties of the positron and positronium ...........ccccceceviveveiieieennnne 5
2. Experimental methods with positrons. Positron Annihilation Spectroscopy ......... 6
2.1 OVEIVIBW ..ttt bbb bbbt et s et e e et besbenbean e 6
2.2. POSITION SOUICES ...uvevveiiiisiesiieseesiesee ittt sttt bbbt s st e b st sbe b benne e 6
2.3. POSItrON MOGEIALION .....oviveivieiieiieieie e b nne e 8
2.4. Charged particle transport in electromagnetic fields...........c.cccoveviiiiiiiecicce e, 9
2.5. Doppler Broadening SPECIOSCOPY ....vecvveiveerueiieieeiteeeesteesieaaesieesseseesreesreenesneennas 9
2.6. Positron Annihilation Lifetime SpectroSCOPY .......ccovevvevieiieeieeiie e 10

3. The ELI-NP Positron Source - ELIPS. Positron beam formation and

[gaToTo (=T =1 o] o PSSP 11
3.1. The design of the positron spectroscopy laboratory at ELI-NP.............cc.ccccenene. 11
3.2. The ELI-NP positron source. Beam formation. ............cccccooevvvniiienencnencnesenn 13
3.3. Positron beam line optics. Focusing and guiding..........ccocoevininieiencnenesesene 14
3.4. Positron annihilation spectroscopy measurements for moderation materials.
EXPErimental FESUITS ..o 15

3.4.1. PAS on epitaxial GaN thin films..........ccccooiiiiiii e 15
3.4.2. PAS 0N platinum OIS .....c.ooviiiiiiiiieeee e 21

4. The design and simulation of the pulsing system for the ELI-NP positron

DBAIM ... e bbb 25
4.1. The design of the pulsing system. Beam bunching and chopping techniques...... 25
4.1.1. €" DEAM DUNCHING ....covviiviceciecte e 25
4.1.2. 8" DEAM CNOPPING ....cvveveceieecie ettt 26
4.1.3. The design of the ELI-NP e* beam pulsSing SYStem...........cccoceevrvevverevrvrnnn. 26

4.2. Simulations on the performance of the pulsing System. .........cccccvveviveiieiiieiiennnns 27
4.2.1. Pre-DUNCRET......ccuiiiiieieec bbb 27



1.1. Fundamental properties of the positron and positronium

4.2.2. CROPPET <.ttt bbb 27
4.2.3. MaIN DUNCRET ..o 27

4.3. The design and simulation of the energy filter for backscattered positrons. ........ 29
4.3.1. Simulation environments. Design of the Setup.........cccccevvveriiiciiicve e 29
4.3.2. Simulation data analysis and results. ...........cccoveiieviiiesieece e 30
CONCIUSIONS AN OVEIVIBW ...ttt sttt et eneesnee e 33
ACKNOWIBAGMENTS ...t 35
RETEIEINCES ...t bbbttt bbb b reenes 36



Introduction

Chapter 1

1. Introduction

Positron based techniques have proven over the years to be great tools for the
study of the type and concentration of defects within new materials [1-3]. In the last
decades there has been a push in solid state physics for the development of new
materials with a wide range of applications [4]. Knowledge on the type and
concentration of defects within new materials is of the utmost importance, as
properties of interest may be affected (i. e. defects affect the mechanical properties of
metals and ceramics, the conductivity in semiconductors, etc.), and a complete image
on the physical properties may lead to new breakthroughs in the field.

Due to their positive charge positrons get trapped efficiently in places with
low electron density within a material like open volume defects, vacancies,
dislocations, etc. After their implantation positrons eventually annihilate with an
electron of the material. The detection and the analysis of the annihilation radiation is
the basis of Positron Annihilation Spectroscopy (PAS). The properties of the
annihilation radiation depend on the electronic structure around the annihilation site.
By measuring the positron lifetime from its implantation to its eventual annihilation
within the material, information on the defect types and their relative concentration
can be obtained. By measuring the broadness of the annihilation line, information on
the electron momentum around the annihilation site can be acquired.

A comprehensive study on a studied material requires the use of
complementary techniques, as there is no single method that can provide a complete
image on all physical properties of interest. As the probe particle of PAS, the positron
can penetrate a material over a distance ranging from few nanometres to few hundreds
of nanometres, depending on its energy and on the material density. Since PAS
studies are non-destructive, they represent a great tool to be used together with other
techniques.

Conventional PAS methods use radioactive p* emitters as positron sources.
Since the positrons emitted by these kind of sources have a continuous energy
spectrum with the highest energy generally up to hundreds keV, this permits the
measurement only of bulk samples. Due to the constant developments in the field of
modern advanced materials such as structured layered samples or thin films, advances
have been made in the field of positron annihilation spectroscopy such that it can be
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used to study almost any type of material. This has led to the creation of beams of
monoenergetic positrons with variable energy. The mean positron implantation depth
can be controlled from the surface to hundreds nanometres in depth by varying the
positron energy, which allows for depth profiling of the studied sample.

