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ABSTRACT

Non-destructive positron annihilation spectroscopy (PAS) can be used to study atomic
open-volume defects in solids and chemical reactions in liquids. The use of high-energy
photons for PAS provides some new opportunities for the application of spectroscopic
techniques using positrons and allows the investigation of even materials that are not
accessible with typical setups, like liquids or extended samples. The main part of this
thesis is about the design of a setup for performing Gamma-induced positron annihilation
spectroscopy (GiPS). The use of high-energy photons demands improved approaches for
processing and analyzing experimental data as well as new solutions for sample treatment.
Therefore, numerous GEANT simulations were performed in order to optimize the setup
and to reduce background radiation. Since photon scattering plays an important role, de-
tector distances as well as the radiation shielding were optimized based on the simulations
and performed test measurements. In addition, sample holders were constructed for the
investigation of liquids. As a result of these optimizations, investigations in the field of
Positronium chemistry as well as non-destructive defect characterization using positrons

can be performed at the GiPS setup.

Radiation effects on liquids play an important role in our life. In biological systems, radi-
ation generates free radicals via radiolysis which are mainly responsible for the harmful
effect of radiation. The facts that radiolysis can be induced by implanted positrons itself,
ensures that it is always localized within the microvolume where radiolytic processes take
place. Further, the short lifetimes of positrons and Positronium allow the investigation of
processes in the (sub)picosecond time. This makes the positron an ideal atomic probe
whose annihilation data is moreover easily accessible. The unique measurement condi-
tions at the GiPS setup allow investigating chemical reactions amongst the radiolytic pro-
cesses by using positrons. Chemical information is obtained with help of the blob model
for positrons in liquids. Within an international collaboration, the model was tested and
extended within the framework of this thesis. Temperature-dependent measurements of
water show the dominating effects of free radicals on radiolytic processes. Further, the
effect of the solute KNO3 was studied and its scavenging behavior towards free elec-
trons could be well described by an extended blob model. The ability of positrons to
reveal microstructural processes on atomic scales helped approving recent theories about

Positronium formation in liquids.



ii Abstract

The last part of this thesis is concerned with the investigation of long-term effects of
mechanical work hardening on the microstructure of historical lead sheets for organ pipes.
Due to the historical value of the material, a non-destructive spectroscopy method using
positrons is required. Standard surface-sensitive positron spectroscopy methods could
not be applied because the samples exhibit a thick oxide layer (patina) on top which
prohibit an implantation of positrons for material investigation. Since the layer cannot be
removed due to the historical meaning of the material, the bulk-sensitive method using
high-energy photons has the advantage to investigate the entire sample volume. In that
way, it was discovered that the effect of work hardening is restricted to surface-near layers

and vanishes already within a few years due to the self-annealing of lead.
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ABBREVIATIONS AND SYMBOLS

p mass density

A annihilation rate

T positron lifetime

Tp positron bulk lifetime

T mean positron lifetime

Tpo pick-off lifetime

D diffusion coefficient

E, Ps binding energy

kg Boltzmann constant

mg electron rest mass

ro classical electron radius

S shape parameter derived from Doppler Broadening spectra

S, time-dependent S parameter derived from Age-Momentum Correlation
spectra

w wing parameter derived from Doppler Broadening spectra

V4 atomic number

AMOC Age-Momentum Correlation

BaF, Barium fluoride

CDBS Coincidence Doppler Broadening Spectroscopy

CFD Constant Fraction Discriminator

DBS Doppler Broadening Spectroscopy

ELBE Electron LINAC with high Brilliance and low Emittance

FWHM Full Width at Half Maximum

HPGe High-Purity Germanium

HZDR Helmholtz-Zentrum Dresden-Rossendorf
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1 POSITRON ANNIHILATION SPECTROSCOPY

In 1928, PA.M. Dirac combined the special relativity theory and quantum mechanics to
a relativistic wave equation describing the motion for the wave-function of the electron
[1, 2]. This famous Dirac equation had two energy solutions: one positive for describing
the particle and one negative which was assigned to be the antiparticle. Such an antipar-
ticle has the same mass and spin but opposite charge compared to the particle. To justify
that particle, Dirac postulated that all the negative existing states are filled. He proposed
the Dirac sea, describing the vacuum as a state where all states with negative energy are
filled whereas the positive states are empty. Particles which have enough energy can rise
into a positive energy state. A resulting hole would be created in the negative energy
sea which would appear to be a positively charged particle. The first antiparticle was
discovered in 1932 by C.D. Anderson observing cosmic radiation in his cloud chamber

experiments and declared as positive electron, later as positron [3] depicted by e™.

Being its antiparticles, positrons annihilate with electrons when they hit each other. An-
nihilation is the physical process of transformation of mass m into energy E according

to the Einstein equation E = mc?

using the speed of light in vacuum, c¢. Experimental
techniques of positron annihilation are based upon the measurement of the annihilation
radiation using gamma spectroscopy techniques. It was quickly discovered that preferen-
tially two photons of about 0.511 MeV, corresponding to the rest masses of the electron
and positron, are emitted almost back to back. Deviations in energy and emission angle
can be attributed to the non-zero center-of-momentum during the annihilation process.
The positron lifetime is also determined by the density of electrons in matter. In addition
to that, atomic open-volume defects like vacancies have a strong influence on positron
annihilation: they act as traps due to the missing repelling charge from the removed
nucleus. The missing core electrons reduce the electron density resulting in a longer
positron lifetime. All these processes make positrons eminently suitable for the identi-
fication of atomic open-volume defects and the determination of their amount in solid
matter. Positrons act as atomic probes and allow studying the electron density of mat-
ter just by measuring the annihilation radiation. The fact that the Positron Annihilation

Spectroscopy (PAS) is a non-destructive technique, helped establishing the method.

A new kind of unstable bound state between positron and electron was predicted in 1934

by S. Mohorovicic [4] and confirmed in 1951 by experiments of M. Deutsch [5].
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This system, which can be regarded as an exotic atom, is called Positronium (Ps). Due
to different spin orientations of positron and electron, two different Ps states exist which
differ much in their lifetime, too. The para-Positronium (p-Ps) with anti-parallel spins
has an intrinsic lifetime of 0.125 ns and annihilates into two photons whereas the ortho-
Positronium (o-Ps) with parallel spins has an intrinsic lifetime of 142 ns annihilating into
three photons (due to spin conversion). In matter, Positronium can pick up an electron
from the surrounding medium with an anti-parallel spin to that of the positron. This
process, called pick-off annihilation, results in two-photon annihilation and shortens the
intrinsic lifetime of 142 ns to only a few ns depending on the environment. In molecular
systems like polymers and liquids, the pick-off annihilation lifetime is influenced by the
electrons involved in chemical bonds and by the molecular structure. Therefore, the de-
termination of the effective o-Ps lifetime is a powerful tool for positron chemistry and Ps

chemistry and it provides information on the free volume in polymers.

The permanent increase of number of publications in the field of positron annihilation
studies reflects its role as established method for non-destructive investigations for a vari-
ety of materials (metals, semiconductors, polymers, porous materials and later also liquids
and gases). Compared to standard spectroscopy methods, PAS has the unique ability to
detect atomic open-volume defects like dislocations, vacancies, cluster of vacancies or
precipitates in lower concentrations and also in larger sample depths up to cm. In the last
30 years, the percentage of papers on positron chemistry on all submitted positron papers

increased up to 50 % reflecting its increasing importance [6].

T T T T T T T T T T T T T T T T T T
100mmt  STM/AFM B STM/ AFM
10"+ a J
1mmp -
= -2
100 pum Optical 1 § @ 1
] Mi ® <
N
@ 10pmf Lroscopy 1 g 10°h :%
g 1pm c 2 4 S AN \ X X 3
). X-ray Ss% E . Optical 2 = N
§ 100 nm F TEM scattering 1; = 1 g 10°F Microscopy T
i "8 s
& 10mm| 1 5w} K \ |
1nmk : | ‘g Positron Spectroscopy x
Positron Spectroscopy \ 100 F i
0.1nm \ B
) ) ) ) ) ) ) ) ) L L L L L L L L L
01lnm 1nm 10nm 100nm 1pm 10pm 100 pm 1mm 10 mm 0lnm 1nm 10nm 100nm 1pm 210 pm 100 pm 1mm 10 mm
Depth Depth

Fig. 1.1: Comparison of various spectroscopy techniques with focus on resolution of defects and
their concentration. (AFM - Atomic Force Microscopy, STM - Scanning Tunneling

Microscopy, TEM - Transmission Electron Microscopy) (adapted from [7]).
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1.1 Positron sources

The simplest method to generate positrons is to employ the S+ decay of suitable radioiso-
topes where a proton is converted into a neutron, a positron and an electron neutrino. Most
convenient positron sources are %8Ge with a half life of 271 days and 2’*Na, a long-living

isotope (half life 2.602 years) with the following decay:

22Na — PNe+e" + v, +7. (1.1)

The choice of the radioisotope depends on the application which is being used: In contrast
to %8Ge, 2’Na has a prompt gamma ray (Fig. 1.2 a) which makes it a proper source for
lifetime measurements. There the photon is used as start signal for timing measurements
(see Section 1.6.1). On the contrary, this photon has adverse effects on energy-sensitive
methods like the Doppler Broadening Spectroscopy (DBS) where additional radiation
only increases background and deteriorates the energy resolution. In such cases, ®Ge is

a favorite choice.

Commercial positron sources are mainly delivered by the South African iThemba labs'.
The radioisotope 2*Na is produced via the nuclear reaction 2*Mg(p,n)>’Na using 66 MeV
protons and Mg with a purity of 99.99 %. Typical source activities depend on purpose
and range from several hundred kBq for positron lifetime sources to a few GBq for slow-

positron beams.

The energy spectrum of positrons generated via B decay is not constant due to the decay
into three particles but has a continuous distribution up to a certain endpoint energy. In
the case of 2’Na, the endpoint energy is 544 keV whereas the mean energy of positrons is
around 216 keV (Fig. 1.2).

The second way of generating positrons is the pair production of an electron-positron pair
in the electric field of a nuclei or electron, being the reverse reaction of the annihilation
process. Following the Einstein equation E = mgc?, energy is transformed into mass
where mg is the electron rest mass and c the speed of light in vacuum. The threshold

energy for pair production can be calculated as

2-moc®  formy >>m
Ey = 2moc? <1+@) - 0 ’ 0 (1.2)
my 4-moc*  for my = my

I www.tlabs.ac.za
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Fig. 1.2: (a) Decay scheme of 2*Na showing the simultaneous photon emission during B decay.
EC denotes the process of electron capture. (b) Energy spectrum of emitted positrons

with end point energy of 544 keV.

where m, is the rest mass of the atomic nucleus [8]. The two cases are the nuclear-
field pair production and the less likely electron-field pair production where the electron-
positron pair is created in the electric field of a shell electron from the nucleus. In the case
of nuclear-field pair production, the photon energy is converted into the rest mass of both

particles plus the kinetic energy of both particles.

Photons for pair production can be obtained via nuclear (n,y) reactions as for example
at the positron source NEPOMUC? in Munich. There a 20 MW reactor is used to gen-
erate photons with energies of up to 9 MeV via the reaction ''3Cd(n,y)!'*Cd. Another
method uses electrons from an accelerator to generate bremsstrahlung. This is realized at
the Helmholtz-Zentrum Dresden-Rossendorf (HZDR) at the positron sources MePS? and

GiPS* using the superconducting electron linear accelerator ELBE>.

The photons are commonly used to create positrons via pair production in heavy convert-
ing elements like tungsten or platinum. These positrons will then be magnetically guided
to the sample where they are implanted for performing depth-dependent PAS measure-
ments (NEPOMUC and MePS). Another possibility is to guide the photons to the target
in order to generate electron-positron pairs just throughout the material. This is the prop-

erty of the GiPS setup which will be discussed in this work.

2 NEutron induced POsitron sourceMUniCh

3 Mono-energetic Positron Source

4 Gamma-induced Positron Annihilation Spectroscopy

> Electron LINAC with high Brilliance and low Emittance
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1.2 Annihilation of positrons

The annihilation of a positron et with an electron e~ is a relativistic process where the
particle masses are converted into electromagnetic radiation, the annihilation photons 7.
The number of these annihilation photons, n, depends on the presence of a third body M

due to angular momentum conservation:
et +e +M —n-y+M. (1.3)

Zero-photon annihilation requires a four-body collision and has never been observed.
Conserving energy and linear momentum, one-photon annihilation only can happen in
presence of a third body (electron or nucleus) which compensates the recoil momentum.
It has been observed for annihilation of positrons with high-energy 1s electrons [9]. Two-
photon annihilation needs no third body: There momentum and energy conservation laws
are satisfied by the both photons. Three-photon annihilation is important in a spin-parallel
state like the o-Ps decay for charge conservation. In principle, the emission of more than
three photons is possible, but the probability strongly decreases with the number of emit-
ted photons. It is around 107 for the p-Ps to decay into four photons as well as for
the five-photon decay of o-Ps [10]. The cross sections for each annihilation type can be
calculated and ratios amongst them are given by [11]:

2
o] o3 ) Tric
“~70* and Z~oa with oy=-0, (1.4)
(62 (629 Vet

where o is the fine structure constant, ry the classical electron radius, e the electron
charge, Z the atomic number and v+ the speed of a positron towards an electron at rest.
Thus, the most common annihilation process in presence of matter is the annihilation into
two photons since the spin-averaged cross section for three-gamma annihilation is around

0.26 %. Using Eq. 1.4, the two-photon annihilation rate A, can be calculated as:

A = 0oV, i1, = nr%cne with A=t (1.5)

where n, is the number density of electrons. The inverse of the annihilation rate is the
positron lifetime 7, which can be derived from the measurement. Since the electron den-
sity at the annihilation is connected to the lifetime, the positron serves as a probe for the
electron density of the medium. In presence of atomic open-volume defects, the electron
density is lower than in the defect-free material, the bulk, resulting in a change of the
measurable positron lifetime. This explains the ability of PAS to detect and characterize

atomic open-volume defects.
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1.3 Positron interaction in metals and semiconductors

Positrons impinging on the surface of a solid can be backscattered depending on their
energy or enter the solid. Implanted positrons reduce their energy via inelastic scattering,
which is called thermalization, and diffuse through the lattice. If they reach the surface
during this time, they can leave the material as non-thermalized positrons, Ps or negative
Ps (Ps™). Some metals, like tungsten, have a positive work function for positrons meaning
that positrons, which thermalize near the surface, are pushed out with a defined kinetic
energy (3 eV in the case of tungsten). This process, called moderation, is used to generate
mono-energetic positrons which are necessary for depth-dependent investigations. If on
the contrary positrons do not reach the surface, the diffusion is limited by the characteristic
positron lifetime or by the concentration of atomic open-volume defects (dislocations,
vacancies and their agglomerates). In the latter case, the diffusing positron can be trapped
into such a defect. However, at the end the positron preferentially annihilates with an

electron in the defect or in the bulk by emitting two photons almost back to back.

1.3.1 Thermalization

Free particles in a medium have thermal energies of <E> = %kBT ~ 40 meV at room
temperature, where kp is the Boltzmann constant. Positrons from radioisotopes or other
sources typically have much higher energies resulting in a lower annihilation yield ac-
cording to Eq. 1.4. However, since the inelastic scattering cross section is much higher,
positrons do not annihilate immediately after implantation into a material but reduce their
energy and exhibit almost thermal energies. Slowing-down times are in the order of a
few ps [12] whereas typical positron lifetimes are in the range of more than 100 ps. Thus,
only a small fraction of around 1 % of the positrons annihilates as non-thermal positrons
which is denoted as annihilation in flight [13, 14]. It has been studied at the GiPS setup,
too [15].

Thermalization processes in solids depend on the material and positron energy: For higher
positron energies up to 100 keV, the most important process is ionization where positrons
excite core electrons in solids [16]. For lower energies, conduction electrons are excited
in the case of metals whereas in semiconductors the excitation of electron-hole pairs dom-
inates [17]. Positron-phonon interaction has to be taken into account for positron energies

of a few eV [16] as well as inelastic scattering by plasmons [18].

Result of the thermalization process is a distribution of the positron implantation depth.
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In case of mono-energetic positrons, it can be expressed by a Makhovian profile [19-21]

depending on implantation depth z and positron energy E according to:

m-z7"

m—1 m AE"
P(z,E) = ———exp [— (i) ] with 0= "—7—717 (1.6)
b 20 pl (1+1)

where I' is the gamma function, E the positron energy in keV, p the mass density of the

material in g/cm® and z and 7 are depths in nm. The empirical parameters m, r and A are
material-dependent and can be obtained by Monte-Carlo simulations [22, 23]. However,
since they do not differ much between materials, they are widely used as m =2, r = 1.6
and A = 40 pg/cm? keV~". The number of thermalized positrons in a layer of depth z is
given by S(z,E) = ¥ P(z,E). Considering S(z,E) = 0.5 and S(Zyax, E) = 0.999, the mean

and maximum implantation depths 7 and z,,,,, are calculated as:

Z=AE"/p and Zmax = 37Z. (1.7)

Positrons emitted by radioisotope sources have a continuous energy spectrum character-
istic of the beta decay. An approximation for the implantation profile for them was given
by Brandt in 1977 [24] and later modified [25, 26]:

~12.6-2%7p

P’(z) = exp(—az) with o= (1.8)

1.28
Emax

E}ux 1s the maximum positron energy in MeV and o a material-dependent constant given
in cm?/g. The number of thermalized positrons in a layer of thickness z can be calculated
as $°(z) = 1—P%(z) [17]. Considering S*(Z*) = 1 — 1/e and S*(z},,,.) = 0.999, values for

the mean and maximum implantation depths are then given by:

F=1/a and 2, =7z (1.9)

With increasing positron energy, the implantation profile broadens resulting in a degrada-
tion of depth resolution (Fig. 1.3 a). Therefore, the maximum energy for mono-energetic
positrons used for depth profiling is limited to around 30 keV. That is why they are called
slow positrons. Even positrons emitted from radioisotopes as 2?Na have limited implanta-
tion depths of up to several hundred micrometers in solids and around 2 mm into liquids.
For that reason, spectroscopy methods based on positron implantation into solids are most
widely restricted to the surface. The investigation of bulky samples can only be realized

using positrons generated via pair production inside the sample.
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The time needed for thermalization depends on incident positron energy and the mass

density of the material. It can be approximated by [27]:

77 (< Epps >\
<T,h>%?.<ﬁ) Ps, (1.10)

where < E),; > the mean positron energy in MeV. It is 0.216 MeV in the case of 2Na

resulting in thermalization times of up to 3 ps for the lightest materials (Fig. 1.3, b).

10° T T T T 10° R e L Rnis s nasa nan'
Calculations for Pb Positron energy
4 10tL Distribution from*Na |4
——1keV ——10keV
2 0 — 30 keV
10 E_=10keV 3 10 E

Positrons from “Na
implanted in Pb

Makhovian Profile P(z,E)
=
o

10tk \
102k \_
10° \_

1 1 10'4 1 1 1 1 1 1 1 1 1 1 1 1
10" 10° 10* 10 0 2 4 6 8 10 12 14 16 18 20 22

Approximated thermalization time <t,>/ ps

1076 1
10° 10°

Implantation depth z / pm Material density p / (g/cm?)

Fig. 1.3: (a) Makhovian implantation profiles and positron mean implantation depths (vertical
lines) of mono-energetic positrons into Pb. (b) Approximated thermalization times for
positrons depending on their energy and used material calculated from Eq. 1.10.

1.3.2 Diffusion and Trapping

Thermalized positrons are charged particles which diffuse through the material. This
process can be described by a three-dimensional random walk [28]. The diffusion is
limited by the positron bulk lifetime (73), and the presence of defects. It can be quantified
by the positron diffusion length L [17]:

Dy

) 1.11
calla +1/7 (LD

where D is the diffusion coefficient of the positron, ¢, the defect concentration and
the material-specific trapping coefficient for a certain defect. The absence of defects,
(cq = 0), simplifies the calculation to Ly = /D, T, and increases the diffusion length.
Typical diffusion lengths are in the range of 200 - 500 nm corresponding to 10° to 107
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lattice positions which can be seen by the positron during diffusion [29]. This explains

the high sensitivity of positrons to atomic open-volume defects.

Positrons will be repelled from the atomic nuclei because of their positive charge and most
probably located in interstitial regions. Open-volume defects like vacancies or disloca-
tions form a negative potential in which the positron is trapped [30]. In case of negatively
charged vacancies, the binding energy is in the range of some eV [31] which prevents
an escape for a thermalized positron with around 40 meV energy at room temperature
(Fig. 1.4). If the defect binding energies are low enough, the positron can escape from
these so-called shallow traps, assumed that its energy is high enough. Therefore, the ev-
idence for shallow traps requires measurements at lower temperatures. Dislocations are

such defects having binding energies of up to 100 meV [32].

8 S W -u T T T

' trappi ng probablhty in aperfect Iamce trapping probability in avacancy at position (2,2)
S 5
plejeleddl
£ £
2 £
plelele “

NN N T

0 1 2 3 4

Atom position Atom position

Fig. 1.4: Probability of presence of a positron in (a) a perfect lattice and (b) in case of a vacancy

calculated using the atomic superposition method (ATSUP) [33] for the case of iron.