A new slow positron beam line is under construction at the Extreme Light
Infrastructure - Nuclear Physics (ELI-NP) facility in Romania. ELI-NP is one of the
three pillars of the ELI project, which is a Pan-European effort aimed at becoming the
world’s first international laser research infrastructure [5]. ELI-NP is implemented to
serve as a scientific research centre for nuclear physics experiments carried with the
high intensity lasers (2 x 10 PW) and \ or with the intense, high-brilliance y-
beam [6]. As part of the ELI-NP research program, the low energy arm of the y beam
system (up to 3.5 MeV) will be used for slow e” production. The y-beam will have an
intensity of 1, = 2.38 x 10" y s and initially it was considered that it will be provided
in macro bunches with a repetition rate of 100 Hz. Each macro bunch will consist of
32 micro bunches of ~ 1 ps with 16 ns gap between each other [7]. Most of the work
reported in this thesis refers to a y beam which presents the previously described
chracteristics. The y beam spot at the conversion point will have a diameter of 6.1 mm
(FWHM). Simulations show that a slow e* beam with an intensity of > 10" s™ can be
obtained. In the first phase, the three spectrometers that will be available for positron
studies are: Coincidence Doppler Broadening Spectroscopy (CDBS), Positron
Annihilation Lifetime Spectroscopy (PALS) and Positron induced Auger Electron
Spectroscopy (PAES). This thesis presents some particularities of the planned ELI-NP
positron spectroscopy laboratory.

The first two chapters describe the basic concepts required to understand the
principles of PAS. Firstly, information on the properties of the positron as well as its
“fate” in matter is described. Chapter two focuses on the particularities of slow
positron beams and touches topics like: positron sources, the creation of a
monoenergetic slow positron beam, charged particle transport in a magnetic field, and
details on some of the PAS methods.

The first part of the third chapter gives a brief overview on the planned ELI-
NP positron spectroscopy laboratory. The second part of the chapter focuses on the
PAS study of two kinds of moderation materials. Firstly, a study aimed at
investigating the progress made in the fabrication of commercially available GaN
epitaxial thin films as a possible material for field assisted e* moderation, carried out
by Doppler Broadening Spectroscopy (DBS), is presented. Secondly, the defect
characterization by DBS and PALS of the Pt foils which will be used as a converter-
moderator material at ELI-NP is given.
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The fourth chapter gives information on the simulation and design of the
pulsing system of the ELI-NP positron beam. The system is composed of a
prebuncher, chopper, pre-accelerator, buncher, decelerator, accelerator, and bent drift
tube. The first part of the chapter presents the simulated performances of each part of
the system. The second part details the design and simulation of the energy filter for
backscattered positrons.

1.1. Fundamental properties of the positron and positronium

Since the positron is the antiparticle of the electron, it has the same rest mass,
rest energy and spin, but opposite electric charge (see Table 1.1).

Table 1.1. Properties of the positron [8].

Rest mass 9.10938215(45) - 10* kg

Rest energy 0.510998910(13) MeV/c?
Charge + 1.602176487(40) - 10 C
Spin 1/2

The result of positrons annihilating with an electrons is the emission of two or
three y quanta (or more y quanta but with negligible branching ratio). The mode of
annihilation is given by the spin state of the ™ - " pair.

Besides from annihilating, the electron and the positron can bind to form a
hydrogen-like exotic atom called positronium (Ps). The mass of positronium equals
twice the mass of the electron (1.022 MeV).

The singlet state, *Sg, is known as para-positronium (p-Ps) and is characterized
by antiparallel spins. In vacuum, p-Ps has a lifetime of 0.125 ns and decays
predominantly by two y quanta.

The triplet state, S, ortho-positronium (o-Ps), is characterized by parallel
spins. In vacuum, o-Ps has a lifetime of ~142 ns and decays predominantly by three y
quanta.
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Chapter 2

2. Experimental methods with positrons.
Positron Annihilation Spectroscopy

2.1. Overview

Positrons, due to their positive charge, are strongly repulsed from the positive
ion cores and trapped inside negatively charged or neutral defects. When a positron is
implanted in a material, it diffuses and eventually annihilates with an electron [1].

Conventional positron annihilation methods use energetic e directly emitted
from radioisotopes such as *’Na and are suited to study bulk materials. For analysing
subsurface layers and thin films, slow e* beams are necessary. All PAS methods are
based in the detection of the 511 keV y quanta emitted after the positron annihilates
with an electron. Because the positron is thermalized prior to the annihilation its
kinetic energy is negligible when compared to the energy of the electrons in the solid.
Thus variances in the properties of the annihilation radiation can only give
information about the electron.

2.2. Positron sources

Radioactive sources

Either for employing conventional PAS methods or in order to create
monoenergetic slow positron beams most laboratories around the world use
radioactive isotopes as the means to generate the particle of interest. Such sources
consist of radioisotopes which are B emitters (see examples in Table 2.1).

Table 2.1. Properties of commonly used B* - emitters. The data is taken from the
NuDat database [9].

B* source T Intensity [%0] Eaverage [KEV] Eeng [keV]
“Na 2.6 years 89.84 215.5 545.5
%Co 70.82 days 14.96 201.3 475.2
¥Cu 12.7 hours 17.86 278.1 652.5
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The most suitable p* source for positron production is the ?’Na radioisotope.
The decay scheme of “’Na is shown in Figure 2.1.

2.602y
2207
Na
ot E.C. (9.5 %)
2 1274 . .,
3.7 ps B 545 keV (90.4 %)
v 1274 keV
0" 0
stable B (0.1 %)

Figure 2.1. Decay scheme of ?Na [10]. This figure was adopted from ref. [11].

Pair production

When a y quantum enters a solid material, it interacts with a nucleus or an
electron, and transfers its energy to the medium. By the interaction of y photons with
matter mainly three processes can occur: photoelectric effect, Compton scattering and
pair production.

~— 100
I
Nc) Photoelectric effect
g 10 Compton effect
« Pair production
g Total
= 1}
0.1
0.01
0.001 |
0.0001 . . . .
0.01 0.1 1 10 100

Photon energy [MeV]

Figure 2.2. Variation of the mass attenuation coefficients for the photoelectric
effect, Compton effect and pair production as a function of the photon energy. This
figure was adopted from ref. [12]

When the energies of the y photons surpass the threshold of at least the total
rest mass energy of an electron positron pair (1.022 MeV), the pair production effect
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starts to appear. At the moment there are three main concepts implemented for
creating positron beams through the mechanism of pair production. The first uses
bremsstrahlung radiation from the highly energetic (~ 10 - 10? MeV) electrons
coming from a LINAC to create electron — positron pairs in high Z materials. The
other two methods are nuclear reactor based.