Due to the lower electron density at the defect site, the positron lifetime is longer than in
the bulk (Eq. 1.5). For instance, the bulk lifetime of iron is around 110 ps [34] whereas

the lifetime of a positron trapped in a single vacancy is 175 ps [35].
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1.4 Positron interaction in liquids

In vacuum, gases, liquids and some insulators, a positron and an electron can form a
bound system, called Positronium (Ps). The existence of this bound state was predicted in
1934 [4] and experimentally confirmed in 1951 by measurements of the positron lifetime
in gases [5]. The quantum-mechanical description of the Positronium atom is similar to
that of the hydrogen atom. Both have the same potential V = —e? /r but different reduced

masses U: ¥2 for Ps and ~ 1 for H. The Schrédinger equation for Ps has the form:

W2 2
<—ﬂvz——> whs(7) = EPSwPs (7). (1.12)
r

The energy eigenvalues are close to half of H whereas the radius is twice the Bohr radius

of H. Consequently, the Ps binding energy E}, and the radius of the Ps atom are:

1 o
ES = 5ng ~6.8eV  rpy=2ap~1.06A. (1.13)

Ps has two ground states depending on the relative orientations of the spins of electron

and positron similar to hydrogen, :

para-Positronium (p-Ps) The singlet state (s = 0, my = 0) has anti-parallel spins and
exhibits an intrinsic lifetime of around 125 ps (exemplary [36, 37]). Due to charge
conservation, the singlet state decays into an even number of photons. The total
energy of 1022 keV during annihilation is evenly distributed on two photons which

are emitted almost back to back, similar to the free-positron annihilation.

ortho-Positronium (o-Ps) The triplet state (s = 1, my = -1,0,+1) with parallel spins de-
cays into three photons due to charge invariance. This results in a much longer
intrinsic lifetime of around 142 ns (exemplary [38, 39]). In this case, the total
energy during annihilation is unevenly distributed between the three photons with
energies of 0 <Ej 53 <511 keV.

The ratio of para-to-ortho Positronium is simply the degeneracy, 1:3. Due to its short
lifetime, the p-Ps annihilates too fast to be sensitive to its surrounding. Instead, the
o-Ps lifetime is long enough to allow interactions of o-Ps with condensed media. These
interactions may affect the lifetime (quenching) as well as the Ps yield (inhibition) and

cause a deviation of the vacuum para-to-ortho Ps ratio from 1:3.
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1.4.1 Formation of Ps in condensed media

Hot positrons injected into liquids ionize molecules via inelastic scattering. Depending

on the collision type, the knocked-out electrons arrange in different ways [40]:

1. Head-on collisions generate §-electrons with energies in the range of several keV

which form branches around the track of the positron.

2. Electrons from glancing collisions with average energies of 30 - 50 eV (maximum
up to 100 eV) [41] produce ion-electron pairs inside a spherical nanovolume with
a radius of 30 - 70 A [42] around the positron track - the so-called spur. Most of
the generated ion-electron pairs recombine into excited states, but some of these

reactive species diffuse and react with each other.

Three general models describe the formation of Ps. They differ in the role of positron

thermalization and the influence of competing intratrack reactions with molecules:

Ore model The Ore model implies that a non-thermalized positron can kick out an elec-

tron from a molecule if the positron energy lies in the Ore gap E, [43]:

Eion —Ep < Eg < Egy, (1.14)

where Ej,, is the ionization energy and E,, the excitation energy of the molecule.
The hot positron then forms Ps with this also hot electron. This model was proposed
for gases and is also applicable for solids but seems unlikely for liquids where
typical Ps binding energies are in the range of around 0.1 eV [44]: The hot particles

would fly apart because of their kinetic energy.

Spur model This model assumes that Ps is formed in the last spur of the positron track
when the thermalized positron succeeds in finding one of the generated secondary
electrons before this reacts with another species (recombination) [45, 46]. Reac-
tions between Ps and the reactive species are not taken into account. In this way,
experimentally obtained Ps inhibition can only be explained by assuming that the

terminal spur contains only a few ion-electron pairs.

Blob model An argument against the spur model is the fact that the positron very effec-
tively ionizes molecules at the end of its track, leading to a decrease of the distance
between glancing collisions with decreasing positron energy [41]. Consequently,
the spurs overlap (for positron energies less than 3 keV [47]) and the number of
ion-electron pairs has to be much higher. When the energy is less than the blob

formation energy Ep; = 500 eV, the positron starts to diffuse by elastic scattering
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and ionization of molecules. Its path is no longer a nearly straight line but can be
limited by a spherical volume, which is called the positron blob [47] (Fig. 1.5).
This end part of the positron track has a radius a; of around 40 A. The number
of ion-electron pairs inside the blob, n, can be determined by ny = Ep;/ Ei.; = 30,
where Ej,, = 16 ... 22 eV is the required energy for producing one ion-electron
pair [41].

a, ~40 A
electron branches —_
from head-on collisions

cylindrical
column

positron
track

positron blob

I |
E_>3keV E, <3keV E,.~500eV

pos

Fig. 1.5: Schematic view of positron thermalization inside liquids in the framework of the blob

model (according to [47]).

A further classification is realized by considering interactions of the positron with
its blob. The black blob model [48] assumes that the positron is trapped inside the
blob and thermalizes close to the center of the blob. In the case of the white blob
model [49, 50], the positron can also escape from the blob before thermalization.
Since the blob electrons are held by the ions, the escaping positron can annihilate

outside without forming Ps (or diffuse back into the blob).

Considering chemical reactions amongst electrons, positrons and reactive species
formed during thermalization, the blob model can easily explain differences in Ps

yields. Consequently, it is formulated with the help of chemical kinetics equations.
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1.4.2 Inhibition and quenching

There are many effects which influence the amount of formed Ps and also affect the life-
time of o-Ps. The basic idea is that the blob contains a various number of ions and sec-
ondary electrons which are created by the thermalized positron. Any change in the num-
ber of electrons, cations or positrons will affect Ps formation, but also the temperature of
the medium [51, 52]. Reactions that inhibit Ps formation are [53, 54]:

Electron scavenging Scavengers are solutes which accept secondary electrons accord-
ing to the reaction e~ + AB — A-+4 B™. The addition of an electron scavenger can
reduce the o-Ps yield down to a value I, or zero. The decrease of the o-Ps inten-
sity down to a value I, depending on scavenger concentration ¢ can be empirically

expressed by [6]:

IoPs(C) f

B Lops(0)— 1,
Lops (O) l+oac

IoPs (O) ’

+(1—-f) with f= (1.15)

where I,ps(0) is the o-Ps yield in absence of scavengers and ¢ the Ps inhibition

constant of the solute. The case of total inhibition is expressed by:

IoPs(C) _ 1
Lops (0) 1+oac

(1.16)

Total inhibitors in water are Pb%+ [55] and NO5 [56] whereas H*[57], TIT[55] and
Cd?*[58] are partial inhibitors. The opposite case, where the addition of a solute
increases the Ps yield, is called enhancing. There the added scavenger S reacts with
the positive ion to a product where the electron scavenging property for the positive
ion is larger than that for the product. An example are the competing reactions

OH+e  — OH™ and the scavenging of OH via the scavenger S.

Positron scavenging A trapping of thermalized positrons would also influence the Ps
yield similar to the case of electron scavenging. The both mechanisms for positron

capture are:

e" +AB — ABe" — 2y complex formation (1.17)

e" +AB — A+Be” — 2y  dissociation (1.18)



14 1 Positron Annihilation Spectroscopy

Solvation of electrons or positrons In a solution of polar liquids like water, solvated
particles are free particles which are not bound to any molecule. Their mobility
is strongly reduced which affects the probability that a positron might annihilate
before it forms Ps. While intraspur reactions of the solvated electron are in the range
of 5 to 10 ns [59], the lifetime of a solvated positron is about 400 ps. Therefore, Ps
formation from solvated particles is unlikely in polar liquids resulting in a decreased
Ps yield.

Effect of an electric field In the framework of the white blob model, the positron inside
the blob can either form Ps or escape from the blob annihilating outside as free
positron. On the other side, the positron can diffuse back into the blob again to form
then Ps. An external moderate electric field in the range of 100 kV/cm influences
the out-diffusion [49] in that way that the probability for a positron to diffuse back

into the blob diminishes.

Once Ps is formed, its lifetime can be shortened due to further chemical reactions and
physical effects. Furthermore, the fraction of 0-Ps can be reduced causing deviations from
the theoretical para-to-ortho Ps ratio from 1:3. The most important quenching processes
are listed below [6, 53]:

Pick-off annihilation The positron of Ps directly annihilates with an electron of a sur-

rounding molecule or atom via:
Ps+M—e"(M™) — 2%, (1.19)

resulting in a shortening of the Ps lifetime. The influence of the pick-off process
on the p-Ps lifetime is negligible due to the short intrinsic lifetime [9] whereas the
lifetime of o-Ps of 142 ns in vacuum is reduced to a much lower value (2 to 5 ns
in liquids). The observed lifetime is then called pick-off lifetime, 7,,. Pick-off an-
nihilation is the most important process and its high efficiency almost suppresses
the three-photon annihilation. The probability of o-Ps undergoing pick-off annihi-
lation depends on the surroundings: the higher the electron density, the shorter the
pick-off lifetime. Therefore, this behavior is used to determine sizes of micro-pores
by using PALS. There o-Ps inside the pore is scattered from the walls and interacts
with them: the smaller the pores, the shorter the pick-off lifetime due to the wall
interaction. The pick-off annihilation lifetime is calculated in the framework of the

bubble model (see next section).
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Oxidation In case of strong interactions of Ps with the media, the molecules are able to
remove the electron from Ps (oxidation). Ps then decays into a free positron and an

ionized molecule:

kOx + —
Ps+M et +M, (1.20)

which is a kind of chemical quenching. The o-Ps lifetime reduction depends on the
molecule concentration, ¢y, and on the rate constant for the chemical reaction, kg,

according to [6]:

Aops :A‘po—l—kR-CM. (1.21)

Examples are strongly oxidizing ions and molecules like Fe>", OH and H;0O™.

Spin conversion If a Ps atom collides with a paramagnetic molecule or atom M, o-Ps
converts to p-Ps and vice versa. This ortho-to-para conversion (OPC) process is

characterized by the formulas:

OPS(1) + M(1) “2% LpPs(11) + JPs(11) + M(1) (1.22)
e, 1 3
PPS(11) +M(1) % TpPo()) + SoPs(M) +M(L), (123

maintaining the ortho-to-para Ps formation ratio of 3:1 in the OPC rate constant
kopc. The arrows denote the projections of the electron spins. The spin conversion
from para-to-ortho Ps can be neglected because of the short lifetime of p-Ps com-
pared to that of o-Ps. Examples for spin conversion are weakly oxidizing ions like
TI™, K+, Fe?* or Mn?* in solutions of polar liquids like water [6]. Ferrel showed
that the only condition for spin conversion is that the molecule or atom has un-
paired electrons [60]. A spin-flip or electron exchange of the molecule/atom is not
essential for spin conversion. An example is the Ps reaction with oxygen molecules

which do not undergo a spin-flip:
OPS(11) + O,(1) ~ pPS(11) +0,(1). (1.24)

Magnetic quenching In presence of an external magnetic field, the ortho- and para-states
of 0-Ps mix [61]. This leads to possible two-quantum decays of ortho-states and

thereby to a reduction of the observed three-quantum coincidences.

In many cases, Ps inhibition and quenching effects cannot be separated (as for the solutes

10, or Pb 2+ [6]), which makes it difficult to extract characteristic values.
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1.4.3 Bubble models

In 1956, Ferrel obtained unexpectedly high o-Ps pick-off lifetimes in liquid helium and
concluded that the interaction of Ps with He atoms is prevented by an additional mecha-
nism [62]. He suggested a strong repulsion between the Ps electron and the electrons from
the surrounding matter resulting in a nanobubble around the Ps, which delays the pick-off
reaction (Fig. 1.6 a). A spherically symmetric potential well of radius R.. was used for
solving the Schrodinger equation for the Ps in the bubble. The equilibrium radius of the

242

bubble is calculated by minimizing the sum of the Ps ground state energy Ep; = % in

such a potential barrier and the surface energy, Eg,face = 4AnR: o according to:

) 1/4 7Ry 1/4
Re = —a [ ), 1.25
<16m0) “0 (8cag> (125)

where o is the macroscopic surface tension coefficient, Ry = 13.6 eV and qg is the Bohr

radius. A modified formulation of the idea was given by Tao [63] and Eldrup [64] assum-
ing a rectangular, infinitely deep and spherically symmetric potential well of radius Re.. It
is necessary to avoid that the Ps wave function is equal to zero at the bubble radius and be-
yond, otherwise any interaction with electrons (and therefore pick-off annihilation) would
be impossible. To overcome this, a certain penetration depth for the electrons outside the
blob, 0y, was allowed. Result is a bubble with radius R = R.. - 0y which is around 4 A
for a barrier thickness &y of around 2 A [40, 65] (Fig. 1.6 b).

The pick-off annihilation rate can then be calculated via the Tao-Eldrup formula:

R
Apo = AP/R W(r)[*4nrtdr

|:5U sin(277:5U/Roo)
= 7Lp — TR

1.2
R o : (1.26)

where A, ~ 2ns~! is the positron annihilation rate in the unperturbed medium (calculated

according to Eq. 1.5).

This model was modified by introducing a potential well of a finite height for more ade-
quate simulation of the trapping potential of the Ps bubble. It also explains the pick-off an-
nihilation yields observed in Helium [66]. Further developments were done by Stepanov
et al., allowing electrons to penetrate inside the Ps bubble and considering particles as
spheres instead of points [67]. Since the finite well allows a tunneling, pick-off annihi-

lation takes place if the wave functions of the positron and an electron from the medium
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Fig. 1.6: (a) Schematic view of the Ps bubble formation as a result of electron repulsion inside
media. (b) Modified model of Ps in a bubble which is defined as spherical potential
with finite depth U and radius R... The parameter §y characterizes the penetration of

electrons from the surrounding medium into the bubble (from [65]).

overlap in the layer. The possibilities to find both particles there is given by:
Re 2 = 2
Py, = / WP and  Pry = / PP, (1.27)
R R

Then the pick-off annihilation is calculated as:

/IPO(R, 5(]) = )\,p . (P5U +PRU)- (1.28)

In the limit of the infinite potential well, Ps, is reduced to the Tao-Eldrup formula
(Eq. 1.26) (for more details see [67]). Combining Eqn. 1.25 and 1.26, one obtains

the rough approximation:

Apo = (0)°/3 (1.29)

The surface tension o decreases with increasing temperature which should lead to an in-
crease of the o-Ps pick-off lifetime. Instead of that, several authors measured the opposite:
A decrease of the o-Ps lifetime with increasing temperature [51, 68—71]. This contradic-
tion led to the idea of taking into account competing intratrack reactions in the positron

blob which will have an effect on the o-Ps lifetime and furthermore on the Ps yield.
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1.4.4 Positronium chemistry

Radiation effects on liquids play an important role in our life. In biological systems, radia-
tion generates free radicals like OH, which are mainly responsible for the harmful effect of
radiation. In technical applications, like in cooling circuits of nuclear power plants made
from zircaloys, radiation-induced oxygen and hydrogen can enhance corrosion [72]. The
radiation-induced dissociation of molecules is called radiolysis and is studied in the field
of radiation chemistry. Since water is the most important liquid, the radiolysis process is

studied intensively there.

When exposed to radiation by fast particles (for example photons or electrons), water
dissociates in a number of free electrons and ionized molecules. Immediately after ir-
radiation, these radiolytic products interact with each other and recombine finally. All
the reactions are of local character and occur in isolated microvolumes of the irradiated
medium. The small size of these volumes complicates the investigation of chemical re-
actions and their concentrations. A solution would be to increase the radiation, but this
will also influence the chemical reactions. In addition, the extremely short duration of the

reactions (10712 ... 1078 s) complicates their study.

One method is the picosecond pulse radiolysis techniques which was developed in
1969 [73]. The sample is exposed to a beam of highly accelerated MeV electrons (mostly
from a LINAC), in order to generate a high concentration of irradiation products. The
light from a light source passes through the irradiated liquids and is detected by a pho-
todetector. The transmitted light intensity is decreased if the radiolytic products have
absorption at the selected wavelength. Disadvantage of the method is the necessary high

intensity of radiolytic products as well as the need for high-energy electrons.

In 1973, Byakov et al. [74] discovered that the formation process of molecular hydrogen
in water due to radiolysis is similar to Ps formation by implanted positrons: In both cases,
the recombination takes place with a presolvated electron within picoseconds. Since Ps
formation and its lifetimes strongly depend on the amount of electrons and radicals, the
annihilation data can be used to study radiolytic processes in detail. The facts that the
radiolysis can be induced by implanted positrons itself, ensures that it is always localized
within the microvolume where radiolytic processes take place. Further, the short lifetimes
of positrons and Ps allow the investigation of processes in the (sub)picosecond time. This
makes the positron an ideal atomic probe whose annihilation data is moreover easily ac-
cessible. Consequently, many chemical reactions amongst the radiolytic processes were

discovered and characterized establishing the use positrons for chemical studies.
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1.5 Information from the annihilation photons

The most common annihilation process in presence of matter is the annihilation into two
photons. Momentum and energy law conservation is only fulfilled if the total energy
of 1022 keV is evenly distributed to both photons and if these are emitted almost back
to back. The time difference between positron generation and detection of the annihila-
tion can be used to determine the positron lifetime in order to identify the defect type.
Moreover, the energy of the annihilation photons reveals additional information about the
annihilation site. The momentum of both particles during annihilation causes differences

in energy and emission angle of the two photons (Fig. 1.7).

A

Fig. 1.7: Vector diagram of the momentum conservation during two-photon annihilation [75]. ®
is the deviation of the emission angle from 180°. p; and pr are the longitudinal and

transversal components of the momentum p of the annihilation pair, respectively.

The photon energies Ey; > as well as their emission angle 180° - © are influenced by the

momentum of the electron-positron pair according to [75]:

Erotal = Eyl "‘E}/Z

~ (moc® + pre/2)1 + (moc® — pre/2)a, (1.30)
0 = arctan <p—T) , (1.31)
moc

where pr and pr are the longitudinal and transversal components of the momentum p
of the annihilation pair, respectively. Electrons have energies in the range of the Fermi
energy up to some 10 eV. However, thermalized positrons have energies of E = %kBT
which is around 0.04 eV at room temperature. For that reason, the positron contribution
to pr can be neglected and the energy deviation from 0.511 MeV for each photon can
directly be assigned to the annihilated electron. This allows for a study of the distribution

of core electrons and free electrons at the annihilation site in the momentum space.

According to Eq. 1.30, a typical kinetic energy of the electron of 10 eV causes an energy

shift of 1.6 keV and an angular deviation of around 6 mrad.
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1.6 Experimental techniques

There are different established techniques based upon the measurement of the annihilation
photons using techniques of gamma spectroscopy. The obtained structural information

depends on which observable is measured:

Time The time difference between positron generation and annihilation is used to deter-
mine the positron lifetime. In solids, this helps to identify types and distribution of
atomic open-volume defects. In liquid media, information about chemical reactions
of Ps with molecules can be obtained which help to study chemical processes on
very short time scales. The used method is called Positron Annihilation Lifetime
Spectroscopy (PALS).

Energy Deviations of the photon energy from 0.511 MeV due to the kinetic energy of
the annihilated electron cause a Doppler broadening of the annihilation line. The
measurement of this energy shift is task of the Doppler Broadening Spectroscopy
(DBS). Information can be obtained about the electronic and therefore elemental
environment of the annihilation site in the case of annihilation in solids. By this, it
is possible to distinguish between a vacancy in the matrix or in a precipitate within

a matrix, for example.

Angle The deviation of the collinearity between both emitted photons due to the kinetic
energy of the annihilated electron is very small for typical electron energies (see
Section 1.5). It is typically measured using resolution-sensitive detectors which
have large distances of several meters to the sample. The measurement, which
is called Angular Correlation of Annihilation Radiation (ACAR), results in a
two-dimensional projection of the electron density in reciprocal space. A three-
dimensional information can be obtained by measuring at different sample orienta-

tions. This allows reconstructing the Fermi surface.

Energy and Time The emission of two annihilation photons allows for the correlated
measurement of positron lifetime and Doppler shift for the same annihilation event.
Additional information about temporal processes like thermalization or trapping
of positrons as well as the pick-off process can directly be visualized in the time
domain. Therefore, the Age-Momentum Correlation (AMOC) method is often

used for Ps chemistry.

Each method alone provides details about the investigated material, but a combination of

several techniques reveals additional information in many cases.
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Detection and Processing of Signals

For the measurement of the photon energy, usually energy-dispersive detectors are used
which have high energy resolutions of around 1 keV at the 511 keV line. The most com-
mon detectors are scintillation counters using sodium iodide (Nal) or lanthanum bromide
(LaBr3) or High-Purity Germanium (HPGe) semiconductor detectors. HPGe detectors
need to be cooled with liquid nitrogen to avoid thermal-induced noise. Incident photons
create electron-hole pairs inside the crystal which are converted into an electrical pulse
by use of a preamplifier. The pulse amplitude is proportional to the photon energy and

allows high-resolution energy determination.

Timing measurements are usually performed with fast scintillators like Barium fluoride
(BaF,) or plastics on photomultiplier tubes with short pulse rise-times. The energy of the
detected photon is converted into photons in the visible or UV range which can be pro-
cessed by the photomultiplier tube. These photons generate electrons in the photo-cathode
due to the photoelectric effect, which are then multiplied by a number of dynodes. The
output signal at the anode is an analog electrical pulse with a height proportional to the en-
ergy of the detected photon. This allows separating annihilation events from background
signals. The determination of the time information from the signal is realized using dis-
criminators. Usually they determine a time stamp from the electrical pulse by constant

fraction method. The logical output signal is used to start or stop PALS measurements.

In general, the signal processing usually consists of amplification, transformation and
sorting of events. Analog detector signals have to be converted into digital signals which
can then be analyzed by software or hardware modules from nuclear spectroscopy. Typ-
ical experimental arrangements use modules like a Channel Analyzer, Constant Fraction
Discriminator (CFD) and Time-To-Amplitude Converter (TAC) [17]. In case of digital
setups, the detector signals are directly processed by high-speed digitizers which convert
and analyze the signals by software. Digital setups became more economic and have
some advantages compared to analog setups. A main point is the limited resolution in
an analog Multi Channel Analyzer due to the maximum number of channels. In order to
record a full positron lifetime spectrum, the channel width has to be increased for spectra
containing long positron lifetimes. To record spectra with lifetimes in the range of 10 to
100 ns, an interval of 1 ps is necessary, leading to a channel width of 61 ps. This makes
the extraction of short lifetimes from the spectrum impossible. However, in setups us-
ing a digitizer, the channel width depends on the sampling rate of the digitizer. Another

solution is the use of time-stamping Time to Digital Converters (TDC).
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1.6.1 Positron Annihilation Lifetime Spectroscopy

The positron lifetime is measured as the time difference between positron generation (start
signal) and registration of one of the annihilation photons (stop signal). The determination

of the start signal is more difficult and depends on the setup and positron source.

22Na in sandwich geometry

The most common and simplest method is the usage of the radioisotope 2’Na where the
detection of the simultaneously emitted 1.27 MeV photon (Fig. 1.2) serves as start signal
for the LT measurement. It is measured using a second detector which is in coincidence
to the first one. Coincidence means that only such events are accepted where both de-
tectors register a photon within a selected time range. A main disadvantage is the low
detection efficiency which decreases with the distance r between detector and sample as
r~2. In the case of two detectors in coincidence, the efficiency of both will be multiplied
resulting in #~*. Thus, to minimize the distance between sample and detectors, a typical
sandwich geometry is used: The source is placed between two identical samples (to use
the maximum solid angle) which are placed between the both detectors. In this setup,
two detectors with typical crystal diameters of 40 mm and distances of around 1 mm to
the sample have a detection efficiency of 47 % x 47 % = 22 %. Another disadvantage is
that no depth information can be obtained by the PALS measurement due to the energy
distribution of positrons emitted from ??Na. A third major disadvantage is linked to the
source itself: Positron lifetime sources made from >?Na are usually prepared by evaporat-
ing a solution of a >Na salt on a thin metal or polymer foil (Al, Ni, or Kapton). A small
fraction of the positrons annihilates in the source (around 2 to 15 %). The exact amount
depends on the foil thickness and the back-scattering ability of the sample: The higher
the atomic number, the more often positrons travel through the source and the higher the
source contribution. For the analysis of positron lifetime spectra, this fraction must be

carefully determined and subtracted. This process is called source correction.

Positron beam using radioisotopes

The detection efficiency of the start signal can be increased by using the positron instead
of the 1.27 MeV photon. In this case, emitted positrons from the >’Na source are magnet-
ically guided to the sample. A thin plastic scintillator, which is placed in front of the sam-

ple, registers each positron, increasing the detection efficiency to almost 100 % [76, 77].
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Such a system was used by Stoll et al. at the Pelletron in Stuttgart [78]. Due to the mag-
netic guidance, positron beams allow the separation of moderated positrons, which can be

accelerated afterwards, thus enabling depth-dependent PALS measurements.

A disadvantage of radioisotope sources is their fixed activity: For positron lifetime mea-
surements, the source activity has to be chosen in such a way that only one positron is
inside the sample at any time. This is necessary to avoid pile-up effects and therefore
a mixing of start and stop signals from different annihilation events. The longer the ex-
pected lifetimes of positrons and Ps inside the material, the lower the activity has to be

chosen resulting in increased measurement times.

Reactor-based positron sources

Since these highly intense sources are still continuous, their positron beam has to be struc-
tured to use them for PALS. This is realized by the combined use of choppers and bunch-
ers. A chopper deflects the beam for a defined time and allows only a part of positrons to
pass through. This part has now a temporal width which can be reduced further using a
buncher. This tool accelerates slower particles and decelerates faster particles related to a
defined standard particle. The buncher is adjusted to set the time focus (smallest temporal
width) on the sample position. Such a combination using a set of choppers and bunchers
is used at the Pulsed Low-Energy Positron-Beam System (PLEPS) at the Forschungs-
Reaktor II (FRM2) in Munich [79]. The periodic start signal for PALS is given by the
timing system. Reactor-based system have a fixed intensity per positron bunch which re-
sults in a decreasing count rate for an increase of the time between two bunches. In case
of long lifetimes as for o-Ps, the time for recording a lifetime decay spectrum by PALS is

increased significantly.

LINAC-based sources

A linear accelerator (LINAC) provides particle bunches instead of a continuous beam.
Superconducting electron LINACs like ELBE are operated in high average power mode
(continuous wave mode, cw) and provide automatically electron bunches with extremely
short durations. Here the start signal is given by the LINAC whenever an electron bunch is
being generated. The adjustable repetition rate enables the adjustment of the time interval
between two pulses. In contrast to reactor-based systems, the intensity per pulse can be
adjusted by increasing the bunch charge. This balance enables the measurement of long

Ps lifetimes without increasing the measurement time.
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The positron lifetime spectrum

In general, positrons can annihilate from a range of states s, with characteristic annihila-
tion rate A (s) with the probability P(s):

D(t) = / P(s) exp|—2 (s)r]ds. (1.32)

In case of solids, the positron states are discrete and the above integral can be written as a

sum of weighted exponential curves:
N(@) =Y —exp {——} (1.33)

where [; are the intensities of each annihilation state with ) ;/; = 1 and 1y is the time zero

when the annihilation started. The mean positron lifetime 7 is defined as:

A=1t"1=Y LA (1.34)

In absence of defects, the mean lifetime is referred to as bulk lifetime. Complex compo-
nents are built-up from a continuous sum of decay curves given with a log-normal dis-
tribution. They are typical for polymers or porous systems where the annihilation states

reflect the free open volume and non-discrete pore sizes, respectively.

The spectrum has to be folded with the time resolution function of the detector, R(%),
which can be described by a simple single Gaussian distribution or a sum of distributions.
When using plastic scintillators, R(¢) consists of one Gaussian, whereas it is a sum of
two distributions with a weight of 0.5 each when using barium fluoride scintillators. In

general, R(¢) has the form:

. — R ‘_ . 2
R(t)zch/ﬁexp [— (t o gi(’ 1)“)] FWHM; =26,V/In2,  (1.35)

where #;~( are shifts corresponding to this time and 0 is the Heaviside Step-function. The
timing resolution, which is characterized by the Full Width at Half Maximum (FWHM),
is the lower resolution limit of positron lifetimes. The lowest extractable value can be

estimated by:

1
Tinin = ZFWHM. (1.36)

It is typically in the range of 180 ... 280 ps leading to smallest extractable values of
around 50 ps.
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The entire experimental spectrum can be written as:

_L] +BG| xR(r), (137)

I.
N(t) = At NOZ—lexp [
T T i
where BG is the background which consists of random coincidences events and N, the

total number of annihilation events.

Different routines are available for extracting the positron lifetimes 7; and their intensities
I; by using different approaches. On the one hand, the assumed physical model function
can be convoluted with appropriate instrument functions. This theoretical function will be
fitted to the experimental data using non-linear least-squares fitting routines and provides
optimum values for the model parameters. Examples for these routines are PALSfit from
M. Eldrup [80] and LT from J. Kansy [81, 82]). Common to these programs is that the
physical information is linked to specific positron lifetimes. In case of solids, these can
be directly assigned to annihilation states (Fig. 1.8). On the other hand, the experimental
spectrum can be deconvoluted from the instrument functions to extract the physical infor-
mation which is then transformed into a continuous lifetime distribution function. This is
performed by the MELT® program from A. Shukla [83].
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Fig. 1.8: (a) Positron lifetime spectra of annealed and deformed Fe and the results of the decom-
position (recorded at the GiPS setup). (b) Dependence of positron lifetimes on defect
types for Fe [33, 35]
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1.6.2 Doppler Broadening Spectroscopy

According to Eq. 1.30, the energy of the annihilation photons differs from 511 keV due
to the electron momentum. This Doppler shift causes a broadening of the annihilation
line which is being investigated in the framework of the DBS. Since the total sum of both
annihilation photons is constant (1022 ke V), the annihilation line is symmetric at 511 keV,

which belongs to an electron momentum of zero.

In general, the annihilation line is influenced by the distribution of low-momentum elec-
trons like valence electrons which only shift to smaller values and high-momentum core
electrons causing higher Doppler shifts. Different annihilation states change the shape
of the curve: positrons which are localized in open-volume defects see a higher fraction
of valence electrons compared with that of core electrons. This effect causes a smaller
Doppler broadening. Consequently, energy distributions of defect-rich material are higher

and narrower than that of defect-free materials.

A quantitative information about the defects can be obtained with specific line parameters
which focus on the different electron fractions. Since the annihilation of positrons with
low-momentum electrons affects the center of the annihilation curve, the first parameter
is calculated from this region and consequently entitled as shape parameter, S. In con-
trast, the annihilation with high-momentum electrons, influencing the outer region of the
annihilation line, is studied by the wing parameter, W. Both parameters are calculated as

ratio of the corresponding areas to the entire area A; of the annihilation line (Fig. 1.9 a):

A A A
=2 and W:—WH— UES

S —
At Al‘

(1.38)
The regions for Ag and Ayw=Aw1+Aw2 have to be chosen in that way to obtain the largest
sensitivity for differences in line shapes. When comparing different annihilation lines,
the intersection of both curves around the peak center should be taken for Ag. The limits
for the S parameter are often simply taken to give a value of S ~ 0.5 for the defect-free
sample. An increase of S compared to the reference material corresponds to an increase
of the intensity of open-volume defects or their size. As the positron lifetime, the S
parameter is especially sensitive to early stages of mechanical deformation (Fig. 1.9 b).
Moreover, the S parameter allows a distinction of annihilation of p-Ps and o-Ps. The
intrinsic annihilation of p-Ps is characterized by low-momentum electrons whereas o-Ps

decays via pick-off annihilation of core electrons resulting in a lower value of S.
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Fig. 1.9: (a) Calculated contribution of core electrons and valence electrons to the annihilation
line of defect-free Fe and the areas for the calculation of the line parameters S and W.
(b) S parameter for a strained steel alloy depending on the tensile strain with reference
to defect-free Fe. The points are connected by a dotted line to guide the eye.

The regions of Ay and Ay, are symmetrical and can also be determined from difference
curves (Fig. 1.10 a). These fingerprint curves are calculated as the difference between
the normalized annihilation lines of defect-rich samples and a reference material. From
the difference curves, the limits for calculating the W parameter are taken from high-
momentum regions where the curves show the biggest differences. In addition to that,
these curves can be used for a quantitative determination of the annihilation fractions
of different annihilation states (for more details see [17]). A second kind of fingerprint
curves are ratio curves which are calculated as ratio of the normalized annihilation lines
of defect-rich samples to a reference material (Fig. 1.10 b). They help to visualize the
chemical environment of the annihilation site by comparing the measured curve with

curves from potential neighboring elements.

As seen from the regions Ag and Ay, an extraction of physical meanings from the line re-
quires a clean spectrum which is free from distortions especially for the high-momentum
part. The measurement can be performed using the sandwich geometry with 2>Na which
is placed in front of the detector. Here the 1.27 MeV photon of *Na causes a distortion
of the obtained spectrum. Due to multi-Compton scattering, this can be converted into
photons with energies around the annihilation line. This will complicate the background
correction which is usually made by subtracting a stepwise background. Result would
be an incorrect determination of the W parameter. One solution is the use of another

radioisotope like ®®Ge which emits no additional photon with the positron.
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Fig. 1.10: (a) Calculated difference curves and (b) ratio curves for different elements compared

to defect-free Fe. All calculations were performed using the ATSUP code [33].

Another way is a coincidence setup where the collinear emission of annihilation photons
is used: Events are only accepted if two detectors, which are placed face to face, regis-
ter a photon with an energy of around 511 keV at the same time. This method is called
Coincidence Doppler Broadening Spectroscopy (CDBS) and reduces the background to
some orders of magnitude. A disadvantage is the longer measurement time due to the lim-
ited efficiencies of both detectors which are multiplied in a coincidence setup. However,
if the chemical defect environment is of interest, the advantage of this method is a curve

free from background which enables investigating the high-momentum part (Fig. 1.11 a).
1
v

of the core electrons can be seen directly by small bumps of the CDB curve (Fig. 1.11 a,
at around + 3 keV).

Moreover, the energy resolution is improved by a factor of —=. As a result, the influence

As for PALS, the disadvantage of a sandwich setup using radioisotopes is the miss-
ing depth information of the material. This led to the development of slow-positron
beams which accelerate positrons up to 40 keV enabling depth-dependent measurements
of several um depending on the material. A typical setup is the Slow-Positron Sys-
tem of Rossendorf (SPONSOR) [84], which is installed at the HZDR (Fig. 1.11 b).
There positrons from a >’Na source are being moderated using a tungsten foil and pre-
accelerated to 30 V in order to focus the beam. Since the moderation efficiency of tungsten

is in the order of 10, most of the positrons are still fast positrons.
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Typically, they can be separated from the slow positrons using E x B filters or (like
here) a bent tube which is magnetically adjusted in that way that only slow positrons with
a defined kinetic energy can pass through. After the bent tube, the slow positrons are
usually accelerated to endpoint energies of up to 36 keV. The positrons are magnetically
guided to the sample which has a distance from the source of 3 m. Helmholtz coils and
solenoids create an axial magnetic field of 10 mT. The annihilation events are recorded
with two Germanium detectors facing each other. Each detector has an energy resolution

of around 1 keV which results in a coincidence resolution of around 780 eV.
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Fig. 1.11: (a) Comparison of DBS and CDBS for the annihilation line of bulk Pb. (b) Schematic
setup of the slow-positron beam SPONSOR at HZDR without the Helmholtz coils
and solenoids for magnetic guiding. Main components are the source chamber with
the 2?Na positron source (yellow), the bent tube to extract mono-energetic positrons
from fast positrons (red), the positron accelerator (orange), a beam aperture (blue) and
the sample chamber (green). Two cooled Germanium detectors can be operated in a
coincidence setup in order to perform CDBS.

Due to the relatively simple construction of such a beam, many positron groups main-
tain source-based slow-positron beams. Just a few examples are the beam at the Martin-
Luther-University Halle-Wittenberg (Germany) [17], the systems at the Aalto University
Helsinki (Finland) [85], at Tsukuba (Japan) as well as slow-positron beams at the Univer-
sity of Bath (Great Britain). More information about constructions and developments for

slow-positron beams can be found in [86].
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1.6.3 Age-Momentum Correlation

Aim of this method is the combined measurement of both photons of one annihilation
event in order to obtain information about the positron lifetime and environment of this
annihilation state. Therefore, one photon is used as stop signal for PALS and the second
photon is registered by an energy-dispersive detector to measure the Doppler shift. Both
detectors have to be placed face to face due to the collinear emission of the annihilation
photons. Again a >*Na sandwich can be used as positron source for the AMOC mea-
surement where the start signal for PALS is given by the 1.27 MeV photon. Since this
is measured by a third detector, the entire setup requires a triple-coincidence where all
detectors have to register valid photons which correspond to one annihilation event. In
addition to that, the detection efficiency of all three detectors has to be multiplied. Thus,
the efficiency of this setup is extremely low resulting in measurement times of several
days. The required stability for all electronic devices and the sample is difficult to sustain.
Reactor-based as well as LINAC-based positron sources have a great advantage since the
start signal is provided by the machine. This reduces the setup to a two-coincidence and
therefore reduces the needed time to record an entire AMOC spectrum to some hours.
This is still longer compared to the single PALS and DBS method because the spectrum
is a 3D relief (Fig. 1.12) containing all coincident events plotted on a logarithmic scale

versus the positron age and the energy of one of the annihilation photons.
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Fig. 1.12: 3D AMOC relief of water at room temperature measured using the Gamma-induced
Positron Annihilation Spectroscopy (GiPS) setup.
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Sections of constant energies represent momentum-dependent positron lifetime spectra
whereas sections of constant positron ages represent time-dependent energy spectra. Con-
sequently, the sum over all positron ages (projection to the energy axis) provides the typ-
ical Doppler-broadened spectrum of the annihilation line while the sum over all energies
(projection to the time axis) provides the positron lifetime spectrum. As mentioned be-
fore, this correlation measurement provides additional information and requires therefore
new parameters. Calculation of S parameters for energy spectra at different positron ages
results in a time-dependent S parameter (S;), (Fig. 1.13) whereas the positron lifetime
spectra for each energy region can be analyzed to obtain an energy-dependent positron

mean lifetime, mean positron lifetime (7).
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Fig. 1.13: (a) Time-dependent S; parameter and (b) energy-dependent positron mean lifetime cal-
culated for pure water at room temperature measured using the GiPS setup. Details are

given in the text.

Since the S parameters for annihilation with p-Ps, o-Ps and free positrons are different, S;
visualizes Ps reactions like oxidation, spin conversion or Ps inhibition. They are charac-
terized by changes in the S; parameter (Fig. 1.14 a) which arise from different contribution
of each annihilation state. For example, Ps inhibition is characterized by less contribu-
tion of the higher S parameters for both p-Ps and o-Ps compared to the S parameter for
annihilation with free positrons. Ps slowing-down was visualized first time with AMOC
measurements: Materials where Ps is formed show a maximum of S; for t = 0 which is
reduced within time whereas such a behavior was not found for materials where no Ps is
formed (Fig. 1.14 b).
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The analysis of AMOC data is difficult because the spectrum has to be deconvoluted with
respect to both positron age and longitudinal momentum of the annihilation pair. This
requires a two-dimensional data fitting with two deconvolutions which is not a trivial task.
One approach is to obtain the timing resolution and energy resolution of the corresponding
detectors by independent measurements. A simplified expression for the S, parameter
was given by Lauff et al. [87] as linear combination of the partial line-shape parameters
S; weighted by the normalized annihilation events w;:
ni(t)A;
N

N N
St)=Y Swi=Y Si——""—, (1.39)
t i;) i—Zo j—oni(t)Aq

using rate equations n;(¢) for the population of the positrons states (annihilation with free
positrons, p-Ps or o-Ps pick-off annihilation). In collaboration with D. Zvezhinskiy, a
model of two-dimensional data analysis was developed which was successfully applied
for AMOC data of glycerol [88]. The underlying physical and chemical reactions and

their effects on the S; parameter will be discussed in chapter 3.
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Fig. 1.14: (a) Exemplary effects of Ps reactions and different positron states on the shape of the
time-dependent S, parameter. The input parameters for the S parameters of the annihi-
lation states are S,ps; = 0.5, Sj =0.46 and S,ps = 0.48. Differences arise from changes
in the contributions of each annihilation state. (b) Zoom to early ages of S; curves for
pure water at room temperature where Ps is formed and ZrNb where no Ps is formed
(both measured using the GiPS setup). The different S; parameters arise from the way
of setting the reference value: The regions for calculating S are chosen to obtain a

value of ~ 0.5 at the positron age t = 0.
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In addition to the time-dependent S; parameter, the momentum-dependent mean positron
lifetime 7 can be used to separate and identify coexistent annihilation states. The momen-

tum dependence of the mean positron lifetime 7 can be given by [89]:

Z?]:I LiP,(p)Ti

T= :
YN LP(p)

(1.40)
using the intensity /;, the normalized momentum distribution of the annihilation pair P;
and the lifetime 7; of the i-th component. For the case of water, the mean positron
lifetime consists of typically three lifetimes for: (1) the intrinsic annihilation of p-Ps,
(2) the annihilation of free positrons and (3) the pick-off annihilation of o-Ps. These anni-
hilation modes can also be identified using the momentum-dependence of their intensities
(Fig. 1.15): The intrinsic p-Ps annihilation is characterized by a narrow momentum-
distribution. Therefore, its intensity has a maximum for energies close to 511 keV. The
decrease of the o-Ps intensity for higher momentum indicates that the momentum distribu-

tion of the pick-off annihilation is narrower than that for the annihilation of free positrons.
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Fig. 1.15: (a) Momentum-dependence of the mean positron lifetime calculated from the 3D
AMOC relief for the case of pure water at T = 21 °C. The GiPS data (black dots)
is fitted using Eq. 1.40 (red line). (b) Momentum-dependence of the intensities of
each annihilation state for the decomposition of the applied fit (Eq. 1.40) into three
components.