2.3. Positron moderation

All positrons coming from the sources mentioned in Chapter 2.2 are emitted
with continuous spectral energies which cover a wide range. For the creation of
monoenergetic slow positron beams there are two options. The first is to collimate the
positron beam and to keep only those positrons within a narrow energy interval. The
second method involves slowing down a large fraction of the positrons, such that most
of them will end up with almost the same, low, energy. This process is usually
performed through the interaction of a energetic positron beam with a solid material
and it is called moderation.

Upon entering a solid, fast positrons rapidly lose their energy through inelastic
collisions (see Figure 2.3).

The average distance travelled by a thermalized positron while diffusing in a
material is called the diffusion length, L.. If the target material has a negative positron
work function the positrons which are thermalized within a subsurface layer of
thickness of the order of L. can be re-emitted into the vacuum.

W (110) single crystal foil
(negative workfunction)
«~— 2um —— fraction

annihilation =13%
Py
o N L
; thermalization diffusion
c -
- _— ) monoenergetic () (59,
fast et positrons
g —_—D —
E E=3 eV
%‘ —>
= Jast positrons =879,
—_— > o~——
M\/’/\/\ up to several 100 keV

moderation efficiency: ~10-

Figure 2.3. Processes that can take place when fast e* enters in a solid. This
figure was adopted from [13].
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2.4. Charged particle transport in electromagnetic fields

The motion of a charged particle in a magnetic field is governed by the change
in the direction of motion due to the presence of the electromagnetic field.
The equations of motion of a charged particle are described by:

dp _ u 2.1
E—G[E-FCXB],
dE _ 2.2
dt—eu E,

for a particle with charge e which is moving in external fields, E and B.

Usually, this motion is described using the Lagrangian mechanics with
generalized coordinates g;.;y and g, in which the action, A, is decribed s the integral

of L between two periods of time, t; and ty:

t1
A =J L[qi(t)rqi(t),t]dt. 23
t

1

For a relativistic particle (8 = v/c) the Lagrangian, L, takes the form:

where 4 is the magnetic vector potential, @ is the electric potential.

The motion of a charged particle in electromagnetic fields has been studied in
great detail over the last decades, and detailed accounts regarding this subject can be
found in many books (i. e. see ref. [14-16]).

2.5. Doppler Broadening Spectroscopy

As it can be seen in Figure 2.4, the momentum of the annihilating electron
leads to deviations from the anti-collinearity and to a Doppler shift.
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P2=mgC + 1/5p

p1= Mo +1/5p

Figure 2.4. Deviation from the anti-collinearity and the Doppler shift of the
annihilation quanta induced by the momentum of the annihilating electron. This
figure was adopted from ref. [17].

The projection of longitudinal momentum component of the electrons leads to
a Doppler shift which is detected as a broadening of the annihilation peak. Hence, the
broadness is a measure for the energy distribution of the electrons involved in the
annihilation process.
The background of such measurements can be reduced if a HPG detector is
used in coincidence with another gamma ray detector to observe both annihilation
gamma rays.
The coincidence curve is taken by detecting the two photons in coincidence
whose energy satisfies the condition from Eq. 2.5

2.
E1+E2 = 2m0C2. >
2.6. Positron Annihilation Lifetime Spectroscopy
The cross section for the e” annihilation within a material is described by:
o= nic, 2.6
‘Ue+
where v+ is the e* velocity.
The ¢” lifetime, 7.+, can be derived from Eq. 2.6 as it follows:
Tt == —— o —. 2.7

e
OVg+Ne=  Me—

From Eq. 2.7 it can be deduced that the e* lifetime within a material is
proportional to the density of electrons around the annihilation site, n.-, and in fact is
inversely proportional to n.-. Because n.- around open volume defects is lower than
the one in the perfect lattice, the e” lifetime increases as they get trapped in defects.

10
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PALS spectra consist of a sum exponential decaying components (Eq. 2.8),
with positron being trapping in open-volume defects leading to long-lived
components:

2.8
N(t) = XL, LiAiexp(—4;t),

where n denotes the number of different states which positrons can annihilate from.

Chapter 3

3. The ELI-NP Positron Source - ELIPS.
Positron beam formation and moderation

3.1. The design of the positron spectroscopy laboratory at ELI-NP

As part of the ELI-NP research program, the low energy y beams will be used
for slow e" production. Thus, a new slow positron beam line, equipped at first with
three spectroscopic systems, is being developed at ELI-NP. Figure 3.1. presents the
layout of the ELI-NP positron spectroscopy laboratory.

beam monitor units

pulsing system

magnetic

switch CMA

22Na chamber

Figure 3.1. Layout of the ELI-NP positron spectroscopy
laboratory.

Simulations show that a slow e* beam with an intensity of ~ 2 x 10°s™ can be
achieved through conventional e™ moderation methods. The intensity of the e* beam

11
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can be increased to > 10’ s if solid neon moderation is applied [18]. The slow e
beam will be transported via magnetic fields to either of the three spectroscopic
systems through vacuum lines equipped with solenoids and coils. In the first phase the
three spectrometers that will be available are CDBS, PALS and PAES.

For year-round operation of the laboratory a radioactive ?Na source with an
activity of maximum 50 mCi will also be used for slow e* production [19].

CDBS
The design of the DBS \ CDBS spectrometer is presented in Figure 3.2. The
detection system is comprised of 4 HPGe detectors.