2 SETUP FOR THE GAMMA-INDUCED
POSITRON ANNIHILATION SPECTROSCOPY

Due to the relative short implantation depth into the sample, the information obtained by
implanted positrons generated from slow-positron beams or isotopes undergoing B+ de-
cay (like the commonly used 2*Na), stems from a sample depth of a few micrometers only.
However, in many cases, determination of concentration and types of defects for the en-
tire sample volume is of interest (non-destructive testing of mechanical components, etc.).
In contrast to external positron generation, the production of positrons inside the sample
volume by means of high-energy photons, for example from bremsstrahlung production,
offers the unique possibility of investigating the entire sample volume (up to several cm?).
The possibility to perform measurements without vacuum allows a simplified handling of
complicated samples like liquids, gases, coarse dispersions, powders or activated sam-
ples. In the field of Ps chemistry, the use of bremsstrahlung offers unique properties for
investigating liquids and gases: The absence of typical positron source components allows
studying Ps reactions inside the material without the necessity of difficult or ambiguous
source corrections. However, the usage of high-energy photons for pair production has
effects on the positron behavior inside the material which have to be considered. Annihi-
lation radiation from the sample can be detected using time-sensitive and energy-sensitive

detectors like well-established positron techniques.

The method of photon-induced positron production has been demonstrated for strained
steel [90, 91] (and was later improved [92]) by using a normal-conducting LINAC with
a repetition rate of 200 Hz and a macro pulse length of around 2 s. Due to the low duty
cycle, PAS suffered from low statistics, large signal pile-up effects and a poor signal-to-
background ratio. Those shortcomings prevented the widespread use of the method. In
contrast, the radiation source ELBE (Electron LINAC with high Brilliance and low Emit-
tance) employed here is a superconducting linear accelerator with adjustable repetition
frequency (26 MHz divided by 2" [93]) working in continuous-wave mode. ELBE pro-
vides a continuous train of individual electron micro-bunches, each with a duration of less
than 5 ps. At the bremsstrahlung facility of ELBE the maximum possible beam energy
is about 20 MeV [93] (typically about 16 MeV electron energy) with an average current
of up to 1 mA [94]. With these parameters, ELBE provides a unique beam structure and

intensity for realizing PAS using bremsstrahlung.
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The setup for Gamma-induced Positron Annihilation Spectroscopy (GiPS) is part of the
EPOS (ELBE Positron Source) project, a collaborative effort between HZDR and the
Martin-Luther-University Halle-Wittenberg. EPOS consists of several parts:

Mono-energetic Positron Source (MePS): This is a pulsed slow-positron beam with
high intensity at ELBE for depth-resolved measurements [95]. It combines PALS
and DBS.

Conventional Positron Source (CoPS): One part is the continuous slow-positron beam
SPONSOR using a 2?Na positron source, allowing CDBS measurements with high
energy resolution of around 780 eV within a positron energy of up to 36 keV [84].

In addition to that, conventional PALS using *?Na positron sources is available, too.

Apparatus for in-situ Defect Analysis (AIDA): This setup combines several surface in-
vestigation methods like resistivity measurements and PAS during ion implantation,

heat treatment, and thin film deposition.

Gamma-induced Positron Annihilation Spectroscopy (GiPS): Pulsed bremsstrahlung
is used for positron spectroscopy of bulky samples, liquids, etc. The system is
described in the framework of this thesis [96].

The availability of these facilities allows applying standard positron techniques like PALS,
(C)DBS and AMOC for a large class of materials.
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2.1 Overview about the GiPS setup at ELBE

The GiPS setup (Fig. 2.1) is located in the bremsstrahlung cave at the ELBE LINAC.
Electron bremsstrahlung is produced by ELBE using a radiator of typically 10> radia-
tion lengths. After impinging onto to the sample [94], electron-positron pairs are created
by pair production throughout the entire sample volume. Around 30 % of all photons have
low energies of up to 2 MeV which are therefore detrimental for pair production. Only
contributing to unwanted background in obtained spectra, the low-energy component of
the bremsstrahlung continuum is suppressed using a beam hardener made from 100 mm
of pure aluminum [94]. The photon beam is shaped by a 2.6 m long aluminum collimator
forming a roughly 30 mm diameter beam spot at the sample position. Photons which pen-
etrate the sample without being scattered to large angles are being caught in a beam dump
1400 mm behind the sample. The photon beam dump is designed in order to effectively
reduce the radiation background from photon backscattering and from neutron production
in the experimental hall. Since the production of neutrons is unavoidable, the main part
consists of polyethylene (PE) which has a small cross section for (,n) reactions. Neu-
trons from (7,n) reactions are thermalized and absorbed in a thin Cd shield around the
PE. The PE is surrounded by lead which finally absorbs the scattered photons in order to
reduce the backscattering of photons towards the sample and detectors. About 0.3 % of
the photons are still backscattered to the detectors and have to be taken into account for

the measurement [94].
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Fig. 2.1: The simplified bremsstrahlung facility at ELBE containing the bremsstrahlung gener-
ation and detector setup of GiPS. The lead shielding for the detectors is not shown.
Abbreviations are explained in the text. The picture is not to scale regarding distances

and sizes of each part.
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Since the temporal beam structure is maintained during the process of bremsstrahlung
generation, the resulting photon beam consists of pulses with less than 5 ps duration.
Positron generation inside the sample takes place immediately within this short time so
the accelerator signal for electron bunch generation is used as sharp start signal for PALS
measurement. PALS is realized by measuring the time difference between the accelerator
bunch pulse and the annihilation photon detected by a time-sensitive detector. Again,
this is only realizable because of the short bunch lengths that are negligible compared to

estimated positron lifetimes (= 100 ps to ns range).

A multi-detector system (Fig. 2.1) registers annihilation photons emitted from the sample.
Four HPGe detectors are used to measure the photon energy. Four time-sensitive BaF,
detectors (mounted on Hamamatsu multiplier tubes H3378-50) were added for measur-
ing the time of photon detection in order to realize PALS. The obtained timing resolution
is about 180 ps FWHM and depends on the sample geometry. All four HPGe detectors
feature a relative efficiency of 100% (IEEE 325-1996 standard) and energy resolutions
of around 2.4 keV FWHM (at 1.33 MeV). They are equipped with escape-suppression
shields (ESS) made from bismuth germanate (BGO) scintillation detectors.These shields
efficiently reduce the background in energy spectra stemming from incompletely ab-
sorbed photons inside the HPGe (e.g. pair production or Compton scattering events).
Escaping photons leaving the germanium detector will be registered in the surrounding
BGO detector leading to a suppression of those unwanted events. Each shield consists of

eight BGO detectors surrounding the germanium crystal.

The GiPS setup allows for CDBS as well. Then two HPGe detectors are placed face-to-
face allowing for a combined energy resolution of about 1.2 keV at the annihilation line.
An HPGe detector paired with a BaF, detector in coincidence works as an independent
spectrometer for realizing AMOC measurements. Compton scattering inside the sample
leads to a forward-peaked distribution of emitted photons in beam direction. Therefore,
the BaF, detectors are placed in beam direction because they can tolerate higher count

rates than the germanium detectors.

The single channel rates of all detectors were adjusted to be similar at about 2 x 10* s~!
by placing absorption plates (made from copper and lead) in front of the HPGe detectors
and by adjusting the distance of the BaF, detectors. Depending on sample volume and
material, typical measurement times are in the range of up to twelve hours. Positron
annihilation lifetime spectra can be added up to increase the statistics. Alternatively, they
are analyzed separately in order to obtain a measurement error and to compare the results.

The typical signal-to-background ratio in a PAL spectrum is in the order of 10°:1.
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Due to the adjustable repetition frequency of up to 26 MHz (divided by 2", results in
38.46 ns time difference between two pulses), there are no restrictions on materials and
their estimated lifetimes: Reducing the frequency allows for measurements of very long
lifetimes (up to o-Ps with 142 ns). This enables the investigation of liquids, gases, coarse

powders, dispersions and bulky solids in one setup.

A main feature of ELBE is the adjustable bunch charge for a constant average beam
current. As a result, the measurement time does not depend on the repetition rate (in
contrast to reactor-based systems with defined particle intensities per pulse). This is very
important for the case of o-Ps like in liquids where the beam repetition rate is reduced up
to a quarter of the main rate (6.5 MHz results in 153.85 ns time difference between two

photon pulses).

Another main advantage of the GiPS setup is the possibility to investigate even highly acti-
vated samples. Studies of radioactive samples are hampered in a conventional setup, using
22Na as positron source, because of background induced by random false coincidences.
A special case are samples that contain an intrinsic activity of ®*Co, for example neutron-
activated steel (e.g. from fusion or fission reactors). There the two spontaneously emit-
ted photons (1.17 MeV and 1.33 MeV) mimic the start signal for conventional positron
lifetime measurements, as well. At GiPS, however, the start pulse of the lifetime mea-
surement originates from the electron accelerator, and both annihilation photons are de-
tected in coincidence. Thus, the uncorrelated background of ®°Co is strongly suppressed

(Fig. 2.2), especially due to the relatively large sample-detector distances.
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Fig. 2.2: Positron lifetime spectra of annealed, pure Fe (red curve) and irradiated steel sample
(black curve) recorded at the GiPS setup.
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2.2 Gamma background and scattering

The background in energy and lifetime spectra originates from room background and in-
complete photon absorption inside the detectors but mainly from scattered photons. Since
the process of Compton scattering is still dominating within the energy range available
at GiPS, the remaining background is caused by randomly scattered photons from the
bremsstrahlung beam. Scattering may happen from all over the experimental setup to the
detector system and increases background events caused by low-energy photons.

To illustrate the influence of scattering photons, single channel spectra of well prepared

ZrNb samples with uniform sizes 10 x 10 x 1 mm?>

were recorded using an HPGe and a
BaF; detector (Fig. 2.3). The contribution of annihilation photons dominates the obtained
energy spectrum. At energies below 300 keV, the effect of the absorption plates in front of
the HPGe detector becomes visible: Low-energy photons are suppressed more efficiently
while the high-energy part of the spectrum is less affected. The positron lifetime single
spectrum was recorded without energy conditions on 511 keV photons and therefore,
all detected photons were accepted. Distortions like additional small peaks or steps are
obviously stemming from photons that do not originate from annihilation in the sample

but are rather scattered at various points of the GiPS setup.
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Fig. 2.3: (a) Energy spectrum obtained by a single HPGe detector for a ZrNb sample. Inset:
Focus on the Doppler-broadened annihilation line. (b) Positron lifetime spectrum of a
ZrNb sample obtained by a single BaF, detector. The investigated ZrNb sample has a
size of 10 x 10 x 1 mm?.
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Distortions before the time-zero mainly arise from time walk effects which can be cor-
rected afterwards (due to the data acquisition in list mode). Therefore, histograms are
generated for each energy where the time of photon detection is plotted for all photons
having this energy. Then the maximum of each histogram curve is determined and plot-
ted against the energy (Fig. 2.4 a). The curve has a different shape in the region around
511 keV which is due to the positron lifetime and therefore delayed signal detection. The
curve can be fitted by a high-order polynomial without using the energy region around
the annihilation line to determine the time walk. A correction is then made by shifting
the detection times depending on the photon energy for all recorded events. As a result,

almost all distortions before the time-zero in the spectrum are removed (Fig. 2.4 b).
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Fig. 2.4: (a) Typical time walk of a BaF, detector at the GiPS setup with polynomial correc-
tion. (b) Result of the time walk correction on single positron lifetime spectra of ZrNb.

Distortions before the time-zero are almost removed.

Since scattered photons cause unwanted background in the positron lifetime spectra, they
have to be reduced. A narrow energy window set around the annihilation line, in order to
accept only photons within a given energy range, will reduce the amount of distortions, but
a huge number of scattered photons has still energies within this range. A more efficient
way is to use a coincident setup between two detectors and to make use of the distance
dependence law. The efficiency for a coincident detection of both annihilation quanta
scales with r=2 because of their collinearity, whereas the probability that both detectors
register a randomly scattered photon at the same time scales with 12 x r=2 =r—*. Thus,
the contribution of randomly scattered photons can be reduced by increasing the detector
distance to the sample. Although this increases the necessary measurement time, the only

way for a successful background reduction is to use such a coincident measurement.
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At GiPS, a coincidence setup between a BaF, detector and a HPGe detector is used which
combines the high energy resolution of a Germanium detector with the high timing reso-
lution of a BaF, scintillation detector. Therefore, spectra recorded using such an AMOC
spectrometer have a superior quality compared to a setup consisting of two BaF, detec-
tors. Also from scientific view, the implementation of AMOC spectrometers at GiPS is
preferred: Results from each detector alone can be used individually for PALS and DBS
as well as the correlation (AMOC). As mentioned before, the start signal for lifetime
measurements at GiPS is given by the ELBE accelerator machine pulse. This reduces the
AMOC measurement to a two-gamma coincidence instead of a typically three-gamma
coincidence setup resulting in a high count rate. The much shorter measurement time of
only a few hours qualifies the GiPS setup a well-suited platform for studying Ps chemistry

for example.

A time coincidence window between both detectors alone will not help to reduce un-
wanted background because the time-of-flight of photons from the various scattering
points to the detectors is still within the lifetime of positrons. Additional energy con-
ditions for both detectors are necessary, where usually only photons are accepted with
energies of (511 £ 7) keV. Detecting the events in list mode allows for analysis and treat-
ment after finishing the experiment. The suppression of background in this way and using
a coincidence setup is very effective because of the small fraction of randomly scattered
gammas that are within the background below the annihilation line. In comparison to a
single detector setup, the count rate due to such a coincident setup is lower, but most of
the disturbances are suppressed (Fig. 2.5). The required energy conditions on both detec-
tors simplify the time walk correction, since the small region about the 511 keV line can

be corrected by a low-order polynomial.

Simulations using GEANT4 were performed in order to study the origin of distortions
in single lifetime spectra. The GEANT4! toolkit [97, 98] was developed to simulate
the passage and interaction of particles through matter by using Monte-Carlo methods.
Whereas the peaks before the time-zero mainly arise from time walk effects, the later
peaks can be attributed to scattering from the setup. Photons which are scattered from the
setup back to the detectors have a longer way compared to detected annihilation photons

from the sample and appear later in the spectrum.

The simulations were compared to single positron lifetime spectra of ZrNb for all four
AMOC spectrometers (Fig. 2.6). These spectra were normalized to the same area and

only a time walk correction by a polynomial function was applied.

' GEneration ANd Tracking of particles
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Fig. 2.5: Effect of different energy conditions on the lifetime spectrum of annealed ZrNb. Only
a coincidence setup between a HPGe detector and a BaF, detector with applied energy

conditions on both detectors will effectively reduce background from scattering.

Summarizing the simulation results (Fig. 2.6) as well as the setup geometry (Fig. 2.7),

the main places for scattering events can be explained in the following way:

1. Events marked by the red area arise from photons that are scattered from the beam
dump towards the timing detectors. The total amount of these photons should be
around 0.3 % of all detected events [94]. This is equivalent to the amount of de-
tected photons if absorption due to the lead shield is considered (Fig. 2.6). The
different amount of events in the red marked area can be explained by the differ-
ent shielding of the BaF, detectors. Due to geometrical reasons, the lead shield of
the third BaF; detector (upper vertical detector) is thinner in direction to the beam
dump than the others resulting in a lower absorption ability. Therefore, the amount
of backscattered photons from the dump is larger in the spectra recorded with this
detector (Fig. 2.6 c). The intensity of such scattering events can be reduced by

increasing the shield thickness between the timing detectors and the beam dump.

2. Distortions marked by the green areas can be attributed to scattering events at the
lead shield of the neighbor timing detector. Since the detector angles with respect
to the photon beam are larger for the horizontally oriented detector pairs, these
scattering events can only be found in their spectra. This can only be avoided by
decreasing the angles between the detector pairs and the beam because the photons
hit the detectors from the front (Fig. 2.7). Unfortunately, this is not possible without

decreasing the detector distances to the sample due to the room geometry.
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Fig. 2.6: Single PALS spectra of a ZrNb sample (10 x 10 x 1 mm?) recorded at GiPS for each
AMOC spectrometer. The time axis is recalculated into way differences to identify
scattering places. The colored areas mark scattering places which can be attributed to
dominating paths for the photons (Fig. 2.7). Details are given in the text.

3. Backscattering events from the ground floor to the detectors (gray areas) do not
dominate in the lifetime spectra due to the larger distances to the timing detectors

and their effective lead shielding.

4. Events marked by blue areas arise from photons that are scattered from the oppo-
site HPGe detector shield and the rack back to the BaF, detector. The higher back-
ground in the single spectrum of the third BaF, detector can again be explained by
its thinner lead shield: Scattered photons from the close first HPGe detector have
similar travel distances and contribute to these events. The contribution of the rack
can only be reduced by increasing the lead shield thickness of the BaF; detectors.
Scattering from the opposite HPGe detector can be reduced by increasing its dis-

tance to the sample (Fig. 2.8 a).
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Fig. 2.7: Schematic view of the GiPS setup (a) from above with focus on the horizontal detector
pairs 2 and 4 and (b) from the side with focus on the vertical oriented spectrometers 1
and 3. The arrows visualize possible scatter paths for the photons and their way differ-
ence compared to normal annihilation events from the sample. They will be explained

in the text (see also Fig. 2.6).

The decrease in count rate can be overcome by using a multi-detector system and adding
spectra afterwards. Although additional detectors are new sources for scattering, mea-
surements showed that their presence has no visible effect on the recorded lifetime data
(Fig. 2.8 b). Therefore, the complete GiPS system consists of four AMOC spectrometers.

Distortions due to scattering from the lead shield of the opposite HPGe detector are still
present in the energy-gated coincidence positron lifetime spectra (Fig. 2.5). Despite the
coincidence condition and applied energy windows, some random false coincidences still
contribute to the spectrum. These distortions can be effectively reduced by using the
mentioned distance dependence law. The increase of the distance from the BaF, detector
to the sample will not help because the additional way to the HPGe shield and back to the
detector is the same compared to the standard annihilation events. Therefore, the HPGe
detector has to be moved away from the sample. A compromise between reduced count
rate due to the movement and the quality of the positron lifetime spectrum was found for a
distance of 700 mm. Due to geometrical restrictions, the vertically oriented detectors have
a maximum distance of 600 mm to the sample. All four BaF, detectors have distances of

400 mm to the sample.
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Fig. 2.8: (a) Effect of the distance between sample and HPGe detector on single positron lifetime
spectra of annealed Fe (size 10x10x 1 mm?). (b) The presence of additional detectors

has no disturbing effects on the positron lifetime spectrum, shown here for annealed Fe.

While the distortions are outside the spectrum for samples with short positron lifetimes,
they disturb spectra where o-Ps can be found. Therefore, it was necessary to improve the
lead shielding and to adjust the distances between detectors and sample. As a result, the

obtained lifetime spectra are almost free from scattering distortions (Fig. 2.9).
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Fig. 2.9: Positron lifetime spectrum of pure water at room temperature. Comparison of a single
spectrum (black line) with a coincidence spectrum with applied energy conditions on
both detectors (red line).
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2.3 Data acquisition and processing

The data acquisition system for GiPS experiments makes use of a versatile VMEbus-
based? framework developed for multi-parameter experiments [99]. Data read-out and
storage is controlled by the program MBS (Multi Branch System). The VME systems
hosts a readout CPU3, a trigger module, and interfaces® to readout two CAMAC? crates
which houses the Analogue-to-Digital Converters (ADC) and several NIM-crates for ana-
logue signal shaping. The system has been employed successfully for nuclear physics

experiments with high-energy photons [94, 100].

The entire system is located in a separated air-conditioned electronics room. BNC/SSB
Aircell 5 coaxial cables are used to transport almost all detector signals from the GiPS
setup to the room. The timing signals from the BaF; detectors are transported through
Ecoflex 10 cables which are well-suited for high-frequency applications due to their small
attenuation. Then the signals are processed in order to obtain time and energy information
from the photons (Fig. 2.10).
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Fig. 2.10: Scheme of the data acquisition system of the GiPS setup. Only one of four identical
branches is shown. The green boxes indicate the stored data, where T is the time of

photon detection and E the photon energy. A detailed description is given in the text.

2 Versa Module Eurocard-bus, http://de.wikipedia.org/wiki/VMEbus

3 Creative Electronic Systems SA, RIO 8062, http://www.ces.ch.

4 W-IE-NE-R, Plein& Baus GmbH, VC32/CC32 crate controller, http://www.wiener-d.com
> Computer Automated Measurement And Control, http://de.wikipedia.org/wiki/CAMAC.
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Electronic signals from the HPGe detectors are preamplified (close to the germanium
crystal) and divided. One signal is fed into ORTEC 671 spectroscopy amplifiers® (MA)
and digitized by ORTEC AD413 13-bit Analogue-to-Digital Converters (ADC). The sec-
ond signal is used for timing and fed into ORTEC 474 timing filter amplifiers (TFA) and
ORTEC 584 constant fraction discriminators (CFD) to generate a timing signal. The ana-
log signals from the eight BGO crystals are summed up, preamplified and converted into
logical signals using LeCroy 4608C leading edge discriminators (LED). Both timing sig-
nals, from the HPGe detector and the BGO shield are fed into ORTEC C0O4020 Quad
4-Input Logic Units (Coin). The BGO input is used as veto for data storage and only an

anti-coincidence between HPGe detector and BGO is accepted.

Fast timing signals from the BaF, scintillator detectors are generated with Phillips 6915
CFD which are fed into ORTEC 566 time-to-amplitude converters (TAC). Their out-
put is digitized in ORTEC ADA413, as well. The system has a channel dispersion of
6.44 ps/channel and an electronic resolution of around 1.3 channels (8.37 ps) FWHM.
Time reference signals from the ELBE accelerator (ELBE RF) are transmitted via fiber-
optical connections to ensure electrical isolation. The electronic jitter of the accelerator

timing signal stays below 35 ps FWHM.

The digitizers are gated by logic coincidences between timing signals from the germa-
nium and the BaF; detectors and anti-coincidences with the respective escape-suppression
shields. The data containing energy and timing information of all germanium and BaF,
detectors are stored in an event-by-event mode for further analysis. High-resolution en-
ergy spectra of the germanium detectors are stored in multi-channel buffers read out every

10 min during the experiments for stability monitoring.

6 AMETEK, http://www.ortec-online.com.
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2.4 Characteristics of the photon beam

The energy distribution of photons at the GiPS setup is characterized by high-energy

bremsstrahlung with a maximum energy of 16 MeV and can be calculated via [101, 102]:

do  Z%%a [ Ey \* E, Ey\? 1
dEy, 27E, (mocz) ( Eo) (ne—1)+ (EO) (ns 2)

using electrons of energy Eo, the resulting photon energy E, (both in MeV), the fine

, @D

structure constant & and the expression:

moc’Ey 2 N 72/3
2B (Eo—Ey)) 1112

E =

(2.2)

Experimental proof of the energy distribution has been discussed thoroughly in previous
publications [94, 103, 104]. The beam hardener made from aluminum modifies this distri-
bution in order to suppress low-energy photons which do not contribute to pair production
(Fig. 2.11 a). Its attenuation can be described by the Beer-Lambert law (Eq. 2.3). The
mean photon energy (Fig. 2.11 b) is an important parameter which is necessary for cal-
culating the positron production yield for a given material. At GiPS, the weighted mean

photon energy using the aluminum beam hardener is (E) = 4.3 MeV.
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Fig. 2.11: (a) Calculated bremsstrahlung spectrum for a maximum photon energy of 16 MeV
without (black curve) and with (red curve) usage of a beam hardener. The photon flux
was obtained from [105]. (b) Mean photon energies for bremsstrahlung with different
endpoint energies using the Al beam hardener.
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The diameter of the photon beam is influenced by the geometry of the collimator which
has a length of 2.6 m, an entrance window of 5 mm in diameter and an exit window of
24 mm diameter. The target position is located 1100 mm behind the collimator exit where
a beam widening of around 27 mm is estimated. The exact diameter was determined using
a small moveable detector which was placed 100 m before the beam dump and therefore
1300 mm behind the sample. There the diameter of the beam should be around 37 mm.
The measured beam profile (Fig. 2.12 a) can be fitted by an asymmetric double sigmoid
function and approves the estimated diameter of around 37 mm at measurement position
and therefore around 27 mm at sample position. The uniformity of the beams spatial
structure ensures that around 90 % of the photons are within a section of 20 mm diameter
(Fig. 2.12 b).
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Fig. 2.12: (a) Measured and fitted profile of the photon beam. The count rate of the detector is
normalized to 1. (b) Fraction of the beam intensity for a given beam section on total

intensity.

The in-beam dose rate, which is an important aspect for the estimation of potential radia-
tion damages, was recorded during a measurement using thermoluminescent dosimeters.
With the maximum beam current of 700 pA, an energy of 16 MeV (in continuous wave
mode of the LINAC) and by using a radiator for bremsstrahlung production made from
Niobium foil of 3x 1073 radiation lengths, a gamma dose of 15 mGy/s has been calcu-
lated. In general, care has to be taken when using sample materials which are prone to
radiation damage. For example, radiation-induced defect generation studies in polymers
typically require dose rates of about 10* Gy/min. Therefore, damages of samples at the

GiPS setup due to radiation are not expected within typical measuring times.
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2.5 Pair production efficiency

The probability for photon pair conversion strongly depends on density and atomic num-
ber of the sample material as well as the photon energy. In general, the interaction prob-
ability of mono-energetic photons with matter can be formulated by the Beer-Lambert

law:
I(x) = Ipexp(—umpz), (2.3)

describing the intensity of a beam of intensity Iy after a penetration depth z(cm) in a
material with density p(g/cm?). This law assumes one single interaction process for each
photon. 1y, expressed in cm?/g, is called the mass attenuation coefficient which can be

extracted from the total cross section per atom, f:

g = 1 (2.4)

Here u is the atomic mass unit and A, the relative atomic mass of the material. The
total cross section L, = o (E,Z) consists of contributions from the principal photon
interactions, which are mainly the atomic photo effect (characterized by 7), incoherent

Compton scattering (o), coherent Rayleigh scattering (0,), and pair production (k):

Wor =T+ 0+ 0.+ K. (2.5)

Depending on the photon energy, different interaction processes of bremsstrahlung with
matter dominate: In the range of the usual energies for GiPS, Compton scattering and
production of electron-positron pairs (for energies more than 10 MeV) are the essential

interactions.

Individual cross sections for each material can be taken from data bases’ or calculated
independently using several simplifications (see [107] for more details). A compari-
son between calculated and tabulated values [106] shows a good agreement (Fig. 2.13).
Therefore, the number of generated positrons can be calculated for the situation at GiPS

individually.

In the case of photons, the beam intensity is proportional to the number of photons, N,

which allows rewriting Eq. 2.3.

7 for example: XCOM data bases [106]
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Fig. 2.13: Comparison of tabulated (circles) [106] and calculated (solid line) photon interaction
cross sections for (a) Pb and (b) H>O. See [107] for more details.

The number of photons remaining in the beam after transition of a material thickness z

can be expressed by:

N(z) = No — Ni(2), (2.6)

where N;(z) is the number of photons undergoing interactions with matter up to this thick-
ness. Focusing on pair production, Nj(z) can be denoted as the number of photons that

are available for pair production, N, (2):
Ne—i—e— (Z) =No— NCompton (Z) - NRayleigh (Z) - Npholo (Z) . (2.7)

Using Eqn. 2.3, 2.4, 2.5 and 2.7, the number of produced positrons by a beam of Ny

photons in a material of thickness z can be calculated according to:

K 1_exp<_“[()tpz)

Ny (z) = N,
e+( ) O.LLtot UAy,

(2.8)
These simplified considerations can be also adapted to the situation at the GiPS setup
where the photons have an energy distribution. The mass attenuation coefficient has then
to be calculated for the averaged mean value of the energy distribution. This transfer is
only possible because the cross sections at these rather high photon energies are too low

to consider multiple interactions for each photon.
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In case of a real (not dot-like) photon beam, the cross sectional areas of both the beam
and the sample have to be taken into account. The spatial photon distribution can be
approximated by a circular beam of 27 mm diameter with uniform intensity distribution
(Fig. 2.12). The ratio of the cross sectional areas of the sample, ASL, to the beam, A,f, is
expressed as:

Af 1 i
= forA- < A

Ryp=4 ™% v (2.9)
1 forAf > Ay

and enters Eq. 2.8 in a linear way. At GiPS$ the relation A} < Alf is fulfilled generally.
In the case of symmetric geometry parallel to the beam (cylinders or cuboid), the cross
sectional area can be regarded as constant over depth. For other geometries, like spheres
or cylinders perpendicular to the beam, the area has to be expressed in a depth-dependent

way (Fig. 2.14). The area for a sphere with radius r can be expressed as:

AL (2) =7*(2zr—2°), (2.10)

sphere

whereas a cylinder of the length 4, which is placed perpendicular to the beam, results in:

Agy(z) =2k 2zr — 22 (2.11)
A A
1
N
Z... Al /. r h
Z= Z Z:
Al

Fig. 2.14: Calculation of cross sectional areas of the sample for the case of spherical (Eq. 2.10)

and cylindrical shape (Eq. 2.11).
Finally, the dependence of the positron generation rate on geometry, material and photon
energy can be written as:

dNei(x) Ay
dx A[J)‘ (x) .utot uAr

(2.12)

The number of generated positrons per time can be calculated from the photon flux
(Fig. 2.11 a). From there, the total number of photons per second is around 5.5x 10°

at the sample position in the entire beam spot.
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Using the standard repetition frequency of 26 MHz, the number of photons per bunch is in
the order of 20. For typical sample sizes, this leads to a maximum of around 10 generated
positrons per bunch. Due to the large distances and limited efficiencies of the detectors,
it is impossible to register more than one annihilation event per bunch. Otherwise, co-
incident AMOC measurements would not be possible because of pile-up from different
annihilation events. It is also important from the view of Positronium chemistry: The blob
model is only valid for independent positron tracks. Any overlapping with the tracks of
other positrons and even photons influences the annihilation parameters in a non-defined
way. The number of secondary radiolysis-induced species can be changed which is an
important parameter for Ps reactions and annihilation. Since the positron generation is
distributed over the entire beam spot, it is nearly impossible that two positrons meet each
other for the small amount of positrons per bunch. In addition, the pair production yield
in liquids is much lower ensuring the presence of only one positron at the same time.

Therefore, the blob model can be still applied for liquids measured at the GiPS setup.

The calculation of the number of positrons for a given sample and beam parameters allows

an estimation of necessary beam time which is an important aspect for a user facility.

Simulations using the GEANT4 framework have been performed to check the validity
of the calculations for the energy distribution of photons at the GiPS setup. A common
parameter describing the photon pair conversion probability is the radiation length Xy /p,
defined as 7/9 of the mean free path for pair production by high-energy photons. It can be
roughly approximated by [108]:

g 716.4-A

cmz} Z(Z+1)In2%

Xo[ —p-A, (2.13)

where Z is the atomic number, A the mass number of the nucleus, p the density of the

material and A the mean free way path in cm (Table 2.1).

Material Fe Si Zr Pb H,0
Xo (g/crnz) 14.14 22.08 1045 6.311 36.08
A1 (cm™") 0.557 0.109 0.623 1.799 0.026

Tab. 2.1: Calculated radiation lengths for various materials (Eq. 2.13).

The obtained positron generation yields show a good accordance between simulation and
calculation (Fig. 2.15).
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Fig. 2.15: Positron generation yields for different material thicknesses at the GiPS setup, simu-
lated (open circles) using the GEANT4 framework and calculated (solid line) using
Eq. 2.12.

Due to the use of high-energy bremsstrahlung, the energy of the generated positrons is
in the order of some MeV, too. In addition to that, positron generation takes place in the
entire sample. Both together increase the possibility that positrons can leave the sample
and are lost for annihilation studies. Depending on sample thickness and material, a huge
amount of positrons can escape from the target (Fig. 2.16).
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Fig. 2.16: Fraction of annihilation events on generated positrons for different materials and thick-
nesses simulated with the GEANT4 toolkit.
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2.6 Effects of using high-energy photons for PAS

The application of pair production using high-energy photons has effects on measure-
ments which have to be considered especially for the analysis of positron lifetime data.
Simulations using the GEANT4 code showed that the mean positron energy strongly
depends on the material but only slightly on the sample thickness:

o
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Average positron energy <E_ >/ MeV
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Fig. 2.17: Average initial energies for positrons that annihilate inside the sample depending on
material and thickness of the sample.

The dependence of the mean energy on the material density can be explained by the ability
of the material to thermalize positrons. In heavier materials, the amount of high-energy
positrons which do not leave the sample is higher, which shifts the initial mean energy of
positrons towards higher values. This implies, however, that the energy distribution of the

positrons in heavier materials is broader.

One effect of the high positron energy is a longer thermalization path and, what is more
important, a longer thermalization time. In addition to that, the sample geometry becomes
an important parameter since positron generation takes place in the entire sample. Both

effects contribute to the final timing resolution of the detector:

T =T+ < Tp > +Tgeom7 (2-14)

where 7,,; is the instrument function of the detector, < 7;;, > the contribution of the ther-

malization time and Ty, the influence of the sample geometry.
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2.6.1 Positron thermalization times

When using radioisotopes like *’Na, the thermalization time can safely be neglected
(Eq. 1.10, p. 8). At the GiPS setup, positrons generated by photons have mean energies
of around 3 MeV resulting in longer thermalization times. Furthermore, thermalization
times also depend on the sample geometry: the probability that high-energy positrons
(having therefore longer thermalization times) annihilate inside the sample increases with
thickness of the target. For that reason, thermalization times have to be determined for

investigations using the GiPS setup.

The GEANT4 framework can be used to simulate positron implantation into different
materials with focus on the thermalization time [26]. These simulations were repeated for
various elements and individual average thermalization times < 7;;, > were calculated as
the mean value of each time distribution (Fig. 2.18). Positrons from 2*Na and generated
by the photon beam at GiPS (having a bremsstrahlung distribution with 16 MeV endpoint

energy) served as sources.
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Fig. 2.18: (a) Calculated thermalization times for positrons emitted by 2’Na depending on
the material using the GEANT4 framework and Brandt approximation, Eq. 1.10.
(b) GEANT4 calculation for positrons generated by pair production, performed for

different material thicknesses.

The usage of high-energy photons for production of high-energy positrons increases the
thermalization time < T;;, > to values of several picoseconds. For lighter materials, this
time can definitely no longer be ignored and has to be taken into account when analyzing

positron lifetime spectra.
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2.6.2 Influence of sample geometry on timing resolution

The timing resolution of the lifetime branch at the GiPS setup is strongly influenced by
the sample geometry. The larger the sample extension in direction of the detector, the
larger the path length differences of both annihilation photons. The contribution of these
time-of-arrival differences, Tgeom, to the total timing resolution can be expressed as:
d d
Toeom = — €08(90° — &) = — cos(a), (2.15)
c c
where « is the angle between beam and detector. The sample extensions parallel and
perpendicular to the beam are described by d and d | , respectively. The extension parallel
to the detector surface has no influence on the timing resolution. If, for example, the

detector is oriented horizontally, the sample extension in vertical direction has no effect.

Equation 2.15 makes clear that even typical sample sizes of 10 x 10 x 1 mm? significantly
increase the timing resolution by around 20 ps FWHM. Simulations using the GEANT4
code were performed to study influences of the geometry on the timing resolution in
more detail (Fig. 2.19). These simulations are based on the assumption that positron

annihilation sites are equally distributed in the entire sample.

geometrical contribution
to timing resolution for
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to timing resolution for
horizontal detector pairs
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Fig. 2.19: Effect of the sample extension on the timing resolution (FWHM) simulated using
GEANT4. The influence also depends on the angle between detector and sample

which is 53° for the vertical detectors (a) and 70° for the horizontal arrangements (b).

The simulation results can be used to estimate geometrical effects for given samples. In
summary, the sample geometry has a remarkable effect on the timing resolution of the

BaF; detectors and has to be considered for the analysis of positron lifetime spectra.
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2.6.3 Lead shielding for the BaF, detectors

In contrast to typical PAS setups, the use of high-energy photons requires a special ra-
diation shielding for the timing detectors. High-energy photons that are scattered to the
detector can generate electron-positron pairs by pair production directly in the detector
shielding or the BaF; crystal. Annihilation radiation from these photons can then be reg-
istered by the detector and contributes to the spectra. This situation was found in first
positron annihilation lifetime measurements of well-annealed iron with less lead shield-
ing: A second component with a lifetime of 350 ... 420 ps was found with an intensity
of around 2 % besides the bulk value of Fe. Positron lifetime spectra of a BaF; crystal
were recorded and two lifetimes were found: 7; = 176 ps with around 41 % intensity
and 7, = 394 ps. The mean lifetime is around 300 ps which is similar to reported values
[109]. A typical source correction is difficult since the scattering behavior (and therefore
the amount of annihilation events from the BaF, crystal or lead shielding) depends not

only on the material but also on its geometry.

Therefore, the lead shield of the BaF, detectors has to be modified in order to reduce
unwanted contributions to the measured data from the target. Different configurations
(Table 2.2) were chosen and simulated using GEANT4 (Fig. 2.20).

Number 0 1 2 3 4 5 6
@1/ mm - 40 30-25 40 40 30-25 40
@7 / mm - - - 40 30 30 30-25

Tab. 2.2: Simulated configurations for the lead shielding of the BaF, detectors. @ is the hole di-
ameter of the lead stone in front of the detector, ©; is the hole diameter of an additional

lead stone. 30-25 denotes a conical hole with a diameter from 30 mm to 25 mm.

It turned out that around 1 % of all annihilation events stems from positrons which are
generated in the shielding. A suited shield configuration was chosen based on the sim-
ulation results (Fig. 2.21). First, the amount of annihilation events from the shield has
to be minimized which can be realized by reducing the collimator hole size. This has of
course an effect on the total count rate. Secondly, photon scattering of annihilation pho-
tons in the collimator has to be avoided, otherwise these photons will be lost for detection.
Therefore, not only the total count rate but also the fraction of annihilation photons on all

detected photons has to be maximized.

The best result was obtained for configuration 6. As a result, two lead collimators were

chosen where the one has a hole diameter of 40 mm and the second a conical hole with a
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Maximum

Minimum

Fig. 2.20: Simulations of places where high energy photons can produce electron-positron pairs,
performed for different lead shielding configurations using the GEANT4 code. The
pictures correspond to configurations number 1, 3 and 6 from left to right (Table 2.2).

The color scale bar indicates the positron generation probability.
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Fig. 2.21: Simulation results for different lead shielding configurations for the BaF, detectors at
GiPS using the GEANT4 code (Table 2.2 for details). The fraction of annihilation
events from the shielding on events from the sample (black dots) has to be minimized.
On the other side, the fraction of annihilation photons on all photons has to be maxi-
mized (red dots).

diameter from 30 mm to 25 mm (Fig. 2.20 right). The outer diameter of 25 mm was cho-
sen with respect to the beam diameter and the beam profile. In addition, the collimators
for the corresponding HPGe detectors were modified, too: The horizontal detectors with
700 mm distance to the sample have collimators with a radius from 56 mm to 44 mm (in
direction to the sample). The vertical oriented HPGe detectors (600 mm distance) have
collimators with a radius from 55 mm to 36 mm. These collimators were made as in-
sets to easily adapt the detector shielding to nuclear physics experiments where the HPGe

detectors are much closer to the sample.
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2.7 Sample holder design

As mentioned before, the beam has a diameter of around 27 mm at the sample position.
Therefore, scattering, pair production and positron annihilation will also take place in
sample surrounding materials and contributes to annihilation information obtained from
the sample. To reduce these influences, the sample surroundings should be free from any
(heavy) material. All used parts for sample holding and manipulating (heat treatment,
etc.) should be made from low Z materials in order to minimize the amount of positrons
generated in these unwanted components. If unavoidable, the positron lifetime spectrum
of these materials should consist of as few as possible components. In addition, they
have to be different from the lifetimes of the target material: polymers should be used for
holding metals, whereas metals are preferred when investigating liquids and polymers.
Following these demands, the disturbing influence of additional components can be mini-
mized or neglected. Since these limitations forbid usual sample holder design, specialized
solutions for dealing with different kind of materials have been developed for the GiPS

setup.

2.7.1 Solids and Powders

The main group of investigated targets at GiPS are solids, which are usually kept by thin
tight nylon wires (Fig. 2.22 a). Compared to a typical target volume of at least 0.1 cm?,
the nylon in the area of the beam has a volume of 0.015 cm? and is furthermore also lighter
than the common sample material. Therefore, the fraction of positrons annihilating in the
nylon wires on all annihilation events is below 1 %. Several measurement showed that

this contribution cannot be extracted from the positron lifetime spectrum.

Powders are kept in welded bags made from PE (Fig. 2.22 b). In this case, the amount
of the surrounding material is much higher compared to the nylon wire, nevertheless, it
can be neglected for higher amount of powder. Measurements with metal oxide powders
showed that the contribution of the PE can be neglected for an amount of around 7 g.
Originally, the welding of the PE bags was performed to reduce the amount of air inside
the powder. This was realized by evacuating the air from the bag before final closing.
First measurements with powders showed, however, that the air due to its low density has
no effect on the measurements. No additional positron lifetime contributions have been

found. Therefore, the effort of evacuating is not absolutely necessary.
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(a) b)

Fig. 2.22: Illustration of the sample holder design for solids and powder at GiPS. (a) Solids are
simply kept by thin nylon wires whereas (b) powders are kept in welded bags made
from PE.

2.7.2 Liquids

The handling of liquids is easier to realize if its amount is high enough. In the case
of a limited amount, the solution for handling powders works for liquids as well. A
measurement with around 20 ml of a liquid was performed which was kept in a welded
PE bag. Since the density of the liquid is much lower than for powders, the contribution of
the PE bag is in the range of 5 %. Therefore, a new sample holder concept was developed

where also temperature treatment of liquids can be realized.

In the case of liquids, the amount of the investigated material is mostly not a limiting
factor which allows the construction of an extended sample holder. As for all samples,
the part of the holder which is hit by the photon beam is critical. This part was chosen to
be a tube made from the polyimide Kapton®, developed by DuPont, because it fulfills the

necessary specifications and requirements for the GiPS setup (Table 2.3).

Chemical resistance is a very important aspect for the investigation of liquids. It has to be
ensured that the sample holder does not affect the liquid, otherwise, the molecules of the

holder would influence the liquid and could cause Ps reactions.