= Ion pump

Figure 3.2. Design of the Coincidence Doppler Broadening
Spectrometer

PALS

The design of the Positron Annihilation Lifetime Spectrometer is presented in
Figure 3.3. The detection system consists of one scintillation detector placed behind
the sample.

A pulsing system has been designed, so that the start signal is taken from the
master clock of the chopper-buncher electronics of the pulsing system. The pulsing
system is described in detail in Chapter 4.

12
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Load lock chamber

BaF, coupled chamber

witha PMT

Beam
monitor unit

Figure 3.3. Design of the Positron Annihilation
Lifetime Spectrometer

PAES

The design of the Positron induced Auger Electron Spectrometer is presented
in Figure 3.4. The system can perform Positron induced Auger Electron Spectroscopy,
Electron induced Auger Electron Spectroscopy and X-ray Photoelectron Spectroscopy
respectively.
Hemispherical

Al . electron energy
analyzer

e column
e¢" beam

Focused e gun ——

Sample chamber
(wl
Differential
vacuum pump

Beam Load lock chamber
monitor unit

Figure 3.4. Design of the Positron induced Auger
Electron Spectrometer, courtesy of SIGMA Surface
Science™

3.2. The ELI-NP positron source. Beam formation.

The positron beam will be formed in the Converter Moderator Assembly
(CMA) chamber (see Figure 3.1). The final source-CMA arrangement will work as
presented in Figure 3.5.

13
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-

Y A 7

Figure 3.5. a) Venetian blind geometry of the proposed ELI-NP converter-moderator [18];
b) Design of the Converter Moderator Assembly; ¢) Manufactured Converter Moderator
Assembly.

3.3. Positron beam line optics. Focusing and guiding.

After the moderation, the created slow e*, are extracted in vacuum through a
low electric field generated between the CMA and a highly transparent W mesh ( >
95% optical transmission). The focused beam enters the transport vacuum lines,
which are equipped with solenoids and Helmholtz coils in order to create a guiding
magnetic field.

The beam transport lines are equipped with three Beam Monitor Units (BMU)
needed for a correct positioning of the slow e* beam. The three BMUs are positioned
at key locations along the transport lines (see Figure 3.1).

Based on the results presented in Chapter 3.1, 3.2 and 3.3, two articles
were published in Journal of Physics: Conference Series, in the Proceedings of
the 14th International Workshop on Slow Positron Beam Techniques &
Applications (see ref. [20]) and in Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment (see ref. [21]).

14
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3.4. Positron annihilation spectroscopy measurements for moderation
materials. Experimental results

3.4.1. PAS on epitaxial GaN thin films

Due to the epithermal positron diffusion and the wide band gap of GaN (3.4
eV), the L. value should be longer than the one in typical semiconductors. The
expected long e* diffusion length, the fact that GaN presents a negative e* work
function and the high breakdown voltage (= 1 kV) suggests that GaN might be a
suitable material for field assisted e moderation [22,23]. On the other hand, L.
reported in the literature for GaN are below 60 nm [24].

The aim of this study is to investigate by PAS the progresses made in the
fabrication of commercially available GaN epitaxial thin films, grown on different
substrates and with different thicknesses. The studied GaN thin films are produced by
NTT Advanced Technology Corporation (Kanagawa, Japan) (ref. [25]). (see Table
3.1)

Table 3.1. The name given to each sample set together with their
respective GaN layer thickness and deposition substrate.

GaN layer thickness

Sample name (nm) Substrate
GaN300/Si 300 Si
GaN700/Si 700 Si

GaN500/SiC 500 SiC

GaN300/Al,04 300 Al, O

Slow e beam DBS measurements

The slow e* beam measurements were carried out at the Institute of High
Energy Physics of the Chinese Academy of Sciences with the system presented in
Figure 3.6.

15
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22Na source chamber

Figure 3.6. Slow e* beam DB Spectrometer setup at the Institute of
High Energy Physics of the Chinese Academy of Sciences

The VEPFIT software which solves the diffusion equation of the implanted
positrons was used to fit the experimental data [26]. The positron transport equation
is given by Eq. 3.1

+ d%c(2)  dwa(@)c(2) 3.1

dz? dz

— kn(2)c(z) — Ayc(2) + I,P(z,E;) =0,

where D" is the positron diffusion coefficient, v4(z) = u(z) is the drift velocity of the
positron with mobility p and electric field strength (z), ni(z) is the defect density, k; is
the rate constant of positrons being trapped at defects, /Ay is the bulk annihilation rate,
lo is the intensity of the implanted positrons [27].

The DBS measurements were performed by taking into account only the
information supplied by the manufacturer for the samples. At a later stage upon
analysing the structure of all samples by Transmission Electron Microscopy (TEM) at
the Politechnica University of Bucharest, the existence of an aluminium nitrate, AIN,
buffer layer was acknowledged for all the samples [28,29].

One of the parameters which is derived from the fit is the effective positron
diffusion length (Lerr) for each layer. Lew is limited by the layer defects and is
described by Eq. 3.2:

D+ ]1/2, 3.2
ktnt+).b

Legs = [

16
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The depth profiles S(E+) for the GaN300/Si and GaN700/Si are shown in
Figure 3.7. The sharp initial decrease of S for E. < 1 keV is due to annihilated
epithermal positrons. At E+ = 1 keV, it can be seen that S slowly increases with E. in
the GaN film range, while approaching the AIN buffer layer, a stronger increase starts
(at E+ = 11 keV) and tends to reach a saturation level in the Si substrate (better seen in
Figure 3.7b). Based on the TEM information for the wafer layers, a three-layer (GaN,
AIN, and Si) model was applied to fit the experimental S parameter by VEPFIT. The
curves of the preliminary fits are very close to the fits showed in Figure 3.7. However,
the best fit parameters revealed that the Ss ~ 0.445 was found to be lower than Sgan ~
0.455 (specific to positrons annihilated in GaN film). No Ps is formed in the bulk of
GaN, however, at the surface, the branching ratio showed that 12% of the positrons
form Ps [22].