8 special thanks to Concentric MicroTubing, Inc., Huntersville, NC.



2 Setup for the Gamma-induced Positron Annihilation Spectroscopy 63

Necessary specifications Properties of the sample holder made from Kapton
low Z Z ~6.35[110]

low density p = 1.42 g/cm? at room temperature [110]

low amount of material tube with diameter of 30 mm and wall thickness

of 70 um (corresponds to 0.4 % volume fraction)

temperature stability up to 230 °C [111]

chemical resistance excellent, as for all polyimides

radiation resistance high, as for all polyimides

tensile strength 139 MPa [111], comparable to cast iron (130 MPa)

known positron lifetimes a single component of 382 ps [112] or a bimodal distribution

with ~ 280 ps (I =30 %) and ~ 410 ps (I = 30 %) [113]

Tab. 2.3: Necessary properties of a sample holder for liquids at GiPS and suitability of the used

material Kapton.

As the positron lifetime of Kapton overlaps with typical lifetimes of liquids, it is important
to know its exact contribution to the lifetime spectrum of the liquid. For this purpose,
simulations using the GEANT4 framework were performed using water as test liquid. It
turned out that 3 % of all positrons are being generated in the 70 um thick Kapton tube
but only 0.6 % of all annihilation events originate from there. Hence, the contribution of

the Kapton tube to the positron lifetime spectrum can be neglected.

The mechanical construction holding the Kapton tubes was made from stainless steel
which features the required temperature stability and chemical resistance, too. It is nec-
essary that the Kapton tube is long enough and that the steel construction is not too close
to the tube to be seen by the detectors. GEANT4 simulations revealed that annihilation
takes place in a distance of up to 35 mm from the beam axis as a result of photon scatter-
ing and positron diffusion (Fig. 2.23 a). Therefore, a minimum height of 80 mm height
would be sufficient to avoid contributions from the sample holder to the PALS spectrum.
In addition to that, the geometry of the GiPS setup has to be taken into account: The de-
tectors in vertical arrangement will see the top and bottom steel plates which hold the tube
due to their angle to the beam. Based on consideration of geometrical aspects, a height
of 160 mm was chosen to avoid contributions from the sample holder to the measured
data (Fig. 2.24). The final construction contains additional hoses for a supply and re-
moval of the liquid as well as a thermocouple for temperature measurement inside the tube
(Fig. 2.23 b). The distance of the vertical steel braces has also to be chosen in that way

that the horizontal aligned detectors cannot see them (Fig. 2.24).
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(@) (b)

Fig. 2.23: (a) GEANT4 simulation of the spatial distribution of positron generation (blue points)
and annihilation (red points) events inside the Kapton tube filled with water using a
bremsstrahlung beam of 27 mm diameter with 16 MeV endpoint energy. (b) Photo-
graph of the sample holder for liquids including the Kapton tube, the hoses for liquid
supply and removal and the thermocouple for measuring the temperature of the liquid.

As mentioned in Section 2.6.2, the spatial extension of the sample influences the timing
resolution of the timing branch at the GiPS setup. Simulations with GEANT4 were per-
formed to quantify these values for the case of liquids in the Kapton tube. The results are
different for the horizontal and vertical detector pairs due to their different angles towards
the sample holder (Fig. 2.25). The geometrical contribution to the timing resolution is

around 71 ps for the horizontal pairs and around 81 ps for the vertical pairs.

Investigations of temperature effects on annihilation parameters are an important issue
both for solids and liquids. As mentioned before, a temperature treatment at the sample
holder is difficult since every additional material inside the photon beam has to be avoided.
Therefore, heating and cooling procedures have to be solved in another way. A solution
is the installation of a liquid circuit where the temperature treatment is located outside
and the liquid is pumped through the sample holder. This requires chemical resistance
and temperature stability for all used components, too. Especially the chemical resistance

complicates the use of common pumps where the liquid is in contact with valves, O-rings
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(@) (b)

hﬁ ‘
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Fig. 2.24: Schematic view through the HPGe detector shield to the sample holder for liquids for a
vertical detector pair (a) with and (b) without the collimator and ESS shield. The same
view for a horizontally oriented detector pair is shown in figures (c) and (d). The lead
collimator from the opposite BaF, is shown behind the yellow marked Kapton tube;

its entrance hole is colored in black.

or seals of the pump. The chemical resistance of these devices as well as their purity
cannot be ensured. In such cases, a suitable solution is a peristaltic pump where the fluid
is contained within a flexible hose. The hose is periodically compressed by rollers of a
rotor (Fig. 2.26) which moves the fluid through the hose. This allows a pumping where
the liquid contacts only the tube. In addition, these pumps are able to handle highly
viscous liquids which was also a reason for an application at GiPS. All supply hoses and
connections were made from polyamide tubes delivered by Legris®. Therefore, they are

well-suited for the requirements at GiPS.

° http://www.legris.com/
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FWHM = (70.98 + 0.79) ps

e — FWHM = (8139 0.41) ps
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(a)

Fig. 2.25: Schematic view of the volume of the sample holder for liquids that can be seen by the

(b)

(a) horizontal and (b) vertical detectors. The geometrical contribution to the timing
resolution (FWHM) was obtained by GEANT4 simulations.

(a) (b)

Fig. 2.26: (a) Sketch of a peristaltic pump where the rotation direction and fluid motion is indi-

cated by red arrows. (b) Photograph of the used pump for the GiPS setup.

The liquid is heated in a closed steel pot with a storage capacity of 3 liters using hot plates
with magnetic stirrers in combination with a heating pipe. A JUMO iTRON 702040 com-
pact controller'® was used for temperature control which stabilized the temperature within
an accuracy of 0.5 °C. The liquid was then slowly pumped through the sample holder
with a flow rate of around 200 ml/min. A temperature increase of about 1 °C takes about
20 minutes to become stable at the sample position. Even though all hoses and compo-
nents were isolated to reduce a cooling during pumping, the maximum achievable temper-

ature for water using the entire heat circuit (Fig. 2.27) was 90 °C at the sample position

10" JUMO, http://www.jumo.de
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(for almost 100 °C in the heating pot). The heated steel pot has additional connections for

thermocouples in order to monitor the temperature during a measurement.

——

— g S, L

Fig. 2.27: Scheme of the heat circuit for the investigation of liquids at GiPS including the peri-
staltic pump (green), the heated steel pot (red), heat plates (orange) and the connection

hoses (light blue). The arrows indicate the liquid flow direction in the entire system.

In order to reach lower temperatures, the steel pot can also be cooled for example using
thermoelectric coolers (TEC). These devices use the Peltier effect to create a heat flux
between the junction of two different semiconductors. If a current is applied, the heat is
transferred from one side of the device to the other. The maximum temperature difference
depends on the material and current and can reach up to 70 °C. Therefore, it is necessary
to cool the hot side to reduce the temperature at the cold side. this can be realized using

fans or water cooling devices.
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Some liquids have a temperature-dependent viscosity which complicates the pumping
through the circuit. Therefore, a second device was constructed especially for cooling
liquids at GiPS (Fig. 2.28). It also consists of a Kapton tube which is now closed. A heat
sink above the tube is cooled with two TEC devices whose hot sides are cooled again by

water-cooled copper blocks.

A fan, placed on top of the heat sink, blows down the cooled air to the tube. In order to
increase the efficiency of the entire cooling device, the system is closed and the cold air
which passed the Kapton tube is fed back to the top with an elastic hose. The Kapton tube
is surrounded by a thin Kapton foil, too. In this way, the entire system is insulated from
the outside air. The minimum temperature which was obtained during a measurement of

liquid glycerol was about 9 °C. It can be further reduced by a more efficient isolation.

(a) (b)

Fig. 2.28: (a) Sketch of the cooling device for liquids at the GiPS setup. A heat sink (green) is
cooled by thermoelectric coolers. Their hot sides are cooled by water-cooled copper
plates (brown). A fan on top of the heat sink (black) blows the cold air inside the
heat sink down to the Kapton tube (yellow) which is insulated by a thin Kapton foil.
(b) Photograph of the cooling device installed at the GiPS setup.
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The constructed extended sample holder has an additional advantage concerning the pu-
rity of liquids. As known, the presence of unwanted solutes may strongly influence the Ps
chemistry of the liquid and distort the measurement. A main problem is the presence of
oxygen which is a reactive gas and known to be a Ps inhibitor and quencher [114]. The
removal of oxygen is a difficult task. One solution is the pump-thaw technology where the
liquid is frozen and melted several times. Since the solubility of gases (and other solutes)
in ice is very low, oxygen can be pumped out when the liquid is frozen. After several steps
the oxygen content of the liquid is reduced to a minimum. A much simpler method is to
degas the liquid. For this purpose, a non-reactive gas, like argon or nitrogen, is pumped
through the liquid. By doing this, the oxygen is pushed out and the non-reactive gas leaves

the liquid by itself. Usually, this process is performed before the measurement.

Disadvantage of both methods is the requirement of a hermetic holder for the liquid to
avoid that oxygen from the air reenters the liquid within the measurement time. At the
GiPS setup, the degassing procedure can be easily performed during the measurement.
Therefore, the liquid reservoir which heats the liquid is connected to a supply with gaseous

nitrogen. This allows the constant degassing of the liquid during a measurement.






3 POSITRONIUM CHEMISTRY IN LIQUIDS

The investigation of liquids with positrons is usually realized using radioisotope sources
like 2’Na which can either be submerged into the liquid or being dissolved in it. Each

method has some major disadvantages:

1. When dissolving the pure radioisotope in the liquid, there is the additional aspect
of interaction of the ?Na with the vial containing the samples to measure. Any
kind of glass has to be avoided because 2’Na will exchange with the sodium ions
of the vial walls and stay there. This results in a large source correction, which also
increases with time and temperature. Another point is that the dissolved radioiso-
tope chemically influences the annihilation. A lot of solutes in water are known for
inhibiting or quenching the Ps states even at very low concentrations. Therefore,

dissolved 2?Na may lead to false interpretations of positron annihilation results.

2. Putting the >’Na source in the liquid leads to the common problem of source contri-
bution known for the sandwich method. In addition to that, it is difficult to prepare
waterproof sources: Typically used Kapton foils cannot be weld together for techni-
cal reasons. Therefore, special glues are used which again contribute to the positron

lifetime spectrum as an additional source component.

Both ways lead to an unwanted contribution of other materials than the liquid of interest.
The obtained positron lifetimes from this contribution are further close to the estimated

lifetimes of the liquid which makes a separation difficult.

However, the implantation of (slow) positrons into the liquid, like in slow-positron beams
or even reactor-based setups, exhibits problems. Besides the needed weak source (to
avoid pile-up effects), these setups usually require a pressure of at most 10> mbar. Con-
sequently, it is hardly possible to investigate liquids there. This disadvantage can be over-
come by placing the sample outside the vacuum system and guiding the positron beam
through a thin foil to the sample. This method was realized by extracting slow positrons
(2.6 keV) from the vacuum chamber to air through a 30 nm thin SiN membrane vacuum
window [115]. Nevertheless, the thin foil still contributes to the PAL spectrum.

In contrast, the application of bremsstrahlung to generate positrons inside the sample does
not require any vacuum since photon scattering at air can be neglected. In addition, there

is no source contribution due to pair-production, avoiding also chemistry effects.
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These features not only allow for a simplified measurement of liquids, they enable a more

precise analysis of positron annihilation measurements in liquids.

This advantage of the GiPS facility led to a close collaboration with S.V. Stepanov and D.S.
Zvezhinskiy from the Institute of Theoretical and Experimental Physics Moscow (ITEP).
Stepanov et al. developed a new non-exponential approach for interpreting positron life-
time spectra in liquids using the blob model and radiolytic chemical reactions [44, 65].
Positron lifetime spectra of high quality without additional contributions obtained at the

GiPS setup will help to verify and extend the model.

A variety of parameters influences the positron and therefore its annihilation characteris-
tics in liquids. The reactivity of their molecules towards electrons and positrons influences
the Ps yield and pick-off lifetime in liquids. As mentioned before, Ps formation from sol-
vated particles is unlikely in polar liquids resulting in a decreased Ps yield compared to
non-polar liquids. As a result, in polar liquids the spurs are smaller and contain a higher
concentration of reactants. The o-Ps yield is 20 ... 28 % for very polar liquids like alco-
hols and water and can be reduced down to zero in presence of suitable solutes. A further
parameter is the efficiency of the slowing-down process which influences the distance
between knocked-out electrons and the positron. This directly affects the Ps formation
possibility. The viscosity of the liquid influences the Ps yield because molecule reactions
with electrons and positrons occur simultaneously to dynamical micro-structural reorga-
nization of the medium. It affects the estimated time of medium reorganization in the

presence of Ps and the growth of its bubble state.

To study different influences on annihilation parameters, the following experiments with

liquids were performed:

1. Water was chosen as first liquid of interest because it is one of the most investigated
basic liquid where radiolytic chemical reactions are also rather well known. The

focus is on the effect of temperature on Ps yield and pick-off lifetime.

2. Ps reactions were studied using solutions of KNOj3 in water varying the concentra-
tion of this Ps inhibitor. KNO3 was chosen because the NO5 ion is a moderately
oxidizing ion which inhibits the Ps yield down to zero but does not react with any

solvent. This allows an extraction of Ps quenching and inhibition.

3. The influence of the viscosity on annihilation parameters is studied investigating

glycerol at different temperatures.

Positron lifetime spectra were extracted from AMOC data recorded at the GiPS setup and

analyzed using the conventional three-exponential approach as well as the blob model.
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3.1 Interpretation of lifetime spectra in liquids with help
of the blob model

The analysis of positron lifetime spectra by a multi-exponential model is well accepted
for solids. There certain lifetimes can be assigned to individual defect types and changes
in the lifetime intensities reflect defect concentrations. However, in liquids the molecules
fulfill no long-range order and structure issues cannot be extracted from positron lifetime
measurements. Instead of defects, chemical reactions between molecules and free radicals
with positron states influence annihilation parameters in liquids. Therefore, it stands to

reason that an interpretation of measurements also has to consider this chemistry.

An approach is to start from basic physio-chemical processes in liquids that are initi-
ated by the incidence of high-energetic particles like positrons. In the framework of the
blob model, this results in a distribution of ion-electron pairs in the terminal blob. The
mathematical description follows the formulation of chemical kinetics equations describ-
ing Ps formation and further reactions of the Ps atom like spin conversion and oxida-
tion. These processes affect the formation and decay of the different positron states in a
non-exponential model. In addition, the positron states are influenced by the radiolysis-
induced molecules. Using these chemical kinetics for interpreting measured positron an-
nihilation lifetime spectra requires knowledge of the mechanism and parameters of in-
tratrack chemical processes. The most detailed radiation-chemical data are available for

liquids and there especially for water.

The idea behind the mathematical model, developed by Stepanov et al. [65, 116, 117],
is the description of the time-dependent evolution of the different positron states. Their
kinetics are influenced by radiolysis-induced species in the blob like other molecules and
electrons. It has also to be considered that these reactants diffuse within time which influ-
ences interaction probabilities and the survival of the positron states. Therefore, a main
part of the model contains the description of radiolysis-induced reactions. The implemen-
tation of temperature [65] allows interpreting the temperature dependence of Ps yields and
the deviation of the para-to-ortho ratio from 1:3. Further, it can be simply extended with
other reactions in order to study the influence of solutes. Since this requires knowledge
of their radiation-chemical reactions and the corresponding rate constants, this is not a

trivial task.

The model was successfully applied to describe the positron lifetime spectra in pure

water [44, 65] and will be used for investigations at GiPS, too.
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3.1.1 Radiolytic processes in water

Irradiation of water by a pulse of fast positrons e™** leads to a number of radiation-
chemical reactions starting with the ionization and electronic excitation of the water

molecules:

et +e* +H,0"* H,0

et +H,0" H+OH*

3.1

H and OH * radicals are formed with a yield of Gy = Gogy = 0.4 atoms per 100 eV, whereas
the yield of ion-electron pairs is Gj.p, = 6.25 per 100 eV. Directly after ionization, the
positrons and knocked-out electrons have still high energies and are not yet thermalized
(indicated by * in Eq. 3.1). A series of intermediate species (Table 3.1) is formed by
chemical reactions of the primary radiolytic products (Table 3.2). The corresponding
reaction rates k for the radiolysis of water are well-known from radiation chemical data'.
For the reaction Caq T H3OjL — H+H,O, the rate is calculated as:

d d 1—
th30+ = —EC}, - ECH30+ =23X% 1010 1 mol 1S ! (32)

where c is the concentration of the reaction partners.

Chemical Name and description Initial blob
symbol concentration
H,0"* ori positively charged water molecule ng

et quasi-free positron, after thermalization ng

e quasi-free electron, after thermalization ng

€aq O N hydrated electron, smallest possible anion 0

Ps quasi-free Positronium 0

OH™ hydroxide ion, held together by a covalent bond 0

OH* hydroxyl radical, neutral form of OH™ n9-Gon/Giep
H hydrogen radical, H atom n9-Gy/Giep
H,0, hydrogen peroxide, simplest peroxide 0

H,0" hydronium ion or oxonium 0

Ac electron acceptor, like NO; or C1O, Nac

Tab. 3.1: Overview about primary and intermediate radiolytic products and their initial concen-

trations in the terminal blob.

! for example from: Radiation Chemistry Data Center (RCDC), http://www.rad.nd.edu/rcdc/
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The initial number of ion-electron pairs in the blob, ny, depends on the blob formation
energy Ej; , which is necessary to create the blob and the required energy for producing
one ion-electron pair, Ej., [41]:

. Ebl - 500 eV -~
"= By 16220V 0 3

(Sub)picosecond stage:

th t
e fhy o— —>e et by ot tg, ~ 0.12 ps, t¢1 = 0.3 ps

e +H,0"* by H O*+H20—2—>H2+20H‘ k,, =166 x10'2 1 mol~! s™!

H,0"* +H,0 ™% OH® + H,0™"
e~ +H,0, — OH® + OH"

e +Ac — Ac™

e +et — Ps

€pq e —Ps

e:ﬂ+Ac_ — Ps+Ac

fyy, = 0.165

Timr ~ 3 ps

Kerg,0, =~ 1.5 x102 1 mol ! s~
eH, 0, ™

Kope 2 %102 Tmol ! 57!
kep ~ 130 x10'* I mol ' s~
kpp = 166 x 10" T mol ! s~

kK . _ ~100 %1021 mol~!s!

Nanosecond stage:

pAc
Rate constant /1 mol~! s~!

€aq T €aq +2H,0 — H, +20H™
¢q tH+H,0 — H,+OH"™
€, +H;0" — H+H,0
€,q T OH® — OH™

€yq +H,0p) — OH® +OH™
€yq T+ Ac —> Ac™
H+H—H,

H+OH®* — H,0

H+H,0, — OH+H,0
OH*® +OH* — H,0,
OH*®+H,0, — HO; +H,0
OH™ +H,0" — 2H,0

ky, =5.5 x10°

— 10
kg =2.5 x10
Kppp,0r =23 x10'
Ko = 3.0 x 1010
K0, = 1.1 101

9
nAc = 6.6 X 10
Ky = 5.0 x10°
Kyop =2.0 x 1010

k
Kii,0, = 9:0 x 107
Komop = 3-5 x10°
Komm,o0, = 2.7 x107

11
Ko 0+ = 2:0 x10

Tab. 3.2: Overview about basic radiation-chemical reactions for water and corresponding rate
constants (from [116]).

Since Ps formation and further reactions like oxidation or spin conversion take place in-
side the positron blob, it is sufficient to quantify only the number of reactive species inside

the blob, the so-called intrablob species.
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The spatial distribution of all reactive species j, including positrons, inside the blob broad-
ens due to diffusion within time. The concentrations are modelled by Gaussian shapes at
all times [117]:

exp [/ (a, + (517
w32 (a2, + [ Dj(T)d’L’)3/2

cj(rt)=n;t) (3.4)

where ay, is the initial blob size, n;(¢) the total number of intrablob species j and Dj(t)
is the diffusion coefficient of the presolvated particle j. Diffusion is assumed to depend
on time [44]: In principle, electrons diffuse faster than ions due to their higher mobility.
Since the blob contains high concentration of differently charged particles, this causes
deviations in the spatial homogeneity of the charge carrier density. The resulting space
charges hamper the fast movement of the electrons and cause a mean diffusion speed of
all particles (ambipolar diffusion). Therefore, up to ¢ = ¢, diffusion is characterized by
ambipolar diffusion with the diffusion coefficients D,;, and D,,,. For t > t,,,;,, particles
have distances of more than a;; and interactions between them can be excluded. Then their

diffusion is characterized by individual coefficients for each particle (Table 3.3) [117].

D, =0.1 D_, =0.1 D, =0.1 D_=5x1073
€aq
Dp =1 x1073 Doy =5 x107° | Dy =2.8 x107° | Dy =7 x107°
— -5 — -5 — =5 — -5
Dy 0, =14 x10 DH30+_9 x 10 D,.=1x10 DNO;_l'S x10

Tab. 3.3: Diffusion coefficients of intrablob species in (cm?/s).

Consequently, the time dependence can be written as [44]:

Dy ~102cm?s  1<19=03 ps
Dj(t) =< Dyp =~ 1074 cm?/s 109 <t <ty ~30ns , (3.5)

Dj > tamp

and approximation by (Fig. 3.1 a):
Dj(t) = (Dlh - Damb)eit/tgq + (Damb - Dj)eit/[“mh +Dj. (3.6)

The temperature dependence of the diffusion is implemented using the Stokes-Einstein

relation [118] for the diffusion coefficient:

kpT

~ 67n(T)R;’ S

Dy(T)



3 Positronium chemistry in liquids 77

10° T T T T T T T T 10° T T T T T T T T T
~~~~~ Approximation of the diffusion coefficent of OH
7 10° —0D,, 7 bW ——OH | 3
T 5 o
= 10°F 4 0 10%F —e |
3 B
= i 2
8 w0 B i T} .
c M (]
(=] . =
k) D B k)
= amb D a
£ 10°F oH 3 glO E 5
o a
t'~03ps
10° i i ! L L L L | L 10° I I I I I I I I I
10° 10° 10* 10° 10° 10" 10° 10* 10? 10° 0 10 20 30 40 50 60 70 80 90 100
Time/ns Water temperature T / °C
(@) (b)

Fig. 3.1: (a) Approximation of the time-dependent diffusion coefficient (Eq. 3.5) by Eq. 3.6.
(b) Temperature dependence of diffusion coefficients for OH™, H3O+ and the positron
in liquids.

where R; is the particle radius and 1(7") the temperature-dependent viscosity of the liquid
(Fig. 3.1 b) [65].

Using well-known radiation-chemical reactions, the time-dependent concentrations of
each intrablob species are described by rate equations of the form:

dcj

J_
W —Dj(t)ACj_ZkijCiCj; (3.8)
i#]

where reactions with other species i are characterized by the rate constants k;; and con-
centrations ¢;. Using Eq. 3.4, the initial distribution of ng ion-electron pairs in the blob at
t =0 1is given by:

e—rz/ail

(r,t = 0) = np———

(3.9)
Reactions with electrons and positrons proceed only after their thermalization time ¢, and
have therefore to be switched on in these equations by (¢ > #,;,). Using reactions from

Table 3.2, the detailed rate equation for electrons can be written as:

dc c
a: — De(Z)ACe — (kiecice + kHQOQeCH202Ce + ta_eq> G(t > tth) — keAcCeCAc- (310)
e

Integrating all rate equations 3.8 over r leads to a simpler set of equations n;(¢) which can

be used to visualize the progress of each radiolytic species inside the blob in time.
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The rate equation for intrablob electrons (Eq. 3.10) has then the form:

. kienine — kH,0,eNH,0,1le ~ Ne ) keacnenac
o = — + + ) 0(t >1,,) — ==L 1n.(0) = np.
e ( Vie®) T Vinonett) 0 ) 00 i) =y nel0)

(3.11)

The mentioned decrease of interaction between blob species with time is characterized by
out-diffusion of the blob species m and n, expressed by the volume V,,, , [65] (obtained
from integration of Eq. 3.8 over r):

; 3/2
Vinn(t) = (27)/? {ail—kz/o (D(T) +Dy(7))dr| . (3.12)

The rate equations and initial conditions (Table 3.1) can be used to calculate the correlated
accumulation kinetics of each radiolytic product inside the positron blob in pure water
(Fig. 3.2). The dominant intrablob species are OH-radicals, H;O™, radiolytic hydrogen

H and hydrated electrons. A change in temperature mainly influences their yields .

10

line T=21°C|]
dots: T=90°C |3

09F

0.8 L
07}
0.6 L
05 ¢
04
03}
0.2 ¢
0.1F

0.0 b= = i
10° 10* 10° 107 10° 10° 10" 10° 10°

Time/ ns

Yields of radiolytic products in water

Fig. 3.2: Calculated time-dependent yields of radiolytic products inside the positron blob for pure
water at T =21 °C (lines) and T = 90 °C (dots). The dominance of OH-radicals, H3O+,
radiolytic hydrogen H and hydrated electrons is clearly visible in their yields.

Using these information about the primary intratrack reactions, the equations for the dif-

ferent positron states can now be formulated.
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3.1.2 Differential equations for the positron states

Annihilation characteristics of Ps are mainly influenced by the presence of reactive species
in the positron blob. Mechanisms are oxidation and spin conversion of Ps due to the

molecules. Radicals like OH™ and H;O" are known to inhibit the Ps yield by oxidation:

OH +Ps %% OH~ + et

H.O" +Ps X% H4+H,0+e", (3.13)
3 2

aq®
Eq. 1.23 (p. 15). This is characterized by the rate constant kppc. Rate equations for each

whereas the radical products OH, e;;, H,O" and H cause spin conversion according to

positron state are determined by radiolytic processes according to:

kepnenp khpnhnp np
n,—— 0t >ty)— —+
P < Ve,p " Vih,p (> ) T

P
noH N 0+
+ kox (npps +nops) ( +— ) (3.14)
Vpson  Vps a0+
with n,(0) =1,
1 (kepnen, khpnhnp) nyps
Npps = +— + 0t > t) —
Pr 4( Ve,p Vh,p ( th) TpPs
noH N0+
—koxnpp ( + )
Xteprs VPS,OH VPS,H30+
noxH ny ng
—k 3n,ps — Nyp ( + + ) (3.15)
orc (3pps = ors) Veson  Vesn  Ves
with n,ps(0) =0, and
3 (kepnenp | knpnanp NoPs
loPs = +— 0(t > ty,) —
Nops +4 ( Ve’p + Vh7p ( th) ’COPS
noH N0+
— koxnop, ( +— >
xXttors VPS,OH VPS,H30+
noH ny ng
+ kopc (3npps — nops) ( + + ) (3.16)
Veson  Vesp VesH

With n()Ps(O) = O.

The calculation of volumes is described in Section 3.1.1.
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Although the model does not consider separated lifetimes for positrons and Ps, a set of pa-
rameters is necessary in order to compare the radiation-chemical results with the common
three-exponential model fit. Therefore, the rate equations still contain lifetime values for

the different positrons states which are defined as:
Tpps = ;%‘s'nc +1/Tp0 Tops = TopsNe +1/Tpo T, ~ 400ps (3.17)

using the intrinsic Ps lifetimes of 7,5 = 125 ps and 75 = 142 ns. Ne = [¥ynea| / [Prac| i
the contact density which is the ratio of the Ps wave function in the medium by the one
in the vacuum. The calculation of the pick-off lifetime 7, is described in Section 1.4.3.
Another set of comparable parameters are the lifetime intensities which can be calculated
as the integrated time-dependent yields for each positron state (Fig. 3.3). The huge differ-
ences in the yields arise from the temperature-dependent yields of the radiolytic products

(Fig. 3.2), especially from the reactive radicals OH, H and H;0O™.

10 a e T T MR | T rrrT AL | T ""'E
09k A linee T=21°C|]

Y '-.. dotss T=90°C _
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Yields of positron states for water
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Fig. 3.3: Calculated time-dependent yields of positron states inside the positron blob for pure
water at T =21 °Cand T =90 °C.

As mentioned before, it is necessary to consider that the obtained values for positron
lifetimes cannot be compared directly with values from conventional analysis due to the

completely different idea behind both models.
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3.1.3 Fitting procedure for positron lifetime spectra

Using the rate equations for each positron state (Eqn. 3.14-3.16), the final shape of the

positron lifetime spectrum can then be written as:

AN (t
() _ {NO ("—”+@+@) +BG] X R(1), (3.18)
At Tp TpPs ToPs

where Ny is the total number of counts in the spectrum, BG the average background level
and R(r) the timing resolution function of the spectrometer. For a first attempt, these
values were obtained from a three-exponential fit. The final fit model of Stepanov et al.

consists of 5 adjustable main parameters:

* the free-positron annihilation lifetime 7,+ which enters the calculation of the pick-

off lifetime

the contact density parameter 1. which is necessary for the calculation of the life-

times for each positron state

the Ps oxidation rate ko,

the rate for Ps spin conversion kppc

the thickness of the electronic layer around the Ps bubble, dy, which influences the

pick-off lifetime and therefore the lifetimes of p-Ps and o-Ps

The intensities of each annihilation state can be obtained by integrating the yields
(Fig. 3.3) over all times. Several parameters are compared to values reported in liter-
ature in order to prove the validity of the fitting procedure. These are the Ps bubble
radius R.., the size of the Ps atom and the oxidation reaction radius which influences
the Ps oxidation yield. The model also predicts the temperature dependence of chemical

reaction rates.

In a first version, the values for background, timing resolution and the time zero of the
spectrum were determined with the help of the conventional analysis software PALSfit
to ensure that possible deviations of results from known values can be attributed to the

model parameters.



82 3 Positronium chemistry in liquids

3.2 Pure water at different temperatures

In order to validate the blob model for its simplest case, pure water was investigated at
different temperatures in the range of 21 °C to 90 °C. The experimental setup is described
in Section 2.7.2. AMOC spectra were recorded within times of up to 12 hours to collect
statistics of 1x10° counts per spectrum. Due to the different geometrical influence of the
sample holder (Section 2.7.2), the timing resolutions were in the range of 190 ps for both
vertical oriented detector pairs and around 290 ps for one of the horizontal pairs. The
second horizontal pair had a timing resolution of more than 290 ps due to a malfunction.
Due to the high timing resolution of the horizontal detectors, positron lifetime spectra
were extracted from the AMOC data of both vertical detectors, summed up and analyzed

using the conventional three-exponential model, the maximum entropy method and the
blob model.

As reported in literature, the three-exponential analysis only provides useful results for a
fixed free-positron lifetime of 395 ps [6] (Fig. 3.4).
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"[GiPS- three-exponential fit ' ' ' ' "[GiPS- three-exponential fit
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Fig. 3.4: (a) Positron lifetimes and (b) their intensities for pure water depending on temperature
obtained with the common three-exponential model in comparison with literature values
from Stepanov et al. [119]. Measurements were performed at the GiPS setup; the life-

time spectra from the vertically oriented spectrometers were summed up and analyzed.

The results are in good agreement to values from literature and show the well-known
behavior of the oPs pick-off lifetime depending on temperature, too. The deviation of
the ortho-to-para ratio from 3:1 can also be demonstrated with the data. In addition, the

results show that fixing the second component to around 400 ps is justified.
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Since the PALSfit program assumes discrete lifetimes, the MELT routine was used in
addition. An advantage there is that the number of components has not to be fixed. In
contrast to the conventional analysis with discrete lifetime components, the analysis pro-
vides a lifetime distribution with three peaks which can be attributed to the annihilation
of p-Ps, free positrons and o-Ps (Fig. 3.5). In contrast to the analysis using the three-
exponential approach, the error bars are larger. The reason is that a higher statistics is

required for a reliable fit using the maximum entropy method.
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Fig. 3.5: (a) Positron lifetimes distribution and (b) extracted intensities for pure water depending

on temperature obtained with the MELT routine.

The analysis using the blob model fit was performed in two ways: At first, the rate con-
stants ko, and kpopc (Eqn. 3.14 to 3.16) were set to zero in order to switch off both
processes. It was necessary to fix the free-positron lifetime at 395 ps in order to obtain
good fitting results. In the second approach, the rate constants kg, and kpopc were used
as additional fitting parameters to study the influence of the Ps reactions on the Ps yields
(Fig. 3.6). As estimated, the deviation of the ortho-to-para Ps yield can be explained by
reactions of Positronium with the molecules of the medium. It turned out that the contri-
bution of spin conversion is roughly a tenth of the Ps oxidation rate which was also shown

in [65]. Further, the free-positron lifetime has not to be fixed when including Ps reactions.

The blob model fit matches well with the experimental lifetime data for all temperatures
(Fig. 3.7). As mentioned previously, the values of pick-off lifetimes obtained from the
blob model cannot be compared directly with those of the three-exponential model. How-

ever, the decrease is still obvious.
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Fig. 3.6: (a) Positron lifetimes and (b) their intensities for pure water depending on temperature
obtained with the blob model fit compared with values from literature [119]. The open
circles are results for ignoring Ps reactions whereas the closed circles are fit results for

including spin conversion and Ps oxidation.
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Fig. 3.7: Exemplary positron lifetime spectrum of pure water at T = 90 °C (blue dots) with the
applied blob model fit (red line). The typically used weighted residuals are the residuals
normalized by their standard deviation.

In order to check whether the obtained fit parameters coincide with physical assumptions,
some parameters like the Ps bubble size, the oxidation reaction radii and the Ps formation
rates have been calculated from the results. The obtained parameters also agree with
results from Stepanov et al. (Fig. 3.8). The radii and the contact density are nearly

constant with temperature whereas the reaction rates kopc and k., strongly depend on it.
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Fig. 3.8: Temperature dependence of blob model fit parameters for pure water compared to
Stepanov et al.: (a) Oxidation reaction radius Roy ps, Ps radius Rpg, Ps bubble radius
R, wall thickness of the Ps bubble 8y and the relative contact density parameter 7c.
(b) Ps formation rate constant k., and Ps oxidation reaction rate constant ko, both mul-

tiplied by the initial concentration of oxidizers cp; (t = 0).

The temperature dependence of the Ps oxidation reaction rate explains the obtained de-
crease of the Ps yields with temperature. As mentioned before, a comparison of the
obtained lifetimes for positrons and Ps is difficult because these parameters are just ar-
tificial values in the framework of the blob model. Nevertheless, the agreement with
reported values from Stepanov et al. shows that the model can be applied successfully to
the measured data obtained at the GiPS setup. The results also showed that implement-
ing the temperature influence in the diffusion coefficients (Eq. 3.7) allows explaining

temperature-dependent intensities of the lifetimes of each positron state.

Test for quantum beats in spin conversion processes

The time-dependent S; parameter, obtained from 3D AMOC reliefs, allows a visualization
of Ps reactions like inhibition, spin conversion or oxidation (Fig. 1.14 a). Spin conversion
processes influence the S; parameter for larger times when o-Ps is converted into p-Ps and
vice versa. This explains an increase of S; for larger positron ages and can be attributed
to Ps reactions with radicals. Spin conversion of 0-Ps and complex formation with OH
radicals compete with each other. Since the radical reaction depends on the spin state of
the radicals, complex formation of the o-Ps and the OH radical can only occur when the
spin state of the radical pair is a singlet [120]. The singlet-triplet transition of the pair is

caused by the hyperfine coupling of every radical.
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This affects the rate of the radical reaction and therefore the competing spin conver-
sion rate. As a result, Hirade proposed that spin conversion takes place periodically
due to the hyperfine couplings of the spin-correlated electron-positron pair [120]. This
would cause periodically changes of S;, so-called quantum beats. A constant temper-
ature over the measurement time is required because the distance between the beats
strongly depends on temperature. They vanish for unstable temperatures as well as for
higher temperatures due to mixing. The existence of these quantum beats was shown
with AMOC measurements of water for temperatures of 18 °C and 25 °C using a >’Na
positron source [120]. Since AMOC measurements at GiPS can be performed within a
fraction of time required for conventional setups, these measurements were repeated to
prove the existence of quantum beats. As mentioned, they appear for higher positron
ages where the measurement errors are huge due to less statistics. Therefore, long-
term investigations are necessary to reduce the scattering for high positron ages. Wa-
ter was investigated at room temperature over a time of 122 hours. A total statistics of
20 x 10% counts in the energy-gated AMOC spectra was obtained. The analysis was per-
formed for the total data as well as for individual time periods (several hours) to reduce
the deviations in temperature. Although the measurement conditions (better temperature
stability due to short measurement times, no source correction necessary, superior signal-
to-background ratio) are more favorable at GiPS compared to conventional AMOC setups,

no periodic structures were found in the S; spectra (Fig. 3.9).
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Fig. 3.9: Time-dependent S; parameter for pure water at T = 21 °C (measured at the GiPS setup)
and at T = 25 °C (measured by Hirade [120]). The vertical grey lines indicate the

estimated maxima of S; proposed by Hirade.
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3.3 Aqueous solutions of KNO;

Within the collaboration with S.V. Stepanov, the blob model will be extended and tested
for aqueous solutions vs. concentration of solutes. The aim was to reproduce PAS results

for aqueous solutions only by changing the solute concentration in the blob model.

A first model solute was KNO, which is known to inhibit Ps formation. Aqueous solutions
with KNOj; concentrations between 0.004 ... 1.5 mol/l were produced and investigated at
the GiPS setup. All measurements were performed at room temperature to study only Ps
reactions. Therefore, the setup was simplified by only using the Kapton tube without the
heat circuit. The solution was degassed before the measurement in order to remove the
oxygen. Positron lifetime spectra of all four AMOC spectrometers were summed up and

a total statistics of 2.7 x 10° events (after applied energy conditions) was obtained.

As first step, positron lifetime spectra were analyzed using the three-exponential approach
to allow a comparison with reported values from literature. As for pure water, the free-
positron annihilation lifetime was fixed at 395 ps. The oxidation effect of KNO; was
confirmed (Fig. 3.10) and the results agree with reported values [56]. Contrary to the

expectations, the solute also acts as quencher but in a very weak way.
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Fig. 3.10: (a) Positron lifetimes and (b) their intensities for aqueous solutions of KNO, depending

on the solute concentration obtained with the common three-exponential model. The

free-positron lifetime was fixed at 395 ps. The points are connected by dotted lines to

guide the eye.

The lifetime data for the lowest concentration are in good agreement to the results ob-

tained for pure water (Fig. 3.4).
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As mentioned in section 1.4.2 (page 13), the inhibition effect was historically explained
by empirical expressions for the o-Ps intensity. Using Eq. 1.16, the o-Ps yield depends

on the solute concentration according to:

IoPs(O)
1+ ono3- - ckno;,

Lps = ., with ayps- = 3.9 I/mol [6)]. (3.19)

Since potassium has no chemical influence on Ps, the value oy 3- can be taken as refer-
ence for KNO;, too. The GiPS data was fitted using Eq. 3.19 and compared to reported
results from literature(Fig. 3.11). Considering the typically large differences between Ps
inhibition constants for different solutes [6], the obtained value for & is in good agreement

to previously determined values.
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Fig. 3.11: Dependence of the o-Ps intensity on solute concentration of KNO, and result of the fit
using Eq. 3.19. The reference value is taken from [6].

Most of the input parameters for the blob model fit were taken from the analysis of wa-
ter. The influence of KNO; on Ps oxidation was added to the kinetic equations of p-Ps
(Eq. 3.15) and 0-Ps (Eq. 3.16). Usually, detailed information about chemical reactions
and their reaction rates are required for the model. Since the solute only should inhibit
Ps, its concentration is independent on radiolytic processes. Therefore, no additional rate
equation is necessary and the fit was performed for each concentration just by varying the
concentration parameter. It turned out that the concentration dependence could be suc-

cessfully implemented into the blob model (Fig. 3.12). The deviation of the linearity for
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concentrations larger than 1 mol/l can be explained by saturation effects: For more than
1 mol/l, almost all available electrons for Ps formation inside the blob are scavenged by
the KNOj; and a further increase of the solute concentration has a lower effect on the Ps
yield. This behavior can also be reproduced by Eq. 3.19: The effect on the Ps yield is

much stronger for lower solute concentrations than for concentrations higher than 1 mol/l.
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Fig. 3.12: (a) Positron lifetimes for aqueous solutions of KNO; depending on the solute concen-
tration obtained with the modified blob model fit. The gray dots are the values obtained
with the three-exponential model (Fig. 3.10 b). (b) The dependence of the fitting pa-
rameter for the solute concentration on the real concentration. The linear dependence

of cyp3 up to a concentration of 1 mol/l indicates the successful modification of the
blob model fit.

The 3D-AMOC reliefs recorded at GiPS were also analyzed to study the influence of
KNOj; on Ps formation on a time scale. The time-dependent S; parameter was calculated
for each positron age and the resulting curve was fitted using Eq. 1.39 (p. 32). In this
way, the experimental curves could be reproduced for t > 0 (Fig. 3.13).

The time-zero of the positron age indicates the birth of the Ps bubble. An increase of S; for
times below the time-zero was attributed to the presence of quasi-free Ps [121]: Ps which
is not localized in a bubble can annihilate with a broader Doppler spectrum compared to
localized Ps, resulting in a lower S; parameter for t < 0. An increase of S; with time (up
to t = 0) indicates a decrease of the fraction of quasi-free Ps due to the localization of Ps
in a bubble with time.

The obtained individual S parameters for each annihilation state, S;, show a decrease

with solute concentration which indicates Ps inhibition (Fig. 1.14, p. 32). This can also
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Fig. 3.13: (a) Time-dependent S; parameter depending on the KNO; concentration in water cal-
culated from the 3D AMOC reliefs at GiPS. The lines are calculated using Eq. 1.39.

(b) Individual S; parameters for each annihilation state as obtained from the fit.

be confirmed by the normalized annihilation events w; which show an increase of free-

positron annihilation with increasing solute concentration (Fig. 3.14 a). Simulations of

the annihilation events w; for different scenarios showed that this behavior can only be

explained by inhibition of Ps (Fig. 3.14 b).
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Fig. 3.14: (a) Normalized annihilation events w; calculated from the theoretical S; curves

(Fig. 3.13 a). (b) Simulation of w; curves using Eq. 1.39. Only Ps inhibition can

explain the observed shifts of the curves.

These results show that the S; parameter can provide more detailed information about the

annihilation characteristics of positrons than PALS data alone.
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3.4 Glycerol

One major parameter in Ps chemistry is the formation time of the Ps bubble. In the
framework of the bubble model, the bubble size influences the pick-off lifetime: The
larger the bubble, the lower the annihilation probability and the larger the pick-off lifetime
(Eq. 1.26). An increase in the necessary bubble growth time shortens the pick-off lifetime
because annihilation takes place before the Ps bubble reaches its equilibrium size. The

bubble formation time can be calculated according to:

Tpubble(T) = %/4, (3.20)
Goo

where o is the macroscopic surface tension coefficient and 1) is the viscosity of the
liquid [122]. In the case of water, this time is less than 10 ps (Fig. 3.15). It can be
neglected because it is much shorter than the smallest lifetime, the p-Ps lifetime. There-
fore, it was no parameter in the blob model fit. As apparent from Eq. 3.20, the bubble
formation time strongly depends on the viscosity of the liquid. Since the particle move-
ment in viscous media is significantly lower compared to less viscous liquids like water,
the time needed for the Ps bubble growth increases. Glycerol is an example where the
bubble growth time is very long (up to 100 ns) because of the large viscosity of the lig-
uid (Fig. 3.15). Even at room temperature, it exceeds the lifetime of p-Ps and o-Ps . It
is obvious that the effect of the Ps bubble formation has to be considered in the model,

otherwise it will not be able to explain observed positron annihilation characteristics.

10°

Bubble formation time/ ns