Figure 3.8a and Figure 3.8b show the depth profiles S(E+) for the
GaN300/Al,03 and GaN500/SiC, respectively. For GaN300/Al,O3; at E+ = 1 keV a
slower decrease of S with E. is observed. (see Figure 3.8a). Since Ps is formed only
at the GaN surface and not in the bulk [22] and the self-annihilation of its singlet
form, p-Ps, contributes to the sharpening of the Doppler broadened annihilation line,
the S is larger than Sgan in the bulk of GaN film. This, along with the back-diffusion
of thermalized positrons to the surface, explain the slow decrease. For the
GaN500/SiC sample the behaviour of S with E, follows the same pattern as for both
GaN/Si samples and can be explained in an analogous way.

Saleh et al. suggested that the observed low Les < 60 nm values of positron
diffusion length in GaN are due to positron interaction with dislocations [24]. It
should be mentioned that perfect lattice semiconductors are expected to have Les in
the range 200-300 nm [30]. The longest effective positron diffusion length Less = 92
+ 3 nm for GaN was obtained for a hydride vapour phase epitaxy (HVPE) GaN [31].
The present study the best Le was obtained for the GaN500/SiC sample to be 75 + 20
nm.

17
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Figure 3.7. Plotted depth profiles S(E.) of (a) GaN700/Si and (b) GaN300/Si. The
experimental errors are in the order of the experimental point size. The stairs represent the
best parameters obtained by the fit of a 4-layer model to the experimental data by the
VEPFIT software. The upper part of figure is the experimental data and the best fit of the
relative Ps fraction, Fps(E.).
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Figure 3.8. Plotted depth profiles S(E.) of (a) GaN300/Al,O; and (b) GaN500/SiC. The
experimental errors are in the order of the experimental point size. The stairs represent the
best parameters obtained by the fit of a 4-layer model to the experimental data by the VEPFIT
software. The upper part of figure is the experimental data and the best fit of the relative Ps
fraction, Fp(E.).
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Table 3.2. Best fit parameters obtained by VEPFIT from the S(E.) and Fps(E.) depth profiles
for the GaN300/Si sample. The values without error margins are fixed parameters.

Sample GaN300/Si 7 =115
Layer Les [nM] S d [nm]
Sublayer
GaN  GaN1 14.3(5)  0.4501 (6) 50
GaN2 22 (6) 0.4558 (4) 300
AIN 26 (10)  0.4957 (2) 105
Si 245 0.5254 (5) -

Table 3.3. Best fit parameters obtained by VEPFIT from the S(E.) and Fps(E+) depth
profiles for the GaN700/Si sample. The values without error margins are fixed parameters.

Sample GaN700/Si =173
Layer Let [nM] S d[nm]
Sublayer
GaN  GaNl1 | 13.1(4)  0.4456 (4) 50
GaN2 43 (6) 0.4536 (3) 640
AIN 4(33) 04707 (3) 85
Si 245 0.5264 (1) -

Table 3.4. Best fit parameters obtained by VEPFIT from the S(E.) and Fps(E.) depth profiles
for the GaN300/Al, 03 sample. The values without error margins are fixed parameters.

Sample GaN300/Al,0; 7 =1.39
Layer Legs [nm] S d [nm]
Sublayer
GaN  GaNl | 125(4)  0.4613(7) 50
GaN2 | 41(21)  0.4647 (4) 239
AIN 21(4)  0.4901 (4) 21
AlLO; 80 0.4273 (3) -
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Table 3.5. Best fit parameters obtained by VEPFIT from the S(E.) and Fps(E.) depth profiles
for the GaN300/SiC sample. The values without error margins are fixed parameters.

Sample GaN500/SiC 77 =118
Layer Les [nM] S d [nm]
Sublayer
GaN  GaN1 13 (3) 0.4576 (4) 50
GaN2 | 75(20)  0.4615 (4) 517
AIN 25(18)  0.4813(2) 191
Sic 150 0.4680 (7) -

Based on these results, two articles were published in Nanomaterials
(Basel) (see ref. [28]) and Materials (Basel) (see ref. [29]). The articles were
based on the collaborative work between two separate groups from ELI-NP, and
one group from University Politehnica of Bucharest. From the published results
only the Positron Annihilation Spectroscopy data was used in the present thesis.

3.4.2. PAS on platinum foils

A moderator’s efficiency can be improved by increasing the probability of
thermalized positrons to be re-emitted from the surface of the material. This
probability is proportional to the e* diffusion length, L., within the material. One of
the ways of increasing L. for metals such as W is to perform proper annealing.
Tungsten needs annealing at temperatures of over 2000 °C in vacuum which is
difficult as it would require a special type of oven. For this reason, and for the fact
that tungsten is also difficult to machine to the required shape, it was decided that for
the ELI-NP e* source the convertor-moderator material of choice is Pt. Hugenschmidt
et al. have already reported in ref. [32] that Pt yields similar results to W, in terms of y
to fast e” conversion and e* moderation.