20 0 20 40 60 8 100 120 140 160 180
Temperature/ °C

Fig. 3.15: Dependence of the Ps bubble formation time on temperature for water (black) and

glycerol (red), calculated using Eq. 3.20 [122].
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Glycerol was chosen as test liquid because it has some advantages compared to other

viscous liquids.

1. Itis the simplest trivalent alcohol (consisting of just three OH groups) thus reducing

the number of Ps reactions which have to be included into the radiolysis model.

2. Since the viscosity changes over a huge range within temperature, the expected

effect on the Ps lifetimes should be clearly visible.

3. The viscosity is very high at low temperatures resulting in a low pick-off lifetime.
At the same time, the contribution of competing Ps reactions decreases with de-
creasing temperature. This allows separately studying the viscosity effect and the

temperature influence on reaction rates.

Investigations were performed for temperatures between 9 ... 122 °C using both sample
holders for heating and cooling (Section 2.7.2). Even for mediate temperatures and higher
viscosity, the heat and pump circuit could be operated reliable. The glycerol was from
commercial grade and contains a small amount of water (< 0.5 volume percent). It was
necessary to purify the glycerol prior the experiment: Containing water was removed by
heating the glycerol in an oven under nitrogen atmosphere. In this way, it was ensured

that no competing Ps reaction with water takes place.

Positron lifetime spectra of all four AMOC spectrometers were added and analyzed using
the common three-exponential fit (Fig. 3.16). As before, the free-positron lifetime was
fixed at 395 ps.
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Fig. 3.16: (a) Positron lifetimes and (b) their intensities for glycerol depending on temperature
obtained with the three-exponential approach. PALS spectra of all AMOC spectrome-
ters were added and analyzed by fixing the free-positron lifetime to 395 ps.
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The Ps lifetimes strongly decrease with decreasing temperature as expected. The intensi-
ties of both components change only slightly. This also agrees with the model because Ps
inhibition is not expected. An analysis using the blob model was not yet possible since

the implementation of the bubble formation time is still in progress.

The first investigations of liquids at the GiPS setup showed that the measured data could
be successfully used to test the blob model fit for PALS spectra of liquids. In addition to
that, the correlated measurement of positron lifetime and momentum of the annihilation
pair provided additional information about the Ps chemistry which help to confirm the
existence of quasi-free Ps. Temperature-dependent changes in the annihilation character-
istics of liquids could be explained as well as the Ps inhibition in presence of electron-
scavenging solutes. Further measurements and developments of the blob model will help
to obtain more detailed information about Ps chemistry in liquids. In this way, the model
will be established for interpreting PALS data based on physical and chemical proper-
ties of the liquid. In contrast to the common multi-exponential decomposition of lifetime

spectra, all obtained fit parameters will have physical meanings.






4 DEFECT STRUCTURE OF LEAD SHEETS FOR
ORGAN PIPES

In some cases, a typical sample preparation including polishing and temperature anneal-
ing is not possible, for example when dealing with specimens of historical value. Then
standard surface-sensitive positron methods like DBS or PALS using slow positrons are
not applicable anymore because their information only stems from the untreated surface.
In these cases, a bulk sensitive method has the advantage that the surface only constitutes
a small volume fraction of the entire sample. Depending on the surface, useful methods
are PAS using 2*Na as positron source or the generation of positrons via bremsstrahlung

inside the sample.

The second application for demonstrating the utility of the GiPS setup was therefore the
investigation of bulk samples from historical organ pipes. Aim of the project was to
restore historical organ pipes by means of historical methods. Leading questions were the
composition of the material as well as mechanical treatment by work hardening and its

effects on stability but also on acoustic quality of the organs.

Within a cooperation with W. Skorupa from the Center for Ion Beam Physics of HZDR,
non-destructive PAS techniques were applied to reveal structural information in addition
to other surface-sensitive, but destructive, methods. A specimen series was generated for
investigating the structural effects of composition, age and mechanical treatment individ-
ually. Historical pieces of lead sheets for organ pipes were taken from the Baroque Organ

Borkentreich!. The sample series comprises seven different samples (Table 4.1).

number materials age mechanical treatment

(since production)

1 400 years as-received
2,3 300 years untreated, work-hardened
4,5 1 year untreated, work-hardened
6,7 14 days untreated, work-hardened

Tab. 4.1: Overview about the investigated specimen for organ lead sheets. Work hardening was

realized by a thickness reduction of the material of 20 % by hammering.

! special thanks to Mrs. A-Chr. Eule from the Hermann Eule Orgelbau GmbH, Bautzen
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4.1 Positron lifetime measurements

PALS was performed at the GiPS setup and compared with measurements using a 2>Na
positron source in conventional sandwich method. The timing resolution at GiPS was
around 200 ps for the horizontal pairs and around 180 for the vertical detector pairs (due
to the different influence of the sample geometry). The conventional spectrometer has a
timing resolution of 280 ps FWHM. 1t is still suitable to resolve the estimated positron
lifetimes which are in the range of 200 ps (pure lead) and higher. Each spectrum was
analyzed using the PALSfit routine. The following conclusions can be drawn for the data
from GiPS (Fig. 4.1):

1. The main component in each sample has a lifetime close to the bulk value with an
intensity of more than 90 %. This indicates that only a low amount of open-volume

defects can be found on average in each sample.

2. A second component with lower intensity can be found in all samples besides the
untreated 300 years old sample and can be attributed to open-volume defects. The-

oretical calculations for possible annihilation sites will be presented in section 4.2.

3. The influence of work hardening can clearly be seen in the different defect intensi-
ties for the newer samples. Provided that the work hardening was performed com-
parable for each material, a decrease of the intensity with time can be explained with
the well-known self-annealing ability of lead: Above a certain temperature, some
metals recrystallize without external influences. Recrystallization is a microstruc-
tural process where deformed grains are replaced by undeformed grains. These
grains nucleate and grow until the original crystal structure is restored. The driving
parameter, the recrystallization temperature T, depends on the melting temperature
Ty according to T = 0.4 Tpy - 273.15 °C [123]. For Pb, it is 21 °C resulting in a
self-annealing at room temperature. Therefore, it can be assumed that work hard-
ening has no visible long-term effect on the micro-structure of the investigated lead

sheets.

The analysis of the data obtained with the conventional ?>Na positron source also provides
two positron lifetimes which are slightly lower than that obtained for the GiPS measure-
ments (Fig. 4.2). However, a different behavior can be found for the oldest samples: There
the defect component is still present with larger intensity. In this case, a self-annealing of

defects with time cannot be concluded.
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Fig. 4.1: Positron lifetime results for lead sheets for organ pipes investigated at GiPS.
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Fig. 4.2: Positron lifetime results for lead sheets for organ pipes investigated using the >’Na sand-

wich method.

The reason for the difference in both methods can be explained by the special sample
properties. Lead is known to be susceptible to oxidation, forming a layer on top which
is known as patina. Depending on weather conditions, this oxidation layer can reach
thicknesses of several hundred um over time. Positrons implanted from *?Na into lead
reach a depth of around 120 um which is still within the region of the patina. Therefore,
PALS using conventional radioisotope sources only reveals information about the patina

on top. As mentioned before, a surface preparation of the specimen was not allowed.
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4.2 Influence of a patina layer on positron annihilation

spectroscopy

When lead sheets and castings are exposed to the atmosphere, they form a coating layer
on top over time. Chemically it consists of different layers: On initial exposure, a film of
lead oxide (PbO) forms, which is then converted to lead carbonate (PbCO,). In reaction
with carbon dioxide (CO,) and sulfur dioxide (SO,) from air, it slowly converts to the
stable and largely insoluble lead sulfate PbSO,, via intermediate tetra-basic lead sulfate
and sulfite phases. Levels of atmospheric pollution play an important role in the rate of

formation of a stable end product.

The chemical composition of the material was investigated using sputter XPS?. There
X-ray photo-electron spectroscopy is combined with sputtering using Argon ions. The
obtained results (Fig. 4.3) confirm the influence of the patina: the 300 years old samples
show a higher amount of oxygen and sulfur which are part of PbS and PbSO,. Further,
the amount of carbon is also noticeable especially for the new sample what would be a
sign for a fast patina formation.
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Fig. 4.3: Fraction of elements on sample composition as obtained with sputter XPS.

2 special thanks to H. Reuther from the Center for Ion Beam Physics of HZDR
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Energy-dependent DBS using the SPONSOR setup was additionally performed to ensure
that the differences in PALS results really arise from the patina (Fig. 4.4). Positrons
with typical energies of up to 35 keV are implanted in depths of up to 2.4 um into lead
(Eq. 1.7, p. 7). A depth profiling of this region will help to identify the surface and to

prove the presence and composition of a patina layer.
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Fig. 4.4: S(E) curves for the organ lead sheets measured at the SPONSOR setup. The lines as
well as the bulk value are marked for guiding the eye.

Provided that the work hardening was performed comparable for each material, the data

can be interpreted in the following way:

1. A comparison between the 14 days old sample and the one year old material shows

a decrease of S of around 2 % which indicates defect annealing over time.

2. Regarding the newer samples, it seems that work hardening has a negligible effect
on the material: The curves for the untreated material are similar and differ just
slightly for low energies up to 4 keV. From point of view of the defects, there is no
indication that work hardening influences the surface layer of the material. The S
parameter reaches the bulk value, which is close to the value of the reference lead

sample (which was set to be around 0.49), for energies of more than 20 ke V.

3. The historical samples show a completely different behavior: Here the S parameter
differs for both different treated material and is always below the bulk value of lead.
This indicates the influence of a material different from pure lead having a lower S

parameter.
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CDBS measurements were performed to study the chemical environment in more detail.
The chosen energies were between 2 ... 4 keV (high-damage region) as well as the bulk
value (25 keV) for all samples (Fig. 4.5).
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Fig. 4.5: CDBS ratio curves related to defect-free Pb for measurements in the (a) damaged region
(positron energy around 2 to 4 keV) and (b) in the bulk (E = 25 keV). Measurements
were performed at the SPONSOR beam.

A characteristic behavior can be found in the momenta between 5 ... 10 x 1073 mgc: The
curves of the historical material tend to larger ratios with maximum values for the oldest
sample. In addition to that, these ratios are larger for the damaged surface-near region
and decrease if the material is work-hardened. In contrast, the ratio curves for the newer
material are close to 1. All ratio curves show a minimum in the high-momentum region

around 15 x 1073 mgc which is well-marked for the newer materials.

As aresult, one can say that work hardening has no effect on the chemical defect structure
because the differences between work-hardened and untreated samples are small com-

pared to the shapes of the historical material.

Calculations using the ATSUP? code [33] were performed in order to obtain more ac-
curate information about possible chemical surroundings. The ATSUP code solves the
Schrodinger equation for the positron in a 3D mesh in the real space. This allows cal-
culating positron lifetimes as well as Doppler curves for the most materials and defect
types. Disadvantage of the method is that lattice relaxations are not considered which,
however, are important for the calculation of some materials (like silicon). In addition,

only high-momentum electrons are considered for the calculation of ratio curves.

3 ATomic SUPerpostion
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Therefore, the obtained results can only serve as possible guidance which chemical en-
vironment could be possible, without relying on exact curve shapes. However, this is
enough for first approximations of the patina structure. The results confirm the theory of
the influence from the patina on the PAS data (Fig. 4.6). Compared to the experimental
ratio curves (Fig. 4.5), the most probable candidates which explain the increased ratio be-
tween 5 ... 10 x 1072 mgc are lead oxide PbO and the Pb vacancy in PbO. The decrease

of the curves for the high-momentum region can be reproduced with the curve of PbCO;.
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Fig. 4.6: Calculated ratio curves for all possible patina elements using the ATSUP code.

The ATSUP code was also used to calculate the positron lifetimes for the simulated defect
types (Table 4.2). One the one hand, the obtained values are close to the measured values
(Figs. 4.1 and 4.2), on the other hand, it can be seen that they do not differ much for the
different elements (apart from PbCO5).

Material Pb  Sn  PbO PbS PbCO,  PbSO,
7, (ps) 190 186 185 252 329 222
T, (ps) 277 277 225(Vpy) 273 (Vpp) 336 (Vpp) 248(Vpy)

Tab. 4.2: Calculated positron lifetimes for patina components using the ATSUP code.

Comparing the calculation results with the obtained positron lifetimes for the historical
samples, the values are close to the annihilation in PbCO; (bulk and defects).
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This specimen series demonstrates that PALS alone does not reveal the whole defect situ-
ation. Only a combination of PALS and (C)DBS helped to investigate the patina in more
detail. The theoretical chemical composition of the patina could be confirmed with the
help of measured and calculated ratio curves. It was also shown that in presence of a
thick oxide layer, spectroscopic methods using positron implantation do not provide in-
formation about the interesting bulk material. In such a case, a bulk-sensitive method is

necessary which is in addition still non-destructive.

From the mechanical point of view, it could be shown that work hardening has no remark-
able effects on the material: a thickness reduction of 20 % only influences the structure
of the material up to a depth of 2 um (Fig. 4.4). Further, effects of material strengthening
vanish over time due to the self-annealing of lead. The recrystallization process removes

induced defects in the microstructure of the material.

Since the motivation of this research was the restoration of historical organs made from
lead, future investigations should focus on mechanical effects of work hardening. In
addition to that, the surface of the organ pipes should be modified in order to prevent
oxidation and the formation of a patina layer. Even the newer materials show oxidation

layers on top of the surface (Fig. 4.3).



5 SUMMARY AND OUTLOOK

This thesis examines the description and discussion of performing positron annihilation
spectroscopy using bremsstrahlung. In contrast to typical positron implantation tech-
niques using accelerators or radioisotope sources, high-energy positrons are being gen-
erated throughout the entire sample volume. This feature provides some new opportu-
nities for the application of spectroscopic techniques using positrons and allows the in-
vestigation of even materials that are not accessible with typical setups, like liquids or
radioactive samples. The related effects of bremsstrahlung (photon scattering and pair
production throughout every material which is hit by the photons) demand the develop-
ment of a new kind of setup (multi-detector system with special alignment and radiation
shielding) as well as new analysis methods of the obtained data. As a result, the setup
for Gamma-induced Positron Annihilation Spectroscopy (GiPS) is a worldwide unique
setup providing a high intensity as well as the possibility to perform most of the relevant
spectroscopy techniques using positrons. Numerous GEANT simulations and test mea-
surements were performed in order to optimize the setup. The associated demands on the
system require new solutions for holding and manipulating target materials which could

be used successfully for both, solids and liquids.

The correlated measurement of the positron annihilation lifetime and the Doppler broad-
ening using the same annihilation event provides additional information about the tempo-
ral variation of annihilation characteristics. At the GiPS setup, this Age-Momentum Cor-
relation (AMOC) is not only an additional feature but a rather requirement of the setup:
Random scattering leads to distortions in the spectra and can only be suppressed by a coin-
cidence detector setup. The distance-dependent detection efficiency of randomly scattered
photons scales with r* whereas it scales with r—2 for the detection of the collinear anni-
hilation photons. At GiPS, a combination of a BaF, detector with high timing resolution
with the high energy resolution of a Germanium detector is used. Spectra recorded using
such an AMOC spectrometer have a superior quality compared to a coincidence of two

BaF, detectors.

Since the AMOC technique is mainly applied in the field of Positronium chemistry, a
major part of investigations focusses on this topic. The similarity between Positronium
reactions with molecules and radiation-induced ion-electron pair recombination in liquids

established the positron spectroscopy for studying the radiolysis of liquids. The consid-
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eration of chemical reactions with Positronium for the analysis of positron annihilation
data is the main idea of the blob model. The motivation behind the model is, to explain
contradictions between theory and experiment for the common analysis of positron life-
time spectra using discrete analysis methods. Using radiolysis-induced reactions for the
analysis of positron lifetime spectra explains for the first time unexpected positron results
in liquids.

Since measurements at GiPS can be performed in short times and without any disturbing
positron source influences like in common systems, a collaboration with one of the model
developers S.V. Stepanov was started. Aim of the work is, to verify and extend the model
for explaining radiolytic processes in complicated liquid systems. In a first attempt, the
blob model should be verified on the basis of simple model liquids. Therefore, the model
fit was tested on temperature-dependent positron lifetime data of pure water. It was ap-
proved that deviations of the ortho-to-para Ps intensity from the value 3:1 can only be
explained by considering Ps reactions in the positron blob. The temperature-dependence
of the o-Ps pick-off lifetime is attributed to the temperature-dependent reaction rates of
Ps reactions with radiolytic products in the positron blob. After the successful application
of the model on the GiPS data, the blob model was extended to explain differences in
positron annihilation characteristics in presence of solutes. To separate Ps inhibition and
quenching of Ps lifetimes, the solute KNO3 was chosen, which only inhibits Ps forma-
tion. Measurements with aqueous solutions of KNO3 with different solute concentrations
were performed. Instead of typically empirical expressions for the observed inhibition of
Ps formation depending on solute concentration, the data could be successfully explained
only by means of physical and chemical processes in the framework of the blob model.
In addition to the positron annihilation lifetime results, the analysis of the AMOC data
confirmed the Ps inhibition. Further, the time-dependent S; parameter could be used to
confirm the formation of the Ps bubble in aqueous liquids. In the framework of the blob
model, the Ps bubble formation time in liquids strongly depends on the viscosity of the
medium. In highly viscous liquids, the slowed-down Ps bubble formation results in a re-
duced Ps lifetime. In order to verify this, measurements with highly viscous glycerol were
performed. Since the viscosity of glycerol strongly depends on temperature, the effect of
the viscosity on Ps bubble formation time and Ps lifetime could be successfully explained
by the theoretical bubble model.

The GiPS setup also offers opportunities for the investigation of solid matter. Usually,
typical investigations using positrons focus on implantation and depth-profiling of de-

fects. Depth resolutions in the order of micrometers allow the investigation of layered
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structures. On the other side, the limited depth-resolution combined with the high defect
sensitivity of positrons requires special surface treatment. However, in some cases the in-
formation of the entire material is of interest or a sample preparation is not possible. Such
an application is the investigation of material of historical value which cannot be mod-
ified. Historical lead sheets from organ pipes were investigated to provide information
about the microstructure of the material. The effect of typical mechanical work hardening
on the defect structure was investigated as well as its development over time. Therefore,
positron annihilation lifetime measurements were performed using 2>Na as well as the
GiPS setup. A comparison of the results showed a significant difference: While the results
from the GiPS data indicate a self-annealing of induced defects due to work hardening,
this effect could not be verified with the data obtained from the conventional measure-
ment using the 2’Na sandwich setup. The differences are attributed to a thick oxidation
layer (patina) on top of the historical material. Since the patina has a thickness of several
100 pm, the main information of positrons emitted from >’Na stems only from the oxide
layer. Depth-dependent Doppler broadening measurements were performed in order to
confirm the influence of a patina layer on positron annihilation characteristics. Further,
the effect of mechanical work hardening was studied by this method. It turned out that
work hardening only affects the surface of the material and that effects vanish within time
due to the self-annealing behavior of lead. In order to study the chemical composition of
the layer, Coincidence Doppler broadening measurements were performed and the ratio
curves were compared to theoretical curves from possible patina elements. The influence
of the patina was confirmed for the historical material and it was shown that positron
annihilation could be successfully used to study the chemical composition of the patina

layer.

The GiPS setup is part of a user-dedicated facility which is frequently used by an in-
ternational community. Their proposals reflect the demand of a method that reveals in-
formation about the bulk volume of materials and even provides easy access to compli-
cated systems like liquids. The first investigations of liquids show that GiPS provides
useful data in the field of Positronium chemistry. The applied blob model fit explains
temperature-dependent annihilation characteristics of Ps as well as effects of solutes by
means of radiation-chemical data instead of empirical expressions. Therefore, the collab-
oration with S.V. Stepanov should be continued in order to extend the blob model in the
future. A better knowledge about radiation-induced chemical reactions and the effects of

solutes will help to understand radiation-induced processes in biological systems.
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