The motivation behind the measurements was to determine the optimum
annealing parameters of the Pt foils, through PAS methods. To achieve this, each set
of 2 identical samples was annealed at different temperatures, and in different
conditions (see Table 3.6).
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Table 3.6. The name given to each sample set together with their respective annealing
temperature and duration, and atmospheric conditions

Annealing Annealing
S:;nrrpl)ée chafgg?eprliestics temperature Annealing conditions duration
(°O) (hours)
Pt600V1h 600 Vacuum (1 x 10™ mbar) 1
Pt1100A1h 2 Pt foils of 1100 Air (1 x 10° mbar) 1
0.127 x 10 x 10

Pt1100V1h mm 1100 Vacuum (1 x 10”° mbar) 1
Pt1100Vv4h 1100 Vacuum (1 x 10”° mbar) 4

Conventional PALS measurements

Conventional PALS measurements were carried out at the Institute of High
Energy Physics of the Chinese Academy of Sciences with the system presented in
Figure 3.9.

22Na source deposited Annealed, identical
on Kapton _~7 Pt foils

H
BaF, detector BaF, detector

Figure 3.9. Conventional PAL Spectrorﬁeter setup at the Institute of High Energy
Physics of the Chinese Academy of Sciences

The obtained lifetime spectra were analysed by LT9 software [33] in order to
extract the positron lifetime in the studied material. As a result of the fitting of the
lifetime spectra, the LT9 software [33] also calculates the mean lifetimes with their
corresponding intensities.

The results obtained from the LT9 analysis of the measured spectra are
presented in Table 3.7, together with theoretical and experimental data available in the
literature for similar samples. It can be seen that for all the samples annealed at 1100
°C, 71 = [104 — 108] ns which is close to the 7, of perfect lattice Pt, and is in good
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agreement with the results reported in ref. [34] in which z; was found to be 104 ps for
a similar Pt foil annealed at 1600 K.

Table 3.7. Calculated mean lifetimes for each sample set, as obtained
by the LT9 analysis together with theoretical and experimental data
available in the literature.

Sample name 71 (pS) dz; (ps)
Pt600V1h 132 2
Pt1100A1h 104 1
Pt1100V1h 104 1
Pt1100V4h 108 1

Pt (theoretical) [35] 99 -
Pt (experimental) [36] 110 3

Slow e" beam DBS measurements

The slow e* beam measurements were carried out in an analogous way to the
DBS measurements presented in Chapter 3.4.1.

A more intuitive way of presenting the calculated S(E:) and W(E.) is to
arrange them in an S-W map. Figure 3.10 presents the S-W map in which the points
obtained experimentally are represented by the hollow markers. The best fit as
obtained by the VEPFIT analysis of the S and W parameter was plotted as a trend line.
In the figure there are also represented the characteristic S and W points for the bulk
Pt annealed in each condition. It can be seen that the fitted lines follow the
experimental points and that the calculated S and W parameters for each sample are
placed on these fitted lines.

Table 3.8 presents the positron lifetime in the bulk as obtained by the LT9
analysis of the PALS data together with the calculated L. and the best fit parameters
obtained by the VEPFIT fitting of S(E+) and W(E.). It can be observed that the results
obtained by the Doppler broadening study by slow e* beam confirm the results
obtained by PALS.
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Figure 3.10. S-W map for all the annealed Pt foils (represented by the hollow
markers) with the best fit VEPFIT obtained curves (represented by the trend
lines) and the characteristic bulk S vs. W parameters as calculated by VEPFIT
(represented by the larger filled markers)

Table 3.8. Positron lifetime in the bulk as obtained by the LT9 analysis of the PALS data. Best
fit parameters obtained by the VEPFIT fitting of S(E.) and W(E.).

Sample name 71 [ps] L. [nm] S w
Pt600V1h 132 (2) 45 (2) 0.459 (2) 0.098 (1)
Pt1100A1lh 104 (1) 173 (4) 0.449 (4) 0.104 (2)
Pt1100V1h 104 (1) 64 (1) 0.448 (2) 0.107 (2)
Pt1100V4h 108 (1) 114 (3) 0.449 (3) 0.104 (1)

The best L+ = 173 £ 4 nm was obtained for the Pt1100A1h sample.
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Chapter 4

4. The design and simulation of the pulsing
system for the ELI-NP positron beam

PALS is based on measuring the lifetime of a e” within a solid. For PALS the
stop signal is always taken from one of the two 511 y quanta emitted through the
annihilation of the positron with an electron from the studied material. In order to
perform PALS with a slow e* beam a start signal is needed. Out of all the approaches
to obtain a start signal for PALS with slow positron beams, the method with the best
possible time resolution consists of injection of ultra-short pulses created by the
chopping and bunching technique and using deriving the start signal from timing
structure of the pulsing device.

4.1. The design of the pulsing system. Beam bunching and chopping
techniques

4.1.1. € beam bunching

For e beams the principle is based on adjusting longitudinal velocity of the
positrons through a time dependent electric field. By doing so the positrons are either
accelerated or decelerated, so their time of arrival at a certain place in space is

controlled.
Buncher gap Larige, Tarift Target
.
Ey, vy Eq+0E(t), vg+ duv(t) T

E E E
Ey
AEEE—- AE
At
t t - t
At

Figure 4.1. The working principle of a e” beam buncher together with the phase —
space transformation in accomplishes [37]. E; is the mean e” beam energy and
AE is the energy spread. This figure was adopted from ref. [37].

Figure 4.1. presents working principle of a e" beam buncher together with the
phase — space transformation in accomplishes.
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4.1.2. " beam chopping

Beam chopping represents another method of producing a pulsed e* beam
from a continuous e* source. For " beams, the construction of a chopper is usually
accomplished by a beam deflector, or by the so-called retarding potential chopper
type.

The retarding potential chopper type usually consists of three tungsten meshes
of high (> 95%) optical transmission on which different potentials are applied. The
first and last meshes are grounded, while on the central mesh a chopping signal is
applied

4.1.3. The design of the ELI-NP e" beam pulsing system

The designed pulsing system is presented in Figure 4.2.

=
-
-

i
i T e o
e

prebuncher buncher

chopper
pre-accelerator _
deccelerator
accelerator

Faraday cage

100 mm

Figure 4.2. The 3D design of the in vacuum electrodes of the pulsing system. It consists of a
prebuncher, chopper, pre-accelerator, buncher, decelerator, accelerator, and drift bent tube.

A Matlab™ program [38] was developed to calculate the movement of
positrons in time varying electric fields. The system was designed for incoming
continuous or Direct Current (DC) beam of positrons with energy of 29 eV with a
realistic energy distribution of 1 eV (FWHM).
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4.2. Simulations on the performance of the pulsing system.

4.2.1. Pre-buncher

The purpose of a pre-buncher is to bunch the positrons in such a way that
when the chopping interval is applied to the beam, losses in the beam intensity are
minimised.

For the simulation, a sawtooth wave of 40 MHz ~ t* with an amplitude of 8 VV
was used. The resulting time compression after the DC e beam passed the pre-
buncher is shown in Figure 4.3.

o W s

Intensity (a.u.)

170 175 180 185 190 195 200 205
Time (ns)

o =

Figure 4.3. The simulated time compression of e* after the pre-buncher.

4.2.2. Chopper

The purpose of a chopper is to filter out those positrons which will not arrive
at the proper time at the buncher gaps. As a result, the chopping eliminates possible
satellite peaks in the spectrum and improves the peak to background ratio. The time
compression achieved by the pre-buncher and the width of the chopper transmission
window determines the beam intensity losses due to the pulsing system. For the
signals described above the transmission efficiency of the pulsing system is 65%.

4.2.3. Main buncher

The main buncher is the second time focusing component of the pulsing
system. In order to minimize the chromatic aberration in this component (due to the
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energy modulation introduced by the pre-buncher as the first focusing component),
after the chopper, the positrons are pre-accelerated to 1.5 keV [39].

The designed main buncher is a simple single frequency (120 MHz) sine-wave
double gap buncher with a 96 mm central electrode. The effect of the buncher on the
phase space of the positrons is shown in Figure 4.4.

1580

at the time focus
after buncher

before buncher

1540

(eV

221500

Energ

1460

c

1420 : : - . : :
1.5 -1 -05 0 0.5 1 1.5
Time (ns)

Figure 4.4. The phase space of the positrons before the buncher (in
red) and at the target position (in blue).

The resulted time distribution of the e” in a pulse is very close to a Gaussian
with FWHM = 109 ps (see Figure 4.5).
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Figure 4.5. The time distribution of 1.5-keV e" at the target position.
The data are fitted well by a Gaussian with FWHM=109 ps.

Based on the results presented in Chapter 4.2, an article was published in
Journal of Physics: Conference Series, in the Proceedings of the 14th
International Workshop on Slow Positron Beam Techniques & Applications (see
ref. [40]).
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4.3. The design and simulation of the energy filter for backscattered
positrons.

When incident positrons hit the target a fraction of them is backscattered. If
the backscattered positrons reach back the accelerator they can be reflected by the
electric field and implanted into the sample with a delay from the initial e* bunch.
This causes significant distortions in the PALS spectrum as satellite peaks [41-43].
As it can be seen in Figure 4.2, at ELI-NP a bent tube equipped with steering coils, is
foreseen to be implemented in the designed pulsing system to minimise distortions in
the PLS spectra.

4.3.1. Simulation environments. Design of the setup.

Comsol Multiphysics® [44] was used for simulating the magnetic field that
will guide the e* beam from the accelerator to the centre of the sample, and for the
generation of the electric field of the accelerator (see Figure 4.6).

Hor 5 Q)

-0.1
0.3 180
Helmholtz coils Sample -

AP A TR TR AN

-0.7 - \ Faraday cage =
) 120
0.9
) E
11
) o= 80
-1.3 2 7))

15 - o o o o o o 40

4.7 /
1.8 Accelerator electrodes 5

Figure 4.6. The cross section of the 3D maps along the central beam line axis
represented by a surface plot of the magnetic field and contour lines of the
electric field in the case of a straight tube and potential U,= -2 kV.

The 3D maps of the Comsol simulations were exported into an ASCII format
in which the values of the magnetic and electric fields were taken point by point in a
grid pattern, and imported into the Geant4 software where the simulations regarding
e” backscattering were performed.

The physics models in Geant4 do not account for the e* lifetime in a material,
therefore the time histogram actually does not represent a PALS spectrum but only
the resolution function, R(t). If positrons annihilate from a discrete number of states,
the PALS spectrum can be described as a convolution of the resolution function and
the probabilities to decay from those states:
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y(©) = R(®) ® (N iy () exp (- 1) + B, 41
In order to study the effect of backscattered positrons, we simulated PALS
spectra convoluting the resolution function R(t) with four components with lifetimes
[71, 72, 13, T4] = [0.1, 0.5, 3, 20] ns and corresponding intensities [l4, Iz, 13, 14] = [10,
60, 10, 20]%.
Example of a simulated spectrum is shown in Figure 4.7a. Figure 4.7b
presents a simulated spectrum with suppressed backscattering for comparison.

10k
; Distorted PALS spectrum

Counts

PALS spectrum with suppressed (b) ,
¢" backscattering 1

200 250 300 400

Time (ns)

Figure 4.7. Simulated PALS spectra for a beam of E.= 2 keV in a straight tube
geometry. b) Simulated PALS spectra for a beam of E,= 2 keV in a straight tube
geometry with suppressed e” backscattering.

4.3.2. Simulation data analysis and results.

For minimizing the effect of e” backscattering, two possible solutions were
simulated. Both solutions can be seen in Figure 4.8. The first solution is to add an
aperture at the accelerator exit with a diameter, D, comparable with the beam spot
size. The second solution is to pass the accelerated e* beam through a bent tube
equipped with steering coils to act as a velocity filter.
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annihilating
backscattered e*

Primary beam

Figure 4.8. The trajectories of a 2 keV e” beam and the event of e*
backscattering with 1000 incident particles. Example of a 30° bend with an
aperture of D = 15 mm obtained by Geant4.

Figure 4.9. presents simulated PALS spectra for a beam of E.= 5 keV in a
straight tube geometry with two different aperture sizes (60 and 15 mm).

T T

PALS spectrum: E, = 5 keV

Opening diameter = 60 mm

L 1 fis v e e N o
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Tin'lc (ns)

PALS spectrum: E. = 5 keV

Opening diameter = 15 mm

L 1 1 = L OOl 2 s
0 50 100 150 200 250 300
Time (ns)

Figure 4.9. Simulated PALS spectra for a beam of E.= 5 keV in a straight tube geometry
with two different aperture sizes.

By applying the second solution, meaning to pass the accelerated e beam
through a bent tube equipped with steering coils to act as a velocity filter, will force
the backscattered e” beam to steer away from the aperture opening. This effect can be
visualised in Figure 4.10.
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Figure 4.10. Backscattered e beam deviation away from the aperture
opening, with the angle of the bend. The red circle represents a 15 mm
aperture opening, while the blue one represents a 60 mm aperture

opening.
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Figure 4.11. Fit parameter deviations from the model PALS spectra for a e

beam of different energies: a) £.=5 keV, b) £,=10 keV and c) E.= 20 keV as
a function of the bend angle.

The performed Geant4 simulations have helped to identify the origin of the
distortions in the PALS spectra caused by e* backscattering. The simulations have
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shown that adding an aperture at the accelerator exit in combination with bending a
part of the Faraday cage, which acts as a velocity filter, is a satisfactory solution to
reduce the distortions. The obtained results show that for bend angles >30" the
deviation from the model parameters induced by the e* backscattering starts to
saturate, reaching A;< 5% for E. in the interval 2 - 20 keV.

Based on the results presented in Chapter 4.3, two articles were published
in Acta Physica Polonica Series A (see ref. [45]) and in U.P.B. Scientific Bulletin,
Series A (see ref. [46].

Conclusions and overview

This thesis presented the general plans for the ELI-NP positron spectroscopy
laboratory together with a detailed account of two particularities. A PAS experiment
was carried out at the Institute of High Energy Physics of the Chinese Academy of
Sciences, Beijing, for the characterization of one type of field assisted moderator
material, GaN thin films, by DBS, while the latter method, together with PALS were
employed in order to determine the optimum annealing parameters for the ELI-NP
material of choice for the y to e* conversion and fast e* moderation. The second
particularity of the ELI-NP laboratory, which is described in detail in this thesis, is the
conceptual design of the pulsing system for the PALS experiment. Details on the
design and simulation on the performance of the pulsing system are presented in
detail in Chapter 4.

In the present study out of all four GaN samples the best effective positron
diffusion length was obtained for the 500 nm thick GaN film grown on a SiC
substrate, to be 75 £ 20 nm. The studied materials, because of their high amounts of
edge and screw dislocations, diffusion and partial non-stoichiometry, still imply
several limitations in their use in the field of positron moderation.

The second PAS study was carried with the goal of determining the best
possible annealing parameters for the ELI-NP converter-moderator material. The
study was necessary because for the application of slow e’ beams it is of great
importance to maximize the moderator’s efficiency. The best positron diffusion
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length, L+ = 173 + 4 nm, was obtained for the sample annealed at 1100 °C in air for 1
hour.

The second part of the thesis presented in detail the positron beam pulsing
system developed for the implementation of the PALS experiment. The ELI-NP
pulsing system will be composed of a prebuncher, chopper, pre-accelerator, buncher,
decelerator, accelerator, and bent drift tube. The designed system combines the most
recent developments made in the field of charged particle beam pulsing in order to
obtain the best possible positron pulse time compression at the target position. Firstly,
simulations on the performance of the pulsing system are presented. The optimized
MATLAB simulations have proven that the time distribution of the positrons in a
pulse at the target position is very close to a Gaussian with FWHM = 109 ps. In the
second part of Chapter 4 a detailed account on the design and simulation of the energy
filter for backscattered positrons is presented. Such an energy filter is necessary in
order to minimize distortions in the PALS spectra caused by backscattered positrons.
The solution which will be implemented at ELI-NP consists in a bent tube, equipped
with steering coils which acts as an energy filter. The obtained results show that for
bend angles > 30° the deviation from the model parameters induced by the e’
backscattering starts to saturate, reaching Aj< 5% for E. in the interval 2 —20 keV. The
30° bend can be considered as an optimal solution which should be sufficient to
minimize the effect of the backscattered positrons.

Nowadays in Europe there are only two user based positron spectroscopy
facilities, both located in Germany, a successful implementation of the presented
positron spectroscopy laboratory will prove beneficial for the scientific community, as
there is a growing interest in the study of advanced materials. Furthermore, with the
implementation of a new Variable Energy Gamma-ray (VEGA) system at ELI-NP,
the y beam will be provided with high spectral density (> 500 photons/s/eV) in macro
bunches with a repetition rate of 40 MHz [47]. The only part of the positron
spectroscopy laboratory that is changed by the new VEGA system is that there is no
need for a e” pulse stretcher, as the positron beam will be created as quasi continuous
due to the high repetition rate of the y beam. The rest of the parameters of the ELI-NP
positron beam presented in this thesis will remain unchanged.
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